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Abstract

Farms producing crops and animal products occupy 14% of the Australian land mass. Within this agricultural
land, 7% consists of intensive industries (dairy, horticulture and viticulture, sugar cane, cotton, irrigated cereals
and feedlots) for which the input of fertiliser nitrogen (N) is typical of such industries worldwide. The sugar and
dairy industries are adjacent to populated and environmentally fragile water bodies where nitrate (and
phosphate) runoff and leaching contributes to water pollution. The nitrogen use efficiency (NUE) of these
industries is low but NUE for the inland irrigated rice and cotton industries are relatively high. The remaining
93% of agricultural land grows dryland crops and animal products (wheat, coarse grains, canola, grain legumes,
cattle meat, sheep meat, and wool) partly from continuous crops, partly permanent pasture and partly from
phased crop-pasture systems. Until the mid-1990s the source of most of the N in dryland crops was from mining
the soil organic matter and increasingly, since the 1950s, from N built up from biological N-fixation by legume-
based pastures grown in phased rotation. Export of N in products from dryland farms exceeded the input from N
fertiliser. Since the mid 1990s N fertiliser input increased to an average of about 45 kg N ha, only about half of
which is taken up by crops. Of the rest, most is retained in the soil after harvest and about one quarter is lost
from denitrification, ammonia volatilisation and leaching. Overuse of N fertiliser in dryland farming is rare
because neither products nor fertiliser are subsidised. Arid and semi-arid land occupies 86% of the continent,
half of which is not used for production and the other half produces cattle meat, sheep meat and wool with no
fertiliser input. The source of N is rain, biological N fixation and redistribution from dust, the amounts of which
are greater than the controlled N inputs in the agricultural regions. The feature of N cycling in Australia that
distinguishes it from other developed countries is the importance of natural N sources, reflecting the extensive
and relatively young agricultural system.
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Introduction

The emphasis of international research on nitrogen (N) in agricultural systems has changed from the goal of
increasing nitrogen use efficiency (NUE) to profitably use N to produce food and fibre, to concerns about the
environmental damage from surplus reactive N, particularly from fertiliser, in the natural environment. The
purpose of this paper is to summarise both strands of research in Australia. We distinguish between the national
and agricultural N balances because the N balance of the vast non-agricultural zones may disguise or even
swamp the agricultural N balance. In the agricultural zones, the goals of high NUE and low leakage of reactive
N are compatible. We discuss prospects for improving fertiliser NUE.

Soil N levels

The conventional wisdom is that Australian soils are ancient and infertile (PMSEIC 2010). Deep weathering has
influenced soil patterns in parts of Australia, particularly in regions that are climatically unsuited for farming
(McKenzie et al. 2004). However there are extensive areas of agricultural soils in south-eastern Australia that
were enriched by Quaternary aeolian deposits (McKenzie et al. 2004) as well as productive alluvial soils in
eastern Australia with minor weathering and even small areas of soil formed on basalt flows that post-date
human occupation. Elsewhere in southern Australia soil N levels increased from the pre-farming levels due to
biological nitrogen (N) fixation from the extensive use of pasture legumes (Grace and Oades 1994; Ladd and
Russell 1983). In many undisturbed Australian agricultural soils the total N content was, by international
standards, consistent with their water balance, temperature and texture; for example the average N content of
one of the most widespread agricultural soil types, the red-brown earths (Chromosols, Dermosols, Kandosols
and Sodosols) was 1.5 g kg™* before intensive agriculture (Stace et al. 1968), comparable with undisturbed soils
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in parts of the United States (Arkansas and Mississippi) with a similar mean annual temperature of about 15 °C
(Jenny 1941). Levels of natural total N may be low in some Australian soils because they are sandy and located
in dry and warm environments. The original nutrient content of soil in Australia before agriculture, as in
agricultural soils everywhere, becomes decreasingly relevant to production and off-site effects as fertiliser
supplies more of the nutrients removed in crops and livestock.

Change in soil N levels

Long-term experiments in Australia show that the total N (and organic C) content of soils decreases with
continuous cropping and crop-fallow systems. Clarke and Russell (1977) reviewed many experiment that
guantified N removed by crops during the first half of the twentieth century. The experimental crops received
no N fertiliser and the low yield levels and rates of soil-N depletion were unrepresentative of current cropping
systems. Table 1 reports more recent observations and experiments where yields were representative of current
crops. In some of these cases the rate of decrease with continuous cropping appears to be linear when measured
over periods of several decades but is non-linear over a longer period, falling to a new equilibrium. This pattern
of decrease is expressed as a half-life of total N in the soil. Averaged over the data in Table 1, the half-life of
total N in the soil is about 30 years. The next question is the extent of N mining in Australian cropping lands.
To answer this we need to know the number of crops harvested from an average arable field. Based on the
annual increase in area of dryland crops (3.2 % from 1850 to 2014), the estimate is 30, assuming that a field is
continuously cropped after the first harvest. This assumption is almost certainly an overestimate and the actual
number of crops per field is probably less than 30. This estimate, combined with the estimated half-life of soil
N, suggests that about half the total N has been mined from cropping land.

Table 1. Decreases in total N in the top 10 cm of soils in dryland cropping systems in Australia.

Cropping system Location Years of Half-life of  Reference

observations  soil total N

(years)

Continuous sorghum Narayan, Qld 10 18 Russell (1981)
Fence-line comparisons, cereals 119 farms, 6 soil types, S. Qld 1-70 27-67 Dalal and Mayer (1986)
Continuous wheat, no N fertiliser ~ Hermitage, Qld 14 36 Dalal (1992)
Fallow-wheat, no N fertiliser Waite Institute, SA 68 40 Grace and Oades (1994)
Continuous wheat, no N fertiliser ~ Waite Institute, SA 68 48 Grace and Oades (1994)
Continuous wheat, no N fertiliser ~ Wagga Wagga, NSW 18 27 Helyar et al. (1997)
Continuous wheat, no N fertiliser ~ Wagga Wagga, NSW 25 18 Heenan et al. (2004)
Continuous wheat, +50 kg N ha?  Wagga Wagga, NSW 25 22 Heenan et al. (2004)
Wheat-broadleaf with tactical N Harden, NSW 19 14 Angus et al. (2006)
Continuous cereal, no N fertiliser  Theodore, Qld 23 34 Dalal et al. (2013)

There are few comparable estimates from long-established farming regions internationally, where early farmers
undoubtedly mined soil N. In the warm environment of Tanzania the half-life of topsoil N under maize
receiving no N inputs over 15 years (Solomon et al. 2000). In the cooler North Dakota environment, topsoil N
under long-term wheat-fallow receiving no N inputs for 45 years (Schimel 1986) had an estimated half-life of
65 years.

The modern equivalent of mining soil fertility is to pump natural gas as a feedstock for ammonia synthesis, and
this is equally unsustainable in the long term. There is little data about the ‘equilibrium’ level of soil N after
long-term cropping. A notable result among the long-term experiments is that applying N fertiliser to
continuous crops had little effect on the depletion rate of soil total N (Russell 1981; Heenan et al. 2004).

Many Australia studies showed that pastures replenish soil total N and C (e.g. Ladd and Russell 1983; Grace
and Oades 1994; Helyar et al. 1997), and phased crop-pasture systems dominated the dryland farming systems
in southern Australia from the 1950s to the early 1990s. These systems maintained soil N and C with little N
fertiliser provided about half the farm grew pastures (Angus and Peoples 2012). It is possible, but expensive, to
replenish soil N (and C) in a continuous cropping system when stubble retention is combined with applied
fertiliser N, P and S to maintain the ratios of these nutrients in soil (Kirkby et al. 2016).
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Factors influencing the ability of soil to supply N to crops include the amount and quality of soil organic matter
and residues, disturbance, moisture and temperature regimes (Campbell et al. 1981). An indicator of soil-N
supply is the mineral N content in agricultural soils (typically to a depth of 60 cm) before sowing winter crops.
Fillery (2001) reported a mean value of 98 kg N ha* from a survey of experiments after pasture in Western
Australia. Results from the laboratory of Incitec-Pivot Ltd representing hundreds of farm samples in Eastern
Australia indicate a mean value of 80 kg N ha in the top 60 cm. These values are higher than comparable
measurements in Western Europe and North America, probably because of the relatively high levels of total N
and because the generally high temperatures in Australia promote mineralisation. Potentially mineralisable N
stores in south-eastern Australia range from 8% of the total N in burnt systems to 22% after 15 years of residue
retention (Gupta et al. 1994).

Fertiliser N use

Before the mid 1990s most of the N fertiliser used in Australian agriculture was for high-value crops such as
horticulture and sugar cane. The average application to dryland crops at the time, mostly wheat and barley, was
less than 5 kg N ha™. Crops in south-eastern Australia received less than average and those on less fertile
Western Australian soils received more, as did those in Queensland where soil N had not been replenished with
pastures. The reason for the generally low rate was not lack of research and extension, but because wheat yield
did not reliably respond to applied N at the time (Colwell and Morton 1984).
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Fig. 1. Changes in N fertiliser use in Australia and the world. The sources are Angus 2001, Fertiliser Australia
(www.fertilizer.org.au) and FAOSTAT (www.fao.0rg).

The growth in N-fertiliser usage in Australia was slow compared to the rest of the world before the mid 1990s
(Fig. 1) but for the rest of that decade there was a boom in N-fertiliser use, mostly as inputs to wheat and other
dryland crops. This boom closely accompanied increased canola area and lime application. Canola provided the
first widely grown break crop in Australia and wheat grown after canola responded more reliably to N fertiliser
than wheat after wheat (Angus 2001).

The lime application was needed because canola is acid sensitive and it also enabled other acid-sensitive crops
to be grown. Other factors that encouraged farmers to apply N at this time were the availability of efficient
fertiliser spreaders and increased premiums for high grain protein. The use of N fertiliser stabilised during the
millennium drought of 2002-2009, after which usage resumed its upward course (Fig. 1). Most of the N
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fertiliser is now applied to dryland crops at the relatively low rate of 45 kg N ha (Table 2). Intensive crops and
pastures occupy a relatively small area of land but receive larger application rates.

Table 2. Estimated N-fertiliser use for Australian agriculture, based on estimated areas for 2010-2014
ABARES (2015), national fertiliser use in 2014 is from Fertilizer Australia (www.fertilizer.org.au) and industry
fertiliser use is from fertiliser-industry estimates.

Area Average fertiliser Total fertiliser
(M ha) use (kg N ha®) use (Mt N)
Dryland crops” 24 45 1.08
Intensive farming
Cotton 0.44 300 0.09
Dairy pastures 2.00 100 0.20
Irrigated cereals™ 0.31 100 0.03
Sugar cane 0.36 150 0.06
Viticulture and horticulture 0.50 100 0.05
Other
Sports-fields, parks and gardens 0.1 200 0.02
Licks and stockfeed 0.03
Total 1.59

“Wheat, barley, canola, sorghum, oats, triticale
" Rice, maize, wheat

Myers (1984) proposed a simple budget of N inputs and output to estimate N-fertiliser requirement for a single
field, in this case a wheat crop which represents the largest crop and consumer of N (Table 3). When this topic
was visited previously (Angus 2001), the average N fertiliser application to wheat was 30 kg N ha*, which
represented about one third of the N total supply, the remainder coming from depletion of soil total N and the
recent N fixed by pasture legumes and a small contribution from crop legumes. At that time, the supply of N
fertiliser worldwide provided about half of the supply to world agriculture (Jenkinson 2001). Applying the same
approach to update estimates for all Australian dryland crops in 2014, we estimate that fertiliser provides about
45% of the total N input. In Table 3, mineralisation is partitioned into the contributions from mining the soil and
N-fixation by previous pastures. The procedure was to first estimate N-fixation, assuming 50% pasture on the
farm from 1950 until 2014 and mineralisation of legume residues according to the rates estimated by Angus and
Peoples (2012). The contribution from soil mining was then estimated from the difference between total N-
mineralisation and the contribution from N-fixation. Other estimates in Table 3 are the amounts of soil-N
retention and losses. Both are based on the fate of *N fertiliser reviewed in Fig. 2, increased to account for the
flow of non-fertiliser N to these pathways. This allocation is based on measurements showing that NUE of
native soil N was similar to NUE of fertiliser for dryland wheat (Angus et al. 1998).

Table 3. Nitrogen budget for an average Australian wheat crop, updated from Angus (2001)
kg N  Totals (kg N ha)

ha'
Crop N demand Yield 2.0t ha?, 10.5% grain protein 37
Straw N (one-third of grain N) 12
Rhizodeposited N (34% of total plant N)* 25 74
N supply Fertiliser 45
Rain and dust 5
Mineralisation
Mining soil N 31
N-fixed from previous pastures 31 112
Soil-N retention 24
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Losses™ 14 38
*Wichern et al. (2008)
**|eaching, ammonia volatilisation and denitrification of fertiliser and other N

Australian N budget

The land area of Australia is the sixth largest of the ~200 countries but crops and improved pastures make up a
relatively small part of the total area and intensive animal industries are relatively small compared with other
developed countries (Table 4).

Table 4. Nitrogen balance (M t y!) of inputs and outputs in Australian regions in 2014, based on the methods
of Denmead (1990), McLaughlin et al. 1992) and Galbally et al. (1992) with amounts updated by ABARES
(2015) and land areas by ABARES (2010). The transfers represent (1) spatial N movement in dust storms and
(2) conversion of organic to mineral N, representing a loss from the soil due to mining and input to the crop.

Zone Non-agricultural Pastoral Dryland farming  Intensive
(309 M ha) (355 M ha) (97 M ha) (4 M ha)
Input
N in rain 0.6 1.2 0.3
Biological N fixation 0.8 11 3.2 0.02
Fertiliser N 1.08 0.36
N offtake in products
Crop products -0.9 -0.26
Animal products” -0.02 -0.1 -0.1
Losses
Ammonia™ -1.7 2.1 -0.6 -0.2
Denitrification -0.3 -0.6
Nitrate leaching and runoff -0.1
Biomass burning (net NO) -0.3 -0.2 -0.1
Transfers™
N in dust storms 0.3 0.3
Soil organic to mineral N 0.7 0.1
Balance -0.6 -0.1 2.5 -0.6

“Empty liveweight of slaughter animals, milk and clean wool

" Loss from plant communities, soil, urine, and urea fertiliser

“*Not included in balance

The estimates of the N balance of the Australian continent follow the work of Denmead (1990), McLaughlin et
al. (1992) and Galbally et al. (1992), updated by the area and yield of crops and numbers of livestock, and
separated into 4 regions to provide context for the agricultural regions. The regions are non-agricultural land in
the arid zone and mountainous conserved forests, pastoral land in semi-arid regions, dryland farmland
consisting of the “wheat-sheep” and “high rainfall” zones and intensive industries in irrigated and high-rainfall
regions. Small values and well documented data justify reporting with a precision of 10,000 t N, but for other
data the precision is 100,000 t N at best.

Table 4 suggests that in the non-agricultural, pastoral and intensively farmed land the N inputs and outputs are
similar. In the dryland farming zone there is a positive N balance, mainly due to N-fixation of pastures. This
input is probably not associated with the phased crop-pasture system in which pasture area has been decreasing,
but due to N-fixation by permanent pastures. Inputs and outputs of N in the zones are discussed in the following
sections

Arid rangelands

The inland arid and semi-arid zones make up most of the national estate. Part of these zones have no
agricultural production and the rest consist of pastoral properties that produce cattle and sheep with the only N
input from atmospheric deposition and biological N fixation. The amounts per hectare are small but the amount
over the whole area far exceeds the N offtake in meat and wool. There is no evidence of N accumulation or
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depletion within historical time in these regions but there is a significant amount of N lost and redistributed in
dust-storms. These events occur most frequently when strong winds coincide with a period of drought and most
of the particles are lifted from the arid inland and some are lifted from farmland. McTainsh et al. (2005)
reported an average of 62 dust storms each year from 1960 to 2002 in Australia, most of which remain in the
arid zone and only the largest reach the coast. They estimated that a large dust storm in 2002 contained 3.35-
4.85 Mt of particulates. A later large dust storm reported by Aryal et al. (2012) contained 10.6% organic matter.
Assuming an ‘average’ dust storm half the size estimated by McTainsh et al. (2005) and an organic matter
content of 10.6%, of which an estimated 4% was N, we come up with an annual estimate 0.5 Mt of N
redistributed within the Australian continent or blown into the sea. This represents redistribution of 0.7 kg N ha-
! across the arid zone.

Other inputs of N in the arid rangelands are from rainfall and biological N fixation. The contribution from rain
is calculated from the land area, mean annual rainfall and the N concentration in rainwater, 0.5 mg L™, based on
measurements of Wetselaar and Hutton (1963) and Crockford and Khanna (1997). The main source of N
deposited in rain is not thunderstorm activity (Wetselaar and Hutton 1963) but the products of biomass burning
and ammonia released from urine voided by grazing animals (Denmead 1990; Galbally et al. 1992). There is
likely to be biological N fixation from various symbiotic (e.g. Acacia and other leguminous shrubs and forbs,
Casuarina, Macrozamia and lichens) and non-symbiotic associations (Gupta et al. 2006), cyanobacterial soil
crusts, free-living microbes and the gut bacteria of cellulose-digesting termites (Evans et al. 2011). Non-
symbiotic N-fixation is likely to be greater in northern than in southern Australia because of generally lower
soil-N status and high temperatures during the wet season.

Dryland farming

Farming in this zone consists of permanent pasture grazed by sheep and cattle, continuous cropping, and phased
crop-pasture sequences. For the period from 1850 to 2000 crop area grew at an average annual rate of 3.2 %
(Angus and Good 2004) as crops replaced, and continue to replace, pastures. The expansion has been partly
within established farming regions and partly as expansion into new regions in Western Australia, Queensland
and along the low-rainfall and high-rainfall boundaries of the cropping region (Kirkegaard et al. 2011). The
only source of N for the first century of crop production was from mining the soil, initially through continuous
cropping and then through fallow-crop sequences (Donald 1965). Soil N was replenished by biological N-
fixation by legumes in improved pastures after the 1950s, triggered by a high wool price and encouraged by a
federal bounty on the application of phosphate fertiliser (Henzell 2007). Soil total N is maintained when
improved pastures (i.e. with a high proportion of legumes) make up about half the farm area (Angus and
Peoples 2012). The area of pastures that significantly contribute to the N balance is difficult to estimate; the
total area defined by ABARE (2010) as Grazing Modified Pastures is 72 M ha, but the north eastern part of this
zone has relatively few legumes and a major source of N for livestock in the region is urea blocks, which
represent much of the 30,000 t of N used as licks and stockfeed (Table 1). A more realistic estimate of the area
of pastures that contribute to the N balance is 50 M ha at an annual rate of 60 kg N ha* (Peoples et al. 2012).
This is consistent with the estimate of McDonald (1989) who found annual increments in soil N from legume
based pastures ranging from 19-117 kg N ha* (average 63 kg N ha) from 15 studies across southern Australia.
Crop legumes also contribute to the N balance of dryland farms but make up only about 5% of the crop area.

Rainfall is variable in most of the dryland farming zone, particularly in the north east. Yield of dryland crops
can be partly buffered from the rainfall with fallows and other moisture-retaining methods, but yield is still
strongly tied to rainfall during the growing season. The variable yield potential presents a challenge for N
management. Applying an average amount of N fertiliser can result in underfertilisation in some seasons and
overfertilisation in others. Many graingrowers adopt a tactical approach to N management, aiming to delay
application of fertiliser until the yield potential is more predicable during the stem-elongation phase. They then
topdress an amount based on a simplified version of the N budget in Table 3 and aim to synchronise the times
of N supply and demand. Crops and livestock are increasingly integrated on mixed farms with grazing of
vegetative crops by sheep and cattle, the effect of which is greater reliance on fertiliser N rather than
biologically fixed N (Virgona et al. 2006). Livestock also graze crop stubble and increase the accumulation of
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soil mineral N, because the consumption of high-C residues reduces N immobilisation (Hunt et al. 2016). Crops
growing after canola also benefit from increased N mineralisation (Ryan et al. 2006).

Irrigation and high-rainfall farming

Most of the irrigated land lies on semi-arid plains along the inland rivers of eastern and south-eastern Australia.
The yields and N input to summer-growing crops: cotton, rice, maize, wheat, dairy pastures and horticultural
and viticulture crops, are high by international standards. The area of irrigation is limited by the amount of
irrigation water which, during drought, is conserved for perennial crops and milking cattle. The area of annual
crops and hence N-use is therefore highly variable. NUE is generally greater than for dryland crops because N-
fertiliser can be washed into the root zone soon after application. Poor irrigation management leads to
denitrification losses due to prolonged periods of soil saturation (Mathers et al. 2007). There are no reports of
leaching below the root zone but Weaver et al. (2013) measured large accumulation of nitrate at the bottom of
the cotton root zone.

High-rainfall farming land is along the south-west, south-east and east coasts where it is concentrated between
the Great Dividing Range and the ocean. The largest users of N fertiliser in this zone are dairying, sugar cane
and horticulture. Gourley et al. (2012) surveyed Australian dairy farms and found an average NUE of 26%,
based not only on fertiliser but also on fodder imported to the farm. Bell et al. (2016) report NUE for sugar
cane but no comparable data are available for horticulture. Raised beds are being increasingly employed to
manage waterlogged cropping soils across southern Australia (MacEwan et al. 2010).

Nitrogen use efficiency and losses

Nitrogen use efficiency (NUE) is expressed in many ways but in this case we refer mainly to apparent above-
ground recovery of fertiliser N (AARFN) because this enables comparisons to be made between species and
takes some account of grain protein. There are more complete and complex assessments of NUE that consider
both yield and grain protein responses to fertiliser N, and their relative profitability (Fischer et al. 1993; Angus
1995).

For irrigated crops in the semi-arid zone AARFN is over 70% for well managed cotton (Rochester and Bange
2016) and well managed medium-grain rice (Angus et al. 2016), both at yield levels on farms that are high by
world standards. AARFN in dryland crops can be much lower. In a survey of 60 commercial dryland wheat
crops in south-eastern Australia those that were most likely to give large N responses (mid-season topdressing,
early sowing, low N status and following a break crop) the average AARFN was 36% (Angus and van
Herwaarden, unpublished). However the average agronomic efficiency (the additional grain per unit of
additional fertiliser N) was 13 while the N:grain price ratio was 6.0. At these prices it was profitable for
farmers to apply N-fertiliser to grain crops, even with low NUE. The low NUE is consistent with the results of
experiments that traced *°N fertiliser applied to 57 wheat crops in Australia (Fig. 2). At maturity 44% of the
fertiliser was in crops, 34% in soil and 22% was not recovered, presumably lost by one or more of the processes
of denitrification, leaching and ammonia volatilisation. Losses exceeding 20% of applied N are also consistent
with dairy (Stott and Gourley 2016; Rowlings at al. 2016) and sugar cane production systems (Bell 2016).
Pilbeam (1996) showed that amount of fertiliser N in the soil at maturity was relatively greater in the generally
dry environments in Australia than in wetter environments where more of the labelled N was present in the
crop. The relatively large amount of fertiliser-N retained in the soil may include some immobilisation which
represents a financial loss; the longer the delay before re-mineralisation, the greater the financial loss. Finding
ways to reduce immobilisation and losses could increase NUE. For example it may be possible to minimise
contact between fertiliser and immobilising and denitrifying microbes by deep banding, concentrating urea or
ammonia in mid-row bands or deep bands, or by in-crop side-banding. Concentrating ammonium in bands
delays nitrification and hence reduces losses by denitrification and leaching (Wetselaar et al. 1973; Angus et al.
2014). Banding promotes slow release of fertiliser N to the crop.
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Fig. 2. Fate of ®N fertiliser applied to Australian grain crops (red for duplex soils and blue for uniform clays).
The N was measured in above-ground plant parts and soil, both sampled at crop maturity. Unaccounted °N is
reported as loss. The mean for all studies was 44% in crop, 34% in soil and 22% loss and there was little
difference between duplex and clay soils. Data sources are Australian experiments reported by Pilbeam (1996)
and Freney et al. (1992) and more recent studies by Lam et al. (2012), De Antoni et al. (2014), Bell et al.
(2015), Harris et al. (2015), Schwenke and Haigh (2016) and Wallace et al. (2016).

Previous improvements in NUE of Australian dryland crops have come about mostly by increasing crop-N
demand through early sowing, controlling root disease, correcting acidity and micronutrient deficiency and by
increasing the yield potential by plant breeding. Increasing N demand by the crop leads to more rapid N uptake
and so less exposure of the fertiliser to immobilisation and the loss pathways.

Denitrification

Studies reviewed by Chen et al. (2008) and Grace (2015) showed that loss of fertiliser N by denitrification is
common in Australian crops. Since most of the fertiliser N is applied to crops and pastures during winter and
spring the rate of denitrification is probably limited by temperature. Assuming that most of the N loss estimated
from Fig. 2 represents denitrification, the annual N loss from the 1.59 M t of fertiliser N (Table 2) would be
<0.35 M t. Less research has been conducted on losses from non-fertiliser sources of N, but the results of Pi et
al. (1999) show large losses of N mineralised from organic matter in eastern Australia when the soil is warm
and wet. The most widespread occurrence of warm and wet soil is during floods in summer and autumn. One
extensive flood on the plains of eastern Australia in January 2011 covered 1.7 x 108 ha, mostly in cropping and
grazing land. This area is equivalent to the combined areas of France, Germany, the Netherlands, Belgium,
Denmark and Norway, and much of this land remained inundated for over a month in mid-summer. No
measurements of denitrification are reported for this event, but it would be reasonable to assume that all the soil
NOs would be denitrified. A conservative estimate of the soil NO3 is 20 kg N ha in the top 0.6 m, based on the
lowest values of soil samples that pass through the commercial laboratories and from surveys in research
laboratories. Assuming that this amount, the total denitrification from this one flooding event would be 2.6 M t
of N. Such flooding events are infrequent but still represent a loss of N comparable with, or greater than, the
loss from fertiliser. Denitrification is also significant in water bodies and Harris (2001) concluded that >75% of
dissolved N could be lost through this pathway.
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Ammonia and nitrogen oxide exchange with the atmosphere

Ammonia escapes to the atmosphere from soil, plants, burning biomass and animal excreta (Denmead 1990).
Soils and plants can also capture NH; from the atmosphere. The extent of NH3 loss from native vegetation is
uncertain, but Denmead (1990) considered this pathway to be the main net source of ammonia to the
atmosphere. The second largest agricultural source of atmospheric ammonia is from the urine of grazing cattle,
sheep and kangaroos. The amounts are estimated following the methods of Denmead (1990) with contemporary
livestock numbers, which in 2014 amounted to 300 million sheep equivalents. Ammonia loss from the extensive
arid zone dominates these losses and the amounts almost balance N deposition in rainfall and may in fact
represent the same material. The levels of atmospheric ammonia are relatively low over most of Australia but
downwind of large cattle feedlots are comparable with those in western Europe and north eastern North
America (Denmead et al. 2014), representing free fertiliser to farms but environmental damage to water bodies
and native vegetation growing on poorly buffered soil.

Burning biomass releases nitrogen oxides that, like ammonia, are mostly returned to the land in rain (Galbally et
al. 1992). Fires in the arid zone were traditionally started by the indigenous practice of firestick farming
(Gammage 2011). This traditional practice of relatively frequent ‘cool’ burns protected the landscape from less
frequent ‘hot’ wildfires, mostly started by lightning, which are now the main form of biomass burning (Burrows
et al. 2006). In the dryland farming zone burning cereal stubbles is usually by ‘cool’ fires and certainly results
in loss of N to the atmosphere. However the long-term reduction in total soil N is not significantly greater than
with retained stubble, which decomposes within months or years (Angus et al. 2006). Stubble retention appears
to be increasing with the adoption of trash-clearing seed drills which reduce the need for the time-consuming
process of burning stubbles.

Ammonia loss to the atmosphere from dryland crops is mostly from hydrolysis of urea applied to the surface of
moist alkaline soil which contains urease, typically in plant residues. In Australia the situations in which this is
most likely to occur are dairy pastures (Eckard et al. 2003) or crops growing on alkaline soils or with heavy
residues where >20% of fertiliser can be lost as ammonia (Turner et al. 2012). The model of Fillery and
Khimashia (2016) shows that drilling urea into the soil or topdressing before rain can reduce these losses to
zero. In our experience most farmers use rainfall forecasts in planning to topdress urea.

Nitrate leaching and runoff

Nitrate leaches from the topsoil into the subsoil or groundwater when there is nitrate in the soil profile and the
water supply exceeds the water-holding capacity. The largest losses are on coarse-textured soil in regions and
seasons when the water balance is positive for part of the year, such as in winter-rainfall regions of southern
Australia and in the wet season in northern Australia. There are relatively few observations of nitrate leaching
in Australia and most of those reported in Table 6 are on the wet fringe of the dryland farming region or in an
intensive farming region. Anderson et al. (1998) measured up to 106 kg N ha* leached from a coarse-textured
soil in a relatively high rainfall part of the dryland farming region of Western Australia. Extrapolations to other
parts of the region using a simulation model suggested that the long-term mean quantity of leaching varied from
zero on a loamy sand in a dry environment to 50 kg N ha* y*on a sand in a wet environment (Milroy et al.
2008).

Table 5. Australian examples of nitrate leaching below the root zone and groundwater contamination.

Location Source of nitrate Quantity Reference
Nitrate leaching
Southeast Queensland Fallow-wheat with summer rainfall 19 kg N haty?! Turpin et al. (1998)
Mallee fallow-wheat sequence Mineralised N during fallows Accumulation >500 kg N ha* D Roget (unpublished)
Sugar deltas and coast Fertiliser from sugar land 30-50 kg N haty! Quoted by Rasiah et al. (2003)
Western Australian crop land Fertiliser and mineralised N 17-59 kg N ha y* Anderson et al. (1998)
Southern NSW Fertiliser and mineralised N 4kgNhaty? Poss et al. (1995)
Southern NSW Annual pasture 9-15kg N haly? Ridley et al. (2001)
Southern Australia, Pastures where annual rainfall >450 mm  15-35 kg N ha' y* Ridley et al. (2004)
Groundwater contamination
Southeast South Australia Annual pasture legumes 7 mg NOs-N Lt Dillon (1988)
Central Australia groundwater Holocene leaching from termite mounds <80 mg NOs-N L Barnes et al. (1992)
9
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North Queensland (1454 wells) Sugar cane 86% of wells < 20 mg NOs-N L™t Thorburn et al. (2003)

Along the wetter fringe of the dryland farming regions of eastern Australia winter rainfall is less intense and
nitrate leaching is about half the values in Western Australia. In the examples for eastern Australia listed in
Table 5 nitrate leaching could be reduced with more intensive management, for example growing perennial
rather than annual pastures (Ridley et al. 2001), by earlier sowing of crops and splitting N fertiliser (Anderson et
al. 1998) or by double cropping (Turpin et al. 1998). Improved management had less effect on leaching in
Western Australia. Nitrate leaching is an infrequent occurrence on most dryland cropping farms in eastern
Australia because the soil water-holding capacity is generally sufficient to contain the surplus of rainfall over
potential evapotranspiration.

Leached nitrate and particulate N contribute to N pollution of surface water bodies. The concentration of N in
most streams that drain areas of permanent pasture in Victoria exceed official guidelines (Ridley et al. 2004),
and there is evidence of leaching into shallow groundwater. There are few measurements of nitrate leaching to
the water table, which is normally tens of metres below the surface in the dryland farming region. High
concentration of nitrate in groundwater is not of much public concern in Australia because relatively small
amounts of groundwater are used for human consumption. In fact the largest areas of groundwater affected by
high nitrate levels are not due to fertiliser. One is in arid central Australia due to leaching of N that had been
biologically fixed by termite gut bacteria in geological time (Barnes et al. 1992). Another large area of high-
nitrate groundwater, in a winter-rainfall region of South Australia, is of agricultural origin but from
mineralisation of organic N derived from biological N-fixation by clover (Dillon 1988).

Offsite damage from leaching and runoff have been extensively studied in Australia. Damage to the Great
Barrier Reef is the most grievous consequences of N (and P) leaching and runoff from near-coastal sugar cane
fields and particulate erosion from inland grazed grassy woodlands, discussed in this conference by Bell et al.
(2016). There is also N (and P) runoff into the estuaries and coastal lagoon along the southwestern, southern and
eastern coastline (Harris 2001). These water bodies periodically become eutrophied by nutrients sourced from
diffuse and point sources in cleared catchments. Eutrophication is not exclusively a problem of farming and
there is evidence of algal blooms in rivers and lagoons before white settlement, presumably because of
concentration of nutrients during drought. Harris (2001) concluded that the N and P discharge to Australian
coastal waters was small compared to those in the Northern Hemisphere because of less atmospheric N
deposition, lower population densities and less fertiliser use. Eutrophication in Australian coastal lagoons is
normally N-limited and there are frequent N-fixing cyanobacterial blooms. It thus becomes important to
minimise movement of P into the water courses. For the Gippsland Lakes Roberts et al. (2012) concluded that
the most cost-effective methods to reduce contamination were by enforcing existing regulations on the large
sources of P from the dairy industry.

Another serious effect of nitrate leaching is acidification of poorly buffered soil in southern Australia (Helyar
and Porter 1989). In this case NOs" in the topsoil, mostly originating from biological N fixation by pastures, and
more recently from N fertiliser, leaches into the subsoil along with alkali and alkali-earth metals, which are then
replaced by protons adsorbed onto clay minerals in the topsoil. The lime needed to neutralise this acidity is an
additional cost of fertiliser or fixed N that has only partly been met in dryland cropping systems and hardly at
all in permanent pastures.

Conclusions

Based on budgetary approximations, the N balance of the Australian continent appears to be slightly positive,
mainly because of N-fixation by legume-based pastures in the dry farming zones. In the other zones the N
balance is about neutral and the stability of N in the vast arid zone buffers changes in the agricultural zones. The
episodic contributions from natural N processes of redistribution in windstorms and denitrification during large
floods are comparable with the N amounts in fertiliser.

In the intensive farming zone there are areas of N surplus in the sugar and dairy industries from which reactive
N leaks into some coastal and near-coastal water bodies. In southern Australia, at least, the proposed solution is
to enforce current regulations, particularly on manure management in the dairy industry.
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The net accumulation of N in the dryland farming zone has not caused obvious environmental damage, although
soil acidification, partly due to leaching of nitrate to the subsoil, is a less visible but still important problem for
both the intensive and dryland farming zones. The obvious solution of applying lime is being implemented for
cropping systems. More profitable animal industries will be needed to pay for liming permanent pastures. The
N surplus in permanent pastures shows a need for Sustainable Intensification (Godfray al. 2014), for example
by introducing more cropping.

The decreased amount of soil N in cropping areas is a consequence of mining existing soil N stocks, which has
been partly offset by N-fixation by legume-based pastures grown in phased rotation with crops, and by fertiliser.
The future contributions of N-fixation and fertiliser will depend on the relative profitability of cropping and
animal industries based on pasture. If the current trend towards continuous cropping continues, meeting crop-N
demand with fertiliser rather than mined soil N will be a challenge unless the currently low NUE is improved.
New approaches to fertiliser management, combined with mid-season tactical application, are needed to
improve NUE and our suggestion is to concentrate on reducing the loss from denitrification and the economic
loss from immobilisation. To minimise the potential for N immobilisation and denitrification, a suggested
approach is to increase the spatial separation of fertiliser from most of the microbes responsible for these
processes, or temporarily inactivate them by placing N fertiliser beneath the microbe-rich topsoil or
concentrating it in thin bands.
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Studies documenting the effects of land-derived suspended particulate matter (SPM, i.e., particulate organic
matter and mineral sediment) on marine ecosystems are typically disconnected from terrestrial studies that
determine their origin, transport and fate. This study reviews sources, transport, transformations, fate and effects
of SPM along the ‘ridge-to-reef’ continuum. We show that some of the SPM can be transported over long dis-
tances and transformed into large and easily resuspendible organic-rich sediment flocs. These flocs may lead to
prolonged reductions in water clarity, impacting upon coral reef, seagrass and fish communities. Using the Great
Barrier Reef (NE Australia) as a case study, we identify the latest research tools to determine thresholds of SPM

exposure, allowing for an improved appreciation of marine risk. These tools are used to determine ecologically-
relevant end-of-basin load targets and reliable marine water quality guidelines, thereby enabling enhanced
prioritisation and management of SPM export from ridge-to-reef.

1. Introduction

Tropical marine ecosystems such as coral reefs and seagrass meadows
are threatened by a combination of both global (i.e. climate change) and
local and regional stressors (i.e. increased terrestrial runoff, over- and/or
destructive fishing, coastal development and marine based pollution)
(Orth et al., 2006; Burke et al., 2011; Grech et al., 2012). These stressors
can result in significant loss of ecosystem services impacting on social,
cultural, biological and economic values. Management of local and re-
gional scale stressors can be voluntary or involuntary and include: the
establishment of marine parks or no/limited-take zones; improved in-
dustrial marine activities such as port operations and disposal of dredged
material; upgraded sewage treatment plants; and restrictions on the use
of pollutants in adjacent catchments. The reduction of diffuse sources of
pollutants (e.g. sediment, nutrients and pesticides in terrestrial runoff) is
equally urgent, however its effective management is often compromised.
This is partly because for each of the constituents, a robust understanding
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E-mail address: zoe.bainbridge@jcu.edu.au (Z. Bainbridge).
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of its key sources, transport, transformations, fate and effects are re-
quired, before effective management strategies can be developed and
implemented (e.g. Kroon et al., 2014; Risk, 2014; Yamano et al., 2015;
Oleson et al., 2017).

For marine organisms and ecosystems, suspended particulate matter
(SPM), and specifically ‘organic-rich sediment’ is considered one of the
most detrimental forms of sediment (Weber et al., 2006, 2012; Bartley
et al., 2014). A growing body of research has highlighted the deleter-
ious effects of SPM (see conceptual diagram; Fig. 1), which easily stick
to coral tissue and seagrass leaves and are difficult for these species to
remove compared to organic-poor calcareous offshore sediments
(Weber et al., 2006, 2012; Brodersen et al., 2017). Organic-rich sedi-
ments are more easily resuspended due to their lower density, con-
tribute to reductions in water clarity for prolonged periods, locally re-
duce pH and oxygen conditions, are darker and have a disproportional
influence on light attenuation (de Boer, 2007; Storlazzi et al., 2015;
Fabricius et al., 2016).
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Fig. 1. Conceptual diagram of suspended particulate matter sources, transport processes and tropical marine ecosystem impacts across the ridge-to-reef continuum.
The impacts to the marine ecosystem will occur when there is excess soil erosion (above natural and background levels). POM, particulate organic matter; mPOM,
marine-derived particulate organic matter; TEP, transparent exopolymer particles; CCA, crustose coralline algae.

A number of recent sediment studies have examined the ‘long chain
of evidence’ linking the ‘ridge to the reef’. These identified the role that
terrestrial fine-grained (< 63 pm) sediment plays in affecting rates of
sedimentation and water clarity in the marine environment (Bartley
et al., 2014; Risk, 2014; Gibbs, 2016; Hairsine, 2017; Roberts et al.,
2017; Delevaux et al., 2018). However, the distinction between land-
derived sediment and nutrient inputs versus marine-derived SPM, the
sources of the organic fraction, and their interactions with mineral se-
diment remain challenging to unravel.

Here we define SPM as a combination of terrigenous (or mineral)
sediment and terrestrially-derived particulate organic matter (tPOM)
as well as marine-derived POM (mPOM- potentially fueled by ter-
restrially-derived nutrient inputs; refer to Fig. 1). We also refer to
terrigenous sediment and tPOM, combined, as terrestrial sediment.
These constituents may be transported as individual particles or ag-
gregated as larger particles (i.e. organic-rich sediment flocs; see
Droppo, 2001). Establishing ecological thresholds (e.g. for sedi-
mentation rate, water clarity/Secchi depth, turbidity etc.) that reflect
impacts on tropical marine ecosystems is complicated due to the
complexity in environmental conditions and ecological processes (e.g.
species sensitivities). This limited understanding creates challenges
for effectively managing terrestrial sediment export to marine en-
virons and setting meaningful ecologically relevant end-of-basin load
targets.

The Great Barrier Reef (GBR), north-east Australia (Fig. 2), provides
a unique case study to assess the ridge-to-reef continuum for SPM and
demonstrate how integrated research and models can be used together
to support systems understanding, establishment of ecological thresh-
olds and management response. Reference will be made to a series of
studies addressing the processes linking the effects of terrestrial sedi-
ment delivered from the basin to SPM in the marine environment; as
well as experiments on coral, seagrass and fish species to establish
ecological thresholds for SPM concentration and exposure duration,
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sedimentation rates and light (De'ath and Fabricius, 2008, 2010; Collier
et al., 2016a; Fabricius et al., 2016; Wenger et al., 2018). Catchment-
based research has identified the key terrestrial sediment sources, the
dominant contributing erosion process, and the areas where erosion
rates have increased due to human development. New techniques are
being developed to better isolate and characterise the most ecologically
relevant terrestrial sediment fraction that may travel further in the
marine environment, contribute to the development of mPOM, and
impact marine ecosystems. In addition, biogeochemical models have
been developed incorporating our current understanding for broader
spatial and temporal coverage, to identify areas of risk within the GBR
that are influenced by increased terrestrial sediment export from the
adjacent catchment area (Waterhouse et al., 2017). These studies have
supported guideline development for the GBR (GBRMPA, 2010), and
allowed ecologically relevant end-of-basin sediment load targets to be
assigned for the different basins of the GBR (Brodie et al., 2017).
However to date, tPOM load contributions have not been separately
considered. Our review synthesises this information to provide a more
comprehensive conceptual understanding of the importance of POM
and provide guidance as to how to best prioritise and manage SPM from
ridge-to-reef.

This review follows the key chain-of-evidence pathway established by
Bartley et al. (2014; see also Hairsine, 2017). We first describe the
general impacts of SPM on reef and seagrass ecosystems, the transport
and transformation processes of SPM delivered to the marine environ-
ment, and the river basin sources and composition of terrestrial sediment
(Fig. 1). We then present a case study from the GBR where this in-
formation has been linked from ridge-to-reef, to establish marine
thresholds, guidelines, end-of-basin load targets and basin-specific re-
mediation options. This review therefore provides an update on the latest
research tools and findings on SPM across the ridge-to-reef continuum.

Table 1 provides a quick reference to terms and abbreviations used
in this review.
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Fig. 2. The Great Barrier Reef catchments, primary land use and Regional Natural Resource Management Regions. Source: Brodie et al. (2012).

Table 1
Terms and abbreviations used in this review.

POM Particulate organic matter

tPOM Terrestrial POM: POM from catchments and river sources.

mPOM Marine POM: POM produced by processes in the estuary or
marine waters.

HfPOM Heavy fraction POM

LfPOM Light fraction POM

SPM Suspended particulate matter (including POM and mineral
particles)

GBR Great Barrier Reef

CCA Crustose coralline algae

TEP Transparent exopolymer particles

Terrestrial sediment Terrigenous mineral sediment and tPOM
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2. Effects of SPM on water clarity and sedimentation on tropical
marine ecosystems

2.1. Water clarity

SPM causes at least three separate modes of stress, namely light
reduction, disturbance by suspended particles, and sedimentation
(Jones et al., 2015; Duckworth et al., 2017). Importantly, SPM in-
creases light attenuation in the water column and alters its spectral
composition, therefore reducing the availability of photosynthetically
usable light for benthic communities (Strydom et al., 2017). Declining
water clarity (turbidity or transparency) is often the first noticeable
influence of terrestrial inputs of nutrients and sediments within
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coastal and inshore marine environments. Water clarity is one of the
strongest water quality indicators, and a strong predictor for eco-
system changes (De'ath and Fabricius, 2010). Ecological impacts de-
pend on the intensity and duration of exposure, the preceding and co-
occurring environmental conditions and the communities affected
(Collier et al., 2016a; Ferguson et al., 2017; O'Brien et al., 2017;
Statton et al., 2018) (Fig. 3). Reduced water clarity can lead to slower
growth or even loss of photosynthetic organisms such as coral reefs
and seagrasses.

2.1.1. Coral reefs and reef fish

Some reef coral species are highly sensitive to reduced water clarity,
predominantly attributable to the loss of light for photosynthesis
(Fig. 3a, part 1) (Erftemeijer et al., 2012, Bessell-Browne et al., 2017).
Other coral species can feed on the SPM gaining energetic advantage
over others as long as light is not limiting (Anthony, 2000; Anthony and
Fabricius, 2000). Sensitivity also depends on life stage, with young
corals being particularly susceptible to damage from SPM on its own
(i.e. without sedimentation or light reduction). SPM can negatively
affect fertilisation and subsequent settlement, and the growth and/or
survival of coral juveniles (Humanes et al., 2017a, 2017b). However,
during times of thermal stress, SPM may be protective against bleaching
by shading corals from damaging irradiance (Lesser and Farrell, 2004).
Furthermore, feeding on SPM can increase the upper thermal tolerance
of some corals (Gregorich et al., 2006; Courtial et al., 2017; Ferrier-
Pages et al., 2018).

The physiological and biological responses of individual corals to
reduced water clarity and increased SPM can result in ecosystem-wide
shifts. Studies of spatial gradients in coral reef communities have shown
that the abundance, biomass and species diversity of corals, in-
vertebrates and fish can be lower on turbid reefs than non-turbid reefs
or reefs adjacent to healthier river basins (Fabricius et al., 2005; Mallela
et al., 2007; De'ath and Fabricius, 2010; Rodgers et al., 2012; de Bakker
et al., 2017), although this is not universally true (Fabricius et al., 2005;
Bejarano and Appeldoorn, 2013; Brown et al., 2017). Shifts from corals
to macroalgae (De'ath and Fabricius, 2010; Bégin et al., 2016; de
Bakker et al., 2017), and at more severe conditions, shifts from mac-
roalgae to heterotrophic filter feeders have been observed (Birkeland,
1988). Responses to reduced water clarity likely differ between species
or functional groups such as feeding guilds (Fabricius et al., 2005;
Brown et al., 2017).

Marine Pollution Bulletin 135 (2018) 1205-1220

Reef fishes can be impacted by reduced water clarity and sedimenta-
tion indirectly, by changing their coral and seagrass habitats, or directly,
as increased sediment loading can have direct behavioural, sub-lethal, and
lethal impacts on fish (Wenger et al., 2017). For instance, because in-
creased turbidity can impair visual acuity, activities and processes that
require vision can be inhibited, including the ability of recruiting coral
reef fish to find suitable habitat (Wenger et al., 2011; O'Connor et al.,
2015) and post-settlement movement (Wenger and McCormick, 2013).
The ability to find suitable habitat is crucial for development and survival
during the very early life history stages (Coker et al., 2009; Feary et al.,
2009; Lonnstedt and McCormick, 2011), which may have significant flow-
on effects for the adult population (Wilson et al., 2016). Suspended se-
diment and sedimentation can also inhibit fish foraging (Fig. 3a, part 6).
For example, increasing levels of suspended sediment can result in re-
duced food acquisition (Wenger et al., 2012, 2013; Johansen and Jones,
2013), which can lead to sub-lethal and lethal impacts at high con-
centrations (i.e. =60mgL™") of suspended sediment. Exposure to sus-
pended sediment can also have direct physiological consequences, in-
cluding damage to gill tissue and structure (Au et al., 2004; Hess et al.,
2015), which can alter metabolic rates in some species (Hess et al., 2017).
Similarly, suspended sediment embedded in algal turfs suppresses her-
bivory on coral reefs (Bellwood and Fulton, 2008; Tebbett et al., 2017).

Most studies of the direct effects of suspended sediment on coral
reef fish have been laboratory experiments rather than in situ assess-
ments, due to the challenges of disentangling direct from indirect ef-
fects in situ (Wenger et al., 2015). Furthermore the composition of
sediment used in experiments can be highly variable and do not always
consider organic components (i.e. used terrigenous sediment only) and
particle size (i.e. coarser fractions > 20 um) that may have more eco-
logical relevance. A recent in situ study found a direct effect of sediment
from logging activity on the abundance of a juvenile coral reef fish
(Hamilton et al., 2017), whereas Wenger et al. (2016a) found no re-
lationship between turbidity and reef fish growth rates. Research is
considering the direct effects of reduced water quality on coral reef fish.
Recent work has endeavoured to develop suspended sediment thresh-
olds for a range of life history stages of fish, which will help ensure that
water quality improvement targets are ecologically relevant (Wenger
et al., 2018). Consideration of reef fish is particularly important in
places where communities are reliant on sensitive species, given social
and economic consequences that could occur from declining fish po-
pulations (Brown et al., 2017; Hamilton et al., 2017).

=, Leafsenescence
organic matter
¥/ accumulation

Cr—————
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1.SPM attenuates light

2.SPM is not easily removed from coral surfaces, and may contain disease vectors
3.TEP (‘marine snow’) enhances mortality of juveniles

4. SPM negatively affects CCA and facilitates their overgrowth by turf algae

5. SPM affects fish habitat through the mechanisms described above

6. SPM directly affects fish, including their foraging, gill function and metabolism

1. Sunlight attenuated by SPM, reducing photosynthesis and oxygen production
2. Sediment settles on leaves reducing oxygen production and diffusion
3. Oxygen extrusion reduced when deposited SPM impacts biogeochemical processes

Fig. 3. Summary of the effects of SPM on (a) coral reefs and reef fish, and (b) seagrasses.
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2.1.2. Seagrasses

In seagrass meadows, photosynthetic carbon fixation reduces under
low light conditions (Fig. 3b, part 1), which necessitates biochemical,
physiological and morphological changes to minimise respiratory loss
(O'Brien et al., In Press) and to enhance light capture (Zimmerman,
2003; Mackey et al., 2007; Ralph et al., 2007; Collier et al., 2009;
McMahon et al., 2013; Hedley et al., 2014; Schliep et al., 2015) (Fig. 3).
Mortality occurs if light levels drop below minimum light requirements
and reserves are depleted (e.g. Longstaff and Dennison, 1999). When
benthic light is negligible (i.e. very high SPM concentrations), the time
to mortality ranges from two weeks for small ‘colonising’ species (sensu
Kilminster et al., 2015) to two years for ‘persistent’ species that can
resist mortality by drawing on storage reserves in their large rhizomes
(Collier et al., 2009; O'Brien et al., In Press). Feedbacks can enhance or
subdue the effects of suspended sediment: if the seagrass patch size and
canopy height is appropriate, sediment settle in the meadow, but
changes in seagrass induced by high turbidity (meadow patchiness,
reduced canopy height) creates a negative feedback whereby sediment
cannot settle and resuspension may even be enhanced (Adams et al.,
2016), leading to recalcitrant degradation (O'Brien et al., 2017).

2.1.3. Tolerance limits of corals and seagrass to SPM: water clarity

Threshold tolerance limits of SPM can be used to set water clarity
targets, which can be based on the proportion of species that must be
locally and regionally protected by management of SPM (e.g., 99%,
GBRMPA, 2010), the extent and abundance of the habitat to be pro-
tected (Steward et al., 2005; Choice et al., 2014; Chartrand et al., 2016;
Adams et al., 2015), or growth potential (Larsen et al., 2017).
Threshold tolerance limits can also be used to assess ecological risk
from SPM (Waterhouse et al., 2017 — Section 5.2). Tolerance limits of
corals and seagrass are co-determined not only by the effects of SPM
concentration on water clarity, but also the duration (Erftemeijer et al.,
2012; Larsen et al., 2017) and periodicity of exposure (Browne et al.,
2012). Tolerance limits also vary substantially between species,
morphologies and life stages (Erftemeijer et al., 2012), and are likely to
vary among populations due to acclimation and/or differences in the
population structure (Erftemeijer et al., 2012; Maxwell et al., 2014;
Larsen et al., 2017). In corals, they are also influenced by photo- and
heterotrophic plasticity (Anthony and Fabricius, 2000). The range in
these thresholds among different species has been reviewed elsewhere
(e.g. Gattuso et al., 2006; Lee et al., 2007; Erftemeijer et al., 2012).
However, SPM incurs at least three separate modes of action including
sedimentation, light reduction, and disturbance by suspended particles
(Figs. 1 and 3), and these should also be considered when setting water
clarity targets. The influence of water clarity also varies depending on
the physico-chemical properties at specific locations such as sulphide
exposure (Ferguson et al., 2016), water temperature (Collier et al.,
2016a) and pH and redox potential (Zimmerman et al., 1997). Specific
SPM properties including organic content, particle size, microbial co-
lonisation, elementary composition and flocculation are also likely to
affect water clarity tolerance thresholds.

2.2. Sedimentation

2.2.1. Coral reefs

Corals have long been known to be sensitive to sedimentation — the
deposition of suspended particles on their surfaces (Fig. 3a) (Rogers,
1990; Fabricius, 2005; Erftemeijer et al., 2012). Tolerance to sedi-
mentation varies between life stages and taxa, and depends on the
amount and duration of exposure (Philipp and Fabricius, 2003; Flores
et al., 2012). Even the recruitment of some macroalgae such as Sar-
gassum is affected by sedimentation (Umar et al., 1998). Coral responses
to sedimentation are also strongly dependent on the sediment proper-
ties: particle size, contents of organic matter, nutrients, transparent
exopolymer particles (TEP, also known as ‘marine snow’), and in-
dustrial pollutants all co-determine the fate of coral colonies when
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exposed to sedimentation (Philipp and Fabricius, 2003; Weber et al.,
2006, 2012).

Corals can remove coarse calcareous sediment with relative ease,
without lasting damage to their surfaces, while they take longer to re-
move fine and organically-rich sediment; hence the latter often cause
colony damage or even mortality (Fig. 3a, part 2) (Weber et al., 2006).
Complex microbial successions reflecting sediment biochemistry and
nutrient status may develop in the sediments, and the metabolic pro-
ducts of these microbes can contribute to hasten coral damage (Weber
et al., 2012). Sediment can also be the carriers of vectors for coral
diseases, with disease incidence doubling in areas exposed to elevated
levels of sedimentation from dredging events (Pollock et al., 2016).
Furthermore, corals that are exposed to suspended sediment enriched
with organic matter have a significantly reduced thermal tolerance,
with earlier onset of bleaching under heat stress and slower recovery
(Fabricius et al., 2013). Conversely, shading of corals via increased
turbidity can reduce the UV component of solar radiation and hence
lower the severity of bleaching (van Woesik et al., 2012; Morgan et al.,
2017). The dredging of seafloor sediment stresses corals through smo-
thering by sedimentation, reduction in light, and suspended sediments,
as well as the chemical alteration of conditions (reduced pH, O,), with
the light reduction considered the most fatal impact of dredging on
corals (Jones et al., 2015, 2016).

Young corals are particularly susceptible to smothering, especially
when sediment contains high concentrations of TEP (Fig. 3a, part 3).
SPM on its own (i.e., without sedimentation or light reduction), can
negatively affect gamete fertilisation and the growth and survival of
coral recruits (Ricardo et al., 2015; Jones et al., 2015; Humanes et al.,
2017a). Young Acropora were found to sustain high rates of mortality
after < 48 h when exposed to sediment enriched with TEP, while no
damage was sustained when the same juveniles were exposed to sedi-
ment without TEP enrichment (Fabricius et al., 2003). Overall, sedi-
mentation thresholds for young corals appear to be an order of mag-
nitude lower than for adult corals, around 10 mg ecm ™2 d™ ! (Fabricius
et al., 2003).

Crustose coralline algae (CCA) are also known to be highly sensitive
to sedimentation, to low pH, and to overgrowth by turf algae which trap
sediment (Purcell, 2000; Bessell-Browne et al., 2017) (Fig. 3a, part 4).
CCA are filamentous red algae, heavily calcified by calcite embedded in
their cell walls. In coral reefs, CCA contribute to limestone formation
and the reinforcement of reef surfaces, counteracting wave erosion.
Their surface properties also induce the settlement of larvae of corals
and many other benthic organisms. CCA cover on the GBR is very low
(< 1% cover) on near-shore reefs with high rates of sedimentation, and
high (> 20% cover) on offshore clear-water reefs away from coastal
influences (Fabricius and De'ath, 2001a). Sediment properties including
nutrient content contribute to determining the vulnerability of CCA to
sedimentation, as the associated nutrients can facilitate filamentous
cyanobacteria, which then outcompete the CCA via overgrowth (Littler
et al., 2010). Even mild levels of ocean acidification can detrimentally
affect the reproduction and growth of CCA (Bradassi et al., 2013). Or-
ganic-rich sediment also can contribute to this effect, whilst calcareous
offshore sediment do not alter the pH conditions in their boundary layer
by much, and potentially provide a buffer to protect the CCA from
dissolution.

2.2.2. Seagrasses

Seagrasses often grow in sediment with low redox potential so they
need to pump oxygen through their aerenchyma (i.e. spongy plant
tissue) to their below-ground tissues to protect against phytotoxic
compounds such as hydrogen sulfide (Brodersen et al., 2015; Enriquez
et al., 2001). This process requires oxygen from the leaves, and can be
impeded by suspended and settled sediment that either slow photo-
synthetic oxygen production, or the passive diffusion of oxygen into
leaves (Fig. 3b, part 2) (Carlson et al., 1994; Enriquez et al., 2001;
Brodersen et al., 2017), which is particularly harmful at night (Olsen
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et al., 2018). Fine sediments settled on the surface of leaves can also
physically block light penetration to the leaves, enhancing light lim-
itation from suspended sediment (Erftemeijer and Lewis III, 2006).

Sedimentation has another negative feedback on this process as it
increases nutrient and organic matter accumulation and enhances the
reducing potential of the sediment (Fig. 3b, part 3) (de Boer, 2007). In
addition, reduced exudation of oxygen alters the composition of the
putative beneficial microbiome around the seagrass roots (Martin et al.,
2017) and burial of seagrass from deposited sediment can cause mor-
tality (Campbell and McKenzie, 2004). Deep fine sediment (> 5cm)
deposited on seeds can prevent the emergence of seedlings, hampering
recovery from sedimentation events (Jarvis and Moore, 2015) and nu-
trients associated with fine sediment and organic carbon become bio-
logically available over time, releasing inorganic nitrogen and phos-
phorus into the water column (Radke et al., 2010), which may drive
increased phytoplankton growth, contributing to further shading
(Webster et al., 2006).

3. Fine sediment and particulate organic matter in the marine
environment — transport, composition and fate

3.1. Estuarine mixing

The transport of terrestrial sediment to the ocean predominately
occurs during elevated rainfall-driven river flow events, leading to flood
plumes typically of short duration (i.e. < 3 weeks) (Devlin and Brodie,
2005). The extent and movement of the river flood plumes in the
marine environment depends on the flow volume, wind speed and di-
rection, ocean currents and Coriolis forcing (Devlin and Brodie, 2005).
The transport, deposition and resuspension of SPM depend on several
physical and bio-geochemical processes. The reduction in flow velocity
and change in ionic strength in the early estuarine mixing zone (salinity
0-5) promotes flocculation and deposition of almost all the coarser
material (approx. > 20 um) and a proportion of the nutrient-enriched
finer sediment load within the estuary or near the river mouth (Droppo,
2001; Dagg et al., 2004; Bainbridge et al., 2012; Fettweis and Lee,
2017). Coral reef and seagrass ecosystems do not typically occur in this
turbid, low salinity estuarine zone with the exception of some intertidal
seagrass species. Coral reef and seagrass species do, however, occur
within the zone of influence of river flood plumes, where they are af-
fected by the SPM transported offshore during elevated river flows.
During and following flood events, flocculation facilitates the settle-
ment of this terrestrial material and plankton successions (i.e. marine-
derived POM) develop from newly delivered and newly released nu-
trients (Mayer et al., 1998; Dagg et al., 2004; Devlin et al., 2012; Lewis
et al., 2014; Franklin et al., 2018).

The composition of SPM carried further offshore by river plumes
can consist of individual, fine-grained clay mineral particles or floccu-
lated aggregates (i.e. flocs) bound with both living (microbes, plankton)
and non-living (fecal pellets, detritus and its decomposed microbial
activity) organic matter, of terrestrially-derived or marine origin (see
Droppo, 2001; Fettweis and Lee, 2017). In these biologically-enriched
coastal and inshore waters, the bio-mediated production of ‘marine
snow’ (i.e. larger biological aggregates) also occurs where sticky bio-
mass (e.g. TEP) aggregates existing mineral and bio-mineral flocs, fur-
ther altering rates of sedimentation, resuspension and deposition
(Fettweis and Lee, 2017; Lefebvre et al., 2018). Flocs (typically
10-100 um) and larger marine snow often have different properties (i.e.
lower density, organic-rich etc.) compared with the old, consolidated
and less-flocculent sediment found on the seafloor, are easily re-
suspended and strongly alter the light attenuation in the seawater
(Storlazzi et al., 2015). Hence, newly delivered terrestrial sediment
appears to affect water clarity more readily than the resuspension of
historic seafloor sediment (Fabricius et al., 2013, 2014; Lewis et al.,
2014; van Maren et al., 2014; Seers and Shears, 2015).
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3.2. Marine transport, storage and fate

The geomorphology and bathymetry of the coastline and adjacent
submerged continental shelf largely governs the fate of fine terrestrial
sediment in the marine environment. Such marine environments can
loosely be grouped into open, semi-open and semi-enclosed systems
(Delandmeter et al., 2015), with semi-open and semi-enclosed systems
trapping a proportion of terrestrial sediment before reaching the open
ocean. The distance to a river mouth is another important factor which
influences exposure to terrestrial sediment. For example, the nearshore
reefs of Papua New Guinea, Philippines, Indonesia, Puerto Rico and
Costa Rica reside on narrow submerged continental shelfs close to the
coast and can regularly be subjected to direct riverine inputs. Catch-
ment disturbances including mining, logging or agriculture can greatly
increase sediment loads with considerable sedimentation damage on
nearshore ecosystems including coral reefs (e.g. Cortés and Risk, 1985;
Edinger et al., 1998; Acevedo et al., 1989; Munday, 2004; Fabricius,
2005; Ryan et al., 2008; Haywood et al., 2016). Resuspension of de-
posited sediment has also reduced water clarity on coral reefs from
Hawaii and Puerto Rico (Storlazzi et al., 2004; Bothner et al., 2006;
Hernéndez et al., 2009), but much of the terrestrial sediment carried
within flood plumes or resuspension events is quickly transported fur-
ther offshore from these narrow shelfs to much deeper waters
(> 150 m) and deposited with little potential for further resuspension.

The Great Barrier Reef can serve as an example to illustrate fates of
newly imported sediment on wide continental shelf environs. Here, the
fine terrestrial sediment can be transported large distances (> 50 km)
in flood plumes, may be deposited in relatively shallow water (< 20 m
depth) and become available for wave resuspension (Orpin et al.,
1999). While wave resuspension is largely limited to the inner shelf out
to the 20 m isobath (Orpin et al., 1999), strong longitudinal currents
during tropical cyclones can also resuspend material on the middle shelf
(Larcombe and Carter, 2004; Carter et al., 2009).

Sediments are strongly partitioned across the GBR shelf in response
to oceanography, geomorphology and storms, resulting in three distinct
cross-shelf zones: the inner-shelf dominated by terrestrial sediment
(0-22 m water depth), the sediment-starved mid-shelf zone of mixed
palimpsest (old, reworked) terrestrial and carbonate sediment
(22-40m), and the carbonate-rich outer-shelf (> 40m) (Maxwell,
1968; Belperio, 1983; Belperio and Searle, 1988; Larcombe and Carter,
2004). Tropical cyclones influence this partitioning by transporting fine
terrestrial sediment to the inner-shelf (from heavy rainfall in the
catchment), and by creating the high energy conditions that rework and
transport inshore deposited sediments (Larcombe and Carter, 2004;
Delandmeter et al., 2015). Even during large cyclonic events, the ma-
jority of terrestrial sediment including organic carbon and terrestrial
biomarker chemicals are deposited within 15km from the coastline
(Sandstrom, 1988; Ford et al., 2005). A study of a wet tropical GBR
river flood event following Tropical Cyclone Winifred (1986) found the
majority of terrestrial plant detritus (organic matter) exported from the
Johnstone River to be deposited within 2 km of the river mouth (Gagan
et al., 1987).

Within the inshore zone (e.g. Keppel Bay) there is continual re-
mineralisation of organic matter long after its delivery and deposition
following flood events (Radke et al., 2010). This tidal estuarine zone is
an area of high physical and biological activity, and as the terrestrial
sediment is continually reworked nutrients are released for many
months afterwards (Alongi and McKinnon, 2005; Robson et al., 2006;
Radke et al., 2010).

Most fine SPM inputs over the past 8000 years in the GBR are likely
stored within the inshore and coastal zone (0 to 20 m depth) including
river estuaries, coastal deposits such as mangroves, intertidal and
subtidal mud flats, within the framework of inshore coral reef deposits,
and bay fill deposits (Belperio, 1983; Carter et al., 1993; Orpin et al.,
2004; Brooke et al., 2006; Browne et al., 2012; Lewis et al., 2014;
Delandmeter et al., 2015; Ryan et al., 2016). In the GBR, bay-fill
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deposits are most extensive within north-facing embayments (i.e.
sheltered from prevailing SE winds) or bays which receive inputs from
the large river basins (Belperio, 1983; Orpin et al., 2004; Brooke et al.,
2006). Much of this older SPM is likely to be stripped of its bioavailable
nutrient content and buried at depths that limit resuspension and hence
is fairly inert in the marine environment. However, the exact ‘residence
time’ of this SPM in the GBR is uncertain (e.g. Brodie et al., 2012).

4. River basin sources and transport of fine sediment and
particulate organic matter

4.1. Fine terrigenous sediment

Soil erosion can occur through physical or biogeochemical processes
generally related to local climate, topography, tectonics, geology and
land use (Verheijen et al., 2009). Due to the non-linear interaction
between these variables, soil erosion rates are extremely variable in
time and space (Garcia-Ruiz et al., 2015). Once soil is eroded and enters
a waterway, sediment (detached soil) can move in solution, in sus-
pension or as bedload.

Globally, humans have increased the transport of riverine eroded
sediment by 2.3 + 0.6 billion MT per year (Syvitski et al., 2005). The
erosion, transport and delivery of sediment from agricultural areas to
coastal ecosystems are complex (Bartley et al., 2014) and the oppor-
tunity for the deposition and storage of sediment is significant (Fryirs,
2013). This means that high rates of erosion do not necessarily corre-
spond to high rates of sediment delivery (Walling, 1983, 1999).
Therefore, understanding and predicting the delivery of sediment from
ridge-to-reef is more complicated than simply predicting catchment
erosion risk. Understanding of the hydrological regime and connectivity
of sediment from the erosion source to the basin outlet is required
(Bracken et al., 2015). Basin size, shape, river network pattern and
rainfall-runoff regime all influence the ability of sediment to be deliv-
ered to the marine system. Changes in climate and tectonic activity can
influence erosion and sediment delivery (Bartley et al., 2018), and some
areas can generate large volumes of sediment without human dis-
turbance. For example, steep, wet forested areas may have similar se-
diment yields to flat, dry grazing pastures.

The rates from different land use types should not necessarily be
compared to each other, but instead how much these rates have
changed over time at a single location. The evaluation of contemporary
(< 100 year) erosion rates at a site needs to include the contribution of
the natural, long term (> 100year) or background erosion rates.
Increasingly, techniques such as cosmogenic isotopes, OSL dating and
similar approaches are being used to benchmark natural and ac-
celerated erosion rates due to land use impact (Hewawasam et al.,
2003; Gellis et al., 2004; Bartley et al., 2015; Coates-Marnane et al.,
2016). Such approaches could also be used to bench-mark the recovery
process or assess reductions in soil erosion as a result of remediation
(e.g. Vanacker et al., 2007).

Soil properties (e.g. particle size and density), vegetation cover and
topography are also important factors controlling sediment production
from erosion processes such as gullying and landslides (Zhao et al.,
2016; Loch et al., 1998). Insights into the delivery of sediment from
ridge-to-reef have increased with the use of geochemical fingerprinting
techniques which link the chemical signature of the marine sediment to
soil and sediment within the basin. Studies from Australia and other
parts of the world suggest that marine sediment are often dominated by
basaltic soils (Douglas et al., 2003, 2006; McCulloch et al., 2003a;
Takesue and Storlazzi, 2017), however, soils formed on granitic and
sedimentary lithologies can also contribute to marine systems
(Bainbridge et al., 2016). In some cases geochemical tracers have also
been useful to demonstrate that specific rivers are not contributing
sediment to marine areas, often because these rivers are carrying se-
diment composed of coarse quartz dominated material (Aradjo et al.,
2002). The larger and more geologically and hydrologically diverse a
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basin is, the more challenging it can be to isolate source lithologies
(Mabher et al., 2009). This is because numerous chemical, biological and
physical processes can alter sediment as it moves through a basin dis-
connecting the source to sink process (Koiter et al., 2013; Laceby et al.,
2017).

4.2. Terrestrially-derived particulate organic matter

Terrestrially-derived POM is produced in river basins through dif-
ferent mechanisms including plant senescence (Sollins et al., 1985;
Webster et al., 1999), soil formation (Fontaine and Barot, 2005;
Kemmitt et al., 2008) and freshwater productivity (Vannote et al.,
1980; Webster and Meyer, 1997; Thorp and Delong, 2002). Soil erosion
contributes to the export of large quantities of tPOM downstream
(Ludwig and Probst, 1996; Lal, 2003; Beusen et al., 2005), redis-
tributing landscape tPOM laterally, vertically and/or longitudinally
from ridge-to-reef (Gregorich et al., 1998; Ran et al., 2014; Ma et al.,
2016).

There is large variability (spatial and temporal) in the quantity and
type of tPOM delivered to streams (Kendall et al., 2001; Cross et al.,
2005; Tank et al., 2010), characterised by two distinct fractions: light
fraction POM (LfPOM), constituted by a mixture of the remains of
plants, animals and microorganisms at various stages of decomposition
(Gregorich et al., 2006) and heavy fraction POM (HfPOM), which is
attached to fine mineral sediment particles (i.e. silt and clay) through
chemical bonds (Horowitz and Elrick, 1987). Climate has been identi-
fied as a major control of tPOM, not only affecting basin and riverine
erosion dynamics (Valentin et al., 2005; McKenzie-Smith et al., 2006;
Jung et al., 2012), but also direct inputs from riparian and catchment
vegetation (Tank et al., 2010; Rowland et al., 2017).

Forested basins have significantly higher LfPOM inputs than non-
forested basins (Golladay, 1997; Webster and Meyer, 1997). Defor-
estation and land-use change affect the relative proportions of LfPOM
and HfPOM fractions in tPOM exported by rivers (Beusen et al., 2005;
Ochiai et al., 2015), with an increased contribution from the HfPOM
fraction associated with increased soil erosion and reduced vegetation
biomass inputs (Kao and Liu, 2000; Garzon-Garcia et al., 2017). Ad-
ditionally, land use change modifies the dominant vegetation type in
catchments affecting both the LfPOM and HfPOM components of soil,
with consequent changes in the characteristics of tPOM exported
downstream (Garten and Ashwood, 2002; Marwick et al., 2014) and
tPOM in-stream processing (McTammany et al., 2003; Dodds et al.,
2004; Kominoski et al., 2007). In river basins severely affected by
erosion, the source of sediment (surface versus subsurface erosion) and
soil type are important controlling factors on tPOM contributions and
dynamics (Garzon-Garcia et al., 2015, 2018).

The riverine transport of tPOM is complex and mediated by frac-
tionation and mixing, deposition or sourcing in riverine habitats and
biological transformations which change tPOM characteristics (Blair
et al., 2004; Tank et al., 2010; Bouwman et al., 2013), often resulting in
downstream tPOM composition different from that at its source
(Webster et al., 1999; Gomez et al., 2010; Garzon-Garcia et al., 2017).
tPOM biological instream processing is influenced by its chemical and
physical properties, the biota and environmental factors (e.g., tem-
perature, nutrients, redox) (see review by Tank et al., 2010).

As the various fractions of tPOM have different bioavailabilities to
microbial mineralisation (Mayer et al., 1998; Bianchi and Bauer, 2011),
the relative mix of LfPOM and HfPOM has an important effect on tPOM
bioavailability during river transport and as it is deposited in stream
habitats and floodplains (Tank et al., 2010; Guenet et al., 2014). LfPOM
has a higher carbon (C) to nitrogen (N) ratio than HfPOM (Rowland
et al., 2017) and N mineralised during LfPOM decomposition tends to
be re-immobilised by microflora (Sollins et al., 1984) enhancing N re-
tention in rivers (Dodds et al., 2004). Depending on its decomposition
stage it can provide fresh C and other nutrients that can fuel microbial
processes in rivers and downstream marine ecosystems (Guenet et al.,
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2014). HfPOM has narrower C to N ratios and decomposes more slowly
than LfPOM, but has larger net N mineralisation than the LfPOM in
parent soils (Sollins et al., 1984). LfPOM decomposition rates vary
widely depending on N and P content, lignin, tannins, leaf structure and
particle size (Wang et al., 2004; Yoshimura et al., 2008; Tank et al.,
2010). HfPOM decomposition rates depend on sediment particle size
and intrinsic sediment properties (e.g., organic matter composition, C
and N content, clay mineralogy) (Mayer et al., 1998; Bianchi and Bauer,
2011).

Indeed, the composition of the tPOM fractions would likely have
considerable influence on the SPM in the estuarine and marine zone and
specifically on the development and formation of sediment flocs,
bioavailable nutrient generation rates and loads and consequent effects
on marine ecosystems.

5. Tools for guiding management: case study in the Great Barrier
Reef, Australia

Using the ‘ridge-to-reef’ approach outlined above, this section pre-
sents a case study of how current knowledge of reduced water clarity
and sedimentation in the GBR lagoon and the drivers of these condi-
tions can be used in conjunction with ecological risk assessment, and
the definition of pollutant load reduction targets to guide management
priorities for SPM in the GBR region. This application can be used to
inform management of tropical marine ecosystems and the associated
pressures from external influences such as land runoff.

5.1. Evidence of reduced water clarity and sedimentation in the GBR lagoon

Increased delivery of terrestrial sediment to the GBR lagoon fol-
lowing mining and agricultural development of the catchment (c. 1850)
have been well documented using a variety of approaches including
sediment cores (Walker and Brunskill, 1997; Lewis et al., 2014), coral
cores (Lewis et al., 2007) and modelling (Kroon et al., 2012). This
change also coincides with an increase in the frequency of large and
extreme freshwater discharge events to the GBR (Lough et al., 2015),
resulting in an increase in loads of terrestrial constituents to be ex-
ported and likely an increase in the extent of influence within the GBR
lagoon. Distinctive changes in water quality parameters, biological as-
semblages and coral core geochemistry have been observed across
terrestrial gradients with distance from the river mouth of many de-
veloped catchments in the GBR (van Woesik et al., 1999; Fabricius
et al., 2005; Udy et al., 2005; Cooper et al., 2007; Lewis et al., 2012).
While it is challenging to quantify the changes in these gradients as a
result of increased terrestrial inputs, long coral core records document
enhanced terrestrial influence over the past 150 years (McCulloch et al.,
2003b; Lewis et al., 2007, 2012, 2018; Jupiter et al., 2008; Lough et al.,
2015). Furthermore, declines in seagrass meadow area and abundance,
coral condition and certain reef fish have been measured following
large river discharge events (Preen et al., 1995; Collier et al., 2012;
Petus et al., 2014; Thompson et al., 2014; Wenger et al., 2016b) which
are likely associated with prolonged reductions in water clarity
(Fabricius et al., 2016). Daily remote sensing observations over 12 years
show that water clarity throughout the inshore and midshelf GBR re-
mains significantly reduced for up to 6-8 months in years with high
river sediment discharges but not in years with low river discharges
(Fabricius et al., 2016). Reduced water clarity (increased turbidity) is
also strongly associated with reduced species diversity of hard corals
and octocorals, increased cover of macroalgae and reduced crustose
coralline algae on the inshore GBR (Fabricius and De'ath, 2001a, 2001b;
De'ath and Fabricius, 2010).

Recent advances in optical models have enabled accurate mapping
of the areas impacted by sediment deposition and reduced water clarity
associated with river flood plumes (Baird et al., 2016b; Brodie et al.,
2017). They also facilitate disentanglement of the influences of dis-
charges from various rivers and sediment resuspension due to winds
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and tides, highlighting the substantial role of resuspension in the ob-
served nearshore optical conditions (Baird et al., 2017; Wolff et al.,
2018). The eReefs marine models for the GBR (Baird et al., 2016a;
Herzfeld et al., 2016; Skerratt et al., 2018) provide large-scale, near
real-time modelling of relevant processes in open access (http://ereefs.
info) at a level of detail not previously available. The modelled pro-
cesses include transport, deposition and resuspension of tPOM, mPOM
and mineral sediment; adsorption and desorption of nitrate from mi-
neral sediment surfaces; remineralisation of tPOM and mPOM; gen-
eration of mPOM through uptake of inorganic nutrients by phyto-
plankton, planktonic processes; and the effect of each SPM component
on light quality and PAR through the water column.

Recent work with these models has demonstrated the possible role
of very fine mineral sediment and organic flocs in delivering terrest-
rially-derived materials to the outer reef (Margvelashvili et al., 2018),
though reduced water clarity in the mid- and outer reef following high-
flow years could also be explained by transport of nutrients in the form
of phytoplankton (Robson et al., 2017).

5.2. Assessing ecological risk for prioritised ridge management

Ecological risk-based assessments are used globally to guide man-
agement of coastal and marine ecosystems (e.g. Burke et al., 2011;
Doubleday et al., 2017; Pittman et al., 2017; Brodie et al., 2013;
Waterhouse et al., 2012, 2017), and are often used to guide where and
how management interventions could reduce stressors (SETAC, 1997).
The assessment frameworks are heavily dependent on knowledge of the
current status of pressures and drivers of an ecosystem state, and the
impacts of those pressures on the receiving environment.

A key example in the GBR is the recent work of Waterhouse et al.
(2017) which assessed the likelihood of reduced water clarity linked to
fine terrestrial sediment inputs, and the associated consequence of this
exposure to seagrass. Predicted dispersion of end-of-basin fine sediment
loads and frequency of exposure to turbid conditions were included as a
proxy for SPM. In addition, the difference between modelled estimates
of current annual light attenuation and pre-development light at-
tenuation scenarios were used to assess ‘anthropogenic influences’ of
SPM.

Reduced light was used as an example of the consequence of fine
sediment exposure to seagrass habitat (Waterhouse et al., 2017). The
consequence of fine sediment exposure was calculated using modelled
estimates of when benthic light (eReefs outputs) did not meet light
thresholds (< 6 mol photonsm~2day~! for 42-100% days in the
whole year (Collier et al., 2016b)), as seagrass loss is almost certainly
expected if fine sediment loads increase in these habitats (see Fig. 4b).
The most frequent failure to meet the benthic light threshold (Fig. 4b)
was on the inner shelf next to basins with high anthropogenic fine se-
diment loads and in seagrass habitats influenced by the Burdekin River.
The Burdekin River ultimately poses the greatest potential risk to sea-
grass habitat in the GBR, calculated as the product of the likelihood of
SPM exposure and the consequence of reduced light (Fig. 4c). This
highlights the Burdekin River basin as a priority area for management.
Marine areas receiving discharge from the Burdekin River in the
northern GBR are most likely to be exposed to higher concentrations of
SPM than in other regions (Fig. 4a) (Waterhouse et al., 2017). This is
related to the relatively large total runoff volumes from the Burdekin
River, steeper and dissected terrain in areas close to the coast, and a
mixture of vulnerable soil types that have had a range of land use
disturbances over the last century (Bainbridge et al., 2014; Furuichi
et al., 2016; Bartley et al., 2018).

In this step, the relevance of on-ground management priorities and
outcomes to SPM is constrained by not accounting for the end-of-basin
nutrient contributions (i.e. tPOM) that are likely to contribute to par-
ticulate organic matter production in the marine environment.

These results are being used by the Australian and Queensland
governments to guide management priorities in the current GBR water
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Fig. 4. Inputs representing a) likelihood of exposure of anthropogenic fine sediment to seagrass, b) an example of the consequence of exposure using an analysis of
the failure to meet benthic light thresholds for seagrass, and c) the estimated risk from anthropogenic fine sediment to seagrass. Source: Waterhouse et al. (2017).

quality policy, the Reef 2050 Water Quality Improvement Plan government has defined end-of-basin load reduction targets (Brodie

(Queensland and Australian governments, 2017). This policy recognises et al., 2017). The targets are calculated as the reduction in the modelled
that the ability to reduce ecological risk is largely driven by the re- annual average tonnes of fine sediment at the end-of-basins, and ex-
duction of anthropogenic pollutant delivery to the GBR, and hence, the pressed as a percentage reduction from a baseline anthropogenic load
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(2013) to be achieved by 2025 (Brodie et al., 2017). The basin-specific
reductions range from 40% to 0% (i.e. the need to maintain current
levels), and the basins with the highest fine sediment reduction re-
quirements align with the results of the risk assessment outlined above
(Waterhouse et al., 2017).

5.3. GBR basin sources and prioritised on-ground management

Identification of basin sources that contribute the greatest risk from
fine terrestrial sediment to GBR ecosystems enables catchment man-
agers to focus their efforts for prioritised on-ground management. As
described above, the Burdekin basin contributes the highest loads of
fine terrestrial sediment delivered to the GBR (McCloskey et al., 2017)
and hence presents the highest risk in terms of ecological impact
(Waterhouse et al., 2017). However, the Burdekin basin is large
(130,000 km?; the same size as England) and identifying which parts
are contributing most to the excess sediment was needed to help
prioritise areas for targeted remediation.

A number of studies have identified the Bowen-Bogie-Broken (BBB)
and Upper Burdekin tributaries as major sources of river runoff and
sediment (noting this largely applies only to the mineral sediment as
organic matter sources have not been systematically evaluated at the
whole-of-basin scale). These studies have used a combination of mi-
neral magnetics (Maher et al., 2009), geochemical tracing (Furuichi
et al., 2016) and clay minerology tracing data (Bainbridge et al., 2016)
as well as monitoring data (Bainbridge et al., 2014). The Upper Bur-
dekin dominates overall freshwater runoff and has a considerable se-
diment load (Bainbridge et al., 2014), however, the BBB basin dom-
inates both increased anthropogenic sediment yield (Bartley et al.,
2015) and fine sediment yield (Bainbridge et al., 2016). This is largely
because a considerable proportion of the sediment, and particularly the
coarser size fractions, transported from the Upper Burdekin are trapped
in the Burdekin Falls Dam (Lewis et al., 2013). Bartley et al. (2015)
estimated that, on average, current sediment yields in the BBB area
have increased ~7.47 = 3.71 times over long term (~100 to >
10,000 years) erosion rates.

To understand which erosion processes are contributing to the ex-
cess sediment, fallout radionuclide studies using **’Cs and ?'°Pb have
been carried out in the Bowen catchment, which suggest that sediment
is delivered from a relatively small proportion of the catchment which
has vulnerable soils that are well-connected to the stream network.
These are primarily where subsoil is exposed in scalds, rills and gullies
(Wilkinson et al., 2013, 2015; Hancock et al., 2014). It is possible to
identify these features in the landscape, but the critical gap in our
understanding is the effectiveness of erosion remediation options for
controlling these sources of sediment at property and sub-catchment
scales.

Organic matter sources associated with terrestrial sediment export
have received less attention in the GBR catchments. A recent isotope
tracing study in Moreton Bay, 300 km south of the GBR, identified tree
vegetation litter as a dominant source of tPOM (measured as organic
carbon), even though grasses dominate the vegetation cover in this
catchment, and subsoil erosion is the main sediment source in the
Moreton Bay catchments (Garzon-Garcia et al., 2017). This suggests
that although sub-surface sediment dominates the mineral sediment
contribution to freshwater and marine areas, surface erosion and litter
input (i.e. LFPOM) may dominate the source of tPOM. Further under-
standing of these source contributions in GBR catchments is required
for effective on-ground management of both mineral sediment and
tPOM (see also Judy et al. 2018).

Given the strong scientific evidence demonstrating that the
Burdekin basin, and the BBB catchment within the Burdekin, is a major
source of anthropogenic sediment delivering to high risk marine areas,
the Queensland Government through the Queensland Reef Water
Quality Program allocated $15 million to the BBB catchment known as
the ‘Landholders Driving Change’ Major Integrated Project (https://Idc.
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nqdrytropics.com.au/). This funding is being used to promote adoption
of improved erosion management practices, and to trial a range of land
remediation practices to help reduce the amount of runoff and erosion
coming from this area.

Conceptually, erosion can be mitigated by (i) managing the dis-
tribution and timing of grazing pressure away from erosion features like
scalds, gullies and streambanks, and by setting stocking rates that
maintain ground cover and forage to reduce surface runoff that fuel
erosion processes (Thorburn and Wilkinson, 2013; Thorburn et al.,
2013; Kroon et al., 2016), and/or (ii) direct site remediation of large
scale alluvial gullies. A number of projects are currently evaluating the
effectiveness of these approaches on land condition, erosion and sedi-
ment loss. These approaches will be evaluated against their contribu-
tion to the Reef 2050 Water Quality Improvement Plan fine sediment
load targets for the Burdekin basin, which is a 30% reduction in the
anthropogenic fine sediment load by 2025 (Queensland and Australian
governments, 2017). The project also has a strong socio-economic
foundation acknowledging that humans, and the industries that sustain
them (grazing, farming and mining) are an integral part of the system.

5.4. Current ridge-to-reef management gaps and concluding remarks

Considerable progress has been made over the past decade to un-
derstand the sources, transport, transformations, fate and effects of SPM
across the ridge-to-reef continuum for the GBR, and to conceptualise
these components into a framework for effective management prior-
itisation. However, there are still avenues for further investigation to
better refine and improve our knowledge of the GBR ridge-to-reef
continuum including our understanding of SPM sourcing and transport
processes, the way we currently monitor and model SPM including
terrestrial sediment, tPOM and mPOM contributions, our ability to
manage for the most ecologically relevant components, and their
thresholds:

GBR sources, transport, fate and associated ecological effects
of SPM

e There is limited characterisation of the SPM component in river
flood plumes that impinge on coral reef and seagrass meadows.
Better characterisation will (i) refine source identification (to ero-
sion type and LfPOM or HfPOM), (ii) improve our understanding of
the bioavailability, transport potential (i.e. including role in marine
snow formation) and fate and (iii) clarify the likely impact on the
health of marine ecosystems.

The influence of increased terrestrial sediment runoff on GBR tur-
bidity regimes, and specifically the resuspension potential of newly
delivered SPM compared to the existing and ‘abundant bay-fill’ se-
diment on the seafloor requires further refinement (see Orpin et al.,
2004; Lewis et al., 2014; Fabricius et al., 2014, 2016). Quantifying
the influence of ‘newly delivered’ SPM on GBR turbidity regimes is
the subject of current research activity.

Further, the contribution of dissolved and particulate nutrients on
the formation of mPOM in association with terrestrial fine sediment
has not been quantified, and hence its influence on water clarity (i.e.
turbidity) and sedimentation in the marine environment is con-
strained. Although high river loads do seem to be associated with
reduced water clarity in the GBR throughout the year (Fabricius
et al., 2014, 2016) it has not yet been firmly established whether the
mechanism is delivery of fresh very fine mineral particle sizes
(Margvelashvili et al., 2018) or mid shelf transport of nutrients in
the form of marine phytoplankton nourished by catchment nutrients
delivered with river flows (Robson et al., 2017), or even increased
upwelling associated with the weather conditions that cause high
river discharge.

The impact of SPM on marine eutrophication depends not only on
the total load (i.e. quantity), but also on the quality (i.e. nutrient
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enrichment status) of the fine sediment and tPOM. Prioritisation of
management actions to reduce nutrient loads associated with sedi-
ment will differ from prioritisation to reduce sediment alone - here,
a multiple objective prioritisation will result in additional water
quality benefits. Additionally, further research on the influence of
the intrinsic soil properties on sediment generation, transport and
delivery is required.

Organic carbon plays an important role in mediating the effects of
terrestrially-derived SPM on phytoplankton growth in the GBR.
Since vegetation litter is a significant source of organic carbon, the
type of plants used in revegetation will likely influence the quality of
the SPM leaving the terrestrial environment. An understanding of
the interactions between mineral sediment, LfPOM and HfPOM is
required to refine restoration strategies for optimal water quality
outcomes.

GBR monitoring and modelling:

There is a lack of standardised measurement and terminology for
SPM across the ridge-to-reef continuum. For example, end-of-river
terrestrial sediment concentrations and loads are reported as total
suspended solids, and total tPOM loads are rarely reported. Organic
carbon is not routinely sampled in GBR monitoring programmes
across the catchments, end-of-river or flood plumes even though
organic carbon is a strong indicator of the potential effects of ter-
restrially-derived SPM on phytoplankton growth (Garzon-Garcia
et al., 2018). Quantification of total tPOM loads exported by the
GBR basins cannot be quantified without the measurements and
load calculations of both nitrogen and organic carbon.

We lack a standard definition of the most ecologically relevant,
terrigenous mineral particle size, and therefore lack consistency in
terminology and size-fractions to focus upon across ridge-to-reef
monitoring and modelling. International studies primarily refer to
fine-grained terrestrial sediment as the < 63 um (i.e. clay and silt
fraction), although organic matter is adsorbed more readily/en-
riched on finer clay-sized particles. Based on our observations in the
GBR, the majority of terrigenous mineral particles carried offshore
in river flood plumes are < 20 um i.e. ~ fine-silt and clay-sized
fractions (Bainbridge et al., 2012; Lewis and Bainbridge, un-
published data) and is likely the most ecologically relevant size
fraction of concern. Sediment particle size should be included in
routine end-of-basin and marine sampling efforts to provide further
confirmation.

Parameterisation of the eReefs marine model has highlighted gaps in
our current knowledge of fine sediment and POM generation in the
GBR river basins, as well as particle size distributions, decay rates
and processing at the freshwater-marine interface. So far, these gaps
have been filled through a combination of expert opinion and
careful use of relevant biogeochemical data from other systems
(Robson et al., 2018), however, ongoing collaboration between
modellers and observational scientists is essential to identify these
gaps and further improve upon the models.

GBR management of the ecologically relevant component:

Whilst ecological responses to the chronic exposure of suspended
sediment and chlorophyll a concentrations (De'ath and Fabricius,
2010) have been used to set water quality guidelines (GBRMPA,
2010), further work is required to set guidelines and end-of-basin
load reduction targets which fully capture the influence of SPM and
its associated complexities (e.g. incorporate properties such as mi-
neralogy, particle size and tPOM contributions). These complexities
need also to be considered in determining light attenuation
thresholds (see Petus et al., 2018) and in ecological studies in-
vestigating SPM effects on marine organisms.

e Determining SPM thresholds for coastal marine ecosystems will
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continue to involve many considerations. These include the separate
modes of action of SPM on coastal marine ecosystems, the physico-
chemical properties at specific locations, and population-level ac-
climation. These complications require a combined research ap-
proach of controlled ecotoxicological studies (e.g. Flores et al.,
2012) on sentinel species, with less controlled but more holistic and
environmentally realistic field studies.

Our review highlights the various components that need to be syn-
thesised to understand how SPM affects vulnerable marine ecosystems
and how the composition of SPM may vary from source to sink for ef-
fective management. Indeed, the GBR case study has demonstrated how
research across the ridge-to-reef continuum has been used to (i) identify
the impacts of SPM on key marine habitats and processes at risk and set
meaningful guidelines for ecosystem protection (ii) use information from
(i) to help set end-of-basin fine sediment load targets and; (iii) identify
the high priority catchment sources and processes contributing terrestrial
sediment to these marine ecosystems. Reef management could be im-
proved by taking a ridge-to-reef approach integrating research and
models to bring together the most ecologically relevant components of
SPM to tropical marine ecosystem health, linking this material of most
risk through the estuarine and marine transport processes that alter the
composition and properties of SPM, and finally, the characterisation and
source identification of terrigenous mineral sediment and tPOM that
provide the greatest contributions. Elements of this approach including
the study of estuarine SPM terrestrial and marine sources towards an
improved understanding of its fate and impact have been applied inter-
nationally including the Louisiana coastal zone (Mississippi River) and
the Gironde Estuary in France (Mayer et al., 2008; Savoye et al., 2012).
Finally, end-of-basin load targets and marine ecosystem thresholds need
to be explicit for SPM, and ideally the different constituents of SPM, due
to their fundamentally different properties in transport and impacts.
These challenges allude to the next frontier of integrated research on
SPM across the ridge-to-reef continuum and provide ‘a ray of light’ for
the future of tropical marine ecosystems.
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Abstract.

Sugarcane was first introduced into Brazil in 1532, in Sao Vicente (Sdo Paulo State) by the Portuguese.

Since the first cane selection and breeding programs started in Brazil, both local and introduced material were used.
In none of the breeding programs were large amounts of nitrogen fertilizer utilized, and this may be the reason why
today the best materials have little demand for nitrogen fertilizer, and an effective association has developed
between endophytic nitrogen-fixing bacteria and the plant. In some cases high inputs of associated biological
nitrogen fixation have been observed. The oil crisis also played a role in the sugarcane story, since the
alcohol-from-cane-juice (PRO-ALCOOL) program installed to find a substitute for gasoline in cars, stimulated the
selection of highly efficient varieties with low nitrogen fertilizer input. The recent promising results involving the
inoculation of micropropagated sugarcane plants with endophytic diazotrophic bacteria, along with the ongoing
Brazilian sugarcane plant and bacterial genome programs, suggest that the success of the Brazilian sugarcane
business may continue for many years to come, considering the potential to be exploited.

Introduction

Sugarcane (Saccharum officinarum L.) was first grown in
south-east and western India, and nowadays is cultivated in
the belt 35° N and 35° S, from sea level to 1000 m altitude,
on a wide range of soil types (Malavolta 1994). The
‘commercial’ sugarcane planted today is a hybrid of
S. officinarum and other species with agronomic characteris-
tics of disease and drought resistance. It has been cultivated
in over 120 countries, with a total of 19.4 million ha [Food
Agricultural Organization (FAO) 1999]. The major sugar-
cane cultivated areas are in Brazil and India, followed by
Cuba and China, whereas the greatest production (tons) is
observed in Brazil, India, China and Mexico (Table 1). The
Brazilian sugarcane program was intensified in the 1970s
due to the petroleum crisis, since at that time around 84% of
its oil needs were imported (Urquiaga et al. 1999). The
government created the alcohol program (called
PRO-ALCOOL) envisaging the substitution of gasoline with
alcohol for running cars, a ‘biofuel” that is known to be less
polluting and today has evolved to support more than one
million jobs. One aspect that may have contributed to the
success of the PRO-ALCOOL program comes from the
positive energy balance of this crop system in Brazil, in
contrast to other countries. Silva et al. (1978) made the first
approximation of the energy balance from ethanol

production from sugarcane under Brazilian conditions. The
overall basic energy balance ratio (e/h) was 2.43. However, if
it is assumed that all factory power is derived from bagasse
(which today is universal practice), this value increases to
4.53, and if no nitrogen is applied to the plant, it increases to
5.79 (Boddey 1995). In USA, the use of high rates of
chemical fertilization (200-400 kg N ha™!) and mechaniza-
tion contribute to the drastic reduction of the energy balance
to almost 1. More recently, Macedo (2000) adjusted the
observed data of the energy balance for the agro-industry
localized in Sao Paulo State (COPERSUCAR - Cooperativa
dos Produtores de Acucar e Alcool do Estado de Sdo Paulo
Ltda), and the output/input reached the value of 9.2
(Table 2). The input corresponds to the energy consumed to
produce sugarcane (i.e. agricultural operations, transport,
fertilizer, lime, herbicides, seeds, equipment) and ethanol
(i.e. chemicals, lubricants, buildings and equipment),
whereas the output refers to the energy related to the ethanol
produced and that generated from the burn of the bagasse.
In the last ten years, the number of cars being manufac-
tured to run on hydrated ethanol (95%) has decreased
drastically to less than 1% of the market, due to the lower
petroleum price and higher price of sugar in the inter-
national market, although there are still three million cars on
the road running on this alternative fuel. Although the

Abbreviations used: ARA, acetylene reduction technique; BNF, biological nitrogen fixation; COPERSUCAR, Cooperativa dos Produtores de
Aclcar e Alcool do Estado de Sao Paulo Ltda; e/h, energy balance ratio; ELISA, enzyme-linked immunosorbent assay; IAA, indole-3-acetic acid;
ITS/RFLP, internal transcribed spacer/restriction fragment length polymorphism; MS, Murashige and Skoog; SUCEST, Sugarcane Expressed

Sequence Tag.
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Table 1. Planted area, yield and productivity of sugarcane
cultivated in the major sugarcane-producing countries of the world
Source: FAO (1999)

Planted area Yield Productivity
Country (ha) (million ton) (ton ha™')
Australia 415000 3922000 88.97
Brazil 4860266 333314400 68.58
Cuba 1100000 35000000 31.82
China 1048000 89388023 85.30
India 4150000 282249894 68.01
Mexico 627200 46000000 7342
Philippines 358000 26287000 73.42
South Africa 311000 21248256 68.32
United States 401130 32406000 80.79
Mauritius 65000 3500000 53.84
World 19404768 1274697080 65.69

program has declined, Brazilian gasoline still contains
20-24% of this biofuel. The mixture contributes to a better
global environment since less CO (57%), hydrocarbons
(64%), NO, (13%), and zero lead, are emitted to the
atmosphere (Boddey 1995). Although production of alcohol
derived from sugarcane has been maintained at an almost
constant level over the last 15 years (12 billion L year™), the
sugarcane area and yield are still increasing in Brazil
(Ministério da Agricultura 2000). The planted area (ha)
increased from approximately 2 (year 1975) to 4.8 million,
while total production has increased from around 75 to 315
million tons of sugarcane (Fig. 1). Breeding programs have
introduced new materials every year and, according to the
breeders, it is still possible to increase Brazilian sugarcane
yields by about 20% (Fernandes and Irvine 1987). Today, the
sugarcane agribusiness is responsible for 2.3% of the gross

J. 1. Baldani et al.

national product, which is equivalent to approximately
six billion dollars.

In contrast to other Graminaceous crops, sugarcane
cultivated in Brazil neither depletes soil nitrogen reserves
nor suffers a decline in yield after many decades, or even
centuries, of cane cropping, suggesting that this crop may
benefit significantly from inputs from biological nitrogen
fixation (BNF; Boddey et al. 1995). The search for BNF in
sugarcane plants began in the 1950s when Johanna
Ddbereiner and her colleague Alaides Ruschel isolated the
nitrogen-fixing bacteria Beijerinckia fluminensis from the
rhizosphere of this plant (Ddbereiner and Ruschel 1958).
Later, an attempt to quantify the BNF in sugarcane plants
was carried out by Débereiner’s group using the acetylene
reduction technique (ARA; Ddbereiner et al. 1972).
Although the methodology is the subject of criticism, they
could detect small BNF contributions that were attributed to
nitrogen-fixing bacteria present in the rhizosphere of the
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Fig. 1. The evolution of sugarcane planted area, yield and alcohol

production in the last 30 years in Brazil.

Table 2. Energy balance in sugarcane and ethanol production under Brazilian conditions
Adapted from Macedo (2000)

Items Averages Best values
Sugarcane production (total) 189.87 17553
Agricultural operations and transport 65.02 61.97
Fertilizers 66.96 56.09
Lime, herbicides, seeds and equipment 57.89 57.89
Ethanol Production (total) 46.08 36.39
Electricity (bought) 0.00 0.00
Chemical and lubricants 7.34 7.34
Buildings and equipment 38.74 29.05
External energy flows (agriculture and industry) Input Output Input Output
Agriculture 189.87 0.00 175.53 0.00
Industry 46.08 0.00 36.39 0.00
Ethanol produced 0.00 1996.37 0.00 3045.27
Bagasse surplus 0.00 175.14 0.00 328.54
Totals (external flows) 235.95 2171.51 211.92 2373.81
Output/Input 9.2 11.2
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plant. Other attempts to quantify BNF in sugarcane plants
were carried out by Ruschel and her collaborators in
Piracicaba (Sdo Paulo) using '°N, gas (Ruschel ef al. 1975).
These authors detected reasonable amounts of nitrogen
derived from BNF being incorporated in 90-d old plants, but
this amount could not account for total nitrogen accumu-
lated in the plant tissues. Later, a long-term experiment
carried out with ten sugarcane varieties grown in a concrete
tank filled with soil supplemented with >N-labelled organic
matter, demonstrated that most of the nitrogen accumulated
by some sugarcane varieties was derived from BNF (Urqui-
aga et al. 1992). Almost at the same time, many endophytic
nitrogen-fixing bacteria (i.e. Gluconacetobacter diazo-
trophicus, Herbaspirillum seropedicae and H. rubrisubalbi-
cans) were found colonizing many sugarcane varieties
(Cavalcante and Dobereiner 1988; Baldani ez al. 1997). The
role of these endophytic nitrogen-fixing bacteria in this
association is still unclear. However, there is much evidence
supporting their contribution to the nitrogen accumulated in
the plants.

The importance of the endophytic nitrogen-fixing
bacteria/sugarcane association to Brazilian agriculture is
such that the genome program called SUCEST (Sugarcane
Expressed Sequence Tag), created in 1999 to study functions
involved with morpho-physiological and genetic aspects of
the plant [Fundagdo de Amparo a Pesquisa do Estado de Sdo
Paulo (FAPESP) 2000], included the study of two cDNA
libraries from plants infected with the endophytic
nitrogen-fixing  bacteria ~ G.  diazotrophicus  and
H. rubrisubalbicans to determine the role of these organ-
isms in the association (FAPESP 2000). An earlier investi-
gation carried out by Vargas et al. (1999) found that a gene
called Misa2 is strongly induced in plants infected with
either Herbaspirillum spp. or with a mixture of nitrogen-
fixing bacteria. More recently, data mining in the SUCEST
bank showed new forms of glutamine synthetase present in
sugarcane plants (A. Hemerly, pers. comm.). Besides the
plant project, two bacterial genome programs have been
established in Brazil: one on G. diazotrophicus in Rio de
Janeiro and another on H. seropedicae in Parana State. The
knowledge of the genome of both plant and endophytic
nitrogen-fixing bacteria should allow the identification of
new genes, and their genetic manipulation, to determine
specific functions. For example, the role of the bacteria in
the association, how the endophytic interaction occurs
(molecular signalling), and how the fixed nitrogen is
transferred to the plant tissues, are among the questions still
not answered. Many new genes have already been discov-
ered in the sugarcane plant, the functions of which are still
unknown. The manipulation of these genes as well as those
involved in the nitrogen, carbon, and photosynthetic
metabolisms could improve the efficiency of the nitrogen-
fixation process, therefore maximizing the potential of the
association.

419

Plant propagation versus bacterial dissemination

Sugarcane has been considered a highly efficient in the
conversion of light into chemical energy, because it pos-
sesses a C, pathway. Sugarcane is propagated from cuttings
(setts). Roots formed from the sett die off when the roots
from the shoots start to develop and take their functions of
absorption and anchorage. At this stage, a high metabolic
activity seems to be operating, since high nitrogenase
activity has been detected in pre-germinated setts (15-30 d;
F. Lopes Olivares, pers. comm.), usually followed by an
increase of the endophytic diazotrophic population (Perin
et al. 1999). Therefore, the question that arises is how to
explain the presence of these bacteria within the setts,
considering that the sugarcane programs are today based on
plants originating from seeds collected after inter-specific
crossing which have been sown into nurseries prepared with
sterilized peat. To better understand the internal plant
colonization and dissemination of these endophytic
diazotrophic bacteria, it is necessary to have a wider view of
the sugarcane story in Brazil.

One could speculate that these endophytic bacteria
(mainly G. diazotrophicus) arrived with the introduction of
sugarcane plants (setts) that originated from the Island of
Madeira and were brought by the Portuguese in 1532, or
later, when the noble varieties originating from the South
Sea Islands were brought to the western hemisphere between
1768 and 1793 (Machado et al. 1987). From the West Indies
and French West Indies, at least four noble varieties were
distributed throughout the Caribbean and the Americas. The
best variety, called Caianne, was spread throughout Brazil in
1803, and a sugar production of over 100000 ton ha™! was
reported by 1853. New materials were introduced between
1857 and 1881 from Mauritius and Reunion (Machado et al.
1987), but unfortunately these came together with a disease
that caused a decline in the Caianne productivity and forced
breeding programs to be established. These programs are
continuously furnishing new varieties with agronomic and
industrial characteristics superior to the older varieties. An
interesting aspect that might have contributed to the mainte-
nance of endophytic diazotrophic bacteria in sugarcane was
the failure of the botanist to detect seed formation in the first
collected materials, leading to the conclusion that sugarcane
was only propagated by setts (Machado e al. 1987). This
was true for the varieties Creoula and Bourbon, the most
planted sugarcane varieties until 1880. In the meantime, it
was observed that sugarcane could propagate by seeds, and
this was a very important stage in the sugarcane breeding
program, that culminated with the crossing of a
S. spontaneous and a S. officinarum by Soltwedel in 1887
(cited by Machado et al. 1987). Since then, new varieties
have been introduced in virgin areas, or in fields continu-
ously cultivated with sugarcane.

Local dissemination by insects also seems to play an
important role in the ecology of the sugarcane/bacteria
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association. This hypothesis was raised by Caballero-
Mellado and Martinez-Romero (1994) while studying the
diversity of isolates of G. diazotrophicus based on the work of
Ashbolt and Inkerman (1990), who first published the pres-
ence of this bacterium within the mealybug, Saccharococcus
sacchari. Another possible pathway of dissemination could be
the mycorrhizal spores present in the sugarcane soil and
known to contain diazotrophic bacteria such Azospirillum,
Klebsiella, Burkholderia, G. diazotrophicus, and others
(Paula ef al. 1991; Reis et al. 1999). Trash left in the field is
another source of dissemination, since diazotrophic bacteria
have been already detected in these materials (Reis et al.
1994), although it is still not clear how the plant infection
occurs (Arcanjo et al. 2000). Our group is investigating the
possibility that these bacteria are present in the soil in a viable
but non-cultivable stage and, once stimulated by plant root
exudates, are able to infect and colonize the plants, but no
clear picture has yet arisen.

More recently, it was demonstrated that graminaceous
plants besides sugarcane that are propagated by seeds, such
as Eleusine coracana (Loganathan et al. 1999) and coffee
plants (Jimenez-Salgado et al. 1998), are also colonized by
the endophytic bacteria G. diazotrophicus. However, no
proof that the seeds were free from this specific bacterium
was shown. In addition, attempts to isolate G. diazotrophicus
from sugarcane seeds and fuzzes, either using enriched
semi-solid medium or polymerase chain reaction method-
ology using species-specific primers, were unsuccessful
(S. Arcanjo, pers. comm.), suggesting that the bacteria were
somehow disseminated in the field.

However, a study on the genetic diversity of
G. diazotrophicus carried out by Caballero-Mellado and
Martinez-Romero (1994) using strains from Mexico and
Brazil, showed that the diversity was very limited. Results
from our laboratory also confirmed the narrow genetic
diversity of this species through the analysis of 45
G. diazotrophicus isolates, originating from a sugarcane
germplasm bank maintained for around 30 years at the same
site, using the internal transcribed spacer/restriction frag-
ment length polymorphism (ITS/RFLP) method (S. Tavares,
pers. comm.). A genetic diversity study with strains origi-
nated from different countries, including those from where
sugarcane probably originated, could give a better picture of
the evolution of this species and how it was disseminated
among the sugarcane fields.

Nitrogen fertilizer versus biological nitrogen fixation

High BNF contributions were observed in certain Brazilian
sugarcane varieties cultivated for 22 months in large pots
containing soil (64 kg) labelled with '’N (Lima ez al. 1987).
Values varying from 109 to 175 kg N ha™! were observed in
hybrid varieties, while values were much lower on S. barberi
(Chunee) and S. officinarum (Caianne) (56 and 22 kg N ha ',
respectively; Urquiaga et al. 1992). The small amounts of
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nitrogen applied to the crop during the breeding programs
might have contributed to the development of an efficient
association between endophytic diazotrophic bacteria and
the sugarcane plant. The response of the planted cane crop to
nitrogen fertilizer is generally very low or null, although the
same does not apply to the first, second, and third ratoon
(Carnauba 1990). The response varies from country to
country and depends on the soil type, region and manage-
ment, and whether the crop is irrigated or rain-fed [Inter-
national Fertilizer Industry Association (IFA) 1999]. In
Brazil, the amount of nitrogen recommended by the
COPERSUCAR for non-irrigated modern varieties is
50kgN ha' year! to the plant cane crop, and
100 kg N ha! year! to the first ratoon (COPERSUCAR
2000). Much higher amounts of nitrogen fertilizer are used
in other countries such as Hawaii, USA, India, Mexico,
Philippines, and South Africa (Table 3). Several reports have
shown that very high doses of nitrogen fertilizer can have a
negative effect on the yield and sucrose content of the stalks
(Table 4, and see Humbert 1963 cited by Malavolta 1994;
Wiedenfeld 1998). In addition, other papers have shown the
detrimental effect of elevated nitrogen fertilizer on the
population of G. diazotrophicus, one of the endophytic

Table 3. Nitrogen fertilizer levels applied to sugarcane plants
grown in different countries
Source: IFA (1999)
Country Nitrogen fertilizer (kg ha™')
Argentina 100
Australia 150-250
Brazil 50
India 100-300
Mexico 120-200
Philippines 120-200
South Africa 80-120
USA — Hawaii 300400

Table 4. Effect of nitrogen fertilizer on sugarcane yield and
amount of sugar
nd, not determined

Nitrogen Cane Sugar

(kg ha™!) (ton ha™) (%) (ton ha™)

Data adapted from Malavolta (1994):

197 245 9.5 23.0
277 267 9.0 23.7
377 260 8.5 20.2

Data adapted from Wiedenfeld (1998):

(kg ha™) (ton ha™) (%) (kg ha™)
0 92 nd 132
50 95 nd 128
100 98 nd 126
150 96 nd 125
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diazotrophic bacteria colonizing sugarcane plants (Table 5,
and see Fuentes-Ramirez et al. 1999; Muthukumarasamy
et al. 1999; Reis Jr et al. 2000a).

Although there is a high level of nitrogen removal from
the system via stems taken to the mill and material burned
off before cutting (1.5-2.0 kg N ha™! per ton of plant cane),
it has been found that nitrogen reserves in the soil are not
exhausted, and the level of productivity is maintained
(Orlando Filho ef al. 1980). This suggests that BNF plays an
important role in the nutrition of the sugarcane crop. A BNF
contribution was first demonstrated by Ruschel ez al. (1975),
using N, gas. At that time, the diazotrophic population
detected in the rhizosphere soil and roots did not seem to be
able to account for the BNF observed, although unidentified
diazotrophs were detected within stems, and the nitrogenase
activity varied among sugarcane genotypes (Ruschel and
Vose 1982). The BNF variation among varieties was
confirmed later by the work of Lima et al. (1987) and
Urquiaga et al. (1992), using the N isotope dilution
technique and nitrogen balance. These authors showed much
higher BNF contribution (60%) than the work done by
Ruschel and co-authors (17%). These results were recently
confirmed using material collected from different sugarcane
regions in Brazil and analysed with the 8'°N technique
(Boddey et al. 2001). Recent work carried out by Sevilla
et al. (2001) using '°N,, confirmed that G. diazotrophicus
fixes nitrogen inside the sugarcane plants. However, the
amount of nitrogen fixed was much lower than that observed
by Lima et al. (1987) and Urquiaga et al. (1992). This was
probably due to differences in plant age and growth
conditions. The first authors used 30-d old micropropagated
plants (8-cm tall) inoculated with the bacteria and grown in
Murashige and Skoog (MS) medium. After washing several
times with sucrose-free MS medium, the plants were
transferred to a new sterile tube and exposed to '’N, for
24 h. The two Brazilian experiments were carried out with
12- to 18-month old plants (2 to 3-m tall) grown in tanks

Table 5. Log number of Herbaspirillum spp. and
Gluconacetobacter diazotrophicus colonizing roots and stems of two
sugarcane varieties (SP 79-2312 and SP 70-1143), grown with and
without nitrogen fertilizer
Adapted from Reis Jr et al. (20005). Values followed by the same letter
within a column are not significantly different at P=0.05 according to
Tukey’s test. + N treatments were fertilized with 300 kg N ha™!

SP 79-2312 SP 70-1143

Sample type +N) -N) (+N) (=N)
Herbaspirillum spp.

Roots 3.52 3,71 3.65 4.05

Stems 1.94 1.73 2.09 2.19
G. diazotrophicus

Roots 1.92° 2.36 2.28 2.49

Stems 1.67° 2.19* 1.81 1.85
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containing soil labelled with '°N. Therefore, the differences
should be expected since, for plants originated from micro-
propagation and grown in the field, the nitrogen fixation
process seems to be higher later in the growth cycle
(A. Oliveira, pers. comm.). Growth of sugarcane in the field
is also influenced by water supply, soil fertility (N, P, and K),
and the molybdenum level in the soil, which is known to
interfere with BNF. Such high nitrogen fixation values were
corroborated by the discovery of endophytic diazotrophic
bacteria such as G. diazotrophicus, H. seropedicae,
H. rubrisubalbicans, Azospirillum spp., and Burkholderia
spp. (Dobereiner 1992) colonizing these varieties. Recent
work using the enzyme-linked immunosorbent assay
(ELISA) method showed very high populations of
G. diazotrophicus and Herbaspirillum spp. colonizing dif-
ferent parts of the plants (Table 6, and see Li and MacRae
1992; Boddey et al. 2000). These values are much higher
than those obtained using the most probable number (MPN)
technique, as shown in Table 5. Boddey et al. (2000)
discussed both methods applied to quantify the nitrogen-
fixing endophytes in sugarcane plant tissues, and outlined
several factors that interfere with quantification of the
bacteria. It is known that populations of these diazotrophs
are influenced by the water status and nutritional state of the
plant, including the nitrogen level (Reis Jr et al. 20005),
tissue utilized (roots, leaves, stems; surface-sterilized or
not), and plant age (Fuentes-Ramirez er al. 1999). If these
materials are from plants previously inoculated and grown
either in sterilized or field conditions, this also influences the
diazotrophic populations (Sevilla ef al. 2001). Despite either
under- or over-estimation of the numbers of endophytic
diazotrophic bacteria present within the plant tissues, both

Table 6. Detection of Gluconacetobacter diazotrophicus,
Herbaspirillum seropedicae and H. rubrisubalbicans in different
tissues of field-grown sugarcane by the ELISA technique using
purified polyclonal antibody raised against strain PRJ2
(G. diazotrophicus), HRC54 (H. seropedicae), and HCC103
(H. rubrisubalbicans)
Adapted from Boddey et al. 2000. All values are expressed per g fresh
weight of plant tissue. nd, not determined

Sample type Sterilized Not sterilized
G. diazotrophicus
Roots 9.0 x10° 4.0 x 107
Rhizomes 49x10° 5.9 x 106
Leaves 1.8 x 10° 2.0x 107
H. seropedicae
Roots 1.9 x 106 1.3 x 107
Rhizomes 1.2x10° 4.2 %100
Leaves nd nd
H. rubrisubalbicans
Roots 3.6 x10° 2.4 x10°
Rhizome nd 6.8 x 10°
Leaves 7.4 x10° 3.9x 10°
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methods can be used to compare the population among
different sugarcane varieties. Using these methods, Reis Jr
et al. (2000h) and Boddey et al. (2000) could not detect
significant quantitative or qualitative differences in the
diazotrophic population between sugarcane varieties that
could explain the differences in BNF observed by Urquiaga
etal. (1992).

Although several nitrogen-fixing bacteria have been
isolated from different parts of sugarcane plants, there are
still doubts about the major bacterium responsible for BNF.
Inoculation of micropropagated sugarcane plants with endo-
phytic diazotrophic bacteria has confirmed their potential
for use in agriculture (Baldani et al. 2000). More recent data
have shown that inoculation with a mixture of these
endophytes seems to be the best strategy for improvement of
the plant/bacteria association (Oliveira et a/. 2000). Similar
results were demonstrated for four varieties of sugarcane
grown in India, where inoculation with a mixture of
different diazotrophic bacteria plus mycorrhizal fungi pro-
duced a response equivalent to that following a half-dose of
the recommended nitrogen fertilizer (Muthukumarasamy
et al. 1999). It is not clear how these different bacteria
interact, although a synergistic effect (phytohormones and
BNF) seems to play a role at different stages of sugarcane
growth. It has already been demonstrated that nitrogen-
fixing bacteria, including G. diazotrophicus, are able to
produce indole-3-acetic acid (IAA; Fuentes-Ramirez et al.
1993). These authors observed differences in the amount of
IAA produced by strains of G. diazotrophicus and suggested
that phytohormones could help initial root development and,
consequently, plant growth. Large differences in root mass
were observed in micropropagated sugarcane plants inocu-
lated with a mixture of nitrogen-fixing bacteria and grown in
the field for 12 months (A. Oliveira, pers. comm.). An
additional effect of a plant growth-promoting factor, pro-
vided by inoculation with the G. diazotrophicus Nif minus
mutant, under conditions where mineral nitrogen was not
limiting, was also demonstrated by Sevilla ez al. (2001).

Final considerations

During all these years the researchers in this specific field
have accumulated considerable evidence on how diazo-
trophs can individually infect and colonize monoaxenic
plants, but have not answered the question of which
micro-organism(s) are responsible for the nitrogen-fixing
activity detected under natural conditions. In any circum-
stance, the research teams must work together in a practical
way to improve the BNF in these agro-ecosystems. The
Brazilian sugarcane cropping system may be an important
example for the other countries, but a lot must be done to
convert this knowledge to a practical technology for use
on-farm.

J. 1. Baldani et al.
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ABSTRACT

Modification of terrestrial sediment fluxes can result in increased sedimentation and turbidity in receiving wa-
ters, with detrimental impacts on coral reef ecosystems. Preventing anthropogenic sediment reaching coral
reefs requires a better understanding of the specific characteristics, sources and processes generating the anthro-
pogenic sediment, so that effective watershed management strategies can be implemented. Here, we review and
synthesise research on measured runoff, sediment erosion and sediment delivery from watersheds to near-shore
marine areas, with a strong focus on the Burdekin watershed in the Great Barrier Reef region, Australia. We first
investigate the characteristics of sediment that pose the greatest risk to coral reef ecosystems. Next we track this
sediment back from the marine system into the watershed to determine the storage zones, source areas and pro-
cesses responsible for sediment generation and run-off.

The review determined that only a small proportion of the sediment that has been eroded from the watershed
makes it to the mid and outer reefs. The sediment transported >1 km offshore is generally the clay to fine silt

Soil efOSior{ (<4-16 ym) fraction, yet there is considerable potential for other terrestrially derived sediment fractions
Water quality (<63 um) to be stored in the near-shore zone and remobilised during wind and tide driven re-suspension. The
specific source of the fine clay sediments is still under investigation; however, the Bowen, Upper Burdekin and
Lower Burdekin sub-watersheds appear to be the dominant source of the clay and fine silt fractions. Sub-
surface erosion is the dominant process responsible for the fine sediment exported from these watersheds in re-
cent times, although further work on the particle size of this material is required. Maintaining average minimum
ground cover >75% will likely be required to reduce runoff and prevent sub-soil erosion; however, it is not known

whether ground cover management alone will reduce sediment supply to ecologically acceptable levels.
Crown Copyright © 2013 Published by Elsevier B.V. All rights reserved.
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1. Introduction Burdekin River watershed, Australia. First, we evaluate the response of

Suspended sediment plays an important role in freshwater and
marine biogeochemical processes and food webs (Krumins et al.,
2013; Wood and Armitage, 1997). Yet excessive sedimentation and
turbidity have been shown to have deleterious effects on coral reefs in
Australia (Fabricius, 2005; Fabricius and Wolanski, 2000; Rogers,
1990; Uthicke et al., 2012), Africa (Vankatwijk et al,, 1993), Pacific
Islands (Golbuu et al., 2011), Hawaii (Wolanski et al., 2009), Indonesia
(Crabbe and Smith, 2005), Madagascar (Maina et al.,, 2013) and the
meso-American reefs (Andrefouet et al, 2002). For large coral reef
systems such as the Great Barrier Reef (GBR), there is general agree-
ment that increased sediment from agricultural regions is impacting
on coral reefs (De'ath et al., 2012) and other adjacent habitats such
as seagrass beds (Waycott et al., 2005). The growth of coral reefs have
fluctuated considerably in the past (8500 year record) independently
of anthropogenic impact (Browne et al., 2012) and many reefs have
coexisted with very high water turbidity for millennia (Larcombe
et al., 1995). Therefore, quantifying the impact of anthropogenic sedi-
ment delivery from agricultural land use change since European settle-
ment, against the high variability of natural sediment loads in tropical
rivers (Syvitski et al.,, 2005), is a challenging and contested research
area. Few studies have been able to trace sediment from its watershed
source through to the marine zone, accounting for all erosion and depo-
sitional processes, particularly in large (>100,000 km?), geologically
diverse watersheds (Douglas et al., 2006; Takesue et al., 2009). There
have, however, been multiple independent studies, that have evaluated
individual aspects of the source, delivery and fate of sediment to the
marine system. It is rare that these papers are evaluated together to pro-
vide an understanding of sediment movement across the watershed-to-
marine-ecosystem continuum.

This paper presents a review of the literature that examines the link
between sediment impacts on coral reef ecosystems and the amount,
source and processes contributing sediment from the 130,000 km?

coral reef ecosystems to elevated levels of sediment (Section 3) and
assess the evidence for an increase in anthropogenic derived sediment
fluxes to the Great Barrier Reef (GBR) (Section 4). We then trace the
sediment back to the watershed source (Section 5) and the erosion pro-
cess generating the sediment (Section 6). The key drivers of this erosion
(Section 7) and the potential management response for reducing
sediment erosion and delivery are then discussed (Section 8). A synthe-
sis of the findings and areas of further research are presented in
Section 9. In each section, we aim to identify specific sediment charac-
teristics that link impacts on reef ecology to the source and transport
processes in the watershed. Our review focuses on the Burdekin River
watershed and surrounding marine waters as it is the largest contribu-
tor of anthropogenic derived fine sediment to the GBR lagoon (Kroon
et al.,, 2012). The results of this review will be relevant to all watersheds
upstream of coral reefs, and of particular interest to dry-tropical
watersheds that have undergone land degradation due to cattle grazing.
Excessive amounts of nutrients (nitrogen, phosphorus, carbon and sili-
ca) are also known to affect coral reef ecology (Hallock and Schlager,
1986); however, for brevity, nutrients are not assessed in this review
as they have been dealt with in detail elsewhere (e.g. Fabricius, 2005).

2. Setting the scene: the Burdekin River watershed

The Burdekin watershed is ~130,000 km? and drains into the Great
Barrier Reef Lagoon south of Townsville on the east coast of Australia
(Fig. 1). It has an annual average rainfall of 727 mm and the largest
mean annual runoff of any of the GBR watersheds at 10.29 x 10° ML
(Furnas, 2003). The rainfall and runoff regime is highly variable in
both space and time (Petheram et al, 2008; Rustomji et al., 2009)
with rainfall generally higher near the coast (often >2000 mm) than
in western areas (<600 mm). The Burdekin has highly pronounced
wet and dry seasons on an annual time scale, and long periods of
below average rainfall can be punctuated with tropical depressions
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Fig. 1. Major sub-watersheds of the Burdekin watershed. The Inner, Middle and Outer shelf delineations correspond to the 20 m and 40 m bathymetric depths based on Orpin et al.

(2004a).

that can bring >1000 mm of rainfall in a few weeks. The Burdekin
watershed is composed of 6 sub-watershed areas including the Upper
Burdekin (~29% of the total area), Cape River (~15%), Belyando
(~27%) and Suttor sub-watersheds (~13%) all above the Burdekin Falls
Dam (BFD). The Bowen sub-watershed (~8%) and Bogie and lower
East Burdekin (~8%) are below the Burdekin Falls Dam (Fig. 1).

The marine zone influenced by periodic runoff from the Burdekin
watershed has been estimated at ~47,000 km? (Devlin et al., 2012),
which includes ~246 coral reefs and 73 seagrass beds (Devlin et al,
2011). The inner reefs (including some tidally exposed reefs) and islands
(e.g. Magnetic Island and Palm Island Group) are located on the inner
shelf <20 km offshore in water depths of ~20 m. The middle shelf is
between 20 and 50 km offshore with water depths of 20-40 m, and the
outer shelf is ~100 km from the mouth of the Burdekin river at water
depths of 50-90 m (Belperio, 1983; Larcombe et al., 2001) (see Fig. 1).

The Burdekin watershed is dominated by cattle grazing (~91%)
which occurs largely on native pastures within open woodland

communities (DSITIA, 2012). There are also small areas of dryland
cropping in the Belyando-Suttor region (~70,000 ha, Dight, 2009),
and sugar cane dominates the lower floodplain (occupying <1% of the
watershed); although most of the sugar lies out-side of the hydrological
watershed boundary. The pastures are located on sedimentary (~59%),
igneous (35%) and metamorphic lithologies (~6%) (Furnas, 2003). The
sedimentary soils are generally located in the south western areas
(Belyando and Suttor) and the igneous derived soils (granodiorites
and basalts) dominate the north of the watershed (Dight, 2009). Vege-
tation clearing has resulted in 25% less vegetation in 2009 compared
with European settlement (Great Barrier Reef Marine Park Authority,
2012). This loss includes areas of forest, woodlands, sedgelands and
wetlands. Woody tree thickening has also occurred in many parts of
this watershed (Scanlan et al., 1996a).

Degradation of rangelands and pastures is well documented for
many parts of the world (e.g. Milton et al,, 1994), and the Burdekin
watershed is no exception (McKeon et al., 2004). Cattle numbers have



R. Bartley et al. / Science of the Total Environment 468-469 (2014) 1138-1153 1141

increased in the Burdekin from ~0.05 million in 1860 to ~1.4 million in
2010-11 (Australian Bureau of Statistics, 2012). This period of land
use change and intensification has been correlated with increased
suspended sediment loads that are recorded within coral cores offshore
of the Burdekin River mouth (Lewis et al., 2007; McCulloch et al., 2003).
These studies suggest that there has been a five- to tenfold increase in
the delivery of sediments with the highest fluxes occurring during the
drought-breaking floods. Erosion in the Upper Burdekin has been
particularly severe in the first half of the 20th Century with 12.5% or
6900 km? of this area considered to be impacted by soil erosion
resulting in an estimated soil loss of 8.63 million tonnes (Burdekin
Project Committee, 1976, p. 648). A period of accelerated degradation
occurred in the Burdekin in the mid-1980s that was considered to be
due to the adoption of more hardy tropical cattle breeds, use of feed
supplements and accelerated market fluctuations, combined with a
number of years of well below average rainfall (McKeon et al., 2004).
Following the drought of the 1980s, six out of eight land types surveyed
in the Dalrymple Shire were found to have >30% of sites with sheet and
scald erosion (DeCorte et al., 1994). At present, ~8% of the Burdekin is
considered to be in D-condition, defined as areas with <40% vegetative
ground cover (Abbott et al., 2008; Karfs et al., 2009). Large areas of the
Burdekin watershed are shown to have modelled hillslope erosion
rates in excess of 5 t/ha/yr (McKergow et al.,, 2005), and subsequently
this watershed has been identified as a high priority area for controlling
hillslope erosion within Australia.

2.1. Particle size terminology

References to sediment particle size made in this paper follow the
(rounded) Udden-Wentworth size classification for sand (>63 um),
medium and coarse silt (16-63 pm), fine silt (4-16 um) and clay
(<4 pm) (Leeder, 1982). These size classes, although standard, are
often augmented with additional class fractions to represent specific
processes in fluvial or marine systems. For example, the 10 um thresh-
old, or sortable silt fraction, is used in oceanography to distinguish silt
sizes >10 um that behave differently under wave and current processes
(McCave et al., 1995). Silt <10 pum generally behaves in the same way as
clay, and silt >10 pm responds more readily to hydrodynamic processes
offshore. Therefore the sortable silt fraction is often referred to in publi-
cations describing sediment transport processes in the near-shore zone
(e.g. Orpin et al., 1999).

3. Ecological impacts of anthropogenic sediment on coral
reef ecosystems

The influence of sediment on the growth and distribution of corals
was recognised more than a 100 years ago (Wood-Jones, 1912). Through
field observations and laboratory experiments these early studies dem-
onstrated that corals have species-specific tolerances to sedimentation
(Crossland, 1928; Edmondson, 1928; Mayer, 1918; Vaughan, 1919).
Importantly, these studies recognised that sediment can have interactive
effects, including with other variables such as salinity and temperature,
on coral growth and survival.

3.1. Ecological impacts of sediment on coral reefs

Some coral species can tolerate very high sedimentation rates
(Sofonia and Anthony, 2008) and turbidity (Browne, 2012), and recovery
from short-term or low levels of sedimentation has been observed
(Philipp and Fabricius, 2003; Wesseling et al., 1999). However, most
coral reef organisms are negatively affected by smothering (sedimenta-
tion) and reduced light availability for photosynthesis due to turbidity
in the water column (Dubinsky and Stambler, 1996; Fabricius, 2011).
High sedimentation rates may reduce larval recruitment, making the
settlement substratum unsuitable (Dikou and van Woesik, 2006;
Hodgson, 1990), and growth of adult corals is inhibited through reduced

photosynthesis (Philipp and Fabricius, 2003; Riegl and Branch, 1995;
Telesnicki and Goldberg, 1995). Extensive or excessive sediment expo-
sure can also result in coral disease (Haapkyla et al,, 2011) and mortality
(Philipp and Fabricius, 2003; Victor et al, 2006), and cause a shift
to macroalgal dominance (De'ath and Fabricius, 2010; Dikou and van
Woesik, 2006; Golbuu et al., 2011). Polyps of many coral species exhibit
sediment rejection behaviour (Vaughan, 1919) comprising of ciliary
currents, tissue expansion, and mucus production (Stafford-Smith and
Ormond, 1992). The exact responses to sedimentation depend on the
coral species, duration and amount of sedimentation, and sediment com-
position (Dubinsky and Stambler, 1996; Weber et al., 2006). Increased
suspended sediment concentrations also affect juvenile reef fish through
interference in recruitment success via suppression of chemical cues for
settlement from the planktonic stage and reducing growth via interfer-
ence in feeding (Wenger et al., 2011, 2012).

3.2. Composition and characteristics of the anthropogenic sediment that is
affecting coral reefs

Laboratory based experiments using sediment collected from local
rivers discharging into the GBR suggest that grain size and organic and
nutrient-related sediment properties are key factors determining sedi-
mentation stress in corals after short-term exposure (Philipp and
Fabricius, 2003; Weber et al., 2006, 2012). Stress levels in coral were
strongly related to the organic and nutrient-related parameters in the
sediment, weakly related to the physical parameters and unrelated to
the geochemical parameters measured. Weber et al. (2006) found that
silt-sized and nutrient-rich sediments can stress corals after short expo-
sure (<36 h) due to microbial processes leading to reduced oxygen and
the formation of toxic hydrogen sulphide, while sandy sediments or
nutrient-poor silts affect corals to a lesser extent. The nutrient enhanced
sediments are also prone to forming sticky flocs of ‘marine snow’ which
can have detrimental impacts on corals within 1 h of settling (Fabricius
and Wolanski, 2000). Although recent research has shown that some
corals can develop and thrive in nearshore areas with high turbidity
(Browne et al., 2012; Palmer et al., 2010), according to Rogers (1990)
‘normal’ sedimentation rates for offshore coral reefs appear to be less
than 10 mg cm~2 d~ !, and typical suspended solid concentrations are
less than 10 mg L™, De'ath and Fabricius (2008) refined these esti-
mates for the GBR and suggest that a daily maximum sedimentation
rate of 15 mgcm~2d~! or a mean annual rate of 3 mg cm—2d~!
should guard against excessive coral mortality which equates to average
suspended sediment concentrations of 1.6 mg L™' in winter and
2.4 mg L™ ! during the summer wet season.

3.3. Summary: ecological impacts of anthropogenic sediment on coral reef
ecosystems

In summary, the sediment of most concern to marine ecosystems is
the nutrient/organic rich silt and clay sized (<63 pm) fractions (Weber
etal.,, 2006) that have persistent concentrations of >10 mg L~ ! (Rogers,
1990). In coastal waters, this equates to average sediment concentra-
tions of 1.6 mg L™! in winter and 2.4 mg L™! during the summer
wet season (De'ath and Fabricius, 2008). Resuspension of sediment in
windy conditions or strong tidal currents in shallow waters (<10 m)
leads to conditions where TSS concentrations are above the GBR water
quality guidelines (De'ath and Fabricius, 2008; Great Barrier Reef
Marine Park Authority, 2009), and this threatens coral reefs through
reduced light for photosynthesis (Fabricius, 2005). To improve the char-
acterisation and provenance tracing of sediments present in the ecolog-
ically significant areas (e.g. coral reefs and seagrass meadows) further
knowledge of the particle size, nutrient content and mineralogy of the
material that is being deposited and re-suspended from near-shore
sites is required.
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4. The fate and characteristics of anthropogenic terrestrial sediment
delivered to coral reef ecosystems

Many factors control the delivery of terrestrial sediment from end-
of-river to marine systems, including tides, wind and wave direction,
land position and distance from terrestrial inputs (Woolfe and
Larcombe, 1998). The fate of the sediment also depends on its particle
size, mineralogy and attached materials (e.g. organic matter, nutrients,
chemicals). In many cases, it is not necessarily the plume itself but rath-
er the continual reworking of the sediment delivered by the plume, that
has an impact on the marine ecosystem (Storlazzi et al., 2009). Here, we
review the current knowledge on the post-European delivery of sedi-
ment from the Burdekin River to the GBR.

4.1. The quantity of anthropogenic sediment being delivered to coral reef
systems

Cores of reef sediment and corals have indicated both increases
(Fleitmann et al., 2007; Lewis et al., 2007; McCulloch et al., 2003) and
decreases (due to reservoir construction; Hungspreugs et al., 2002) in
terrestrial sediment fluxes to coral reefs since the 1900s. In the more
recent studies, the trace element to calcium ratios in corals have been
used to quantify the link between changed land use, runoff and sedi-
ment yield. Studies from the Burdekin watershed suggest a five to
tenfold increase in the delivery of sediments to the marine zone since
European settlement, with the highest fluxes occurring during the
drought-breaking floods (Alibert et al., 2003; McCulloch et al., 2003).
In general, fine sediment delivery to off-shore coral from the Burdekin
watershed increased after ~ 1860 correlating strongly with the introduc-
tion of sheep and cattle and associated land clearing (Lewis et al., 2007;
McCulloch et al., 2003). Levels of mercury in sediment cores from
Bowling Green Bay at levels 25 times background (or pre-European),
is further evidence that sediment from the Upper Burdekin watershed,
in this case from gold mining in the period 1880-1914, reached the
marine areas offshore (Walker and Brunskill, 1997). Similar (coral
core) techniques have been used offshore from the Pioneer and
O'Connell Rivers, Queensland (Jupiter et al., 2008; Lewis et al., 2012a),
Africa (Fleitmann et al., 2007), Hawaii (Prouty et al., 2010; Takesue
et al.,, 2009) and Madagascar (Grove et al., 2012; Maina et al., 2012)
showing similar patterns of sediment increase to coral reefs following
the expansion of agriculture.

4.2. The location and characteristics of the anthropogenic sediment

Many coral reefs have developed under the influence of terrigenous
sediments (Johnson and Risk, 1987; Lewis et al., 2012b), and reefs have
evolved and changed under fluctuating fluvial sediment delivery
(Palmer et al., 2010). The transport and re-suspension processes offshore
from the Burdekin River have led to a strongly sediment-partitioned
shelf, with modern riverine sediment located adjacent to the coastline
and carbonate-dominated sediments located on the middle and outer
shelf (Belperio, 1983).

Over the past ~5500 years, ~80-90% of the contemporary sediment
from the Burdekin River has been captured in the Burdekin delta
(Fielding et al., 2006) or Bowling Green Bay to the north of the Burdekin
River mouth (Orpin et al., 2004a). The coarser fractions of this sediment
have formed chenier ridges and the Cape Bowling Green sand spit. The
finer sediments are interspersed between the mudflats and are located
in the low energy marine waters within ~10 km of the coast (Belperio,
1983; Orpin et al, 2004a). This deposited material is then strongly
influenced by sediment re-suspension by waves and turbulent mixing
(Larcombe et al., 1995; Larcombe and Wolfe, 1999; Orpin et al., 1999,
2004b), where it is driven northwards via longshore drift (Lambeck
and Woolfe, 2000). Though most terrestrially derived sediment is
deposited near the coast, recent research by Fabricius et al. (2013) has
shown that when the influence of wave and tidal conditions were

removed from turbidity records, mean turbidity increased significantly
with river flow.

Turbid plumes of sediment are visible each wet season extending up
to 10 km offshore from the Burdekin River mouth (Brodie et al., 2010;
Devlin et al., 2012; Schroeder et al.,, 2012). Only the very fine silt and
clay sized (<16 um) sediment is present in these plumes (Bainbridge
et al,, 2012; Devlin et al,, 2012). For the Burdekin River flood plume,
Bainbridge et al. (2012) determined that suspended sediment concen-
trations can drop from >500 mg L™ ! in the river at zero salinity to
<10 mg L™ ! at salinities with concentrations near 5-10 (dimensionless
salinity units), which is approximately 10 km offshore. This consider-
able reduction in suspended sediment concentrations is fostered
through flocculation processes (Bainbridge et al., 2012).

Research from other watersheds found that suspended sediments
(<100 um) will undergo flocculation when they encounter salty water
which increases their sinking rate (Webster and Ford, 2010), trapping
>50% of the modern sediment load in the estuary (Bostock et al.,
2007). Ayukai and Wolanski (1997) also determined that highly turbid
sediment delivered from the Fly River (New Guinea) settled out when
salinity reached ~23. Although most of the sediment settles out at
higher salinities, the wave and tidal energy is often sufficient to main-
tain turbidity at elevated levels (Lambrechts et al., 2010), and fine
sediment may remain available for re-suspension many years after a
given flood event.

4.3. Summary: the fate and characteristics of anthropogenic terrestrial sed-
iment delivered to coral reef ecosystems

In summary, trace element to calcium ratios in coral cores identified
that the amount of fine sediment (silt and clay) leaving the Burdekin
River has increased at least 5 times over the last 150 years (McCulloch
et al., 2003). This increase is linked to changes in animal numbers and
vegetation, with the highest sediment fluxes occurring during the
drought-breaking floods (when ground cover is low; see Section 7.1).
Interestingly, ~80-90% of the contemporary sediment from the
Burdekin River has been captured (or stored) in the Burdekin delta
(Fielding et al, 2006). Only sediment <4 um (clay) is transported
more than 5 km offshore, and sediment <16 um is transported <3 km
from the river mouth (Bainbridge et al., 2012). However, all fine sedi-
ment fractions (<63 um) can be transported to the river mouth where
they can be re-suspended (Fabricius et al., 2013) and potentially impact
on marine ecosystems. Understanding the sources of the <4-16 um
sediment is a priority for understanding the impact of land use change
on outer shelf reefs (see Fig. 1).

5. Estimating sediment yields from sub-watersheds

At a global scale, fluxes of terrestrial sediment to coastal areas have
been substantially modified by humans (Syvitski et al., 2005; Walling,
2006). Increases in these fluxes are due to soil erosion, associated with
changes in surface runoff, urbanization, deforestation, agricultural prac-
tices, and mining. On the other hand, reductions in sediment fluxes to
coastal areas are primarily due to retention within impoundments
(Syvitski et al., 2005; Vorosmarty et al., 2003). This section reviews
our knowledge of the amounts and sources of sediment within the
Burdekin watershed.

5.1. The quantity of sediment being exported from watersheds to the
end-of-river

A range of techniques have been used over the last 30 years in
the Burdekin watershed to estimate end of watershed sediment
yields. These include simple empirical models (e.g. Belperio, 1979;
Moss et al., 1993; Neil et al.,, 2002), watershed sediment budget
modelling (McKergow et al., 2005), measured sediment loads (Furnas,
2003; Joo et al., 2012) and integrated modelling and monitoring data
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(Kroon et al., 2012). The most recent statistical analysis suggests that
the mean-annual contemporary fine sediment load from the Burdekin
watershed is ~3930 kt year—' (with an annual range between 4 and
15,741 kt year—!) based on a 24 year monitoring data set (Kuhnert
et al,, 2012). The sediment flux for the Burdekin River exhibits high
inter-annual variability (Rustomji et al., 2009). The sediment flux per
unit area (t/ha) is lower than average by world standards (Walling
and Fang, 2003); however, when evaluated according to sediment
yield per unit runoff (t/ha/mm) it is relatively high by world standards
(Thorburn et al., 2013).

5.2. Identifying the dominant sub-watershed signal for the anthropogenic
sediment

Determining the dominant (sub-watershed) source of sediment in a
basin requires a combination of techniques including direct sediment
flux monitoring, sediment provenance tracing and watershed model-
ling (Walling et al,, 2011). In the Burdekin watershed, monitoring of
the suspended sediment export from the five main sub-watersheds
(Upper Burdekin, Cape, Belyando, Suttor and Bowen), the Burdekin
Falls Dam overflow and end of basin (Clare gauge) suggests that the
Upper Burdekin, Bowen and Lower Burdekin/Bogie sub-watersheds
dominate the total sediment load, and deliver ~27%, 45% and 26% of
the annual fine (<63 pm) sediment load over a five-year study period
(Bainbridge et al., in review) (Table 1). The same sub-watersheds
are also the dominant source of the clay and fine silt <16 um sediment
fraction (Bainbridge et al., in review).

Similar research in the adjacent Fitzroy watershed found that sedi-
ments deposited in Keppel Bay were from a combination of sedimentary,
granitic and basaltic soil types, yet the greatest increase of fine sediment
(<10 um) since European settlement was from the Tertiary basalts
(Douglas et al., 2008; Smith et al., 2008 ). Most of the basaltic sediment ap-
pears to have come from cultivated cropping rather than grazed areas
(Hughes et al., 2009a). Importantly, the basaltic soils have been identified
as the major contributor to phosphorus fluxes, due to their higher phos-
phorus concentrations (Douglas et al., 2006). It is therefore likely that the
70,000 ha of dryland cropping on basaltic soils in the Belyando and Suttor
sub-watersheds in the Burdekin also contribute dis-proportionately to
these tributaries; however, a detailed geochemical study of the sediment
sources is required to confirm this hypothesis.

To put the 5 years of measured sediment yield data set into context,
and obtain estimates of sediment delivery from un-sampled sites,
watershed modelling has also been used to assess the relative sources
of sediment within the Burdekin watershed (Kinsey-Henderson et al.,
2007). Despite known uncertainties with the prediction of sediment
sources and erosion processes (see Section 6) the watershed models
are consistently within 30% of the long term measured TSS loads
for large watersheds (>2000 km?) (Wilkinson, 2008). There also
appears to be general agreement between watershed models and
measurement-based TSS load estimates for the relative contribution of
sub-watersheds to Burdekin River TSS yield. While watershed models
also predict the detailed spatial patterns within sub-watersheds, finer-

Table 1

resolution input data and process understanding are required before
these predictions will be reliable (McKergow et al., 2005).

5.3. Summary: estimating sediment yields from sub-watersheds

In summary, 24 years of monitoring data at the end of the Burdekin
River estimates that an average of ~3930 kt/yr of fine sediment reaches
the estuary (Kuhnert et al., 2012). Sub-watershed monitoring and wa-
tershed modelling are consistent in identifying that the Upper Burdekin,
Bowen and Lower Burdekin/Bogie sub-watersheds dominate basin fine
sediment delivery.

6. Identifying and quantifying the erosion and sediment
storage processes

Following the identification of the major geographic sources of
sediment, it is important to determine which erosion process is pre-
dominantly responsible for the sediment loss so that appropriate resto-
ration strategies can be implemented. Sediment can be eroded from
surface (hillslope) erosion or from gully networks or river banks within
the channel network (IL.P. Prosser et al., 2001). Following erosion, there
are numerous opportunities for sediment to be deposited within the
watershed before a small proportion of the eroded material is delivered
to the marine system (as discussed in Section 4.2).

Traditional erosion studies have primarily been interested in gross
erosion for the purpose of evaluating soil loss from agricultural land
(e.g.Scanlan et al., 1996b). Specific information about the ecologically rel-
evant particle size of the sediment has not, until recently (Bainbridge
etal., 2012), been a major consideration in many hillslope and watershed
studies. This has limited our ability to link erosion processes across the
watershed-to-marine continuum. This section will describe the various
erosion and depositional processes, including identification of the eco-
logically threatening fraction (where possible), within the Burdekin
watershed.

6.1. The contribution of hillslope erosion to sediment delivery

Sheetwash or hillslope erosion generally dominates sediment
budgets in cultivated areas (Walling et al., 2011) and is considered to
dominate in grazed landscapes where the rainfall erosivity is high and
seasonal ground cover is low when the peak rainfall occurs (Lu et al.,
2003). In the Burdekin watershed, measured rates of hillslope erosion
for fine sediment (<63 um) vary from <0.02 t/ha on the flatter dry
hillslopes (Bonnell and Williams, 1987) to ~2.3 t/ha for moderately
grazed areas (Hawdon et al., 2008) and up to ~8 t/ha for areas with
low (<10%) ground cover (Bartley et al., 2010a). Due to the difficulty
and cost of obtaining erosion measurements across an area the size of
the Burdekin watershed, most of the hillslope erosion estimates have
been calculated using a modified form of the Universal Soil Loss
Equation (USLE) within the SedNet model (Thorburn and Wilkinson,
in press; Wilkinson et al., 2009). SedNet modelling across the whole of
the Burdekin watershed suggested that hillslope erosion was the

Estimates of the measured sub-watershed contributions over a four year period (2005-2009) of the <16 pm and <63 pum fractions (summarised from Bainbridge et al., in review). These
values have taken into account the relative trapping efficiencies of the various particle size fractions (Lewis et al., 2013). They are then compared with SedNet modelled TSS (<63 um)

sediment for the Burdekin watershed (Kinsey-Henderson et al., 2007).

Sub-watershed Watershed area

% contribution of clay and fine silt

% contribution of <63 um sediment Modelled % total suspended sediment

(%) (<16 um) (averaged for 2006-2009) (averaged for 2006-2009) (TSS) (<63 pm)
Upper Burdekin 29% 30% 27% 21%
Cape 15% 1.6% 1.3% 6%
Belyando 27% 0.9% 0.7% 8%
Suttor 13% 1.6% 1.1% 14%
Bowen 8% 42% 45% 27%
Bogie and Lower Burdekin River 8% 24% 26% 24%
Burdekin River (End-of-basin) 100% 100% 100% 100%
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dominant process delivering fine sediment to stream networks with
~67% of end of watershed loads coming from hillslope erosion, and
the remainder, ~27% and ~6%, coming from gully and bank erosion, re-
spectively (L. Prosser et al, 2001). However, parameterisation of the
USLE has not yet been appropriately constrained by local field measure-
ments of ground cover and soil erodibility.

More recently, a series of field sediment budget and tracing studies in
the Upper Burdekin determined that although hillslope erosion can dom-
inate fine sediment loads during drought years when ground cover is low
(Bartley et al., 2007), sub-surface or channel erosion dominates sediment
yields in the longer term (Wilkinson et al,, in press-b) (see Section 6.2).
Sediment source tracing indicates that approximately 60-80% of fine
river sediment is derived from sub-surface soil (Wilkinson et al., in
press-b). Importantly, recent tracing using ’Be have shown that hillslope
soils may be a contributor to this sub-surface soil loss, with rilled, scalded
and badland areas on hillslopes being sediment sources of comparable
importance to vertical channel banks (Hancock et al., 2013). While under-
standing of the source contributions will continue to be refined, it is now
clear that the bulk of fine sediment delivered from the Burdekin basin to
the GBR is derived from a very small proportion of the basin area well-
connected to the stream network, where subsoil is exposed in scalds,
rills, gullies and streambanks (Wilkinson et al., in press-b).

There are a number of reasons for the discrepancy in the ratio of
sediment sources including (i) that most modelling projects have used
estimates of hillslope erosion based on a static relationship between
land use class (C) and erosion, and direct vegetation (and rock) cover
measurements were generally not used (McKergow et al., 2005);
(ii) where used, remotely sensed vegetation cover imagery has inade-
quate resolution in dissected terrain to identify bare ground areas
that can dominate hillslope erosion (Bartley et al, 2010b); (iii) the
degree of discrepancy between models and source tracing is unclear
because modelling has lumped sheetwash and rill erosion, while source
tracing has lumped channel, gully and rill erosion (Wilkinson et al.,
in press-b), and (iv) gully erosion data inputs to the models have had
poor spatial representation (Kuhnert et al.,, 2010).

These recent sediment tracing and field studies have superseded the
previous modelled estimates of erosion process contributions to fine
sediment yield. Similar over-estimation in the modelled contribution
of hillslope sheetwash erosion has been identified in the Fitzroy basin
(Hughes and Croke, 2011). Therefore, any further discussion of erosion
processes in this paper will refer specifically to studies that have used
direct measurements or tracing techniques. Subsequent watershed sed-
iment budget modelling (not yet published) is incorporating the new
understanding of erosion sources (Waters et al., pers. comm.).

Research from other semi-arid rangeland areas around the world
suggest that end of watershed sediment yields are a poor indicator of
soil erosion on hillslopes as considerable amounts of sediment can
move within hillslopes, but not necessarily be delivered to streams
(Ritchie et al., 2009). There also appears to be a cover threshold of
~40% that distinguishes between surface and channel erosion domi-
nance. At sites with <40% cover, sediment yields can be dominated by
surface erosion (Bartley et al., 2007; Mclvor et al.,, 1995; Nichols et al.,
2012) whereas once cover increases above this level, surface erosion de-
creases and sediment yields are dominated by channel sources (Bartley
et al,, 2010b). It is therefore possible that the source of sediment has
‘switched’ between hillslope and channel sources over time when
ground cover has moved across this 40% threshold. It would also depend
on the dominant soil type, location in the watershed, and arrangement
of ground cover (Bartley et al., 2006). It is also likely that many gullies
were initiated when ground cover was <40%, and then developed and
continued to grow even when ground cover improved (see Section 7).

6.2. The role of channel erosion in sediment delivery

There is considerable recent evidence from the tropical rangelands of
Northern Australia demonstrating that sub-surface or channel erosion is

the dominant source of sediment contributing to watershed sediment
yields (Brooks et al., 2009; Caitcheon et al., 2012; Hughes et al., 2009b;
Tims et al., 2010; Wasson et al.,, 2002). Sediment source tracing in the
Burdekin basin is consistent with these observations, with subsurface
soil dominating river sediment in the Upper Burdekin and Bowen sub-
watersheds (Wilkinson et al., in press-b). In southern Australia, there
is considerable evidence that vegetation had a strong control on gully
formation (Prosser and Slade, 1994). The causes of gully erosion in
Northern Australia have not been fully resolved; however, recent
research suggests that, similar to southern Australia, gully erosion was
either initiated, or accelerated, when cattle were introduced into these
watersheds (Shellberg et al., 2010, 2012).

Bank erosion rates on the Burdekin River are relatively low (at least
during drought conditions) (Bartley et al., 2007) and generally low by
world standards (Bainbridge, 2004). There are, however, parts of the
Burdekin watershed where alluvial gullies (see Brooks et al., 2009) are
located along channel banks and it is difficult to differentiate these ero-
sion processes. Depending on any future classification of alluvial gully
systems, bank erosion may be found to be a much greater source of
sediment in some areas of the Burdekin watershed (e.g. see Fig. 2b).

6.3. Sediment storage

The amount of fine sediment that reaches the outlet of large river
systems varies considerably with watershed area and particle size, and
is generally only a small proportion (~10%) of the sediment eroded in
the watershed (Walling, 1983). Thus, any attempt to link watershed dis-
turbance to changes in the sediment flux to the ocean must take account
of the storage processes. According to Phillips (1991, p231) ‘Sediment
storage and transfer within a watershed may be the single most impor-
tant aspect of determining how a system responds to environmental
change’. Once sediment is eroded from hillslopes or channels, it may
be stored temporarily (until the next event) or for long time frames
(>1000 years). These storage processes can dampen or remove evi-
dence of increased sediment flux within the watershed, and complicate
the link between upstream and downstream response to human impact
(Walling, 2006).

Relatively little data are available on the storage of sediment (fine or
coarse) within the Burdekin channel network. There is evidence to sug-
gest that some of the fine (silt) material is stored in-stream (within
benches) and floodplain deposits in the western watersheds of the
Burdekin (e.g. Belyando and Suttor), although these streams carry rela-
tively little coarse sediment. Coarse material is trapped on top of bench
and vegetated bar features in the Upper Burdekin River system (Fielding
and Alexander, 1996), although, particle size analysis of bed sediments
in the Upper Burdekin (data not shown) suggest that very little fine
(<63 um) sediment is stored within the channel. Similarly, little con-
temporary fine sediment is trapped on the lower floodplain of the
Burdekin River (Alexander et al., 1999). Coarse grained sediment
(>63 pm) has been found stored on the bed of gullies and channels, in
constriction areas and at tributary junctions in the Burdekin and adja-
cent Fitzroy watersheds (Bartley et al,, 2007; Fielding and Alexander,
1996; Thompson et al., 2011), particularly catchments draining granitic
geologies. Dating of these coarse sediment deposits suggests that much
of this material is from a phase of channel erosion triggered by changes
to land use and management in the late nineteenth century (Hughes
et al,, 2009a). Other potential sites for sediment storage include reser-
voirs and weirs which are discussed below.

6.4. The impact of impoundment on sediment delivery

Although humans have significantly increased soil erosion, ~50% of
the sediment eroded globally is trapped in artificial impoundments
(Syvitski et al., 2005; Vorosmarty et al., 2003). Flow and sediment ex-
port is regulated in the lower reaches of the Burdekin River following
the construction of the Burdekin Falls Dam in 1987. The dam captures
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Fig. 2. Examples of channel erosion in the Burdekin Watershed (a) gully erosion in the Bowen Watershed. Tree height in image ~2 m (b) alluvial gully erosion along the banks of the Upper

Burdekin River. Channel width in image ~200 m.

flow from ~88% of the Burdekin watershed and has a capacity of
1.86 million ML. Water has spilled over the dam wall in all but one
wet season since construction. Lewis et al. (2013) determined that
between 50% and 85% of fine sediment delivered annually to the dam
is trapped (mean 66%); however, the proportion of sediment trapped
depends on the grain size of the material and the volume of the inflow
events. Lewis et al. (2013) found that 100% of <0.5 pm, 50% of
0.5-5.0 um, 25% of 5.0-30 um, and 5% of >30 um passed over the dam
wall. Half (50%) of the <0.5 um fraction originates from only one of the
contributing rivers, the Suttor River, while supply of the three coarser
fractions is dominated by the upper Burdekin River (87-95%). Overall, it
is estimated that the Burdekin Dam has reduced the total sediment load
from the Burdekin River by ~35% (Lewis et al., 2009).

Much of the agricultural expansion and associated severe erosion in
the Upper Burdekin occurred prior to the construction of the dam

(Burdekin Project Committee, 1977; Lewis et al., 2007), and modelling
suggests that the dam has not reduced the sediment yield to the coast
to levels below those in pre-European times (Kroon et al., 2012).

6.5. Summary: identifying and quantifying the erosion and sediment stor-
age processes

In summary, sediment tracing in the Bowen and Upper Burdekin
sub-watersheds demonstrated that sub-surface erosion is the dominant
process contributing to sediment yields (Wilkinson et al., in press-b), and
further research is required for other sub-watersheds. The particle size
characteristics, timeframes of initiation and causes of gully erosion are
not well understood; however, changes to the amount, and distribution
of native woody vegetation are a likely cause (see Section 7 for more de-
tail) (Shellberg et al., 2012). The Burdekin Falls Dam now traps more than
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509% of the mean-annual fine sediment between 0.5 and 30 pm; however,
the silt and clay sized fractions of suspended sediment, which cause high
sedimentation stress in corals (Weber et al., 2006), can move through
reservoirs (Lewis et al., 2013) and be transported to coastal coral reefs
during flood events (Bainbridge et al., 2012). Whilst it is estimated that
the Burdekin Dam has reduced the total sediment load from the Burdekin
River by ~35% (Lewis et al., 2009), modelling suggests that it is still
several times higher than the pre-European load (Kroon et al,, 2012).
To further understand the sediment storage and budget processes
in catchments of this size will require a number of additional areas of
research (discussed in Section 9.1).

7. The drivers of erosion and sediment loss

Following the introduction of cattle grazing and cropping in the
1800s, there are a number of factors that may have influenced water-
shed hydrology and sediment delivery. These include changes to cattle
numbers, the amount, composition and distribution of vegetation, as
well as changes to the soil condition and structure. This section reviews
the literature in this area to help understand what changes have oc-
curred so that we can develop appropriate strategies for mitigating
the degradation of the past.

7.1. The effect of changing vegetation on runoff and soil erosion

Over the last 100 years it is estimated that native vegetation has
reduced by ~25% in the Burdekin watershed (DSITIA, 2012; Pefia-
Arancibia et al., 2012). A number of studies in the Burdekin and sur-
rounding watersheds have investigated the effect of changing ground
cover (pasture) on runoff and erosion at the hillslope scale. Runoff
plot trials have shown that areas with high cover have lower runoff
than areas with low cover (Scanlan et al., 1996b). Runoff varies consid-
erably with the arrangement of cover (Bartley et al., 2006), however,
cover may have little effect on overland flow during very large rainfall
events (>100 mm with intensities between 45 and 60 mm/h) due to
Hortonian (excess) overland flow processes (Mclvor et al, 1995;
Scanlan et al, 1996b). Roth (2004) determined that ground cover
needs to be >75% to enable infiltration during high intensity events.
Even with high cover, localised infiltration varied widely, mainly as a
function of macroscopically visible bioturbation by soil macrofauna
such as ants, termites and earthworms. Soil loss from grazed hillslopes
increases as vegetation cover decreases, with the rate decreasing
sharply as cover increases beyond 40% (Bartley et al., 2010a; Mclvor
et al, 1995; Scanlan et al., 1996b). When cover is <40%, both fine
(<63 pum) and coarse (>63 pm) sediment fractions are eroded; howev-
er, when cover is high (>70%), coarse fractions are trapped on the
hillslope, and only fine fractions move off the hillslope (Scanlan et al.,
1996b; Silburn et al., 2011). Ground cover is also very ‘patchy’ in these
landscapes (Ludwig et al., 2007) and this results in large variability in
sediment yields even for hillslopes under the same management regime
(Bartley et al., 2006). Patchy vegetation on erodible soils within riparian
zones can also lead to the initiation of alluvial gullies and scald features
(Shellberg et al., 2010). Adequate ground cover, on both hillslopes
and riparian zones, needs to be maintained to reduce the potential for
gully formation.

Luminescent lines in corals have also been used to reconstruct the
history of major freshwater flows reaching the GBR from the Burdekin
River (1685-1981), and although there appears to be no overall trend
toward wetter or drier conditions, the reconstructions suggest that the
variability of rainfall and river flow has increased during the twentieth
century with more very wet and very dry extremes than in earlier cen-
turies (Lough, 2011). Interestingly, trend analysis of recent stream-flow
records (1920-2007) using pre and post clearing river flow data in
the Upper Burdekin suggest that some of this increased variability may
be the result of decreases in base-flow following tree clearing, and in-
creased event storm flow during large rainfall events (Pefia-Arancibia

et al, 2012). Changes to the runoff regime are likely to be one of the
factors driving increased erosion in the Burdekin watershed.

Studies in semi-arid rangeland areas outside of the Burdekin suggest
that converting (Brigalow) forest to pasture can increase runoff by ~80%
at sub-watershed scales (Thornton et al., 2007) and ~40% for river basin
scales (Siriwardena et al., 2006). Similar average cover thresholds of 50—
70% are required to reduce surface erosion in other rangeland environ-
ments (Sanjari et al., 2009; Silburn et al,, 2011). Thus, changes to the
vegetation type and amount appear to have changed the magnitude of
runoff events in these environments, thus increasing the potential for
erosion.

7.2. The influence of grazing on soil condition

Soil condition provides a link between the physical processes at the
watershed scale, and biological processes at finer scales, and has a major
impact on hydrological processes such as erosion. A number of smaller
scale studies carried out in the Burdekin watershed have demonstrated
that surface compaction was higher, and populations of macro-fauna
were lower, in heavily grazed sites compared with lightly grazed areas
(Holt et al.,, 1996). Research by Dawes (2010) in savanna woodland
areas similar to those in the Burdekin determined that un-cleared
areas have higher soil macrofauna and higher soil water storage than
cleared sites. Overall, Trimble and Mendel (1995) emphasise that it is
the heavy or severe grazing that has the most impact on soil condition
and erosion, and the effect of light and moderate grazing is much less
severe. The Burdekin grazing lands have had a history of heavy grazing
(McKeon et al., 2004) and this is still evident in many areas that have
poor soil condition, low macro-porosity, poor infiltration, low propor-
tion of tussock grass species and associated low litter and biomass pro-
duction (Bartley et al.,, 2010a; Roth, 2004).

7.3. Summary: the drivers of erosion and sediment loss

In summary, the key to reducing all forms of soil erosion is to reduce
runoff. High rates of runoff fuel hillslope and channel erosion, and in-
crease the risk of (the ecologically threatening) sediment (<16 pm)
reaching the GBR. To reduce runoff, ground cover needs to be maintained
close to ~75% to enable infiltration during high intensity events. Adequate
ground cover, on both hillslopes and riparian zones, is also needed to
reduce the potential for gully formation. It is heavy or severe grazing
that is likely to have the greatest impact on vegetation and soil condition.

8. Linking reductions in sediment yield to changes in land
management in grazed watersheds

A number of practical guides to pasture and watershed restora-
tion have been developed specifically for the Burdekin watershed
(e.g. Coughlin et al., 2008). Following implementation of such recom-
mendations, there is evidence of improvements in terms of soil struc-
ture, vegetation productivity and land condition. There is, however,
little evidence that these recommendations will actually improve
downstream water quality, and reduce the amount of ecologically
threatening sediment reaching offshore coral reefs. This section will
outline some of the scientific approaches that have been trialled to
link land management change and improved water quality delivery to
marine systems.

8.1. Evidence demonstrating that changed land management will reduce
erosion

Field studies of the responses to changes to land management have
shown that it is possible to reduce sediment concentrations in hillslope
runoff, and to reduce runoff volumes from early wet season events,
through improved grazing land management within ~5 years (Bartley
et al.,, 2010a; Hawdon et al., 2008). Improvements have been more
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rapid (reducing runoff coefficients by 25% over 3 years) when cattle
were excluded completely, and where pastures were dominated by
more resilient tussock grasses (Connolly et al., 1997). In areas of the
watershed with low erosion rates, responses are difficult to detect over
short time scales (<5 years) (O'Reagain et al., 2005).

Studies in the Burdekin and adjacent Fitzroy watersheds (see Fig. 3)
have found that increasing ground cover generally increases the amount
of rainfall required to initiate runoff (Bartley et al., 2010a; Connolly et al.,
1997) and reduces peak discharges (Ciesiolka, 1987). Extrapolation of
such data using water balance modelling suggests that the most effective
revegetation strategy, in terms of runoff reduction, was to increase cover
levels modestly across the whole watershed rather than to revegetate
small areas intensively (Connolly et al., 1997). To change or reduce runoff
at the hillslope scale, average cover needs to be >75% and biomass
>2000 kg/ha (Ciesiolka, 1987; Roth, 2004).

Reducing runoff and sediment yields from degraded areas at the
watershed scale will take a lot longer (>10 years) because of the time

lags associated with soil and pasture recovery (Colloff et al., 2010) and
the geomorphic changes required to reduce the rates of channel erosion.
In the semi-arid Concho River (~10,000 km?) in the USA, an 80 year
flow record has shown that annual streamflow has decreased by ~70%
and stormflow (which is generated in large events) declined between
1960 and 2005. This change was attributed to a decline in grazing ani-
mal numbers over the latter half of the century resulting in improved
soil infiltrability due to improved ground condition (Wilcox et al.,
2008).

8.2. Management actions required to reduce runoff and sediment yields to
the reef

At a global level, there are fewer than 5 rivers that have demonstrated
areduction in end of river sediment loads to coastal waters in response to
improved land management (Walling and Fang, 2003; Wang et al., 2007,
2011; Zhang and Wen, 2004). Where reductions have occurred, the
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financial investments into watershed restoration have been substantial,
and the land-uses that dominated these studies have been more inten-
sive than the rangeland grazing in the Burdekin watershed. For example,
a study by Garbrecht and Starks (2009) showed a reduction in sediment
yields over long (~60 year) time periods due to the combined effects of
activities such as conservation tillage, terracing of cropland, gully shaping,
grade control structures, channel stabilization, sediment trapping by
water impoundments, and road surfacing in watersheds ranging be-
tween 49 km? and 826 km? Kuhnle et al. (2008) measured reductions
of about 60% in fine and total sediment concentrations over a 9 year
period from a 21.3 km? watershed dominated by channel erosion, after
highly erodible cultivated land was reduced from 26% to 8% of the water-
shed. This was attributed to reduced runoff from crop land and reduced
channel transport capacity. These studies were conducted in headwater
watersheds, and a reduction in sediment yields to coastal waters was
not measured.

In grazing lands of the Burdekin watershed the principles of land
management for reducing runoff and sediment loss include (i) reducing
forage utilisation (which is heavily influenced by stocking rates) to
increase ground cover, and (ii) redistributing grazing pressure away
from areas vulnerable to erosion such as gullies and streambanks
(Thorburn and Wilkinson, in press). Several studies have found that
levels of livestock forage utilisation of 25-30% (of maximum annual
biomass) are required to ensure that the pasture productivity and erosion
control functions of rangeland vegetation are sustained (e.g., Ash et al.,,
2011). The marginal economics of many grazing enterprises often pre-
vent the adoption of these principles, and long-term profitability and
sustainability is frequently compromised in favour of short-term income
(Landsberg et al., 1998). Targeted gully revegetation and remediation
techniques may accelerate recovery in high-priority areas, although
the effectiveness of these practices has yet to be locally evaluated
(Thorburn et al.,, in press).

Monitoring changes to land management over long time scales
requires considerable financial investment. Therefore, most attempts to
predict the potential water quality benefit of improved land management
in the Burdekin have been undertaken using models (e.g. SedNet; Kinsey-
Henderson et al., 2005). More recently, a time-stepping watershed model
based on SedNet (Wilkinson et al,, 2014a), with corrected erosion source
ratios based on new data and information (Dougall, 2013), is being
coupled with one-dimensional models of forage production (e.g.
GRASP, HowLeaky) (Ash et al., 2000). These coupled models are being
used to estimate changes in pasture cover under different grazing and
climate scenarios and their impact on fine sediment loads (Carroll
et al.,, 2012; Dougall, 2013; The State of Queensland, 2013). Further
field measurements are required to determined if and when these
modelled changes will occur in measured stream loads (e.g. Bartley
et al., in press), and whether reductions being modelled are sufficient
to protect coral ecosystem health (Kroon, 2012).

More broadly, the water quality change following improved
land management practice has been hampered in long term studies
by (1) inappropriate targeting of the critical source/pathway of the
sediment, (2) the dominance of channel rather than surface soil ero-
sion; and (3) time lags, historical legacies and variable climate within
the monitoring periods (Tomer and Locke, 2011). Some of the difficul-
ties in measuring and identifying a response in sediment yield to land
management change are also due to the lack of long term, well man-
aged, statistically robust data sets (Richardson et al., 2008).

The high variability of runoff and sediment yield in the Burdekin
basin will make it difficult to link changes in watershed management
to end of watershed sediment yields. Statistical modelling suggests
that with current monitoring programs it will take at least 50 years to
detect an average 20% reduction in suspended sediment loads with
reasonable (80%) confidence (Darnell et al., 2012). The role of sediment
storage in large watersheds can also make linking land management
changes and sediment response challenging (Walling et al., 2011). For
example the Coon Creek (in the USA) work by Trimble (1981, 1983)

suggests that even after the implementation of soil conservation mea-
sures in the 1930s reduced gross erosion by ~25%, the sediment yield
at the basin outlet changed very little. This was due to increased effi-
ciency of sediment transfer through the channel system (via reduced
deposition) and the remobilization of sediment that had accumulated
in the valley during the preceding period of accelerated erosion.

Extending the existing field evidence on sediment source contribu-
tions across the Burdekin basin is a priority to ensure erosion control ef-
forts target the dominant sources, to effectively reduce sediment loads.
For example, the Ord River Watershed Regeneration Project (ORCRP) in
Western Australia involved reducing cattle numbers and remedial
works to re-establish pasture in areas where serious erosion was iden-
tified (Fitzgerald, 1976). After almost 30 years, the ORCRP has had no
measurable effect on the sedimentation rate in Lake Argyle which is
downstream of the restored area (Wasson et al., 2002). This is because
the scheme invested a lot of money into hillslope rehabilitation yet
gully erosion was the main form of erosion, and therefore sediment
yields did not decline (Wasson et al., 2002).

8.3. Summary: linking reductions in sediment yield to changes in land
management in grazed watersheds

In summary, due to the costs and challenges with long term moni-
toring, there are very few studies anywhere in the world that have dem-
onstrated a reduction in runoff and fine sediment delivery to marine
ecosystems following improved land management. For restoration to
be effective, and reduce the delivery of the ecologically threatening
sediment, it must target the primary erosion process. It is likely that
increasing cover levels across the whole watershed will help reduce
runoff and prevent or reduce further hillslope and channel erosion;
however, once gullies are well established, specific remediation mea-
sures may be required. Depending on the scale and effectiveness of
restoration measures, detecting reductions in end-of-river sediment
loads may take years to decades using current monitoring programs
(Darnell et al., 2012).

9. Synthesis

Previous reviews undertaken for the GBR watersheds have generally
looked at multiple pollutants across the entire GBR region (e.g. Brodie
etal., 2012). This review has shown how erosion processes in the water-
shed can influence the characteristics, fate, and ecological impact of sed-
iment in the marine system (see Fig. 3). Data from the Burdekin River in
north east Australia were used for this purpose due to the large amount
of research that has been conducted in this area over the last 30 years.
The results of this review, however, are relevant to many reefs around
the globe that are under threat from increased land based runoff and
resultant sediment loads (Maina et al., 2013). in Madagascar !

To recap the key points from the review, McCulloch et al. (2003)
found that the amount of fine sediment (silt and clay) leaving the
Burdekin River has increased at least 5 times over the last 150 years.
The sediment of most concern to reef health is the nutrient/organic
rich silt and clay sized (<63 pm) fractions (Weber et al., 2006) that
have a concentration of >10 mg L™! near shore (De'ath and Fabricius,
2008; Rogers, 1990). Resuspension of such sediment in windy conditions
or strong tidal currents in shallow waters (<10 m) leads to conditions
where TSS concentrations are above the GBR water quality guidelines
(De'ath and Fabricius, 2008; Great Barrier Reef Marine Park Authority,
2009), and this threatens coral reefs (Fabricius, 2005) through reduced
light for photosynthesis.

Using monitoring data, it is estimated that the annual fine sedi-
ment load delivered by the Burdekin basin is highly variable and
ranges from 4 to 15,740 kt/yr (average of ~3930 kt/yr) (Kuhnert
et al., 2012). Only sediment <4 um (clay) is transported more than
5 km offshore, and sediment <16 pm is transported <3 km from the
river mouth (Bainbridge et al., 2012). However, all fine sediment
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fractions (<63 pm) are transported to the river mouth where they can
be re-suspended (Fabricius et al., 2013) and potentially impact on
marine ecosystems. Prior to the construction of the Burdekin Falls
Dam (BFD), the Upper Burdekin was most likely the major source of
total and fine sediment to the marine zone. The BFD now traps more
than 50% of the mean-annual fine sediment between 0.5 and 30 um.
However, the fine silt and clay sized fractions of suspended sediment,
which cause high sedimentation stress in corals (Weber et al., 2006),
can move through reservoirs (Lewis et al., 2013) and be transported
to coastal coral reefs during flood events (Bainbridge et al., 2012).

In average rainfall years, the major source of fine (<16 pm and
<63 um) sediment is the Upper Burdekin, Bowen and Lower Burdekin
sub-watersheds (Table 1). Tracing data in several sub-watersheds dem-
onstrates that sub-soil (gully, bank, rill and scald) erosion is the domi-
nant erosion process contributing to sediment yields (Wilkinson et al.,
in press-b). The timeframes of initiation and causes of sub-soil erosion
are not well understood; however, over-grazing has altered the amount
and structure of vegetation in these landscapes, and is considered to
have exacerbated the amount of runoff and erosion. It is recommended
that average ground cover levels are kept at or above 75% to reduce hill-
slope runoff which drives sub-surface or channel erosion downstream.
However, depending on the scale and effectiveness of restoration mea-
sures, detecting reductions in end-of-river sediment loads will take
decades using current monitoring programs (Darnell et al., 2012). The
findings from this review may inform future terrestrial and marine
monitoring programs in the watersheds draining to the Great Barrier
Reef and other coral reef systems around the globe.

9.1. Areas of further research

The information presented in this review will help inform watershed
management processes and potentially improve water quality delivered
to coral reefs. Despite the considerable progress (documented herein)
linking the impact of sediment on coral reef ecosystems to the amount,
source and processes contributing to the sediment generation in the
watershed, there are still several outstanding areas of research. These
include, but are not limited to, the following:

1. Improved sediment source characterisation
There is considerable variation in the way in which sediment concen-
trations and sizes are measured and reported between terrestrial and
marine systems (e.g. NTU is commonly used in marine studies and
mg L~ in terrestrial studies). A consistent approach between disci-
plines would make it easier to identify and track the ecologically
threatening sediment between systems. This may involve the devel-
opment (or adjustment) of new monitoring techniques. More re-
search on the nutrient status of the source sediments (clays and
silts) (e.g. Douglas et al., 2010), and how mobile the recently depos-
ited sediments are once they reach marine waters, would also help
target the sediment most likely to impact on coral reef ecology.

2. Quantifying end of watershed sediment loads under pre-European
conditions
Estimates of pre-European erosion and sediment delivery are current-
ly predicted using ‘best estimates’ within models. There are, however,
more sophisticated methods available to establish historical sedimen-
tation and erosion rates (e.g. Hewawasam et al., 2003; Rustomji and
Pietsch, 2007), which have yet to be applied in the Burdekin basin.
More accurate (non-modelled) estimates of pre-European soil erosion
and sediment yield would allow the quantitative assessment of how
much soil erosion and sediment yields have changed following the in-
troduction of agriculture. This would then allow the setting of practical
and achievable soil erosion and water quality targets for particular
sub-watersheds or landscape types that have taken into consideration
the level of inherent natural (geological) variability between sub-
watersheds.

3. Calculation of residence times and storage for different sized sediment
It is acknowledged that many management actions undertaken today
may potentially take decades before a change is measured in down-
stream water quality (Tesoriero et al.,, 2013). This is because consider-
able sediment, of varying size classes, is stored in the watershed. This
sediment may be stabilised and remain there for many thousands of
years, or it may be in temporary storage and could potentially threaten
the GBR in decades to come (e.g. Dosseto et al., 2008; Madej, 1987). It
is critical to understand these residence times of eroded and stored
sediments so that the response time of different land management
strategies time can be quantified.

4. Water quality benefits from improved land management and erosion
reduction
Sub-surface or channel erosion has been identified as a major
source of sediment in a number of watersheds. Sub-surface
erosion can take many forms including gully, stream bank or scald
erosion. Further research to identify the dominant process (and par-
ticle size) will help with erosion management at the property scale,
and techniques are available for this purpose (e.g. Hancock and
Revill, 2013; Hancock et al., 2013; Polyakov et al., 2009). Differentiat-
ing between active and mature erosion areas would also be impor-
tant for targeting remediation. Given that runoff drives erosion
(including channel and gully erosion processes), there is also a
need to quantify the effects of changing pasture type and quality
on runoff at both plot and watershed scales. New techniques that
can link water balance measurements with remote sensing would
be useful for this purpose (e.g. Shuttleworth et al., 2010). Finally,
research is also needed on the options, feasibility and cost-
effectiveness of various rehabilitation techniques for eroded land-
scapes (e.g. Wade and Heady, 1978).

5. Assimilation of multiple information sources
No single project or research technique will ever provide all the an-
swers, and integrating and assimilating data and research outcomes
is increasingly important for tackling large complex issues such as
the one presented in this paper. Each technique has its strengths
and weaknesses. For example modelling can cover large areas, but
generally has high uncertainties, and tracing and monitoring tech-
niques can be useful, but are relatively expensive. Cherry et al.
(2008) suggest that ‘these assessment methods should be integrated
to maximise their potential usefulness and positive attributes’. Data
assimilation or integration methods may provide useful insights
that will help better understand the watershed-to-marine system
transfer of sediment, and improve targeting of catchment manage-
ment and associated monitoring programs.
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Abstract

The measurement of natural >N abundance is a well-established technique for the identification and quantification
of biological N; fixation in plants. Associative N» fixing bacteria have been isolated from sugarcane and reported
to contribute potentially significant amounts of N to plant growth and development. It has not been established
whether Australian commercial sugarcane receives significant input from biological N» fixation, even though high
populations of N» fixing bacteria have been isolated from Australian commercial sugarcane fields and plants. In this
study, 8'°N measurements were used as a primary measure to identify whether Australian commercial sugarcane
was obtaining significant inputs of N via biological N; fixation. Quantification of N input, via biological Ny
fixation, was not possible since suitable non-Nj fixing reference plants were not present in commercial cane fields.
The survey of Australian commercially grown sugarcane crops showed the majority had positive leaf §'°N values
(73% >3.00%o0, 63% of which were >5.00%0), which was not indicative of biological Ny fixation being the major
source of N for these crops. However, a small number of sites had low or negative leaf 8!N values. These crops
had received high N fertiliser applications in the weeks prior to sampling. Two possible pathways that could result
in low 89N values for sugarcane leaves (other than N fixation) are proposed; high external N concentrations and
foliar uptake of volatilised NH3. The leaf §'°N value of sugarcane grown in aerated solution culture was shown
to decrease by approximately 5%o with increasing external N concentration (0.5-8.0 mM), with both NO3" and
NHZ nitrogen forms. Foliar uptake of atmospheric NH3 has been shown to result in depleted leaf §'°N values in
many plant species. Acid traps collected atmospheric N with negative 8N value (—24.45+0.90%0) from above
a field recently surface fertilised with urea. The §'°N of leaves of sugarcane plants either growing directly in the
soil or isolated from soil in pots dropped by 3.00%0 in the same field after the fertiliser application. Both the high
concentration of external N in the root zone (following the application of N-fertilisers) and/or subsequent foliar
uptake of volatilised NH3 could have caused the depleted leaf §'N values measured in the sugarcane crops at these
sites.

Introduction al., 1999). Plants dependent on N> fixation for most of

their N requirement typically have §'9N values from

Biological N fixation in legume crops can be reli-
ably quantified by the >N natural abundance method
(Shearer and Kohl, 1986; Unkovich and Pate, 2000).
This technique can also identify N fixing species in
natural ecosystems and is based on leaf "N signa-
tures relative to the leaf §!N of known non-Nj-fixers
present in that system (Boddey et al., 2000; Roggy et

* FAX No: +61-7-3214-2325. E-mail: ian.biggs @csiro.au

—4.4%0 to 0.0%0 (Hobbie et al., 2000; Rowell et al.,
1998). Conversely, plants assimilating predominantly
soil derived N generally have positive leaf §'9N val-
ues. Hogberg (1997) suggests a 89N difference of 5%o
between non-N»-fixers and N,-fixers when calculat-
ing the percentage of plant N derived via biological
N, fixation (%Ndfa). Thus the value 5% becomes a
point where plants not solely reliant on N fixation can
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be identified. However, leaf §'N can vary signific-
antly when environmental factors other than N source
impact on the plant and leaf (Binkely et al., 1992;
Domenach et al., 1989; Roggy et al., 1999).

Free-living, N»-fixing bacteria are known to be as-
sociated with sugarcane (James and Olivares, 1997
and references within). Diazotrophic bacteria have
also been isolated from Australian sugarcane fields
(Chapman et al., 1994; Li and Macrae, 1991; Murphy
and Macrae, 1985). Indeed Li and Macrae (1992)
reported the highest population counts of Acetobac-
ter diazotrophicus bacteria isolated from sugarcane
in a commercial field to date. While there are re-
ports of high N fertilisation reducing the popula-
tions of N»-fixing bacteria (Muthukumarasamy et al.,
1999), the presence of the bacteria in commercial
Australian sugarcane fields (where high N fertiliser
regimes are routinely employed) shows the resilience
of these bacteria. Nevertheless, the relative importance
of biological N fixation for the nitrogen economy of
Australian sugarcane remains unresolved.

Yoneyama et al. (1970) were the first to assess N»
fixation in sugarcane using 8'°N techniques. These
researchers measured the §'°N values of sugarcane
leaves from many sites (commercial fields and village
gardens) in Brazil, the Philippines and Japan. All sug-
arcane leaves analysed in their study had positive § 1N
values, ranging from 1.0 to 11.0%o, with the majority
having highly positive 8N values (50%>5%0). As a
primary indicator of biological N, fixation, this sug-
gests that most of the sugarcane crops sampled were
not dependent on biological N»-fixation.

When Yoneyama et al. (1997) calculated the% N
incorporated via N fixation (%Ndfa) for these sugar-
cane plants (using ‘reference’ plants growing adjacent
to the sugarcane), 32% showed no (=0%) Ndfa, but
the range extended as high as 76% Ndfa. These very
high %Ndfa values were clearly due to the adjacent
‘reference’ plant having a §'9N value more positive
than the sugarcane. The range of §'°N values for all
of the ‘reference’ plants was greater than the range of
values for sugarcane, ranging from —0.4 to 12.9%o,
with the range within some species being equivalent
to the 819N range seen for the sugarcane. If these ‘ref-
erence’ species represent soil-N 8N values then the
range of soil 8N values could also explain the range
of 819N values seen in the sugarcane. The ‘reference’
plants accessing different soil N sources could easily
cause this, rather than the sugarcane having lower leaf
815N due to N, fixation.

Thus, selecting a suitable reference plant for com-
parison with sugarcane to use in a %Ndfa calculation
is quite problematic. This is because a (reference)
plant with roots penetrating as deeply as sugarcane,
i.e. down 5-7 m (Moore, 1987) and accessing similar
soil volume is difficult to find. Other problems are the
long lifecycle of sugarcane crops and high fertiliser
regime employed in sugarcane agriculture.

In this study, the >N natural abundance technique
was used to survey commercial sugarcane crops in
Australia. Due to the difficulty of finding appropri-
ate ‘reference’ plants, only sugarcane leaf §'°N values
are presented. The value of the leaf §'°N is used as a
primary measure to identify possible Nj fixing plants,
i.e. low or negative leaf § I5N <0.00%0 indicates a plant
using N fixation as it’s primary source for plant N re-
quirements, while a positive §"°N, >5.00%0 suggests
no, or limited Ny fixation. Other values of leaf SN
are considered indeterminate as indicators of either
soil or atmospheric N sources being solely utilised by
the plants. The influence of high N fertilisation on
sugarcane leaf ' N values, and the potential for the
incorrect identification of a plant’s N source based on
leaf 815N, are also discussed.

Materials and methods

Plant material and culture conditions

Commercial field samplings

Commercial, field-grown sugarcane crops were
sampled on single occasions from 12 sites in Australia
extending from far-north Queensland to northern New
South Wales in the 1993, 1994 and 1995 growing sea-
sons. From the 12 sites, samples were taken from 15
cultivars of Saccharum spp. hybrids and included both
plant and ratoon crops (Table 1). All crops had been
fertilised according to standard commercial practice at
each site. Three soil samples (0—150 mm depth) were
collected from Rocky Point sites 1, 2 and 3. The SN
data for the soil samples from each site were averaged.

The data from the Yandina site are part of a crop
cycle experiment established by The Bureau of Sugar
Experiment Stations, Bundaberg, Queensland. The
site was planted with Q110 sugarcane and had two
fertiliser applications, 50 and 150 kg N ha~!. The
plants were sampled on four occasions, 1 day before
application of urea fertiliser, followed by sampling on
days 28, 141 and 279 after fertilising.
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Site Cultivar Crop Plant or Fertiliser N form Date last Sample
class harvest treatment fertilised date
date (kgNha™1)
Gordonvale Q152 Plant® 01/07/94 230 Urea 08/11/94 13/12/94
Macknade Q117 Plant? 18/08/93 357 Urea NR 05/05/94
Burdekin Q96 Plant? 07/94 247 Urea 11/94 17/02/95
Q157 Plant® 07/94 247 11/94 17/02/95
CP51-21 Plant? 07/94 247 11/94 17/02/95
Bundaberg site 1 Q136 NR? NR 180 Urea NR 18/05/94
Bundaberg site 2 CP51-21 Plant? 01/09/92 170 NHI 27/10/92 05/07/93
Bundaberg site 3 Ql124 Plant? 31/08/94 285 Urea 07/12/94 16/01/95
Q141 Plant? 31/08/94 285 07/12/94 16/01/95
Q154 Plant? 31/08/94 285 07/12/94 16/01/95
Yandina Q110 Plant? 21/06/93 150 N HI 10/12/92 15/09/93
Rocky Point site 1 Ql124 1st Ratoon? 09/94 190 N HI 20/12/94 21/06/95
Rocky Point site 2 Q124 1st Ratoon? 09/94 190 NHI 20/12/94 21/06/95
Q138 1st Ratoon? 09/94 190 20/12/94 21/06/95
Q141 1st Ratoon? 09/94 190 20/12/94 21/06/95
Q153 1st Ratoon? 09/94 190 20/12/94 21/06/95
Q154 1st Ratoon? 09/94 190 20/12/94 21/06/95
Q155 1st Ratoon? 09/94 190 20/12/94 21/06/95
CP51-21 1st Ratoon? 09/94 190 20/12/94 21/06/95
Rocky Point site 3 Q124 Plant? 08/01/95 NR NHI NR 21/06/95
Broadwater Q124 Plant® NR 200 NR 12/94 03/95
Q141 Plant® NR 200 12/94 03/95
TS65-28 Plant? NR 200 12/94 03/95
Dart Plant’ NR 200 12/94 03/95
Harwood Q117 Plant” 01/09/93 #15 NH; 12/02/95 01/03/95
TS65-21 Plant’ 01/09/93 #15 12/02/95 01/03/95

NR=data not recorded.
@] year crop. by year crop.

#=Fertiliser applied by fertigation, cumulative total of N applied not recorded.

Experimental field trial

A controlled, no N fertiliser, field trial was estab-
lished at Samford, SE Queensland. Eleven sugarcane
cultivars (Q117, Q124, Q141, Ajax, Mandalay, Coim-
batore, 89B30, M1819-63, H56-752, Fiji 27, and
Badilla) were germinated as set out below and then
planted randomly in three blocks. At the same time a
number of ‘reference’ plants were randomly planted,
as seeds, in three blocks adjacent to the sugarcane.
These plants were nodulating (Vigna unguiculata cv.
Red Lagoona) and non-nodulating (Glycine max cv.
Clark 63) legumes, and a variety of C4 grasses (Pan-
icum maximum var. trichoglume cv. Petrie, Zea mays
cv. 8532 ex Ord 92, Sorghum sudanense cv. Sudan
grass, Chloris gayana cv. Samford and Melinis minu-
tiflora). The field had not previously grown sugarcane.

Superphosphate fertiliser (10% P) was applied at a rate
of 200 kg/ha and the site was trickle irrigated. Five
soil samples (0-150 mm depth) were collected from
the site, and the soil §'°N data averaged for the whole
site.

Aerated solution culture

Q141 sugarcane was germinated as set out be-
low. Polypropylene culture drums were filled with
20 L of continually aerated, minus-N nutrient
solution with the following composition (uM);
CaS04.2H,0, 750; MgS04.7H,0, 600; KCI, 600;
KH,POy4, 40; FeNaEDTA.H,0, 200; MnSO4.H;0,
0.5; CuS04.5H20, 0.1; ZnSO04.7H20, 0.3;
(NH4)6Mo07074.4H,0, 0.005; Na»SiO3.5H,0, 250;
H3BOs, 1; CoCly, 0.02. Germinated sets were trans-
planted into polystyrene cups, filled with black poly-



24

ethylene beads, with a mesh bottom to enable the
sugarcane free access to the nutrient solution. Cups
were held in position by the drum lid with three cups
per culture drum. A completely randomised design
with two replicates of eight N concentrations of either
NO; or NH;x1r was chosen. Treatments were either
Ca(NO3)2.4H20 or (NH4)2SO4 at eight concentra-
tions (uM); 500, 1000, 2000, 4000, 8000, 16 000,
32 000 and 64 000. Solution pH was checked daily
and maintained at 5.5 £ 0.2. Nitrate (Sloan and Sublett
1966), ammonium (McCullough, 1967) and phos-
phorus (Motomizu et al., 1983) were checked and
adjusted every second day. Nutrient solutions were
completely replaced every 14 days.

Germination of sugarcane sets

Germination of all sugarcane plants used in glasshouse
experiments or the Samford controlled experiment
was conducted in the glasshouse. One eye sets were
planted in washed river sand. Sets were dipped in
fungicide (0.5% Benlate® WP, DuPont) and fertilised
with 200 uM CuSOy solution. When ‘seedlings’ were
at the three-leaf stage, plants were ready to transfer to
experiments.

Sampling strategy

Sampling of the experimental field trial initially in-
volved collection of whole plant including as much
root material as possible. Comparison of whole plant
8N versus leaf §'°N showed the same trend in N
arrangement with relation of nodulated legumes to
non-nodulated legumes to sugarcane and C4 grasses.
As a result, only leaf samples were collected in sub-
sequent field surveys and only leaf §'°N values are
presented in this study.

Experimental field trial

The youngest, fully expanded leaf samples were col-
lected from individual plants in each block 72 days
after planting. Samples were bulked from within
blocks to provide three replicate samples for analysis.
Many pink coloured nodules were evident on the roots
of the nodulating V. unguiculata, indicative of active
symbiotic N»-fixation. No nodules were found on the
non-nodulating G. max.

After 414 days growth, all sugarcane plants were
harvested by cutting at ground level, and green leaf
material and cane trash were removed from the site.
The ratoon crop was side-dress fertilised with urea,
applied twice: 50 kg N ha~! immediately after harvest,
followed by a second treatment of 200 kg N ha™! 2

weeks later. Four days prior to harvest and the first
urea fertiliser treatment, 13 Q141 sugarcane plants
(germinated as described above) were planted in pots
and placed randomly within the trial plot. The potted
plants were prevented from accessing the soil via their
roots by use of saucers. At the same time, acid traps
(see below) were placed beside the potted plants.

Sugarcane cultivar leaves were sampled 12 days
prior to harvest, potted Q141 plant leaves were col-
lected 4 days prior to harvest, and then all plants
were sampled 9 and 29 days after the second fertil-
iser application. Three Cy4 grass species (P. maximum
var. Trichoglume cv. Petrie, C. gayana cv. Samford,
and M. minutiflora) were also sampled 12 days prior
to harvest and 29 days after the second N-fertiliser
application.

Aerated solution culture

Two plants were harvested from each replicate after
134 days in culture. The youngest, fully expanded leaf
from each plant was collected. Replicate plant leaves
were combined and prepared for 8N analysis.

Leaf, soil, atmospheric N sample collection
The middle 200 mm of the top visible dewlap (TVD)
leaf was collected, and the main rib removed, from
each of three individual sugarcane plants of each cul-
tivar sampled. Samples were oven dried (50 °C), finely
ground and analysed by continuous-flow, isotope ratio
mass spectrometry (CF-IRMS, Tracer Mass, Europa
Scientific, Crewe, UK) as described by Stewart et al.,
(1995). Reproduciblity of measurements on replicate
standards (Eucalyptus crebra leaves) was £0.1%e.
Acid traps for the interception of volatilised am-
monia generated after the fertilisation of the controlled
experiment at Samford were established as described
by Erskine et al. (1998). The traps consisted of acidi-
fied filters enclosed in polytetrafluoroethylene (PTFE)
tape (Sorensen and Jensen, 1991) that were hung from
bamboo poles under paper cups approximately 0.5 m
above the ground. Background atmospheric ammonia
was not detectable, as assessed by hanging traps out
for 4 days prior to fertilisation and collecting at the
time of first urea application. Traps were collected
from five sites within the experimental plot at 3, 5,
7 and 9 days after the 200 kgN ha~! treatment. There
was no difference in either the amount of N present in
the acid traps or the §'>N at any of these post-fertiliser
application sampling times. All data were combined
and a single value for volatilised NH3 — 8N is
presented.
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Figure 1. Leaf 815N values for sugarcane cultivars sampled from 12 commercial sugarcane sites in Queensland and northern New South Wales.
Sites are arranged geographically from the northern most site (Gordonvale) to the southern most site (Harwood). Bulk soil 815N values for the
three Rocky Point sites represented by dashed line. Values represent the mean of three plants; error bars equal 1 SD. Sugarcane cultivars: &

Q96, B Q117,10 Q124, B Q136,11 Q138, 4 Q141, B 152, [ 153, N Q154, H Q155 E Q157 M cP51-21, [ TS65-28, N H56-21,

Dart.

Results

A survey of leaf 8N values of commercial sugarcane
crops from sites ranging from far north Queensland
to northern New South Wales is shown in Figure
1. Different crops were sampled during the growing
seasons in 1993, 1994 and 1995 and included both
plant and ratoon crop classes (Table 1). Fifteen sug-
arcane cultivars from 12 sites are represented in this
survey. The sugarcane §'°N values measured ranged
from —3.65%0 to 9.86%o. At one site (Bundaberg site
3), negative 89N signatures were measured for three
sugarcane cultivars (Q124, Q141, Q154), while at
Gordonvale (Q152), Rocky Point site 3 (Q124) and
Broadwater (Q124, TS65-28) a low positive 8N
values were recorded.

Within cultivars, similar ranges of variation in
leaf 8N signature were seen. For example, ranges
of —0.35%0 to 6.06%0, and —0.90%0 to 4.30%0 were
measured for Q124 and Q141, respectively (Figure 1).

No trends were seen either for crop class or year of
sampling (data not shown).

Figure 2 presents leaf §'°N for sugarcane, Cy4
grasses, as well as nodulating and non-nodulating
legumes grown at Samford, SE Queensland. Condi-
tions were controlled with respect to plant age, sugar-
cane crop class and nitrogen fertilisation. The nodulat-
ing V. unguiculata had a typical N,-fixation leaf N
value (—0.25%0) compared to the non-nodulating G.
max with a positive § I5N value (4.70%0). Alongside
these plants were grown a range of sugarcane cultivars
and Cy4 grasses, and these all had positive §'N signa-
tures similar to, or higher than, the non-nodulating G.
max.

At ratoon, sugarcane crops are typically fertilised
with either a single or split dose of urea fertiliser. The
controlled Samford experiment was taken to a simu-
lated harvest (Figure 3A). Leaf 815N values for the
sugarcane were 3.25%0 16 days before the first fer-
tiliser application, then dropped to —0.18%o0 25 days
after the first (and 10 days after the second) fertil-
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Figure 2. Leaf 815N values for sugarcane cultivars, C4 grasses, a non-nodulating legume, and a nodulating legume grown in a controlled
experiment, no N-fertilisers used, at Samford, Queensland. The § I5SN values represent the mean of three leaf samples, error bars are 1 SD. Bulk
soil 819N value is represented by dashed line. Sugarcane cultivars: & Q117, J Q124,44 Q141, B 89B30, [ M1819-63, N H56-752, Fiji
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63 (non-nodulating, Q15963 ex. Lawes 90). & Vigna unguiculata cv. Red Lagoona (nodulating).

iser application and recovered to 3.72%o 20 days later
on day 45. C4 grasses were sampled 16 days before
(1.30%0) and 45 days after (2.19%o) fertiliser applica-
tion but, unfortunately, were not sampled at 25 days
after the first fertiliser application as occurred with the
sugarcane.

Positioned amongst the plants in the trial plot were
potted Q141 sugarcane plants (Figure 3B). These pot-
ted plants did not have access to the soil and were
not fertilised with the other trial plants. These plants
also showed a drop in leaf 89N after the application
of urea fertiliser (3.24-0.30%0) but did not recover
(1.12%0) to their pre-fertiliser §'>N value by day 45.
Similar decreases in sugarcane leaf "N values were
seen in commercial sugarcane after N-fertiliser applic-
ations, followed by recovery (Figure 3C), and when
sugarcane was grown in aerated solution culture on
increasing N concentrations (Figure 4).

Discussion

In this survey of Australian commercial sugarcane
fields, 73% of leaves sampled had highly positive § ON
values and of this group, 63% had §'°N values higher
than 5%o. This suggests that these sugarcane crops
were not obtaining the majority of their N require-

ments via biological N, fixation. Of the remainder,
15% had low positive §'9N values. These samples are
considered indeterminate in terms of their N source
using the technique applied in this study. Plants with
mixed N sources tend to have §!°N values ranging
from 0.0 to 3.00%0 (Roggy et al., 1999). Only three
cultivars at a single site, Bundaberg site 3, had SN
signatures more typical of plants solely dependent on
N fixation for their N requirements, i.e. leaf § I5N val-
ues from —4.4%o to 0.0%0 (Hobbie et al., 2000; Rowell
etal., 1998).

The variation in the leaf §'°N values observed in
our study was probably due to factors intrinsic to the
site where the leaves were sampled. The survey data
(Figure 1) showed no trends with geographic location
of site, crop class or cultivar. There was, however,
a trend of higher leaf §"°N value with increasing
time since the last N-fertiliser application. The sites
from which the lowest 8§!°N values were recorded,
Bundaberg site 3 and Gordonvale, were both sampled
within 6 weeks of their last N-fertiliser treatment. The
Rocky Point site 3 also recorded a low §'°N value.
This was the youngest crop in the survey (only 5
months old) and was probably fertilised in the period
before sampling, though this was not officially recor-
ded. Eight weeks after the last N-fertiliser application,
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Figure 3. Influence of N fertiliser application on sugarcane leaf
8N. (A) Simulated ratoon crop at Samford. Two fertiliser applic-
ations; time 0 days—50 kgN ha~!, and (1) 200 kgN ha~! at time
14 days. Sugarcane cultivars ($), non-N, fixing species (@). (B)
Potted Q141 sugarcane reference plants (¢). Two fertiliser applica-
tions; time 0-50 kgN ha~!, and (1) 200 kgN ha~!. (C) Commercial
Q110 sugarcane at Yandina, Queensland. Application of 50 kgN
ha=1 (), 150 kgN ha—! (0) at time 0.

leaf §°N values were uniformly positive regardless of
site or cultivar. Only at the Broadwater site, where 12
weeks after the last application of fertiliser two low
815N values were measured, did the leaf §!°N values
not fit this observation.

To test leaf §1°N in a controlled situation, where
sugarcane could be directly compared with other plant
species and to remove N fertiliser effects, plants
were grown in a no N-fertiliser field trial at Sam-
ford, SE Queensland. The leaf §'Ns from this trial
showed sugarcane to have positive §'°N values (5.0—
8.4%0) similar to, or higher than, those of C4 grasses
(3.6-5.0%0) and a non-nodulating legume (G. max)
(4.7+1.16%0). The 81N averaged for total soil N
sampled from this site was also similar to the §'°N
of the sugarcane but more positive than either the
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Table 2. Soil—NHXL and —NO; in N-fertilised sugarcane fields.
Data from Ian Vallis Pers. comm. Urea fertiliser applied — Red
Earth=40.90 mM and Podzolic=39.00 mM. 2 M KClI extraction,
colorimetric assay

Weeks after Red Earth Podzolic
fertilisation NH;-N NO;-N NH;j-N NO;-N
(mM) (mM) (mM) (mM)
Pre-fertilisation 1.50 0.85 0.30 0.80
4 45.90 4.70 0.60 13.00
12 5.60 2.20 1.70 6.10
24 0.10 0.90

C4 grasses or non-nodulating legume (Figure 2). The
V. unguiculata (nodulating legume) at the site had a
typical (for an Nj-fixing plant) negative §'°N value
(—0.2540.73%0). All measured 8N values were typ-
ical of literature values for plants dependent on either
soil N (sugarcane, C4 grasses and non-nodulating G.
max) or Ny fixation (V. unguiculata). The indication
from this controlled experiment was that under the ex-
perimental conditions, sugarcane did not depend on
N fixation for its N requirements.

The survey of Australian commercial sugarcane,
the controlled field experiment at Samford, and the
survey of Yoneyama et al. (1997) show the majority
of sugarcane leaf 8'°N values to be highly posit-
ive and thus not directly indicative of N, fixation.
The isolated negative or low-positive sugarcane leaf
8N values suggest the possibility of alternative N
sources, perhaps a mixed N source (possibly includ-
ing N fixation), the possible influence of mycorrhiza
on N uptake, or the influence of the high N-fertiliser
applications used in sugarcane agriculture.

Recommended N-fertiliser rates for the Australian
sugarcane industry (150-250 kg N ha~! year™!) are
high by world standards and growers often exceed
these rates (Keating et al., 1997). Soon after the ap-
plication of N fertilisers to sugarcane crops, there is
usually an increase in the soil solution N concentration
that dissipates with time (pers. comm. Ian Vallis, Table
2). Keating et al. (1994) also showed a similar trend
for the NO; pool below a sugarcane crop. At the two
sites sampled by Vallis, the NHI levels peaked at 45.9
mM at the red earth site and NO; levels peaked at 4.7
mM for the red earth site and 13.0 mM at a podzolic
soil site. These concentrations are well in excess of the
concentrations used in the aerated solution cultures.
This pulse of N could temporally influence plant § 1SN
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Figure 4. Leaf 813N of Q141 sugarcane grown in aerated solution culture on either NO;™ (M) or NH;r (#) nitrogen forms. Values represent the

mean of two plants and error bars are 1 SD.

Table 3. §1°N of commercial N-fertilisers (typically used in sugarcane agriculture) and laboratory chemicals (used aerated solution culture,
see Figure 4). (NHy)>SO4 and Ca(NO3), are analytical grade reagents. Values represent the mean of three replicates, figures in parenthesis

are SD
N-fertiliser N form 9N SN
Urea (Crop King, Incitec) Urea 41.6 (0.8) —1.35(0.09)
‘Granam’ (Crop King, Incitec) NH;r 19.0 (0.0) —1.23 (0.31)
‘1408’ (Crop King, Incitec) Urea 28.4 (0.7) —0.99 (0.10)
(NH4)>SO4 (Fisons, AR grade) NHI 20.9 0.17
Ca(NO3); (Ajax, AR grade) NOy 114 7.45

in a manner similar to that seen in the solution culture
experiment presented here (Figure 4).

When external N supply saturates high affinity N
uptake systems, increased discrimination against up-
take of 1N results in a depleted 8N value, especially
in any NOj3 pools in leaves (Evans et al., 1996). As
the external N supply increases, leaf §'°N decreases
(Bergersen et al., 1988; Yoneyama et al., 1991). This
trend was seen in the aerated solution culture Q141
sugarcane (Figure 4) and the negative 8'°N of the
(NH4)2S04 further depleted the leaf § 5N compared to
the CaNO3 source. Our data show that the inorganic N
fertilisers commonly used in sugarcane agriculture in
Australia (‘Granam’ or urea-based blends) have neg-
ative 81°N values (Table 3). These two factors (either
individually or together) could result in depleted leaf

8N values in periods soon after high N-fertiliser
applications.

A second potential cause for depleted leaf 8N
values after N fertilisation is the uptake of volatilised
NH3. There is a potential for up to 20% of applied N
to be lost via volatilisation in the first 3 weeks after
the surface application of urea (Freeney et al., 1994).
This volatilised N source has a negative §'°N value
and is accessible to plants via their leaves, resulting
in plants with depleted leaf §'°N values (Erskine et
al., 1998). The evolution of volatilised NH3 from the
soil would leave a more enriched soil N source behind
and this possibly explains the relatively quick recovery
of plant 815N several weeks after the fertiliser applic-
ation. Thus, there are two potential mechanisms for
N fertilisers to influence the §'°N value of sugarcane
leaves.



After the simulated harvest and ratooning of the
controlled field experiment (including the application
of 250 kg N ha™!), there was a dramatic drop in
the leaf 819N of the potted sugarcane placed amongst
the field sugarcane in this experiment (Figure 3B).
This mirrored the decrease in leaf "N of the planted
sugarcane (Figure 3A). The potted sugarcane had no
access to the soil N pools and so was not influ-
enced by increased external N source concentration.
This indicates that foliar uptake of volatilised NH3,
from the surface applied urea fertiliser resulted in the
change in leaf 8'°N. Acid traps placed among the
sugarcane plants to intercept atmospheric N showed
a pulse of N with an extremely depleted 89N value
(—24.4540.90%0) in the period just after the applic-
ation of the urea fertiliser. A similar trend is seen in
a commercial sugarcane field (Figure 3C). The recov-
ery of the 819N value, which follows the pulse of N
fertiliser application, could be due to a shift in the N
source of the sugarcane from the volatilised pulse of
NH3 to the available soil N sources which would have
a more enriched §'°N signature due to the loss of the
I5N depleted NH3.

Either the foliar uptake of volatilised NH3-N or
fractionation due to high external N sources can de-
crease sugarcane leaf §'9N values and could explain
the low 819N values seen at some sites in this sur-
vey. These effects could also explain some of the low
positive 819N values seen by Yoneyama et al. (1997).
The low positive 815N values at the Broadwater site,
however, do not fit with these explanations. The isol-
ated nature of this result may suggest biological Nj
fixation. However, the site is relatively wet with high
soil organic matter and it is possible that other factors
such as mycorrihizal influences on N uptake have
influenced the plant leaf §'°N values.

Our study indicates that in Australian commercial
sugarcane fields N; fixation is not a major source
of N for sugarcane plants. While the power of the
8N technique is further highlighted, this study shows
that fertiliser management practices peculiar to in-
tensive cropping agriculture can have dramatic effects
on the 8N value of sugarcane leaves. These ef-
fects are temporary but must be considered if accurate
interpretation of the §'°N data is to be made.
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Abstract

15N isotope and N balance studies performed over the last few years have shown that several Brazilian varieties of
sugarcane are capable of obtaining over 60% of their nitrogen (>150 kg N ha~! year~') from biological nitrogen
fixation (BNF). This may be due to the fact that this crop in Brazil has been systematically bred for high yields
with low fertilizer N inputs. In the case of wetland rice, N balance experiments performed both in the field and in
pots suggest that 30 to 60 N ha~! crop~! may be obtained from plant-associated BNF and that different varieties
have different capacities to obtain N from this source. '°N, incorporation studies have proved that wetland rice
can obtain at least some N from BNF and acetylene reduction (AR) assays also indicate differences in N,-fixing
ability between different rice varieties. However in situ AR field estimates suggest plant-associated BNF inputs
to be less than 8 kg N ha™! crop~!. The problems associated with the use of the N dilution technique for
BNF quantification are discussed and illustrated with data from a recent study performed at EMBRAPA-CNPAB.
Although many species of diazotrophs have been isolated from the rhizosphere of both sugarcane and wetland
rice, the recent discovery of endophytic N»-fixing bacteria within roots, shoots and leaves of both crops suggests,
at least in the case of sugarcane, that these bacteria may be the most important contributors to the observed BNF
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contributions. In sugarcane both Acetobacter diazotrophicus and Herbaspirillum spp. have been found within roots
and aerial tissues and these microorganisms, unlike Azospirillum spp. and other rhizospheric diazotrophs, have
been shown to survive poorly in soil. Herbaspirillum spp. are found in many graminaceous crops, including rice
(in roots and aerial tissue), and are able to survive and pass from crop to crop in the seeds. The physiology, ecology
and infection of plants by these endophytes are fully discussed in this paper. The sugarcane/endophytic diazotroph
association is the first efficient N,-fixing system to be discovered associated with any member of the gramineae.
As yet the individual roles of the different diazotrophs in this system have not been elucidated and far more work
on the physiology and anatomy of this system is required. However, the understanding gained in these studies
should serve as a foundation for the improvement/development of similar N,-fixing systems in wetland rice and

other cereal crops.

Introduction

The "green revolution” in agriculture of the developing
world which resulted in large increases in cereal grain
production since the 1960s, has been a result of the
development of plant genotypes highly responsive to
chemical fertilizers, particularly nitrogen. It requires
approximately 18.5 Mcal of fossil energy to produce
one kg of fertilizer nitrogen and even though, unlike
other fertilizers, there is an unlimited supply of this
element in the air, this is more than 6 times the energy
required to produce either phosphate or potassium fer-
tilizers (Da Silva et al., 1978). With the inevitable price
rises of fossil fuels (not to mention proposed carbon
taxes) that must occur over the next few decades due to
the depletion of petroleum reserves and increased pro-
duction costs of other fuels, now is the time that alter-
native strategies for nitrogen supply should be devel-
oped before these increased costs force farmers to cut
N inputs which will result in drastic yield reductions
in the staple cereal crops which feed the burgeoning
human population of the Third World.

In traditional wetland rice culture yields of 2 to 3
t grain ha~! (either one or two crops year~!) seem to
be sustainable indefinitely, even where no N fertilizer
is applied, if flood water is well controlled. For such
yields to be sustained between 60 and 80 kg of nitrogen
are required for each crop (Bennett and Ladha, 1992)
and while some of this input may be supplied in rainfall
and irrigation water, several field N balance studies
suggest that N is supplied in part by nitrogen-fixing
organisms (Firth et al., 1973; Koyama and App, 1979;
Walcott et al., 1977).

Virtually all of the varieties of sugar cane planted
in Brazil were bred under conditions of low N fertil-
izer inputs. Probably for this reason, the plant-crop
rarely responds to nitrogen fertilizer (Azeredo et al.,
1981), and while ratoon crops do often respond to N
application, quantities applied rarely exceed 100 kg N

ha~! and fertilizer use efficency is usually less than
35% (Oliveira et al., 1994; Sampaio et al., 1984). A
sugar cane crop yielding 100 t cane ha~! accumulates
between 180 and 250 kg N ha~! (Orlando-Filho et al.,
1980; Stanford and Ayres, 1964). The mean Brazilian
yield is 65 to 70 t cane ha™! and average whole crop
N accumulation is between 100 to 120 kg N. Of this
approximately two thirds is transported to the mill in
the cane stems and a further 25% is in the senescent
leaves (trash), which in Brazil, as in most countries,
is burned off before harvest (Oliveira et al.,, 1994).
Less than 10% of the N in the form of flag leaves
remains in the field. It is apparent from these data that
continuous cropping of sugar cane should deplete soil
N reserves such that cane yields eventually decline.
However, such decline in yields or soil N reserves are
not normally observed even after many decades, or
even centuries, of cane cropping. Such observations
have led several authors to suggest that sugar cane
may benefit significantly from inputs from biological
nitrogen fixation (BNF) (Dobereiner, 1961; Purchase,
1980; Ruschel et al., 1978).

Quantification of biological nitrogen fixation
Sugar cane

Only a few studies have been published on the quan-
tification of the BNF contribution to sugar cane and
all of them were performed in Brazil. Experiments
using *N-labelled N gas conducted at the Centro de
Energia Nuclear na Agricultura (CENA) in Piracicaba
(Sdo Paulo) showed that 90 day-old sugar cane plants
obtained considerable N from BNF (Ruschel et al.,
1975). However, because of the difficulties of expos-
ing plants grown in the field to controlled atmospheres,
the agronomic significance of these N inputs could not
be evaluated (Matsui et al., 1981). In a subsequent



15N-aided N balance study performed at CNPAB, sug-
ar cane was grown in pots containing 64 kg soil (Lima
et al., 1987). Both the N balance and "N enrichment
data indicated that between 40 and 60% of plant N was
derived from plant-associated BNF and extrapolation
to the field (15,000 plants ha™') suggested inputs of
over 150 kg N ha~! year1.

Our group has recently completed a three-year BN
isotope dilution and N balance study on 10 sugar cane
varieties grown in a concrete tank (20 x 6 x 0.8m)
filled with soil amended with >N-labelled organic mat-
ter, and using Brachiaria arrecta as a non-N,-fixing
control plant (Urquiaga et al., 1992). The soil had
a low N content (0.108% N) and was fertilized with
phosphorus, potassium and micronutrients and well
irrigated throughout the experiment, but no N fertiliz-
er was added. In the first year yields of fresh cane of
the commercial varieties were high, ranging from the
equivalent of 175 to 230 t ha™!, and in the varieties
CB 45-3 and SP 70-1143 these high yields were main-
tained during the subsequent two ratoon crops. In these
same varieties and the Saccharum spontaneum variety,
Krakatau, the nitrogen accumulation also continued
to be high and stable over the three years. However,
other varieties (e.g., CB 47-89, NA 56-79, SP 71—
799, Chunee) showed a decline in total N content after
the first year as would be expected from the observed
decline in the availability of soil N, Over the whole
three years, the weighted mean >N enrichments of all
of the sugar cane varieties were much lower than that of
the non-N,-fixing B. arrecta control, indicating large
contributions of plant associated BNF (Table 1).

At the second and third annual harvests (first and
second ratoon crops) there were only small difference
in the 13N enrichments between the different varieties
and that of the control crop, which was due to the
carry-over of labelled nitrogen from one harvest to
the next in the stem bases and roots of cane varieties,
which did not occur in the case of the B. arrecta. The
interpretation of the SN data was further complicated
by the fact that the uptake of soil N by the B. arrecta
was almost certainly inhibited towards the end of each
growing season due to shading of this crop by the
tall sugar cane plants, and this probably resulted in a
somewhat higher N enrichment in the control crop
than otherwise would have occurred.

These difficulties are fully discussed in the original
paper (Urquiaga et al.,, 1992), and because of them
it was decided to perform a total N balance on the
whole tank by the careful analysis of the N content
of soil samples taken at plant emergence in the first
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year in comparison with samples taken at the final har-
vest. These data showed that there were significantly
(p<0.05) positive N balances associated with the vari-
eties CB 45-3, SP 701143, SP 79-2312 and Krakatau,
and that there was a good agreement between the °N
dilution and the total N balance estimates of the con-
tributions of BNF to the sugar cane varieties (Table
1).

These results were recently confirmed in a long-
term nitrogen balance experiment conducted on a sugar
cane plantation in Pernambuco, NE Brazil (Oliveira et
al., 1994). In this experiment the effect of pre-harvest
burning of the cane (to remove the senescent leaves)
on the yield and N accumulation of the crop, and N
balance of the cropping system, were investigated. At
the end of the 9 year study the total N accumulated
in the system was found to be between 300 and 620
kg ha™! greater than the initial N (Table 2). This extra
N was attributed to a mean annual BNF input to the
crop of between 38 and 77 kg N ha™!, this being a
minimum estimate as gaseous or leaching losses were
not quantified.

Wetland rice

Several field N balance studies on lowland rice have
been reported from studies in Thailand (Firth et al.,
1973; Walcott et al., 1977), Japan (Koyama and App,
1979) and at the experimental fields of the Internation-
al Rice Research Institute (IRRI) in the Philippines
(App et al.,, 1984; Ventura et al., 1986). All studies
report a positive balance even when N from rainfall
and irrigation water were discounted indicating inputs
of between 30 and 60 kg N ha™! crop™!, but in these
studies no data are available to determine what propor-
tion of this N may be derived from free-living N;-fixing
cyanobacteria in the flood water, heterotrophic N fix-
ers in the soil or those associated with the plant.
Various nitrogen balance experiments have been
performed in pots which indicate that the plant/soil sys-
tem can benefit from biological N, fixation (BNF) even
when the activity of cyanobacteria on the soil surface
is inhibited by shading (De and Sulaiman, 1950; Willis
and Green, 1948). In a very careful N balance study
performed in pots by App et al. (1980) on 4 to 6 consec-
utive crops, the contribution of plant-associated BNF
was estimated to be equivalent to 18% of plant N. In a
further N balance study on 83 wild and cultivated rice
cultivars (in 6 separate experiments each with 3 con-
secutive crops) reported by App et al. (1986), large and
significant differences between cultivars were found.
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Table 1. N enrichment and total nitrogen accumulation of sugar cane and Brachiaria arrecta and
estimates of nitrogen derived from BNF using N balance and N isotope dilution techniques (g N m~2).
Means of 4 replicates. After Urquiaga et al. (1992)

Weighted Final N Estimates of BNF contribution

mean N accum.
Variety / atom % content whole All three years Annual mean
Species 5N of plant

excess soil Jyears N balance* L°NY Nbalance °N

(gNm™?)

CB 47-89 0.191bcd 835 6l4bc 397 34.8¢ 13.2 11.6
CB 45-3 0.166cde 864 84.3ab 626 52.6b 209 17.5
NA 56-79 0.198bc 884 57.8¢ 36.1 32.6¢c 12.0 10.9
IAC 52-150 0.188bcd 924 59.6bc 379 33.8¢ 12.6 11.3
SP 70-1143 0.146de 852 775bc 558 51.9b 18.6 17.3
SP 71-799 0.183bcd 860 56.9¢ 352 33.3c 11.7 11.1
SP 79-2312 0.198bc 845 63.6¢ 419 35.4¢ 14.0 11.8
Chunee 0.227b 826 33.0d 113 16.9d 38 5.6
Caiana 0.190bcd 857 11.6d -10.1 6.7d - 34 22
Krakatau 0.133¢ 857 102.8a 81.1 71.8a 27.0 239
B. arrecta 0.443a 830 249 32 - 1.1 -
CV (%) 13.6 5.1 25.0 292 29.2

Z N balance estimate of BNF contribution = total N accumulated by crop + mean total N content of
soil in tank at final harvest - mean total N content of soil in tank at emergence. Mean change in soil
N content from emergence until final harvest = 27.1 g N m™2 with a standard error of the difference
between the means of 22.0 g N m~2. N balances greater than 37.7 g N m~2 (124 g N m~2 year~!)
were significantly greater than zero (p=0.05, Student t test).

¥ 15N isotope dilution estimate of BNF contribution = (total N accumulated by the crop) x (1 - (weighted
mean atom % 5N excess of sugar cane)/(weighted mean atom % >N excess of B. arrecta).

The positive N balances were equivalent to between 16
and 70 kg N ha~! crop™! assuming 25 plants m~2 and,
although in all 6 experiments there were significant
correlations between N balance and plant N uptake,
because of the nature of this technique it cannot neces-
sarily be assumed that the N was fixed and immediately
incorporated into the plants.

Direct evidence that heterotrophic diazotrophs can
contribute significant quantities of N to rice plants
was obtained by the short-term exposure of individual
plants to >N enriched N, gas (Ito et al., 1980; Yoshi-
da and Yoneyama, 1980; Eskew et al., 1981; Nayak
et al., 1986), but most of the labelled nitrogen fixed
remained in the rhizosphere soil. However, these data
do not permit estimation of BNF contributions over the
entire plant growth cycle.

There are many studies which have used the acety-
lene reduction (AR) assay to study BNF associated
with rice. The early studies (e.g. Rinaudo and Dom-
mergues, 1971; Yoshida and Ancajas, 1970, 1973)

utilized an assay on excised roots. Later studies on
rice and other grasses and cereals suggested that these
techniques were unreliable and perhaps overestimated
actual N, fixing activity (Barber et al., 1976; Koch,
1977; Tjepkema and Van Berkum, 1977), and subse-
quently in situ assays were developed (Balandreau and
Dommergues, 1971; Boddey et al., 1978; Lee et al.,
1977). The use of these in situ techniques in the field
showed considerable AR activity associated with field
grown plants (Watanabe et al., 1978a, 1981) but this
technique suffers from several disadvantages for the
estimation of actual BNF contributions to the plants:
Firstly, the AR technique measures nitrogenase activity
and not incorporation of fixed N into the plant, second-
ly much of the evolved ethylene may be retained in the
waterlogged soil and not diffuse into the atmosphere
which is sampled, and finally the measure is instanta-
neous and requires many assays thoughout the grow-
ing season if overall contributions of BNF to the crop
are to be assessed (Boddey, 1987; Roger and Watan-
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Table 2. Effect of pre-harvest burning on total nitrogen balance (g N m™2) of the soil/plant system
of field grown sugar cane over a sequence of the plant crop followed by 7 ratoon crops. Means of 16

replicates
Total N in soil/plant system
N Considering soil N content in the layer:
accumulated
by crop in 0-20cm 0-60cm
Treatment over 8 cuts
1983-1992 N? NP Na NP
Initial  Final Balance Inittal  Final  Balance
(gNm™?)
Burned 583 3659 3541 -11.8 789.0 7446 -444
Unburned 73.6 369.1 4006 +31.5 7743  828.7 +544
HSD* p=0.05 7.0 242 29.7 306 74.5 641 619
CV (%) 142 8.9 106 (10.3)F 128 110 (20.9F¢

2 Initial N in soil plant/system = total N in soil at planting + added fertilizer N.
b Final N in soil/plant system = total N in soil at final harvest + N accumulated by crop over 8 harvests

(1983 t0 1992).

¢ Honest significant difference (Tukey).

4 Coefficient of variation.

¢ Value in italics = Standard error of mean.

abe, 1986). In studies where many in sita AR assays
were taken, the estimates of total "acetylene reduced"
thoughout the whole crop cycle were approximately 40
to 60 m mol ethylene m—2 (Boddey and Ahmad, 1981;
Watanabe et al., 1978b) which extrapolate to only 5 to
8 kg N, fixed ha™!. Results from the excised root and
in situ AR assays on wetland rice were of similar mag-
nitude (Boddey et al., 1978; Boddey, 1981) and it is
generally considered that this technique over-estimates
N,-fixing activity (Berkum and Bohlool, 1980; Giller,
1987).

It seems therefore that there is a considerable dis-
parity between the N balance and AR estimates of
plant-associated BNF to wetland rice. Some of the
field and pot N balance studies suggest contributions
of more than 30 kg N ha~! crop™! whereas the acety-
lene reduction studies suggest inputs not higher than §
kgha™!.

The '’N isotope dilution technique has the potential
to estimate contributions of BNF to the plants- over
the whole growth season and unlike the N balance
and acetylene reduction techniques, it estimates fixed
N actually incorporated into the plant tissue (Chalk,
1985; McAuliffe et al., 1958). The main problem with
this technique lies in labelling the soil with N. If the
enrichment varies with area, depth or time, different
plants (the control and different rice varieties) may

have different N uptake patterns and do not obtain
the same N enrichment in the soil derived N, an
assumption essential to the application of the technique
(Boddey, 1987; Witty, 1983). In the studies reported so
far the soil N was not stable with time and no suitable
non-N-fixing control plant was found that would grow
in waterlogged soil (Nayak et al., 1986; Ventura and
Watanabe, 1983).

A recent study was conducted at our institute
(CNPAB) near Rio de Janeiro (Oliveira, 1994) and at
the first planting 40 rice varieties were planted in a tank
(20 x 6 x 0.6m) filled with waterlogged soil amended
with 1’N-labelled compost (Urquiaga et al., 1992) and
inoculated with soil taken from a long-established rice
paddy in the Parajba valley of S&o Paulo State. Anal-
yses of leaf samples showed that there was a consider-
able decline in '°N enrichment in the plant tissue dur-
ing plant growth and earlier maturing varicties showed
higher 1N enrichments than later maturing varieties
(Table 3). There were considerable differences in total
N accumulation and "N enrichment between different
varieties but higher. N accumulation was not well cor-
related with lower *N enrichment even within each
maturity group (Table 4).

Subsequently 20 of these rice cultivars were
replanted in the same tank. Again N enrichment
in plant tissue decreased with time and the varieties
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Table 3. Grain production, N accumulation and ’N enrichment of leaf
samples at 40 days after emergence (DAE) and of whole plant at final harvest
of S rice varieties from each of 3 maturity groups. Plants grown in tank of
soil labelled with '*N. Means of 4 replicates. After Oliveira (1994)

N 15N enrichment
Grain yield>  accumulation  Atom % SN exc.

Rice
variety (gm~2%) (gNm~?) FinalY

harvest
Maturity group 1 (60-85 DAE)
Labelle 396 d 7.37d 0.2074a
CNA 6837 814 ab 9.28 be 0.2305a
Bluebelle 633 ¢ 8.55 cd 0.1984a
BR-IRGA-410 766 ab 925 bc 0.2301a
BR-IRGA-409 759 ab 10.54 ab 0.2134a
CV.(%) 103 9.0 117
Mean for whole group
7 varieties 711 94.9 0.2160
Maturity group 2 (80-110 DAE)
IR 4432-28-5 942 b 17.82a 0.1475 ¢
MG-1 1097 a 15.83 ab 0.1559 be
IR-841 701 ¢ 1146 ¢ 0.1586 be
CICA-9 930 b 14430 0.1618 b
CNA 4215 698 ¢ 8.87d 0.1822 ab
CV. (%) 11.0 11.0 112
Mean for whole group
18 varieties 906 133 0.1608
Maturity group 3 (110~140 DAE)
Metica-1 1130 ab 16.19b 0.1557 cd
De-Abril 1070 ab 22.18a 0.1421d
TAC-4440 1100 ab 15.30b 0.1973 a
CICA-8 1070 ab 1432 b 0.1758 abc
IR-42 799 ¢ 15.68 b 0.1388d
CV. (%) 10.8 12.0 10.5
Mean for whole group
15 varieties 1060 15.0 0.1621

2 Grain at 14% humidity.
¥ Weighted mean 15N enrichment of whole plant.
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Table 4. Regressions of total nitrogen accumulation and N enrichment
at final harvest of 40 rice varieties divided into 3 maturity groups planted
in waterlogged !3N-labelled soil. First crop (1989/90). After Oliveira

(1994)
Maturity  Days after  Correlation  Probability No. of
group emergence  coefficient data points
1 60-85 +0.281 0.147 28
2 85-110 -0.320 0.006 72
3 110-140 -0.201 0.124 60

IR 42 and IR 4432-28-5 showed significantly lower
5N enrichment and higher N accumulation than the
variety IAC 4440 and the non-N;-fixing control plant,
Brachiaria arrecta (data not shown). Data from the N
balance study of App et al. (1986) as well as acetylene
reduction assays and a natural abundance (delta) "N
study both performed at IRRI in the Philippines also
suggest that the variety IR 42 is able to obtain signif-
icant contributions from plant associated BNF (Bar-
raquio et al., 1986; Ladha et al., 1987a, b; Watanabe et
al., 1987a).

Results from the third planting of this N experi-
ment were lost due to a fire in the drying oven but at
the fourth planting just these 3 varieties were planted
with the same control plant and harvests were taken
at six times during plant growth (Table 5). The acety-
lene reduction activity of the 4 crops was evaluated
by incubating the plant/soil system at constant tem-
perature in the dark as described by Barraquio et al,.
(1986). No significant differences were found between
varieties but the rice varieties were far higher in AR
activity than the B. arrecta control (data not shown).
After the 3rd harvest (86 DAE) the >N enrichment of
the B. arrecta control was lower than that of the rice
varieties (significantly so at the final harvest) but this
result could not be due to a soil N uptake pattern dif-
ferent from the rice varieties as the data indicate that
the >N enrichment of the soil mineral N was virtual-
ly stable during crop growth. Furthermore, while the
variety IR 4432-28-5 had a lower 1SN enrichment than
the other two rice varieties the total N accumulation of
this cultivar showed a tendency to be lower.

Hence, the data obtained in this study do not con-
firm significant BNF contributions to any of the 3 vari-
eties of wetland rice even though two of them were
pre-selected for high N accumulation and low N
enrichment. Whether this is due to adverse soil fertility
factors or indicates that BNF inputs are generally very

low requires further investigation. The results illustrate
the difficulties involved in the application of this tech-
nique for quantifying BNF contributions to wetiand
rice and the necessity to use soil with a uniform and
stable N enrichment.

Plant-associated N,-fixing bacteria
Sugar cane

In the 1950s Dobereiner (1961) found N;-fixing bacte-
ria of the genus Beijerinckia in high numbers in sugar
cane fields, with selective enrichment in the rhizo-
sphere and especially on the root surface. At the same
time a new species of Beijerinckia was discovered (B.
fluminense) associated with this crop (Débereiner and
Ruschel, 1958). Subsequently, other authors (Graciol-
li et al., 1983; Purchase, 1980) isolated a wide range
of N,-fixing bacteria from the roots, stems and even
leaves of sugar cane including species of Erwinia, Azo-
tobacter, Derxia, Azospirillum and Enterobacter. None
of these bacteria seemed to occur in large enough num-
bers to account for the extremely high rates of N, fix-
ation reported above.

More recently, a new species of N-fixing bacte-
ria, Acetobacter diazotrophicus, was found to occur
in large numbers in the roots and stems of sugar cane
(Cavalcante and Débereiner, 1988; Gillis et al., 1989).
This most extraordinary diazotroph was originally iso-
lated from semi-solid sugar cane juice inoculated with
dilutions of sugar cane roots and stems which showed
acetylene reduction (nitrogenase) activity in dilutions
up to 1075 to 1077 (fresh weight). A more specific
medium (LGIP) has now been developed (Reis et al.,
1994),

The bacteria is a small, Gram-negative, aerobic rod
showing pellicle formation in N-free semi-solid medi-
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Table 5. Total nitrogen accumulation and 'SN enrichment of 3 rice varieties and Brachiaria
arrecta planted in waterlogged SN labelled soil during the plant growth cycle. Fourth crop
(1992/3). Harvested area 0.5 m?. Means of 4 replicates. After Oliveira (1994)

Days after emergence of rice

Variety 36 52 86 94 108 130
Total N accumulation (g N m™2)
IR 42 0.728ab 0.692ab 1.951ab 2.389a 3.837a 4.449a
IAC 4440 0.902a 0.767a 3.101a 3.299a 4.093a 4.79%a
IR 4432-28-5 0.792a 0.774a 2.013ab 2.476a 3.757a 4.055a
B. arrecta 0.166b 0.321b 0.867b 0.601b 1.609b 1.009b
CV. (%) 4137 27.61 44.61 54.5 27.01 18.63
5N enrichment (Atom % 5N excess)
IR 42 0.0549¢ 0.0558a 0.0552a  0.0527a 0.0536a  0.0553ab
TAC 4440 0.0680a 0.0558a 0.0482a  0.0553a 0.0497a  0.0606a
IR 4432-28-5 0.0643ab  0.0561a 0.0552a  0.0553a 0.0484a  0.0484bc
B. arrecta 0.0582bc  0.0549a 0.0517a  0.0482a 0.0428a  0.0419¢
C.V. (%) 5.69 9.36 10.9 8.38 l6.11 8.65

Means in the same column followed by the same letter are not significantly different at p=0.05

(Tukey).

um with 100 g L™! sucrose but without cane juice,
forming a thick surface pellicle after 7 to 10 days. Best
growth occurs with high sucrose or glucose concentra-
tions (100 g L!) and strong acid production results in
a final pH of 3.0 or less. Growth and N; fixation (more
than 100 n moles C;H, mL ' h™!) continues at this pH
for several days (Stephan et al., 1991). Ethanol is also
used as a C source for growth and is oxidized to CO,
and H,O. Dark brown colonies form on potato agar
with 100 g L~! sucrose, and dark orange colonies on
N-poor (0.02 g L™! yeast extract) mineral agar medi-
um with 100 g L™} sucrose and bromothymol blue.
The bacterium possesses no nitrate reductase and N,
fixation is not affected by high levels (25mM) of NO; .
Also NHZr causes only partial inhibition of nitroge-
nase, especially when grown on 100 g L~! sucrose
(Boddey et al., 1991; Teixeira et al., 1987).

Another interesting aspect is that A. diazotrophicus
growing in 10% sucrose showed an optimum dissolved
oxygen concentration for acetylene reduction in equi-
librium with 0.2 kPa O, in the atmosphere, but contin-
ued to fix N, up to 4.0 kPa, showing a much higher O,
tolerance than Azospirillum spp. (Reis et al., 1990).

Experiments on mixed cultures of A. dia-
zotrophicus with an amylolytic yeast (Lypomyces

kononenkoae), used as a model system for
plant/bacteria interactions, showed that 48% of the
total nitrogen fixed by the bacteria was transferred to
the yeast, starting right from the beginning of the cul-
ture (Cojho et al., 1993). These results are important in
that until now the lack of evidence for efficient trans-
fer of fixed N from diazotrophs to plants has been a
source of scepticism that such associations could be of
agronomic importance.

This bacterium has been found in many sugar cane
varieties in several regions of Brazil as well as in Mex-
ico, Cuba and Australia (Fuentes-Martinez et al., 1993,
Li and Macrae, 1992) and numbers were in the range of
10? to 107 in roots, basal and apical stems, leaves and
in sugar cane trash (Dobereiner et al., 1988). It was not
found in soil between rows of sugar cane plants or roots
from 12 different weed species taken from cane fields.
It was also not found in grain or sugar sorghum, but was
isolated from a few samples of washed roots and aeri-
al parts of Pennisetum purpureum cv Cameroon, and
from sweet potatoes (Dobereiner et al., 1988, 1994;
Paula et al., 1989).

Sterile micropropagated sugar cane seedlings were
not infected by A. diazotrophicus by traditional root
inoculation methods, and generally infection of cane



plants by this bacterium is rare except when inocu-
lated "in vitro". However, under these conditions A.
diazotrophicus was found to colonize extensively the
exterior and interior of the shoot and root (James et al.,
1994). This study was performed using immuno-gold
labelling with both optical and electron microscopic
techniques. On the root surface the bacteria was found
especially in cavities in lateral root junctions and these
junctions and the root tips appeared to be preferred
sites of bacterial entry. Within the roots A. diazotroph-
icus was observed in apparently intact, enlarged epi-
dermal cells, and at the base of the stem within xylem
vessels through which the bacteria appear to migrate
upwards in the transpiration stream so that all shoot
tissues become infected. The difficulty of infection of
plants grown in soil or vermiculite can be overcome by
co-inoculation with VA mycorrhizal fungi, especially
originating from fungal spores infected by the bacteria
(Paulaet al., 1991). This technique of introduction of a
N,-fixing bacteria into sugar cane plants may be impor-
tant for introducing selected, or genetically improved,
strains into plants for further propagation in the field
via stem cuttings.

Bacterial taxonomists working in Belgium found
that the bacteria known as Pseudomonas rubrisubal-
bicans, a sugar cane endophyte which causes mot-
tled stripe disease in some varieties from the USA
and other countries, but not in Brazilian varieties,
was closely related genetically to a N,-fixing bacteri-
um called Herbaspirillum seropedicae (Gillis et al.,
1991). Herbaspirillum was first isolated from the roots
of maize and other cereals at our Centre (Baldani et al.,
1986). Most of the isolates of P. rubrisubalbicans were
found to be able to fix nitrogen and were identical in
most other respects to Herbaspirillum (Pimentel et al.,
1991). Recently results from DNA/IRNA hybridiza-
tion and computer-assisted auxanographic tests have
established that this generically-misnamed plant endo-
phyte, “Pseudomonas” rubrisubalbicans, must now
be included in the genus Herbaspirillum (Gillis et al.,
1991).

Recently a more specific culture medium (JNFb)
for this organism has been developed and N, gas
incorporation confirmed, not only in strains of the orig-
inal H. seropedicae, but also in isolates from different
culture collections of H. rubrisubalbicans identified as
the causitive organism of mottled stripe disease (Table
6). Herbaspirillum spp. have been isolated from sug-
arcane leaves, stems and roots and are other N,-fixing
bacteria which do not survive well in the soil but only
within plants (Baldani et al., 1992a).
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Table 6. 15N incorporation into cells of P. rubrisubal-
bicans and H. seropedicae strains grown in semi-solid
JNFb medium. Means of three replicates. After Bal-
dani et al. (1992)

Strains " Atom % SN excess

P, rubrisubalbicans

MI (LMG? 1278) 0.5271
M4 (ATCCP 19308) 0.4891
M5 (LMG 6415) 0.5681
M6 (LMG 6420) 0.5172

IBSBF 175 (LMG 10462)  0.3881

H. seropedicae

Z67 (ATCC 35892) 0.5881
Z78 (ATCC 35893) 0.4405
IM 176 0.4891
Controls
M4 +20mM NH; 0.0002
267 +20mM NH; 0.0000

2 LMG Belgian type culture collection.
b ATCC American type culture collection.

When non-sterile soil was inoculated with 10® cells
g~ of either species of Herbaspirillum, the number
of viable cells decreased until the bacteria was unde-
tectable after 21 days with H. rubrisubalbicans and 28
days with H. seropedicae (Olivares et al., 1993). How-
ever, 50 days after Herbaspirillum spp. were unde-
tectable, surface-sterilized, sorghum seeds were plant-
ed in these pots and Herbaspirillum spp. were detected
in the roots and rhizosphere soil when the plants were
30 days old.

In both monoxenic sugarcane and sorghum plants
inoculated with Herbaspirillum spp. the bacteria have
been localized, using the immunogold technique and
both electron and optical microscopy, within the meta
and protoxylem (Olivares et al., in preparation). In the
case of a sugar cane variety (B—4362), susceptible to
mottled stripe disease, H. rubrisubalbicans was found
to completely block some of the xylem vessels, where-
as in a resistant variety the bacteria were encapsulated
by membranes probably of plant origin.

I

Wetland rice

As long ago as 1929, an Indian research worker sug-
gested that wetland rice plants were able to obtain
some contribution of nitrogen from N,-fixing bacte-
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ria associated with the plant roots (Sen, 1929). His
evidence was based on the isolation of Azotobacter
spp. from rice roots. Since this time many diazotrophs
have been isolated from the rhizosphere and roots of
rice including species of Beijerinckia (Dobereiner and
Ruschel, 1962), Azospirillum (Baldani and Doberein-
er, 1980; Baldani et al., 1981; Ladha et al., 1982),
Alicagenes (Qui et al., 1981), Pseudomonas, (Bar-
raquio et al., 1983), Klebsiella and Enterobacter (Lad-
ha et al., 1983); Flavobacterium (Bally et al., 1983),
and Agromonas (Ohta and Hattori, 1983). However,
the presence of N; fixing bacteria associated with rice
roots does not necessarily mean that the plants obtain
significant contributions from biological nitrogen fixa-
tion (BNF). For example, in a study of the inoculation
of wheat plant grown in !“N-labelled soil numbers of
Azospirillum brasilense above 10° cells g fresh root ™!
were counted on washed/surface sterilized roots and
plant N uptake was significantly increased by Azospir-
illum inoculation, but >N enrichment data showed that
the response was not due to BNF inputs (Boddey et al.,
1986).

Azospirillum spp. have been isolated in consider-
able numbers from the rhizosphere and histosphere of
wetland rice (Baldani et al., 1981; Ladha et al., 1982,
1987b; Omar et al., 1989) and a new species of Pseu-
domonas (P. diazotrophicus) was reported to dominate
the rhizosphere bacterial population (Barraquio et al.,
1982; Watanabe et al., 1987b). However, as has been
pointed out by several authors, Nj-fixing bacteria are
distant from the main sources of carbon substrates in
the root (the vascular tissue) and are in competition
with other soil microorganisms for these substrates
(Barber and Lynch, 1977; Berkum and Bohlool, 1980;
Kennedy and Tchan, 1992). On the other hand Nj-
fixing bacteria found within rice roots or aerial tissue
are unlikely to suffer from these disadvantages, and
in view of the discovery of endophytic diazotrophs in
sugar cane, research at our Centre has focussed on the
search for such bacteria in lowland rice.

In the first report of the discovery of Herbuspiril-
lum seropedicae, this Nj-fixing bacteria was isolated
from washed roots of upland rice as well as from those
of wheat, maize and sorghum (Baldani et al., 1986).
Further studies have shown that this bacteria can be
found in seeds, stems and leaves of rice as well as roots.
Roots, stems and leaves of rice plants grown from seeds
which were surface sterilized using hydrogen peroxide
followed by acidified hypochlorite, were found to be
infected with H. seropedicae, and only careful surface
sterilization of dehulled seeds prevented this (Baldani

et al., 1992b; V L D Baldani, unpubl. data). In the
experiment described above to quantify BNF contri-
butions to rice plants grown in the tank of ’N-labelled
soil (Oliveira, 1994) counts of Herbaspirillum spp.
were made using the selective medium described by
Baldani et al. (1992). The results showed that numbers
of Herbaspirillum in washed roots, shoots and leaves
were as high as 107, 10° and 10* cells g fresh weight ™!,
respectively, and the ontogenic variation in numbers
varied in a similar manner to the acetylene reduction
activity associated with the plants (Fig. 1).

A further N,-fixing bacteria has been found to be
present in rice roots, shoots and leaves in numbers
similar to those reported in Figure 1. As was suggest-
ed before, for the first attempts to isolate Nj-fixing
bacteria from plants it is desirable to base isolation
media on the carbon substrates known to be available
within the plants (Boddey and Dobereiner, 1988). This
was why malate was chosen for the semi-solid media
first used to isolate Azospirillum as it was known to
be an important constituent of maize sap (Dibereiner
and Day, 1976). For the same reason cane juice was
used for the first attempts to isolate diazotrophs from
sugar cane (Cavalcante and Dobereiner, 1988). Bore-
au (1977) investigated the root exudates of 20 day-old
sterile rice plants and discovered that glucose was the
single most important carbon source and that in the
organic acid fraction oxalate and citrate were quantita-
tively most important. Based on these results, a N-free
semi-solid medium containing glucose, oxalate and
citrate (medium *M’) was inoculated with dilutions of
washed rice roots and rice stems (Oliveira, 1992). Slow
but significant growth with initial acid production was
observed, indicating the consumption of glucose. The
medium was later alkalinized, indicating subsequent
use of the dicarboxylic acids. Maximal AR activity was
observed after 10 days incubation in N-free medium
and AR activity continued until the 18th day of growth.
The bacteria are small motile rods, but have not yet
been identified as any of the known diazotrophs. The
isolates grow best at pH between S and 6 and growth
is very slow at pH 7. They use glucose, mannitol,
celobiose, maltose, sucrose or trehalose as sole carbon
sources and will hydrolyse Tween 80. This bacteria is
most closely related phenotypically to Herbaspirillum
seropedicae and H. rubrisubalbicans but whether it is
a member of this genus awaits further investigation
using DNA/rRNA homology tests etc.

A further possible candidate for an endophytic dia-
zotroph which will infect rice plants are bacteria of the
newly denominated genus Azoarcus (Reinhold-Hurek
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Fig. 1. Counts of Herbaspirillum spp. in roots, stems and leaves, and acetylene reduction activity (plant soil system, Barraguio et al.. 1986 of
the wetland rice variety IR 42 grown in a tank of |3 N-labelled waterlogged soil. * Bacterial numbers expressed per g fresh weight plant tissue

(after Oliveira et al., 1994).

et al., 1993). The bacteria (labelled with the beta-
glucuronidase reporter gene) were found to be able
to penetrate rice roots, forming large inter- and intra-
cellular colonies in the root cortex and just occasionally
within the stele and were also found within the stem
bases and shoots (Desomer et al., 1992; Hurek et al.,
1991).

Prospects for the future

Brazilian sugar cane varieties are known to be capable
of obtaining very considerable contributions of bio-
logically fixed N under field conditions. Recent data
suggest that water supply is critical to the maintenance
of high BNF activity. A recent trial (16 areas totalling
900 ha) at a sugar cane plantation in Campos (NE Rio
de Janeiro State) showed that where year round irri-
gation was used there was no response of ratoon cane
to 200 kg ha™! of urea fertilizer and yields of ratoon
crop cane averaged 95 t ha~!. As a result of this trial
the plantation managers abandoned N fertilization on
4000 ha of irrigated cane making an annual economy of
US $ 250,000 (Boddey, 1995). All attempts to isolate
Acetobacter diazotrophicus from sugar cane from any-
where in the world have been successful except where
high N fertilizer additions have been made (J Caballero

Mellado, pers. commun.). Apart from Brazil no data
are yet available for the occurrence of Herbaspirillum
spp. in this crop.

The complete absence of A. diazotrophicus in soil
and the restricted occurrence of Herbaspirillum spp.,
suggest that once selected (or even genetically manip-
ulated) strains of these bacteria are established in cane
plants in the field, the chances are slight that wild
type strains will contaminate the plants to compete
with them. For phytosanitary reasons the use of direct
planting of monoxenic micropropagated cane plantlets
is now being tested at several cane plantations in S3o
Paulo state and this may soon offer an economically
viable opportunity to propagate cane plants infected by
superior strains of endophytic diazotrophs.

With regard to wetland rice it is evident that for
BNF to contribute to high rice yields a great improve-
ment in its efficiency is required. A meeting held at
IRRI (Philippines) in 1992 was dedicated solely to this
subject. Three possible strategies to increase BNF con-
tributions to wetland rice were discussed (Bennett and
Ladha, 1992):

1. Induction of "nodulation" of rice using hydrolytic
enzymes (Al-Mallah et al., 1989), 2,4-D (Kennedy
and Tchan, 1992) or other means (Rolfe and Ben-
der, 1990) and subsequent infection with Rhi-
zobium, Azospirillum or other diazotrophs. True
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N,-fixing legume nodules are complicated struc-
tures equipped with vascular tissue to supply C
substrate and export fixed N. They possess a
sophisticated oxygen protection mechanism with
leghaemoglobin and both fixed and variable physi-
cal barriers to O, diffusion, and an array of specific
enzyme systems and feedback controls. The induc-
tion of deformations on the root to house bacteria
only constitutes a tiny fraction of the symbiotic
system and the remaining parameters are dictat-
ed pricipally by the plant genome, the Rhizobi-
um being mainly responsible for "switching on"
the plant nodulation program (Dénarié and Roche,
1991). It thus seems that the induced nodulation
strategy has little chance of success especially as
true legume nodules serve to protect the nitroge-
nase system from external oxygen flux from the soil
and in wetland rice the soil is anaerobic and oxygen
flow to the root is via the aerenchyma (expanded
cortex) of the root.

2. Direct integration of nif genes into the plant
genome. Attempts to introduce just 2 of these
genes into tobacco chloroplasts has met with some
success although expression was found to be at
extremely low levels (Dowson-Day et al., 1991).
So far it is not known exactly how many, or which,
Rhizobium genes will be necessary to make an
active N,-fixing system nor what levels of activity
could be achieved.

3. Improvement/modification of existing associa-
tions of Nj-fixing bacteria with rice plants. Lit-
tle enthusiasm has been expressed for this strategy
as almost all attention has been focussed on dia-
zotrophs found in the rice rhizosphere (Kennedy
and Tchan, 1992). However, the recent discovery
that some sugarcane varieties can obtain very large
contributions of BNF under field conditions, and
the existence of abundant populations of endophyt-
ic diazotrophs (A. diazotrophicus and Herbaspiril-
Ium spp.) in this crop which are probably responsi-
ble for this activity, opens up entirely new avenues
for developing a similar system for rice or oth-
er cereal crops. Already one of these endophytic
diazotrophs, Herbaspirillum spp., has been isolat-
ed in moderately high numbers from within roots
and aerial tissue of rice, although evidence is lack-
ing that these organisms contribute any significant
quantities of fixed N to the plants. However, when
more knowledge is accumulated concerning how
the N,-fixing system in sugarcane functions, it
should be a much smaller step to try to introduce

this into a plant which already can be infected by
similar diazotrophs than trying to build a whole
N,-fixing system from scratch.
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Abstract. The use of the >N natural abundance technique to quantify contribution of biological nitrogen fixation
(BNF) to any plant is based on the observation that N derived from soil is generally slightly different [usually higher
in N abundance (8'°N%o)] than that of the air. Plants or micro-organisms growing solely on BNF generally
accumulate N with '’N isotopic abundance lower than that of the air (i.e. 8'°N%o is negative), while plants obtaining
all N from the soil generally show a positive 8'°N%o signal. The technique is applied by estimating the >N
abundance of the putative ‘N,-fixing’ crop and analysing the 'N abundance of neighbouring non-N,-fixing
reference plants. However, often there are such large variations in the N derived from the soil by different
non-N,-fixing plants that in natural ecosystems it is often impossible to even distinguish plants that are benefiting
form BNE, let alone quantity this contribution. The reasons why soil derived N can vary so widely, especially in
natural ecosystems, are briefly discussed and a sampling strategy is described to assess possible BNF inputs to sugar
cane plants in commercial plantations in Brazil. The results suggest that in nine of the 11 sites studied, BNF inputs
were significant ranging from 25 to 60% of N assimilated.

Introduction

Only techniques based on the use of the N isotope of
nitrogen are able to give an integrated measure of the
contribution of biological nitrogen fixation (BNF) to plant
nutrition from a single sampling of the ‘N,-fixing’ crop. The
use of 'SN-labelled N, gas is only suitable for short-term
evaluations of N, fixation and then usually only applicable
to one or two plants maintained under carefully controlled
conditions (e.g. Eskew et al. 1981). The other options are to
use soil naturally or artificially enriched with the >N isotope
relative to atmospheric N,. These, so called ‘>N dilution’
techniques, are based on the premise that N derived from the
soil and that derived from the air are isotopically distinct,
and the isotopic abundance of the ‘N,-fixing’ plant
represents the net result of the mixture of N derived from the
two sources.

In the case of the N enrichment technique where soils
are artificially enriched with °N, the N enrichment of
plant-available N varies in depth and with time, even if the
labelled fertiliser is distributed uniformly over the soil
surface. Hence, different plants that have different spatial or
temporal N uptake patterns will accumulate N with different

Abbreviations used: BNF, biological nitrogen fixation.
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5N enrichments. To overcome this, soils may be amended
with enriched N (applied as N enrichment fertiliser or
organic matter), and left for many months or years for the
added labelled N to become equilibrated with the native soil
N, such that the !N enrichment of the soil mineral N is
uniformly distributed with regard to area and depth, and
remains essentially constant during the growth of the target
(‘N,-fixing’) crop, and the reference crops. The latter are
necessary to evaluate the '’'N enrichment of the N derived
from the soil by the ‘N,-fixing’ crop. These constraints make
the application of this technique in the open field situation
very difficult, especially where the proportional contribution
of BNF is small. The problems associated with the use of
this technique to quantify BNF with legumes have been
previously discussed by many authors (Witty 1983; Danso
1986; Rennie 1986; Boddey et al. 1995; Chalk and Ladha
1999) and specifically for non-legumes by Boddey (1987),
Chalk (1991) and Boddey et al. (1998).

With the development of automated high-precision
continuous-flow isotope-ratio mass spectrometers (Barrie
et al. 1995), the use of the '’N natural abundance version of
the isotope ratio has become within the capabilities of many

0310-7841/01/090889
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more laboratories. Atmospheric N, shows a natural abun-
dance of 0.3663 atom% >N and does not vary perceptibly
anywhere on the planet (Mariotti 1983). In soils, the "N
natural abundance of many N forms including plant-availa-
ble N may deviate by as much as 0.005 atom% from this
value. To deal with these small values, the units used are
called delta >N units expressed in parts per thousand (%o)
and determined by the equation:

8'5N (%o) = 1000 x (atom% 'SN sample — 0.3663)/0.3663 (1)

such that the >N natural abundance of the air = 0.00 %o.

Usually, although not always, plant-available soil N is
naturally slightly enriched with >N and the reasons for this
were discussed in two recent reviews (Hogberg 1997;
Boddey et al. 2000).

There are three values of N abundance that must be
established in order to estimate the proportion of N derived
from biological nitrogen fixation (BNF) in any crop. First,
the '°N abundance of the N in the plant derived from the air
via N, fixation (this value is termed ‘B’); second, the N
abundance of N derived from the soil 3'°N_; and third, the
measure of the !N abundance of the putative N,-fixing plant
(8" Niying plan)- Once these values are known their subs-
titution in the equation,

%Ndfa = 100 (615Nref - 615Nﬁxing plant)/(61 5I\Iref - B), (2)

will allow the computation of the proportion of plant N
derived from the atmosphere via BNF (%Ndfa). The
determination of these three values for the estimation of
BNF contributions to non-nodulated plants will be consid-
ered in sequence.

‘B’ — the >N natural abundance of N in the plant
derived from BNF

For most nodulating legumes, it is possible to grow the
plants to maturity solely on N, fixation in N-free hydroponic
or sand culture. If the mass, N content and '’N abundance of
the seeds are known then the !N abundance of the N
derived from BNF can be calculated. This has been done for
a wide variety of legumes, and while there are some doubts
concerning some of the earlier values in the literature, in
general shoot tissue of such plants is slightly negative in "N
abundance (0 to —2%o), although nodules are frequently
positive, sometimes above +10.0%o (see Table 4 in Boddey
et al. 2000). The value of B varies from species to species
and with growth, generally decreasing as fixed N accum-
ulates. Even different varieties of the same species can show
a considerable range in B value (Table 1). The exceptionally
high value for the Hunter river variety of lucerne reported by
Turner and Bergersen (1983) may be an analytical artefact
(Boddey et al. 2000).

To estimate the value of B for a non-nodulating crop
would require growing the crop in the total absence of fixed
N. So far this has not been achieved for any such crop, so at

R. M. Boddey et al.

present we must conservatively assume that B = 0.0%o, equal
to that of air. There is evidence that N fixed and incorporated
into free-living bacteria is depleted with respect to air.
Delwiche and Steyn reported that cells grown on BNF
showed a !N natural abundance of —3.9%o, and similar
negative values ranging from —0.74 to —4.44%o were recently
published by Rowell et al. (1998), the differences in the
values being due to the type of nitrogenase; whether Mo, V or
Fe based. Other data are given by Handley and Raven (1992)
for other species of Azotobacter and for various cyanobacte-
ria and in all cases the N derived from N, fixation was slightly
depleted in '>N. Thus, it seems likely that the N derived from
BNF in any non-nodulating crop will be of negative N
natural abundance and if N derived from soil is of positive
isotopic abundance then to assume B is zero will yield
underestimates of the contribution of BNF to plant nutrition.

The SN natural abundance of plant N derived from soil

Recent evidence has been accumulated which shows that
many plants are able to absorb N from the soil, or decaying
organic matter, not only as NO;~ or NH,* but also as amino
acids and other forms of N (Abuzinadah and Read 198S;
Chapin et al. 1993; Turnbull et al. 1995). There is strong
evidence that ericaceous-, ecto- or even endomycorrhizae
may play a role in this uptake (Stribley and Read 1980;
Handley et al. 1993; Nésholm et al. 1998) but exact
mechanisms have not been elucidated. For the purposes of
the application of the 'N natural abundance to quantify
BNF, these observations may have serious consequences. It
is known that different N forms in the soil often differ widely
in their N abundance, both spatially and with time (see
reviews of Handley and Scrimgeour 1997; Hogberg 1997;
Boddey et al. 2000). The result of this may be that different
plants, even those incapable of obtaining N from BNF, may
show widely different values of '’N abundance some even
lower than 0.0%o. This makes impossible the determination
of what value of '’N abundance to use for the N derived from
the soil in the putative N,-fixing plants and the technique

Table 1. Values of the N natural abundance of different lucerne
varieties grown entirely on biological nitrogen fixation
NS: not specified

Lucerne variety Plant part B value (%o) Reference

NS Whole plant —0.92  Mariotti et al. (1980b)
Du puits Whole plant —0.98  Yoneyama et al. (1986)
Natsuwakaba Whole plant —0.98  Yoneyama et al. (1986)
Sirivar Shoot only —0.44  Brockwell et al. (1995)
Trifecta Shoot only —3.18  Hossain et al. (1995)
NS Shoot only 0.00 Steele et al. (1983)
Mireille Shoot only —0.92  Ledgard (1989)

Hunter River Whole plant +0.97  Ledgard (1989)

Hunter River Whole plant +3.56  Turner and Bergersen

(1983)
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cannot be applied. Examples of such sites were reported by
Hogberg (1990) and Pate er al. (1993). The natural eco-
system studied by Hansen and Pate (1987), a eucalypt forest
(predominantly E. marginata) in south- western Australia, is
typical of one where the >N natural abundance technique
was not even able to distinguish ‘N,-fixing’ from non-N,-fix-
ing species, let alone quantify BNF contributions. The N
abundance of total soil N (015 c¢cm) ranged from —2.15 to
+5.4%o with a mean of +2.1%o, and non-N,-fixing non-leg-
umes ranged from —1.02 to +1.79%o, which was a smaller
range than that of the values for the understorey legumes
(principally Acacia spp.) of —1.56 to +3.42%o. However,
these sites were in natural ecosystems where there is a large
number of potential sources of N in plant litter, dead plants
and decaying roots. Man-made agricultural ecosystems are
generally more uniform, with cultivation and residues often
burned off before of after cropping. Lime and fertiliser
additions, as well as cultivation, normally stimulate mineral-
isation and nitrification, leaving the greatest proportion of
plant-available N in the form of NO;™ and, sometimes, lesser
quantities of ammonium.

It is probably because of this less complex matrix of N
forms of different >N abundance that the application of the
5N natural abundance technique to quantify BNF contri-
butions to legume crops has met with such success. There
have been many comparisons, mostly in agricultural set-
tings, of the use of the natural abundance technique with
others, particularly the isotope dilution technique using
I5N-enriched N. Studies where comparisons have been made
between the N natural abundance technique and other
independent techniques have been discussed thoroughly in
earlier papers (Shearer and Kohl 1986; Peoples and
Herridge 1990; Doughton et al. 1995; Hogberg 1997). In
general, there has been good agreement between the
methods, vindicating the use of the natural abundance for
estimating BNF contributions to grain and forage legumes.

However, from the above discussion it is apparent that
even in cultivated areas different ‘reference’ plants may vary
considerably in the >N abundance of the N they accumulate.
Which of these values, if any, matches the >N abundance of
the N absorbed from the soil by the N,-fixing crop is not
possible to ascertain. The strategy that we recommend (see
details in section 5) is to sample a number of neighbouring
different, preferably botanically diverse, reference plants. If
all of these non-N,-fixing reference plants exhibit values of
5N abundance significantly above that of the target
‘N,-fixing’ crop, it is considered possible to conclude that
the target crop has obtained some N from associated BNF
and estimates of this contribution can be made.

Sampling of the ‘N,-fixing’ and reference plants

As is the case with trees and shrubs (Boddey et al. 2000), it
may not always be convenient or possible to quantitatively
sample the entire plant. Data from work on trees suggests
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that there are very considerable variations in '’N abundance
between different plant organs. An extreme situation was
that reported by Shearer ef al. (1983), where below- and
above-ground tissue of a deep-rooting leguminous tree
(Prosopis gladulosa) was sampled in the Sonoran desert in
California (Table 2). The !N abundance of leaves averaged
+1.2%o and, as in other studies, twigs and branch wood were
lower than this by 0.3 and 1.1%o, respectively. Trunk wood
showed "N abundance of —3.5%o and roots were almost as
low in ®N (=2.5%o). The low N abundance in the trunks
was attributed to the fact that the trunks were probably sinks
for N. However, because of the relatively small proportion of
total N of the tree in the trunk wood, the weighted average of
all above-ground tissues, excluding trunk wood, was +0.4%o,
which was statistically indistinguishable from the weighted
mean of all tissue, including trunk wood (—0.1%o). Other
studies on trees suggest that this species was exceptional in
the large variation between different tissues (Peoples et al.
1991, 1996).

To investigate this matter for sugar cane, a single plant
growing at our field station was intensively sampled. All
leaves and nodes of the stem were sampled from an
8-month-old sugar cane plant (plant crop) growing in an
infertile sandy soil (80% sand, Arenic Hapludult). The >N
abundance of neighbouring sorghum plants (eight repli-
cates) was 4.35%o, and of maize 5.43%o. As can be seen from
the results (Fig. 1), the highest >N abundance was recorded
in the emerging shoot (+5.0%o) and the lowest value in the
internode in the middle of the plant (+3.4%o). The weighted
mean N abundance of the whole plants was 3.9%o and the
arithmetic mean almost the same at +4.0%o. The third
emergent leaves are normally used by sugar cane agrono-
mists for ‘crop logging’ (monitoring crop nutrient status
during crop growth) and these leaves showed a >N abun-
dance of 4.0%o. From this preliminary study it appears that
the N abundance of the third emergent leaf is a good

Table 2. Distribution of N and >N abundance in aboveground
tissue of Prosopis gladulosa growing in the Sonoran Desert
(California, USA)

After Shearer et al. (1983). For all plant parts except trunkwood,
values are means of five trees samples at eight occasions during the
1980 growing season. Trunkwood sampled only on one occasion.

Mean (+s.e)  Mean (+s.e.) N

relative N content abundance
Plant part (%) (3N %o)
Leaves 273+1.0 +1.2+0.2
Flowers 5.0+0.6 +1.7+0.6
Fruit 126+3.6 +0.9+0.3
Juvenile twigs 1.0£0.2 +0.9+0.4
Branch wood 38.3+2.6 +0.1+£0.2
Trunk wood 158+14 -3.5+0.1
Total (excluding trunk wood) 842+14 +0.4+0.4
Total (including trunk wood) 100.0 £ 1.4 -0.1+04
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indicator of the weighted mean >N abundance of the whole
plant.

However, it should be pointed out that if large quantities
of N fertiliser have been added to the crops shortly before
sampling, or if any other major change in N nutrition of the
plant may have occurred soon before sampling, this might
stimulate sudden changes in '°N abundance in the plants that
may not be evenly distributed.

Sampling of sugar cane fields in Brazil

In this study, sugar cane fields in four different regions of
Brazil were sampled, a total of 11 cane fields (Table 3).
These were established cane fields on commercial planta-
tions, as is usual practice in Brazil, plant crops were not
fertilised with nitrogen, and on these farms ratoon crops
were supplied with 40—60 kg N at full leaf cover. Samples
were taken towards maturity of the cane crop, usually
6—7 months after the N-fertiliser addition. The fields were

Emerging leaf +4.1%o

+4, 1%

2ot P \

Node +3.8%o
Internode +4.6%o

Node +4.6%0 «—
Internode +3.7%o

Weighted mean +3.9%o
Arithmetic +4.0%o

Fig. 1.

Rhizome +4.4%o ‘

R. M. Boddey et al.

divided in to four strips, 50 m long and 10 m wide, to act as
replicate blocks. In each block, third emergent leaf samples
were taken from 30 cane plants and the samples bulked for
each block. Through the blocks (non-N,-fixing), weeds were
procured and, where there were several samples of the same
weed species, the whole shoots of the weeds were collected
and the samples again bulked by block. In some fields, as
many as five different weed species were found and sampled
(e.g. field of variety RB 72-454, UFRRJ-Campos, RJ), in
others only two. Bulked samples were dried (65°C for
>72 h), ground with a Wiley mill to <0.85 mm followed by
fine grinding with a roller mill based on that of Smith and
Myung (1990). >N abundance was determined using a
continuous-flow isotope-ratio mass spectrometer (Finnigan
Matt DeltaPlus, Bremen, Germany).

The data were analysed by comparing the four replicate
values of the N abundance of each weed with those of the
cane samples, by using the Student’s #-test. As can be seen

+4.4%o
\
+3.9%o

+3.8%0
+4.0%o

Node +3.9%o0
Internode +4.4%o

\ +3.7%o

Node +3.8%o

i/,/ \ Internode +3.4%o

Node +4.9%o
f

Internode +3.5%o

Emerging shoot +5.0%o

7' Roots +4.1%o

N natural abundance of leaves, stem (nodes and internodes) roots and emerging shoots of a sugarcane plant

(cv. SP 70-1143) growing in the field on a sandy Planosol (Arenic Hapludult). Data from Resende AS (1999), MSc thesis,
Universidade Federal Rural do Rio de Janeiro, Seropédica, Rio de Janeiro.
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from the results, in some cases (sites 1 and 6) the "N
abundance of one or more of the reference plants was not
significantly higher than that of the sugar cane. In this case,
we feel that it is not possible to conclude that there were any
contributions of BNF to the cane plants. At site 6, planted to
the variety SP 80-1842, the two reference weed species were
marginally, but not significantly, lower in >N abundance
than the cane leaves.
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For all other sites, the !N abundances of the weed
species were significantly higher than the sugar cane leaves.
It is possible, that the N acquisition strategies of some of
these weeds could lead them to remove N from sources in
the soil that had higher >N abundance than those available
to the cane plants, which could then be wrongly interpreted
as an input of BNF to the cane. However, in the cases where
four or five different weeds were chosen (e.g. sites 4, 5 and

Table 3. !N natural abundance of 3rd emergent cane leaves and whole weed plants taken from 11 different sugar cane plantations in four

different states in Brazil (SP, Sao Paulo; MG, Minas Gerais; RJ, Rio de Janeiro; PE, Pernambuco)

Using these data estimates have been made of the proportion of N derived from BNF by the cane plants (% Ndfa). *, '’N natural abundance of the

reference plants was significantly different from that of the 3rd emergent leaves (bulked samples for each block) using the Student’s r-test at

P =0.05; ns, mean '’N abundance of reference plant not significantly different to that of sugar cane plants using the Student’s #-test at P = 0.05.
Data from J. C. Polidoro (unpublished PhD thesis), Universidade Federal Rural do Rio de Janeiro, Itaguai, Rio de Janeiro

Usina/town/ state Cane variety — growth cycle Reference plant BN (%o) % Ndfa
Sdo José/Macatuba/SP SP 80-1842 — 2nd ratoon — 6.80+0.23 —
Sonchus espontaneum 9.17 £0.30 25.9%
Amaranthus sp. 12.92 £0.07 47.4%
Erechites heracifolia 7.2+0.22 5.6
Sao José/Macatuba/SP RB 72-454 — plant crop — 5.24 +£0.37 —
Eragrostis pilosa 7.59 +0.69 31.0%
Sida rhobifolia 7.86 £0.97 33.3*
Sao José/Macatuba/SP RB 72-454 — 2nd ratoon — 3.59+0.07 —
Emilia sonchifolia 6.10 £ 0.46 41.2%
Panicum maximum 535+£0.32 32.9%
Sao José¢/Macatuba/SP SP 80-1842 — plant crop 334+0.12 —
Partenium histerophorus 7.22 +£1.02 53.7*
Lepdium virginicum 6.13 £ 1.24 45.5%
Panicum maximum 11.08 £ 0.21 69.9*
Melinus minutifolia 11.79 £ 0.06 71.7*
Sitio Pedreira/Oratérios/MG RB 86-7515 — plant crop — 5.20+0.97 —
Sida rhobifolia 8.60 £ 0.03 39.5%
Melinus minutifolia 7.57 +£0.06 31.3*
Eleusine indica 7.66 +0.05 32.1%
Emilia sonchifolia 7.11 £0.02 26.9%
Sitio Pedreira/Oratérios/MG SP 80-1842 — plant crop — 8.87+0.07 —
Lepdium virginium 7.90 +0.06 —12.3m
Bidens pilosa 8.20+£0.03 —8.1™
UFRRJ/Campos/RJ CB 45-3 — 1st ratoon — 533+0.22 —
Sidrastum sp. 7.85+0.03 32.0%
UFRRJ/Campos/RJ RB 72-454 — 1st ratoon 534+0.24
Acamthopurpureum australe 7.96 £1.07 32.9%
Bidens pilosa 8.06 £ 0.27 33.8*
Croton lobatus 9.82 +0.14 45.6%
Commelina benghalensis 6.90 +0.33 22.6%
Sida rhombifolia 8.02 £0.07 33.4%
Usina Barcelos/Campos/RJ RB 74-454 — 7.07 £0.19 —
Eclipta alba 9.85 £ 0.001 28.2%
NiB 9.63£0.22 26.6*
Usina Cruangi/Timbauba/PE RB 78-4764 — 1st ratoon — 6.20 £ 0.56 —
Panicum maximum 7.88 +£0.05 21.3*
Brachiaria mutica 9.31+£0.21 24.1*
Capim aché® 12.82 +£0.05 51.6*
Usina Cruangi/Timbauba/PE RB 83-102 — 1st ratoon — 13.20+1.36 —
Monordica charantia 26.48 £0.12 49.1*

ACommon name in Portuguese, species not yet identified. BNi, weed species not identified.
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8) and where some of the weeds were dicots and other
monocots, the fact that all weed species showed N
abundance values statistically significantly higher than the
5N abundance of the cane leaves, is extremely strong
evidence that there was a BNF input into the cane. Only if
sugar cane has some almost unique N acquisition strategy
that allows it to tap sources of N with lower >N abundance
than any of the weed crops, would the above conclusion be
false. Further studies are required to examine the effective
depth of rooting of sugar cane and whether in most of the
sugar cane fields sampled plant available N (e.g. NO5") was
more depleted than the mineral N acquired by spontaneous
vegetation. The study here (more results are still being
gathered for other sites in Brazil) suggest that in commercial
plantations up to 60% of plant N is being derived from
plant-associated BNF.

Conclusions

As has been pointed out by Handley and Scrimgeour (1997),
the N natural abundance technique for estimating the
contribution of associated BNF to plants essentially relies
on the concept of two distinct sources of N with discreetly
different values of !N abundance. In the real world, this
seldom occurs and while plant N derived from BNF is
generally close to a 8'°N value 0.0%o, or a unit or two below
this, plant N derived from the soil can be highly variable,
both negative and positive, sometimes for different
non-N,-fixing plants growing at the same site (Hansen and
Pate 1987; Pate et al. 1993). In an agricultural situation,
where plant diversity has been drastically reduced, most
litter buried or burned, the results of applying the N natural
abundance technique indicate that the number of different N
sources with different !N abundances are reduced, such that
an approximation to the two-source model can function. The
test of the validity of this assumption is based on a strategy
of using as many non-N,-fixing reference plants as possible,
and as diverse as possible, and utilising a statistical
comparison between their N abundance and that of the
target non-nodulating ‘N,-fixing’ plant to determine
whether their 8'°N values are significantly different from the
target ‘N,-fixing’ plant.
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EXECUTIVE SUMMARY

Background

Cane farming generates wealth, drives economic growth and supports the jobs, wages and livelihoods of thousands of
residents in communities along the Queensland coast. However, there are concerns over the contributions of cane
farms to catchment loads of dissolved inorganic nitrogen (DIN) and the possible effects on the health of inshore
marine ecosystems within the lagoon of the Great Barrier Reef (GBR).

Nutrient management is a key component of sugarcane agronomy, and the SIX EASY STEPS™ (6ES) Program provides
growers with evidence-based, block-specific recommendations for meeting the nitrogen (N) and other nutrient
requirements of the crop for each year of the crop cycle. However, there is a persistent belief within parts of the
Federal and State governments that 6ES recommendations exceed crop requirements. This belief has permeated the
design and justification of voluntary incentive programs, regulations, and the evaluation framework used to measure
progress towards practice and water quality targets. For example, the Queensland Government regulations are based
on growers moving to what is termed the ‘B’ risk category for water quality, and this requires growers to apply N rates
that are 15 to 30% below 6ES guidelines.

This report quantified the impacts of such blanket reductions in N rates, relative to the 6ES recommendations, on
cane farms and mills, and on the economic value of the industry to regional communities and the State as a whole. It
used a generalised nitrogen response function for each cane region, derived from N response trials within each region.

Main findings

The main finding is that the blanket use of N rates below those recommended by the SIX EASY STEPS program would
markedly reduce the production and incomes of farms, the profitability of mills, and the economic and social health of
regional economies. For example, a 30% reduction in N rate would cause reductions of 5.0 -7.5 tonne/ha in cane
yields and 0.7 to 1.2 tonne/ha in sugar yields, depending on district. This, in turn, would reduce crop partial net
returns by $142 to $266/ha, again depending on district.

These on-farm impacts would lead to reductions in the industry’s direct economic benefits for regional economies,
ranging from approximately $11 million per annum in the Wide Bay-Burnett to $44 million per annum in north
Queensland. The collective direct regional impacts would penalise the Queensland economy by up to $110 million
each year. When the indirect economic impacts of the reduction in cane farming are accounted for, the annual cost to
the State’s economy is approximately $160 million or nearly $1.3 billion over ten years (in present value terms).

The industry recognises that it should continue efforts to research, develop and implement cost-effective options for
improving nitrogen use efficiency and reducing losses of DIN. That ongoing work is important. However, this study has
clearly demonstrated the economic risk to industry and regional communities of seeking reduced DIN through
widespread reductions in N application rates below those recommended by the 6ES program.

Current reef water quality policies, regulations and programs are based on unrealistic expectations of what growers
can afford to do in reducing N application rates. The report also highlights the associated risks from these policies and
regulations to the viability of mills and the health of regional economies. All such policies, regulations and programs
need urgent review and revision with strong industry input.
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1. INTRODUCTION

Cane farming generates wealth, drives economic growth and supports the jobs, wages and livelihoods of thousands of
residents in communities along the Queensland coast. A recent report (QEAS 2019) quantified its importance to
Queensland, including its $4 billion in economic activity, over 22,000 jobs and over 10,000 businesses. Cane farming
benefits the community through employment and stimulus across the value chain, with one dollar in economic
activity in cane growing supporting an additional $6.42 elsewhere in the Queensland economy.

— $6.42

of sugarcane generated in the QLD
grown economy

$0.58 $4.69 $115

of value add in own supply

chain (fertiliser. herbicid of value add in downstream of value add via induced
inleet |?e » ner e, industries (mills, refineries & consumption stimulated by
Stc) sugar terminals) whole value chain

Cane farming in Queensland occurs predominantly in the lower reaches of catchments that flow into the lagoon of the
Great Barrier Reef (GBR). The influence of cane and other agriculture on catchment water quality, and the possible
implications of this for the health of inshore marine ecosystems, has led to Federal and State governments setting
targets for improved water quality and implementing various interventions to achieve these. For cane farming, the
primary focus has been on anthropogenic dissolved inorganic nitrogen (DIN) in catchment discharge. The current
target for DIN is a 60% reduction in catchment loads by 2025 (relative to modelled 2009 loads) (Queensland
Government 2018).

Nutrient management is a key component of sugarcane agronomy, and the SIX EASY STEPS™ (6ES) program provides
growers with evidence-based and reliable recommendations for rates of nitrogen (N) and other essential nutrients for
each cane block (Wood et al. 2003, Schroeder et al. 2009, Skocaj et al. 2012). These recommendations are based on
soil tests taken at the end of each crop cycle and, for nitrogen recommendations, account for potentially mineralisable
N and for other sources of available N such as fallow legume crops and mill by-products. The recommendations are
district and block specific, tailored to the plant and subsequent ratoon crops, and include any ameliorants required to
manage soil constraints such as sodicity and acidity. In effect, the 6ES recommendations provide a complete nutrient
management plan for each cane block for the crop cycle.

The 6ES recommendations are guidelines — they are the best estimate of the optimal rates of N and other nutrient
based on each block’s soil types, soil testing and management history. Field trials and demonstration sites have shown
these recommendations to be reliable and robust. For N recommendations, this reflects the particularly strong data
sets on which they are based, which includes multi-site, long-term field trials in various production regions (see
Appendix A for a description of the data sources under-pinning the 6ES program).

In addition to providing nutrient recommendations, the program includes steps for reviewing the adequacy of nutrient
supply during the crop cycle (e.g. through leaf analysis, on-farm trials). However, growers using the 6ES program
typically follow the recommendations closely throughout the crop cycle. Some growers may deviate from the
recommendations for specific situations, such as final-year ratoons or late-harvested crops, that they consider may be
less responsive to nutrients. However, there is limited data to support such situation-specific refinements. The recent
launch of the SIX EASY STEPS Toolbox by Sugar Research Australia (SRA 2020) provides guidance to growers and their
advisors for possible refinements to N rates for specific circumstances.

Increasing scrutiny of nutrient management by Federal and State governments has led to interventions including a
sequence of voluntary programs (e.g. Reef Rescue and Reef Trust) and increasing levels of regulation (e.g. the
Environmental Protection (Great Barrier Reef Protection Measures) and Other Legislation Amendment Act 2019).
While early interventions generally focused on increasing adoption of the 6ES recommendations, especially for N,
more recent programs and regulations seek the use of even lower N rates.
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This arises from a persistent belief, within parts of the Federal and State governments, that crop productivity is
generally too low to justify use of the 6ES recommendations and that the latter rates are only needed when and
where yields are exceptionally high.

This belief has spawned alternative mechanisms for calculating optimal N rate, using calculations based on growers’
yield expectations or yield history (e.g. Anon 2013, Rust et al. 2017, Bramley et al. 2019). Such yield-based calculations
have been the basis for the Paddock to Reef (P2R) practice framework used to assess growers’ practices in terms of
the P2R perception of ‘best management’. For example, the 2013 version states that best practice is a calculation of N
based on applying certain multipliers to ‘grower’s own yield expectations’ (Queensland Government 2013). The most
recent version (Queensland Government 2019) states that best practice is the ‘optimal amount’ calculated from yield
history.

A simple inspection of the field data that underpins the 6ES program shows these approaches can be spurious.
Examples provided in Appendix A show that 6ES recommendations for N are derived from numerous field
experiments with different sites and years covering a wide range in yields. This depth of investigation has resulted in
guidelines that enable decisions on when or where yield responses to applied fertiliser N are likely. In contrast, the
alternative approaches generally rely on crop response to N being related to crop size. However, Thorburn et al.
(2018) analysed data from all such field experiments in Queensland and found there was little correlation between
cane yield and optimal N rate. Despite this, the belief that 6ES recommendations are excessive has permeated the
design and justification of voluntary programs, regulations, and the P2R framework used to measure growers’
progress towards practice and water quality targets (e.g. Qld Gov 2013, Alluvium 2016, Office of Great Barrier Reef
2017).

Consequently, policies and programs are based on unrealistic expectations of what growers can afford to do in
reducing N application rates. For example, the current Queensland Government regulations are based on growers
moving to what is termed the ‘best practice’, or ‘B’, risk category for water quality (Office of Great Barrier Reef 2017),
which assumes optimal N rates are generally 15 to 30% below the 6ES recommendations.

To highlight the economic risk of this approach, this report quantifies the impacts of blanket reductions in N rates,
relative to the 6ES guidelines, on the profits of cane farms and mills, and on the economic value of the industry to
regional communities and the State as a whole. A whole supply chain analysis provides a real world understanding of
the consequences of the scenarios for surrounding communities.
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2. METHODOLOGY

There were three main steps in quantifying the economic impacts of reductions in N rates on cane farms, mills and
regional economies:

1. Development and utilisation of representative N response functions for ratoon cane for each of five districts,
based on field data. The method is described in Appendix A. Based on the availability of relevant field data
and the need to be representative of each economic region of interest, the districts selected were Tully,
Herbert River, Burdekin, Mackay and Bundaberg.

2. The generalised N response function for each district was used to estimate impacts on farm production (cane
and sugar tonnes per ha) and partial net return (S/per ha) from various reductions in N rates (10%, 15%, 20%,
25%, and 30%) relative to an appropriate generalised estimate of the 6ES recommended rate (taken to be the
N rate that produced 95% of maximum yield).

3. The enterprise impacts were scaled up for each of five regional economies and to the Queensland economy
as a whole. The five regional economies, and the representative response functions used for each, were:

i Far north Queensland, from Mossman in the north to Tully in the south, but excluding the Tableland
(impacts derived from Tully district response function)
ii. North Queensland (weighted impact from the individual Herbert and Burdekin response functions)
iii. Mackay region, including Mackay, Proserpine, and Plane Creek districts (Mackay response function)
iv. Bundaberg and Wide Bay Burnett (WBB) region, including Bundaberg, Isis, and Maryborough
districts (Bundaberg response function)
V. Remainder of Qld (indirect economic impacts only)

2.1 NITROGEN-YIELD RESPONSE FUNCTIONS

These relationships were derived from numerous replicated and randomised N field trials located in the different
districts (indicated above). In each case, yield [tonnes of cane harvested per hectare (TCH)] and the commercial cane
sugar (CCS) values were determined relative to increasing rates of N applied as urea. Cane yield and CCS were used to
estimate the tonnes of sugar harvested per hectare (TSH). The relationship between TSH and N applied (kg N/ha) are
presented in Figure 1. See Appendix A for the methods used to derive the generalised district functions.

Figure 1. Relationship between yield (tonnes of sugar harvested per hectare (ts/ha)) and N applied (kg N/ha) for
each representative district.
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2.2 IMPACTS OF REDUCED N RATES ON PARTIAL NET RETURNS OF FARMS AND MILLS

The reductions in TSH (relative to TSH at the 6ES rate) as a result of reduced N rates are shown in Table 1. For the
purpose of this study, the reference 6ES rate for each region was derived from the corresponding regional response
curve, and was defined as the N rate at which 95% of maximum yield was achieved.
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The reference 6ES rate for each district was close to 140 kg N/ha except for the Burdekin, where it was 170 kg N/ha.

In each district, except for the Burdekin, these reference rates approximated the economic optimum (see Figure 4).
The optimum rate for the Burdekin was somewhat higher than 170 kg N/ha. However, the latter rate was used for the
Burdekin to maintain consistency of approach in the analysis.

Table 1. Reductions (% relative to TSH at 6ES rate) in TSH from reduced rates of N for each district.

N rate relative to

6ES Bundaberg Burdekin Herbert Mackay Tully
-10% -1.9% -1.9% -1.8% -2.1% -1.9%
-15% -3.0% -3.0% -2.9% -3.3% -3.0%
-20% -4.1% -4.1% -4.1% -4.7% -4.2%
-25% -5.4% -5.3% -5.4% -6.2% -5.6%
-30% -6.7% -6.6% -6.7% -7.8% -7.0%

Farm partial net returns

The partial net return at each level of N, as per the yield response functions (Appendix A), was calculated using the cane
price formula with the CCS at each level of N application multiplied by the tonnes of cane/ha less the costs of the N
applied per ha and the harvesting and levies costs per ha. This gave the partial net return per ha. The difference between
the partial net return per ha for the change in N application rate provided a marginal analysis.

The formula for calculating the farm partial net return per hectare of cane is as follows:
PNRrarm/ha = [ { Ps x 0.009 (CCS—4) }+C—H ] xTCH—-Px N

PNR stands for partial net return, Ps stands for the sugar price per tonne, C is the constant in the cane price ($/tonne
cane), H stands for harvesting and levies costs ($/tonne cane), Py stands for the price of nitrogen ($/kg), and N stands
for nitrogen (kg) applied per hectare. Parameters used in the equation, based on district consultations and desktop
review, are as follows:

e P of $450;

e PnofS$1.52/kg;
e Cof$0.60/tonne; and
e Hof $9.00/tonne.

CCS and TCH are calculated using the response functions provided for each region relating CCS and TCH to nitrogen
applied (Appendix A). Note these functions are for ratoon cane, and the calculation of PNR accounts only for the
variable nitrogen fertiliser and harvesting costs associated with this cane. All other costs are fixed.

Mill partial net returns

The partial net return per ha to milling is the total value of sugar per ha at each level N applied based on CCS less the
payment made to growers in the CCS formula, less the marginal milling costs per tonne of cane. This was calculated
using the formula:

PNRwin/ha = [ Ps x (CCS/100) - { Ps x 0.009 (CCS —4) } + C ] x TCH — MC x TCH

In this formula, MC stands for milling costs per tonne of cane which were assumed to be $5/tonne across the industry.
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2.3 SCALING FARM IMPACTS TO REGIONAL ECONOMIES

Estimates of hectares of cane harvested by region (Table 2) were sourced from the CANEGROWERS 2019 Annual
Report. The estimated impacts on TCH/ha for each region were converted into regional level impacts, using the
economic model developed in QEAS’s (2019) study of the economic contribution of the sugarcane industry, and which
was partly based on the model used by Lawrence Consulting (2019). The economic contributions estimated in the

QEAS (2019) study are summarised in Appendix B.

Table 2. Hectares of cane harvested by region, Queensland

Region 2017 2018 Average
Bundaberg & rest of WBB 42,834 44,388 43,611
Far North Queensland 77,574 76,146 76,860
Mackay 106,200 108,001 107,101
North Queensland 125,765 125,908 125,837
Rest of Queensland* 7,754 8,062 7,908
Queensland 360,127 362,505 361,316

*Rest of Queensland in this table includes the Tableland and the area around Rocky Point. Note that direct economic impacts are not calculated for

the Rest of Queensland in this report.

The correspondence between the economic regions used in the QEAS (2019) report and the representative districts

for which nitrogen-response functions were derived, is shown in Table 3.

Table 3. Correspondence between economic regions in the QEAS (2019) report and districts for which nitrogen-

response functions were derived.

QEAS (2019) regions District with generalised nitrogen-response function
Wide-Bay Burnett (WBB) Bundaberg

Mackay Mackay

North Queensland Burdekin, Herbert

Far North Queensland (FNQ) Tully

Note that for the North Queensland economic region there were two N-response functions available: Burdekin and
Herbert. For this region, the outputs were a combination of the individual nitrogen-response functions for Burdekin
and Herbert using respective weightings of 0.6 and 0.4, the latter based on their relative tonnes of cane crushed
(CANEGROWERS 2019).

To estimate the economic impacts of reduced N rates beyond the farm gate, specific shocks were formulated that
corresponded to reductions in N rate of 10%, 15%, 20%, 25%, and 30% (relative to the reference 6ES
recommendation). The logic underlying the economics is set out in Figure 3. The estimated reduction in TSH was
assumed to have the same proportional impact on gross value added (GVA) by cane growers and sugar mills.
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Figure 3. Economic model for scaling up farm impacts
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Table 4 shows the impacts of reduced N rates on regional cane tonnages, which seeded the estimates of regional
economic impacts.

Table 4. Reduction in the annual tonnes of cane crushed in each region as a result of reduced N rates.

Reduction in N (% decrease relative to 6ES rate)

-10% -15% -20% -25% -30%
Wide-Bay Burnett -65,451 -101,703 -140,305 -181,258 -224,562
Far North Queensland -142,037 -224,919 -315,710 -414,410 -521,019
Mackay -187,156 -294,588 -411,257 -537,163 -672,304
North Queensland -253,688 -396,076 -548,825 -711,937 -885,412
Rest of Queensland n.a. n.a. n.a. n.a. n.a.
Queensland -648,333 -1,017,286 -1,416,098 -1,844,768 -2,303,296

The estimates of indirect impacts from this study should be taken as upper bounds of potential economic impacts -
cautious interpretation of indirect/multiplier effects is required when these are generated by Input-Output models
(Gretton 2013).
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3. RESULTS

3.1 EFFECTS ON CROP PARTIAL NET RETURN

The translation of the N-yield response functions for each district into impacts of changing N rates on partial net
return per ha for ratoon cane is shown in Figure 4.

Figure 4. Impacts of N application rates on farm partial net return for each representative district
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Table 5 shows the impacts of reduced N rates on partial net return of ratoon cane for each district. The impact on
PNR of a 30% reduction in N rate ranged from $151 per ha for Bundaberg to $228 per ha for Burdekin (Figure 5).

For a Herbert River grower with 130 ha under cane each year, a 15% reduction in N rate would create a loss in net
revenue of approximately $10,000 per year, while a 30% reduction in N rate would mean a loss of $24,830 per year.
For all growers in the Herbert, this would be a total loss of $4.4 M (15% less N) or $10.9 M (30% less N), given the area
harvested is around 57,000 ha. For a Burdekin grower with the same area of cane, 15% and 30% less N would result in
annual losses of $12,250 and $28,500, respectively. The corresponding losses for all Burdekin growers would be $6.7
M and $15.7 M, respectively.

Table 5. Impacts of reduced N rates on partial net returns ($/ha) for farms in each representative district

N application Bundaberg Burdekin Herbert Mackay Tully
6ES rate $2,975 $4,356 $3,521 $2,973 $3,404
-10% (below 6ES) $2,935 $4,294 $3,474 $2,930 $3,359
-15% $2,911 $4,258 $3,444 $2,902 $3,331
-20% $2,885 $4,218 $3,410 $2,870 $3,299
-25% $2,855 $4,175 $3,372 $2,833 $3,264
-30% $2,824 $4,128 $3,330 $2,793 $3,224
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Figure 5. Reductions in farm partial net returns from reduced N rates, for each representative district
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3.2 EFFECTS ON PARTIAL NET RETURN OF MILLS

Table 6 shows the impacts of reduced N rates on partial net returns per ha for sugar mills in each district. Reductions
in partial net returns from a 30% reduction in N rate range from $92 to $136/ha, which is a 7 to 8% reduction for each
mill. For the Burdekin mills, this would be a total annual loss of $9.4 M (68,800 ha harvested) while for the Tully mill,

this would be an annual loss of $3.4 M (29,700 ha harvested).

Table 6. Impacts of reduced N rates on mill partial net return ($/ha) for mills in each representative district

N application Bundaberg Burdekin Herbert Mackay Tully
6ES rate $1,395 $2,075 $1,653 $1,403 $1,630
-10% (below optimal) $1,368 $2,035 $1,622 $1,372 $1,598
-15% $1,354 $2,013 $1,605 $1,355 $1,579
-20% $1,338 $1,990 $1,586 $1,335 $1,559
-25% $1,321 $1,965 $1,565 $1,314 $1,537
-30% $1,303 $1,939 $1,543 $1,292 $1,513

3.3 EFFECTS ON INDUSTRY (FARM PLUS MILLS) PARTIAL NET RETURN

Adding the estimated impacts for cane farms in (Table 5) with the corresponding mill impacts (Table 6) produces
industry impacts of reduced N rates (Table 7). Reductions in partial net returns, from a 30% reduction in N rate, range
from $244 to $363/ha, which is a 5.6 to 6.6 % reduction in industry partial net return for each district. For the Tully
district, this means a loss of $8.8 M per year while the Burdekin district would lose $25 M per year.
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Table 7 Impacts of reduced N management on partial net return ($/ha) for the industry (farms and mills) in each

representative district

N application Bundaberg Burdekin Herbert Mackay Tully
6ES rate $4,370 $6,430 $5,174 $4,376 $5,034
-10% (below optimal) $4,304 $6,330 $5,096 $4,302 $4,957
-15% $4,265 $6,272 $5,049 $4,256 $4,911
-20% $4,222 $6,208 $4,996 $4,205 $4,858
-25% $4,176 $6,140 $4,937 $4,148 $4,800
-30% $4,126 $6,067 $4,873 54,085 $4,737

3.4 DIRECT IMPACTS OF REDUCED N RATES ON REGIONAL ECONOMIES

Direct impacts from effects on farm incomes
Table 8 shows the estimated reduction in regional farm income from sugarcane production under the different

nitrogen scenarios. State-wide, the annual impacts range from a reduction in farm incomes of $16.9 million for a 10%
reduction in N rates relative to 6ES, to $66.5 million for a 30% reduction in N rate.

There would also be direct negative effects via lower expenditure on harvesting (Table 9) and fertiliser (Table 10). The
state-wide impact of these would be lost economic value of close to $45 million for a 30% reduction in N application

rates.

Table 8. Reductions in regional farm incomes, $ million, per annum.

Reduction in N (% decrease relative to 6ES rate)

-10% -15% -20% -25% -30%
Wide-Bay Burnett -1.7 -2.8 -3.9 -5.2 -6.6
Far North Queensland -3.5 -5.6 -8.1 -10.8 -13.9
Mackay -4.6 -7.6 -11.1 -14.9 -19.3
North Queensland -7.0 -11.3 -16.0 -21.2 -26.8
Rest of Queensland n.a. n.a. n.a. n.a. n.a.
Queensland -16.9 -27.3 -39.1 -52.1 -66.5

Table 9. Reduction in purchases of harvesting services, $ million per annum
Reduction in N (% decrease relative to 6ES rate)

-10% -15% -20% -25% -30%
Wide-Bay Burnett -0.6 -0.9 -1.3 -1.6 -2.0
Far North Queensland -1.3 -2.0 -2.8 -3.7 -4.7
Mackay -1.7 -2.7 -3.7 -4.8 -6.1
North Queensland -2.3 -3.6 -4.9 -6.4 -8.0
Rest of Queensland n.a. n.a. n.a. n.a. n.a.
Queensland -5.8 -9.2 -12.7 -16.6 -20.7
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Table 10. Reduction in purchases of fertiliser, $ million per annum

Reduction in N (% decrease relative to 6ES rate)

-10% -15% -20% -25% -30%
Wide-Bay Burnett -0.9 -1.4 -1.9 -2.3 -2.8
Far North Queensland -1.6 -2.5 -3.3 -4.1 -4.9
Mackay -2.3 -3.4 -4.6 -5.7 -6.8
North Queensland -3.0 -4.5 -6.0 -7.6 -9.1
Rest of Queensland n.a. n.a. n.a. n.a. n.a.
Queensland -7.9 -11.8 -15.7 -19.7 -23.6

Direct impacts from effects on mill incomes

Table 11 shows the estimated reduction in regional mill incomes under the different nitrogen scenarios. State wide,
the annual impacts to mills range from a reduction in gross income of $11.4 million for 10% less N applied, to $40.7
million for 30% less N.

Table 11. Reductions in regional mill incomes, $ million per annum

Reduction in N (% decrease relative to 6ES rate)

-10% -15% -20% -25% -30%
Wide-Bay Burnett -1.2 -1.8 -2.5 -3.3 -4.0
Far North Queensland -2.5 -3.9 -5.5 -7.2 -9.0
Mackay -3.3 -5.2 -7.2 -9.5 -11.9
North Queensland -4.5 -7.0 -9.8 -12.7 -15.8
Rest of Queensland n.a. n.a. n.a. n.a. n.a.
Queensland -11.4 -17.9 -25.0 -32.6 -40.7

This in turn has a direct impact on wages of mill workers (Table 12), assuming 20% of the variable cost estimate of
S5/tonne is related to labour, which is broadly consistent with IBISWorld (2019) estimates of the industry cost
structure. The state-wide impact of reduced N rates ranges from an annual loss of wages of $0.6 million for 10% sub-
optimal application to $2.3 million for 30% sub-optimal application.

Table 12. Reductions in sugar mill wages, $ million per annum

Reduction in N (% decrease relative to 6ES rate)

-10% -15% -20% -25% -30%
Wide-Bay Burnett -0.1 -0.1 -0.1 -0.2 -0.2
Far North Queensland -0.1 -0.2 -0.3 -0.4 -0.5
Mackay -0.2 -0.3 -0.4 -0.5 -0.7
North Queensland -0.3 -0.4 -0.5 -0.7 -0.9
Rest of Queensland n.a. n.a. n.a. n.a. n.a.
Queensland -0.6 -1.0 -1.4 -1.8 -2.3

There are also direct effects on purchases of intermediate goods and services used by mills, with the state-wide
impact ranging from -$2.6 million per annum for 10% reduction in N rates, to -$9.2 million per annum for 30% reduced
N (Table 13).
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Table 13. Reductions in purchases of intermediate goods and services by sugar mills, $ million, per annum

Reduction in N (% decrease relative to 6ES rate)

-10% -15% -20% -25% -30%
Wide-Bay Burnett -0.3 -0.4 -0.6 -0.7 -0.9
Far North Queensland -0.6 -0.9 -1.3 -1.7 -2.1
Mackay -0.7 -1.2 -1.6 -2.1 -2.7
North Queensland -1.0 -1.6 -2.2 -2.8 -3.5
Rest of Queensland n.a. n.a. n.a. n.a. n.a.
Queensland -2.6 4.1 -5.7 -7.4 -9.2

Total direct impacts

Table 14 shows the estimates for total direct impacts, being the sum of tables 8 (Farm incomes), 11 (Mill incomes),
and 12 (Wages). The reductions in the industry’s direct economic benefits to the State ranges from $29 million per
annum for 10% sub-optimal application to $110 million for 30% sub-optimal application.

Note that it does not include impacts on harvesting services, fertiliser, or intermediate goods and services because
these are inputs. The value added associated with these inputs is picked up in the indirect impacts (see next section).

Table 14. Total direct economic losses from reduced N rates, $ million per annum

Reduction in N (% decrease relative to 6ES rate)

-10% -15% -20% -25% -30%
Wide-Bay Burnett -3.0 -4.7 -6.6 -8.6 -10.9
FNQ -6.1 -9.7 -13.9 -18.4 -23.4
Mackay -8.1 -13.1 -18.7 -24.9 -31.8
North Queensland -11.8 -18.7 -26.3 -34.6 -43.5
Rest of Queensland 0.0 0.0 0.0 0.0 0.0
Queensland -28.9 -46.2 -65.4 -86.6 -109.6

3.5 INDIRECT IMPACTS OF REDUCED N MANAGEMENT

Using QEAS’s (2019) economic contributions model, the potential indirect economic impacts of reduced farm

incomes, as a result of blanket reductions in N rates, are provided in Table 15. Indirect impacts are up to $40.5 million
state-wide. Note that the pattern of the indirect impacts across the state reflects the high leakage of expenditure from
regional economies that typically occurs due to purchases of goods and services from other parts of the State, such as
South East Queensland.
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Table 15. Estimates of indirect economic impacts via reduced supply-chain purchases and lower incomes on cane
farms, $ million, per annum

Reduction in N (% decrease relative to 6ES rate)

-10% -15% -20% -25% -30%
Bundaberg & rest of -0.7 -1.1 -1.6 -2.0 -2.6
WBB
Far North Queensland -1.5 -2.4 -3.4 -4.5 -5.7
Mackay -2.0 -3.2 -4.5 -6.0 -7.6
North Queensland -2.8 -4.5 -6.2 -8.2 -10.2
Rest of Queensland -3.8 -6.1 -8.6 -11.4 -14.4
Queensland -10.9 -17.3 -24.4 -32.1 -40.5

NB. In calculating indirect impacts it is assumed that direct regional gross value added is 50% of regional purchases of harvesting services, which
appears a reasonable assumption in the absence of specific data. Indirect impacts via fertiliser purchases are excluded as regional value added
impacts are small.

We have calculated the potential indirect economic impacts due to lower production at sugar mills (Table 16). The
indirect impacts range from -$2.7 million through to -$9.7 million.

Aggregating these estimates shows the indirect economic penalties to the State range from -$13.6 million for 10%

sub-optimal application to -$50.2 million for 30% sub-optimal application (Table 17).

Table 16. Estimates of indirect economic impacts via reduced supply chain purchases and lower labour incomes at
sugar mills, $ million per annum

Reduction in N (% decrease relative to 6ES rate)

-10% -15% -20% -25% -30%
Bundaberg & rest of WBB -0.2 -0.4 -0.5 -0.7 -0.9
Far North Queensland -0.5 -0.9 -1.2 -1.6 -2.0
Mackay -0.7 -1.1 -1.6 -2.0 -2.6
North Queensland -1.0 -1.5 -2.1 -2.7 -3.4
Rest of Queensland -0.3 -0.4 -0.6 -0.7 -0.9
Queensland -2.7 -4.3 -5.9 -7.7 -9.7

Table 17. Total indirect impacts from reduced N application rates, $ million per annum

Reduction in N (% decrease relative to 6ES rate)

-10% -15% -20% -25% -30%
Bundaberg & rest of WBB -1.0 -1.5 -2.1 -2.7 -3.4
Far North Queensland -2.1 -3.3 -4.6 -6.1 -7.7
Mackay -2.7 -4.3 -6.1 -8.0 -10.1
North Queensland -3.8 -6.0 -8.3 -10.9 -13.6
Rest of Queensland -4.0 -6.5 -9.1 -12.1 -15.3
Queensland -13.6 -21.5 -30.3 -39.8 -50.2
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3.6 TOTAL IMPACTS OF REDUCED NITROGEN APPLICATION

The combined direct and indirect impacts of blanket reductions in nitrogen application of up to 30% are presented in
Table 18. The adverse impacts on the State economy from reduced yields are up to $160 million per annum. The total
impacts, including indirect impacts, can be considered conservative, bearing in mind the finding of the QEAS (2019)
report which demonstrated $1 in cane farming generates over $6 in value elsewhere in the value chain. The findings in

this report are consistent with that finding and are based on the same economic model. A specific shock to the

production process is modelled, and we have used evidence on the expected impacts on specific purchases from the

supply-chain, rather than assuming reductions in the purchases of all inputs by cane growers and mills.

Table 18. Estimated total economic impacts of sub-optimal nitrogen application, $ million per annum

Reduction in N (% decrease relative to 6ES rate)

-10% -15% -20% -25% -30%
Bundaberg & WBB -3.9 -6.2 -8.7 -11.4 -14.3
FNQ -8.1 -13.0 -18.5 -24.5 -31.1
Mackay -10.8 -17.4 -24.8 -33.0 -41.9
North Queensland -15.6 -24.7 -34.6 -45.4 -57.1
Rest of Queensland -4.0 -6.5 -9.1 -12.1 -15.3
Queensland -42.5 -67.8 -95.7 -126.4 -159.7

Over a ten-year period, the loss of value added to the Queensland economy would amount to nearly $1.3 billion (Table

19).

Table 19. Estimated total economic impacts over ten years (assuming 4% real discount rate), $ million per annum

Reduction in N (% decrease relative to 6ES rate)

-10% -15% -20% -25% -30%
Bundaberg & WBB -31.9 -50.4 -70.5 -92.3 -115.7
FNQ -65.8 -105.5 -149.9 -198.8 -252.4
Mackay -87.7 -141.2 -201.1 -267.5 -340.2
North Queensland -126.4 -200.2 -280.8 -368.4 -462.9
Rest of Queensland -32.7 -52.4 -74.2 -98.2 -124.3
Queensland -344.6 -549.6 -776.5 -1025.2 -1295.5
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4. DISCUSSION

This study has demonstrated the economic risk to industry and regional economies of seeking reduced losses of DIN
through blanket use of N rates below the 6ES recommendations. Such reductions would clearly reduce the
production and incomes of farms, the profitability of mills, and the economic and social health of regional economies.
A 30% reduction in N rate would cause a 0.7 to 1.2 tonne/ha reduction in sugar yields, depending on district. This, in
turn, would reduce crop partial net returns by $142 to $266/ha, again depending on district. These impacts would
lead to reductions in the industry’s direct economic benefits for regional economies, ranging from approximately $11
million per annum in the Wide-Bay Burnett to $44 million per annum in North Queensland. The collective regional
impacts would penalise the Queensland economy by approximately $110 million each year. When we account for
impacts on both the direct and indirect economic benefits of cane farming, the annual penalty to the State would be
$160 million.

The report demonstrates that current reef water quality policies, regulations and programs are based on unrealistic
expectations of what growers can afford to do in reducing N application rates, and also highlights the risk to the
viability of mills and regional economies. All such policies, regulations and programs should therefore be urgently
reviewed and revised with input from industry.

Confidence that the estimates of economic impacts are realistic is based on:
1. The considerable field data that underpin both the 6ES program and the generalised district relationships
between crop production and nitrogen rate used in this study.
2. The availability of a proven model for scaling up farm and mill impacts to the regional scale, including the
implications for both direct and indirect economic benefits.

Two aspects of the analysis may have led to a slight overestimate of the economic impacts. Plant crops were not
considered in the analysis due to the relatively small data set. Plant crops that follow a fallow period can be less
responsive to N than ratoon crops, although this is reflected in the recommendations from the 6ES program. Also,
CCS values from field plots were used in the analysis, and these values are typically higher than that from commercial
harvests as the latter includes extraneous matter. The CCS levels in commercial harvests may also be affected by
higher rates of N if this leads to the crop lodging, so that the optimal N rate under commercial conditions may, at
times, be a little lower than that from trial work.

On the other hand, the medium to long-term economic impacts of reduced N rates may be higher than estimated, due
to:
1. The potential for the effects of reduced N rates to amplify over time, due to mining of soil nitrogen reserves.
2. The conservative approach to measuring indirect impacts. The QEAS (2019) report found $1 in cane farming
generates over $6 in value elsewhere in the value chain but, rather than assuming reductions in the
purchases of all inputs by cane growers and mills, only the impacts on specific purchases from the supply-
chain were included.
3. Reduced farm profits increasing the likelihood of some cane land being abandoned or being used for less
productive purposes.
4. Reduced tonnages leading to fewer harvest contractors, which would extend the harvest season.
5. Reduced tonnages through mills, compromising the viability of at least some mills.

On balance, the estimated impacts of reduced N rates are likely to be a reasonable approximation of the real
economic risks to farms, districts and regional economies.

Industry should continue to research and adopt cost-effective options for improving nitrogen use efficiency and
reducing losses of DIN. That ongoing work is important for both productivity and reducing risk of possible
downstream impacts. However, any blanket reductions of N rates below the 6ES recommendations will damage the
industry and the State. Therefore, all parties interested in reducing DIN losses from cane farms should focus on:

e Better adoption of existing cost-effective options, including use of the complete set of nutrient and
ameliorant recommendations from 6ES, and better placement and timing of fertiliser applications.

e Research to identify new cost-effective technologies - one current example is the use of fertiliser coatings or
other formulations to achieve better synchrony between crop demand and soil availability. This may
overcome some of the inefficiencies associated with the use of highly soluble forms of N such as urea. Some
products show promise but adoption will require their use to be cost-effective.

e Research to guide further refinement of current nutrient management guidelines, including identification of
situations (soil properties x seasonal conditions x management factors) which are likely to be less, or more,
responsive to nutrients.
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5. CONCLUSIONS

This report has identified the potential economic losses from any blanket reductions of N rates below those
recommended by the SIX EASY STEPS™ (6ES) Program. The collective regional impacts would penalise the
Queensland economy by up to $160 million each year. Current reef water quality policies and programs, including the
Queensland Government regulations, are based on unrealistic expectations of what growers can afford to do in
reducing N application rates. All such policies, regulations and programs need urgent review and revision with strong
input from industry.

Industry should continue to research, develop and implement cost-effective options for improving nitrogen use
efficiency and reducing losses of DIN. That ongoing work is important. However, this report highlights the economic
risk to industry and regional communities of seeking reduced DIN through widespread use of N application rates
below industry guidelines.
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Appendix A. Mean regional nitrogen (N) response curves for sugarcane ratoon crops
in Queensland

Prepared by Bernard Schroeder (University of Southern Queensland, Toowoomba) for CANEGROWERS, 100 Edward
Street, Brisbane

Sustainable sugarcane production is dependent on planting productive and disease-resistant sugarcane cultivars (Cox
et al. 2005) and using appropriate farming systems (Garside and Bell 2006, Schroeder et al. 2013). The latter includes
sustainable nutrient management practices based on well-considered and scientifically derived guidelines (Schroeder
et al. 2006, 2008). In Australia, this is provided by the SIX EASY STEPS™ program that is recognised as current best
nutrient management practice (Schroeder et al. 2018a) in all cane-growing areas in Queensland and New South Wales.
In particular, the N management guidelines are based on results of numerous field trials conducted across the industry
over several decades (e.g. Chapman 1968, 1971; Schroeder et al. 1998, 2005, 2010a, 2018a).

The appropriate N application rates for agricultural crops are traditionally determined from response curves based on
yield data from field trials that include different rates of the applied N. In sugarcane, we have done this by fitting
quadratic functions to the mean vyield (tc/ha) data points plotted against N applied for each crop in each trial. An
example is shown in Figure 1. The most appropriate agronomic rate of applied N (optimum N rate) corresponds to 95%
of the maximum yield predicted by the quadratic function (shown by the downward pointing arrows in Figure 1).
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Figure 1. Yield response curves resulting from N applied to a trial conducted in the Herbert district over a crop cycle
(after Schroeder et al., 2005) consisting of a plant crop (blue), first ratoon (orange), second ratoon (grey), third ratoon
(red) and fourth ratoon (purple). The downward pointing arrows indicate the Optimum N application rate
(corresponding to 95% of the maximum yield predicted by the quadratic functions fitted to the data points). The small
green arrow shows the SIX EASY STEPS™ N rate for this soil.

The availability of data from N trials conducted at various sites across the industry provided the opportunity to
determine mean N response curves for the different sugarcane regions in Queensland — Herbert, Bundaberg (Southern),
Mackay (Central), Tully (Wet Tropics) and Burdekin. These data were obtained from various sources and included
published papers (e.g. Hurney and Schroeder 2012; Salter et al. 2010; Schroeder et al. 2005, 2009; Skocaj et al. 2012,
2019), project milestone and final reports (Schroeder et al. 2003, 2010b, 2018b) , BSES technical (Chapman, 1976) and
SRA research (Schroeder et al. 2015) reports, and some unpublished (Anon 1979) or yet to be published sources (Skocaj
2015).

Quadratic functions were fitted to the ratoon yield data [tonnes cane per ha (TCH)] from each of the rates of N trials
included in the study [Herbert (n=16), Bundaberg (n=15), Mackay (n=16), Tully (n=16) and the Burdekin (n=7)]. The
resulting quadratic coefficients (a, b and c) were used to calculate mean quadratic coefficient values for each
region/district. These were then used to construct mean regional response curves (Figures 2). Variability is represented
in Figure 2 by the quadratic functions obtained from the mean values, plus and minus the standard errors of the means
(SEMs). Quadratic functions fitted to the commercial cane sugar (CCS) values plotted against N applied for each trial
were used to determine mean regional response curves for CCS values (Figure 3). The resulting quadratic coefficients
were used to calculate mean CCS for assumed N rates (0 — 260 kg N/ha) for each region (Table 1). Sugar yield [tonnes
sugar per ha (TSH)] were determined from the mean TCH and CCS values and plotted against N applied (Figure 4). As
the trials often had different sets of N rate treatments, the N rates shown in Table 1 and Figure 4 are not the actual N
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rates applied, but rather provided a means of constructing the response curves from the calculated quadratic

coefficients.
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Figure 2. Mean district/regional N response curves (TCH plotted against N applied) predicted by the quadratic functions
fitted to the data points for ratoon crops in each of the districts/regions (Herbert, Bundaberg, Mackay, Tully and
Burdekin). The dotted lines in each graph represent the standard errors of the means (SEMs) above and below each of
the response curves. The downward pointing arrows indicate the Optimum N application rate (corresponding to 95% of
the maximum yield predicted by the quadratic functions).
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Figure 3. Mean district/regional CCS curves (CCS plotted against N applied) predicted by the quadratic functions fitted
to the data points for ratoon crops in each of the districts/regions (Herbert, Bundaberg, Mackay, Tully and Burdekin).
The dotted lines in each graph represent the standard errors of the means (SEMs) above and below each of the response
curves.
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Table 1 — Calculated mean regional CCS values for ratoon crops corresponding to the range of the assumed N application
rates.

Region/district

N application rate

(kg N/ha) Herbert Bundaberg Mackay Tully Burdekin
Calculated CCS (%)

0 15.64 15.88 15.92 16.12 15.65
20 15.74 15.96 15.99 16.05 15.69
40 15.82 16.02 16.04 15.98 15.72
60 15.89 16.07 16.08 15.92 15.74
80 15.94 16.11 16.10 15.87 15.76
100 15.98 16.14 16.11 15.83 15.78
120 16.00 16.15 16.10 15.80 15.79
140 16.00 16.15 16.07 15.77 15.80
160 15.99 16.14 16.03 15.75 15.80
180 15.96 16.12 15.97 15.74 15.80
200 15.92 16.08 15.90 15.74 15.79
220 15.86 16.03 15.81 15.75 15.78
240 15.78 15.97 15.70 15.76 15.76
260 15.69 15.89 15.58 15.78 15.74
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Figure 4. Mean regional N response curves (TSH plotted against N applied) for ratoon crops as determined from the
relevant TCH and CCS values.

The overall trends indicated that regional mean response curves (TCH and TSH) were similar for the Herbert and Tully
districts, and for Mackay and Bundaberg (Figures 2 and 3). As expected, the Burdekin was different from the other
regions.

The methodology associated with the study and results provided above is being developed into a scientific paper to be
published in an appropriate journal. This intended paper, with the probable title of ‘Mean regional nitrogen response
curves for sugarcane production in Australia’ (BL Schroeder, AW Wood, DM Skocaj, B Salter, JH Panitz G Park, ED Kok),
will provide a summary of available data, document the process used to compile the data and information, and report
on the development of the mean N response curves for the various districts/regions. This will provide a record of the
mechanism that was used to develop appropriate mean response curves based on a relatively large number of trials.
The process will also serve as an example for similar uses in other circumstances. It will also enable the SIX EASY STEPS™
to expand the process of capturing and processing additional trial data (past, present and future).
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Appendix B. Economic contributions estimated in QEAS (2019)

Contribution to Queensland GSP of sugarcane growing and manufacturing, 2017-18

Sugarcane Whole  sugar Sugarcane Whole  sugar
growing value chain growing value chain
M M % of GSP % of GSP
Total Sales 1,204.7 3196.8 0.35% 0.92%
Value added
Direct 544.4 2,243.6 0.16% 0.64%
Indirect—supply chain 317.6 1,174.6 0.09% 0.34%
Indirect—consumption induced 249.5 631.3 0.07% 0.18%
Indirect—total 567.1 1,805.9 0.16% 0.52%
Total value added 1,111.5 4,049.5 0.32% 1.16%

Source: QEAS, 2019

Contribution to Queensland employment of sugarcane growing and manufacturing, 2017-18

Sugarcane Whole sugar Sugarcane Whole sugar

growing value chain growing value chain

FTEs FTEs % of total FTEs % of total FTEs

Direct 4,554 9,145 0.22% 0.44%
Indirect—supply chain 3,154 8,174 0.15% 0.39%
Indirect—consumption induced 2,126 5,337 0.10% 0.26%
Indirect—total 5,280 13,511 0.25% 0.65%
Total 9,834 22,657 0.47% 1.09%

Source: QEAS, 2019

Contribution to wages and salaries of sugarcane growing and manufacturing, 2017-18

Sugarcane Whole sugar Sugarcane Whole sugar

growing value chain growing value chain

S millions S millions S millions S millions

Direct 175.6 352.7 0.11% 0.22%
Indirect—supply chain 121.6 632.4 0.07% 0.39%
Indirect—consumption induced 82.0 375.5 0.05% 0.23%
Indirect—total 203.6 1,007.9 0.12% 0.62%
Total 379.3 1,360.6 0.23% 0.83%

Source: QEAS, 2019

Queensland sugar’s contribution to Commonwealth and state taxes and local government rates, 2017-18

Level of government Sugarcane Whole sugar
growing value chain

SM

SM

Commonwealth 226.0 823.5
State 42.2 153.7
Local 103.7 103.7*
Total 371.9 1,080.9

Source: QEAS, 2019
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Abstract

Azospirillum is one of the most studied plant growth-promoting bacteria (PGPB); it represents a common model for plant-
bacterial interactions. While Azospirillum brasilense is the species that is most widely known, at least 22 species, including 17
firmly validated species, have been identified, isolated from agricultural soils as well as habitats as diverse as contaminated soils,
fermented products, sulfide springs, and microbial fuel cells. Over the last 40 years, studies on Azospirillum-plant interactions
have introduced a wide array of mechanisms to demonstrate the beneficial impacts of this bacterium on plant growth. Multiple
phytohormones, plant regulators, nitrogen fixation, phosphate solubilization, a variety of small-sized molecules and enzymes,
enhanced membrane activity, proliferation of the root system, enhanced water and mineral uptake, mitigation of environmental
stressors, and competition against pathogens have been studied, leading to the concept of the Multiple Mechanisms Hypothesis.
This hypothesis is based on the assumption that no single mechanism is involved in the promotion of plant growth; it posits that
each case of inoculation entails a combination of a few or many mechanisms. Looking specifically at the vast amount of
information about the stimulatory effect of phytohormones on root development and biological nitrogen fixation, the Efficient
Nutrients Acquisition Hypothesis model is proposed. Due to the existence of extensive agriculture that covers an area of more
than 60 million hectares of crops, such as soybeans, corn, and wheat, for which the bacterium has proven to have some agronomic
efficiency, the commercial use of Azospirillum is widespread in South America, with over 100 products already in the market in
Argentina, Brazil, and Uruguay. Studies on Azospirillum inoculation in several crops have shown positive and variable results,
due in part to crop management practices and environmental conditions. The combined inoculation of legumes with rhizobia and
Azospirillum (co-inoculation) has become an emerging agriculture practice in the last several years, mainly for soybeans,
showing high reproducibility and efficiency under field conditions. This review also addresses the use of Azospirillum for
purposes other than agriculture, such as the recovery of eroded soils or the bioremediation of contaminated soils. Furthermore,
the synthetic mutualistic interaction of Azospirillum with green microalgae has been developed as a new and promising biotech-
nological application, extending its use beyond agriculture.
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Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s00374-020-01463-y) contains supplementary
material, which is available to authorized users.

P4 Fabricio Cassan 3 Facultad de Agronomia, Universidad Nacional de La Pampa, Santa
fcassan @exa.unrc.edu.ar Rosa, La Pampa, Argentina

Environmental Microbiology Group, Northwestern Center for

Laboratorio de Fisiologia Vegetal y de la Interaccion Biological Research (CIBNOR), La Paz, Mexico
Planta-Microorganismo, Universidad Nacional de Rio Cuarto, 5 The Bashan Institute of Science, Auburn, AL, USA

Cordoba, Argentina
& ¢ Department of Entomology and Plant Pathology, Auburn University,

Department of Biochemistry and Molecular Biology, Federal Aubum, AL, USA
University of Parana, Curitiba, PR, Brazil

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00374-020-01463-y&domain=pdf
https://doi.org/10.1007/s00374-020-01463-y
mailto:fcassan@exa.unrc.edu.ar

462

Biol Fertil Soils (2020) 56:461-479

Introduction

Azospirillum is a Gram-negative, microaerophilic, non-fermen-
tative, and nitrogen-fixing bacterial genus. It has been one of
the most studied plant growth-promoting bacteria (PGPB) since
its discovery by Martinus Beijerinck in the Netherlands in
1925. However, as a result of the research conducted by
Johanna Ddbereiner in Brazil in the 1970s, two main character-
istics are used to define this bacterial genus: its ability to fix
atmospheric nitrogen (N) (Day and Dobereiner 1976) and pro-
duce several phytohormones, including auxins, cytokinins, and
gibberellins (Reynders and Vlassak 1979; Tien et al. 1979).
Consequently, in subsequent studies, these two characteristics
have been considered the cornerstone of the effect of this genus
on plant growth and crops. Because Azospirillum is one the
most studied PGPB worldwide, and it has been commercialized
in several South American countries, including Argentina,
Brazil, Uruguay, and Paraguay (Okon and Labandera-
Gonzalez 1994; Cassan and Diaz-Zorita 2016), a significant
amount of knowledge has been accumulated, demonstrating
different aspects of the plant-bacteria interaction under in planta
and in vitro conditions. It is difficult to identify and quantify the
agronomical use of Azospirillum in countries other than those in
South America. We are aware of products in Mexico, India,
China, the United States (US), South Africa, Australia, and
France, but no official information is available about the num-
ber of hectares (ha) treated, type of crops, type of products, and
strains used. Therefore, this review focuses on its use in the
South American countries, and several of the available refer-
ences presenting the data are either in Spanish or Portuguese.
Major changes in the plant root architecture is the main
outcome of inoculation with Azospirillum. 1t is generally ac-
cepted that these developmental responses are triggered by the
production of bacterial phytohormones, and more specifically
by the biosynthesis of indole-3-acetic acid (IAA) (Cassan et al.
2014). Despite exhaustive efforts to define a single mode of
action to explain the plant growth facilitated by inoculation with
Azospirillum, the mode is still undefined. However, some hy-
potheses have been proposed to better understand the benefits
of the Azospirillum-plant interaction (Bashan et al. 2004;
Bashan and de-Bashan 2010). This review aimed to understand
the evolution of the research on the agronomical use of
Azospirillum conducted over the last several decades, and to
identify its novel use for environmental purposes and biotech-
nological applications beyond the agricultural industry. Based
on the gathered information and new evidence brought to light
in the past several years, a novel hypothesis is proposed to
explain the plant growth promotion capability of these bacteria.

The genus Azospirillum

The Azospirillum species (Azospirillum spp.) are alpha-
proteobacteria that are members of the Rhodospirillaceae

@ Springer

family (Baldani et al. 2005). While most of the representatives
of this family are found in aquatic environments, Azospirillum
spp. have mainly been isolated from soil. Genomic analysis
suggests that, throughout the evolutionary process, this genus
transicioned from aquatic to terrestrial environments
significatively later than the major Precambrian divergence
of hydrobacteria and terrabacteria (nearly 2.5 billion years
ago), coinciding with the major radiation of vascular plants
on land 400 million years ago (Wisniewski-Dy¢ et al. 2011).
However, for scientists, the history of this genus begins in
1925 when Beijerinck first observed a spirillum-like bacteri-
um isolated from garden soil that was able to increase the N
content in nitrogen-deficient malate-based media. Beijerinck
initially named the organism Azofobacter largimobile; 3 years
later, he renamed it Spirillum lipoferum (Beijerinck 1925). For
50 years, the importance of this bacterial genus as a research
subject decreased until 1974 when its capacity to form a
strong association with plant roots was discovered (Von
Biilow and Dobereiner 1975). Another fact that awakened
interest in these bacteria was their isolation from several types
of soil and the roots of grasses and grain crops (Dobereiner
et al. 1976). The genus Azospirillum was first proposed by
Tarrand et al. (1978). Initially, A. lipoferum and
A. brasilense were the only two species described (Tarrand
et al. 1978). Since then, as summarized in Fig. 1 and
Supplementary Fig. 1, a total of 22 species belonging to this
bacterial genus have been identified, including
A. halopraeferens (Reinhold et al. 1987), A. largimobile
(Ben Dekhil et al. 1997), A. doebereinerae (Eckert et al.
2001), A. oryzae (Xie and Yokota 2005), A. melinis (Peng
et al. 2006), A. canadense (Mehnaz et al. 2007a), A. zeae
(Mehnaz et al. 2007b), and A. rugosum (Young et al. 2008).
Subsequently, new species have been reported: A. picis (Lin
et al. 2009), A. palatum (Zhou et al. 2009), A. thiophilum
(Lavrinenko et al. 2010), A. formosense (Lin et al. 2012),
A. humicireducens (Zhou et al. 2013), A. fermentarium (Lin
et al. 2013), A. himalayense (Tyagi and Singh 2014), A. soli
(Lin et al. 2015), and A. agricola (Lin et al. 2016). Three new
species were identified in 2019: A. ramasamyi (Anandham
et al. 2019), A. griseum (Zhang et al. 2019), and A. palustre
(Tikhonova et al. 2019). A. amazonense (Falk et al. 1985) and
A. irakense (Khammas et al. 1989) were relocated to separate
genera, Nitrospirillum and Niveispirillum, respectively (Lin
etal. 2014).

The genus Azospirillum is distributed worldwide and dif-
ferent strains and species have been isolated from several
countries, including Argentina, Brasil, China, Taiwan,
Korea, Russia, Pakistan, and Irak, among others (Table 1).
This genus is considered to be versatile because it has been
isolated from different environments (Reis et al. 2015).
Although less common, Azospirillum spp. have also been
found under extreme conditions, such as saline soil, oil-
contaminated soil, fermented products, fermentation tanks,



Biol Fertil Soils (2020) 56:461-479

463

Fig. 1 Azospirillum phylogenetic
analysis using rpoD sequences
obtained from NCBI database.
Reference strains of each specie
were used. Other members of the
Rhodospirillaceae family and

B. japonicum E109 were used as
outgroups. Analysis was made by
Maximum Likelihood method,
Tamura-Nei substitution model,
and a Bootstrap testing of 1000
iterations (Jones et al. 1992).
Bootstrap values > 50 are shown
in the corresponding nodes.
Evolutionary analyses were
conducted in MEGA7 (Kumar

et al. 2016)

p—y

0,10

sulfide springs, and microbial fuel cells (Reis et al. 2015;
Anandham et al. 2019; Tikhonova et al. 2019). Moreover,
one member of the Azospirillum spp. was isolated from the
Himalayan valley and others were found in Baiyang Lake
(Reis et al. 2015; Zhang et al. 2019). Nearly 100 years have
elapsed since the genus Azospirillum was first identified, and
the taxonomy information about this type of bacteria con-
tinues to grow. Advances in molecular biology allow a better
clasification of organisms, and the C. C. Young Group from
National Chung Hsing University (Taichung, Taiwan) has
made the greatest contribution to this research area (Young
et al. 2008; Lin et al. 2009, 2012, 2013, 2014, 2015, 2016).
Not only have they discovered a significant number of new
species and redistributed other species, they have also made
significant advances by developing methodologies for the
identification of Azospirillum strains using polymerase chain
reaction (PCR) (Lin et al. 2011).

Functional analysis of plant growth promotion

Azospirillum spp. have been associated to several mechanisms
to promote plant growth and a wide range of studies have
detailed the beneficial effects of inoculation with these
rhizobacteria. The improvement of plant growth by
Azospirillum spp. has been mostly attributed to their capacity
to fix atmospheric N and to produce phytohormones; it is less
attributed to the bio-disposition of nutrients, expression of

w - Azospirillum palustre (WP_098740180.1)
» | | Azospirillum melinis (APM87166.1)
¥\ Azospirillum oryzae (WP_085089014.1)
» Azaspirillum thiophilum (WP_045580490.1)
|| Azospirillum humicireducens (WP_063634176.1)
n| '3 - Azospirillum zeae (APM87168.1)
81 Azaspirillum ramasamyi (WP_111065926.1)
Azospirillum picis (APM87165.1)
Azaspirillm griseum (WP_126616376.1)
= Azospirillum doebereinerae (WP_126994855.1)
L 44 | (Azospirillum lipoferum (WP_012973680.1)
%7 | Azaspirillum agricola (APM87161.1)
Azospirillum soli (APM87160.1)
o1 | Azospirillum canadense (APM87169.1)
(| azospiriltum rugosum (APM8T158.1)
os | - Azospirillum formosense (APM87164.1)
% o1 | | Azaspirillum brasilense (WP_149163267)
' 9 | Azospirillum himalayense (AE127294.1)
»| Azospirillum palanum (APM87163.1)
Azospirillum halopraeferens (WP_029011166.1)
Azospirillum fermentarium (APM87159.1)
Niveispirillum irakense (WP_029014295.1)

» M

| Nitrospirillum amazonense (WP_145729691.1)

Bradyrhizobium japonicum (WP_014492111.1)

enzymes, synthesis of compounds related to plant stress mit-
igation, and competition against phytopathogens, among oth-
er mechanisms. However, taken individually, none of these
mechanisms has been found to be fully responsible for the
changes observed in inoculated plants (Bashan and de-
Bashan 2010). Azospirillum spp. modes of action were initial-
ly explained by the Additive Hypothesis where the effects of
small mechanisms operating either at the same time or con-
secutively create a larger final effect on plants (Bashan and
Levanony 1990). In 2010, this hypothesis was replaced by the
Multiple Mechanisms Hypothesis, which posits that no single
mechanism is involved in the promotion of plant growth; rath-
er, in each case of inoculation a combination of a few or many
mechanisms is responsible for the beneficial effect (Bashan
and de-Bashan 2010). In the following sections, evidence re-
lated to the mechanisms most often studied is summarized to
explain the plant growth resulting from inoculation by
Azospirillum spp.

N fixation

N fixation was the first mechanism to be identified that dem-
onstrated the way in which Azospirillum positively affects
plant growth (Ddbereiner et al. 1976; Okon et al. 1983); there-
fore, many studies have investigated it and a substantial about
of information about it has been published (Kennedy et al.
2004; Baldani and Baldani 2005; Bashan and de-Bashan
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Table 1 Country of origin and source of isolation of Azospirillum species

Azospirillum Origin® Tsolated from® Reference

A. lipoferum Brazil Wheat roots Beijerinck (1925)

A. brasilense Brazil Digitaria decumbens roots Tarrand et al. (1978)

A. halopraeferens Pakistan Roots of Kallar grass grown on salt-affected soils Reinhold et al. (1987)
A. largimobile Australia Fresh lake water Ben Dekhil et al. (1997)
A. doebereinerae Germany Miscanthus sinensis cv. “giganteus,” washed roots Eckert et al. (2001)

A. oryzae Japan Rhizosphere of Oryza sativa Xie and Yokota (2005)
A. melinis China Tropical molasses grass (Melinis minutiflora) Peng et al. (2006)

A. canadense Canada Corn rhizosphere Mehnaz et al. (2007a)
A. zeae Canada Corn rhizosphere Mehnaz et al. (2007b)
A. rugosum Taiwan Oil-contaminated soil near the oil refinery Young et al. (2008)

A. picis Taiwan Discarded road tar Lin et al. (2009)

A. palatum China Forest soil Zhou et al. (2009)

A. thiophilum Russia Bacterial mat of a sulfide mineral spring Lavrinenko et al. (2010)
A. formosense Taiwan Paddy soil Lin et al. (2012)

A. humicireducens China Microbial fuel cell Zhou et al. (2013)

A. fermentarium Taiwan Industrial fermentative tank Lin et al. (2013)

A. himalayense India Himalayan Valley soil® Tyagi and Singh (2014)
A. soli Taiwan Agriculture soil Lin et al. (2015)

A. agricola Taiwan Cultivated soil Lin et al. (2016)

A. ramasamyi Korea Fermented bovine products * Anandham et al. (2019)
A. griseum China Water at Baiyang Lake® Zhang et al. (2019)

A. palustre Russia Sphagnum-dominated raised peatland® Tikhonova et al. (2019)

# Information obtained from original report

® Information obtained from Global Catalogue of Microorganisms [http://gem.wfce.info/]

2010). The emphasis on this mechanism is due to the signif-
icant increase in the total amount of N in shoots and grains
observed after Azospirillum inoculation in wheat, sorghum,
and panicum, among other cereal and grass species
(Kapulnik et al. 1981). However, the evidence collected dur-
ing subsequent decades is controversial. Numerous green-
house and field experiments demonstrated the contribution
of fixed N by bacteria on crops by a reduction in the doses
of N fertilizers used under field conditions (for a review, see
Bashan and de-Bashan et al. 2010). Incorporation of atmo-
spheric N into the host plant by inoculating with
Azospirillum was initially evaluated using the acetylene reduc-
tion assay (ARA) and later using isotopic '°N, and "*N-dilu-
tion techniques. ARA has contributed to the understanding of
Azospirillum-gramineae associations, but in its use for defin-
itive quantification of biological nitrogen fixation (BNF), it
has many disadvantages, mainly due to the fact that it is a
short-term assay of enzyme activity and such activity is dras-
tically reduced when plants are disturbed. While isotope tech-
niques (‘°N) have been more popular, they are not easily
adaptable under field conditions due to the uniform labeling
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of soils and the selection of suitable non-N,-fixing control
plants (Boddey and Knowles 1987). Solid evidence that N
fixation contributes to the N balance of plants has been mainly
based on the observation of an increase in the nitrogenase
activity within inoculated roots with sufficient magnitude to
increase the total N yield of the inoculated plants (Bashan and
Holguin 1997; Kennedy et al. 1997). However, many studies
have shown that the contribution of N fixation by
Azospirillum to plants is minimal (an increase of 5-18% in
the total N of inoculated plants); consequently, plant growth
promotion was induced by other mechanisms. These findings
almost resulted in the abandonment of the N fixation aspects
of Azospirillum, except in pure genetic and molecular studies.

In the last years, several studies have focused on N metab-
olism within bacterial cells, and many details of molecular
mechanisms have been studied in Azospirillum, which is con-
sidered a bacterial model for investigating non-symbiotic N
fixation. In this sense, during the genomic era, the Sp245
strain of A. brasilense has been used as a model to understand
the N metabolism pathways since its genome had been
completely sequenced and this strain has been physiologically
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characterized. The nif gene cluster was identified in two spe-
cific positions of the genome; in one case, it was probably
codified for an alternative iron or vanadium nitrogenase. The
ammonia assimilation in Azospirillum occurs via two path-
ways, one involving glutamate dehydrogenase (gdhA) under
a high NH,* concentration and the other involving glutamine
synthetase (g/nA) and glutamate synthase (g/tBg/tD) under
limiting NH,*. The genes involved in both pathways are pres-
ent in all the Azospirillum species that have been analyzed to
date (de Souza and Pedrosa 2015).

Two innovative approaches regarding N fixation research
have been developed in the last decades: (a) obtaining the
spontaneous ammonium excreting mutants of A. brasilense
(see Bashan and de-Bashan 2010) and (b) induction of a spe-
cialized sites for N fixation on the roots of legume plants
known as paranodules. Externally, paranodules resemble a
legume nodule and they can be induced in grasses by exoge-
nous application of auxins (Tchan et al. 1991). Under the
premise that Azospirillum does not secrete significant amounts
of ammonium obtained from BNF on plant tissues,
A. brasilense cells were inoculated into rice and evaluated
for their capacity to colonize root paranodules previously in-
duced by treating the roots with auxins. The bacteria coloni-
zation of paranodules in the treated plants was correlated with
significant increases in plant biomass in comparison to the
non-inoculated plants (Christiansen-Weniger and van Veen
1991). Additionally, the nitrogenase activity was significantly
higher in the Azospirillum-inoculated paranodules of the roots
of the rice plants in comparison to the control plants
(Christiansen-Weniger 1997). According to Christiansen-
Weniger (1997), this was likely because nitrogenase was less
sensitive to the oxygen tension in the paranodules than in the
rest of the root. Similar increases in nitrogenase activity were
reported by Tchan et al. (1991), Zeman et al. (1992), and Yu
et al. (1993) in wheat roots containing paranodules colonized
by Azospirillum. In addition to rice and wheat (Katupitiya
et al. 1995), paranodules were also obtained on the roots of
maize seedlings (Saikia et al. 2004, 2007).

Machado et al. (1991) characterized a spontaneous mutant,
HMO053, derived from A. brasilense FP2 (Sp7 ATCC 29145,
SmR, NalR), which was resistant to ethylenediamine
(EDAR). This mutant was able to excrete ammonium and
fix N in the presence of high concentrations of NH,*; hence,
it is an interesting candidate for use as a biofertilizer to supply
N to gramineaceous plants. Machado et al. (1991) suggested
that the mutant HM053’s ability to excrete ammonium is re-
lated to low glutamine synthetase activity, resulting in a defi-
ciency of NH," assimilation; this explains the excretion of
excess ammonium produced during N fixation. Pankievicz
et al. (2015) showed that Setaria viridis inoculated with the
HMO53 strain incorporates a significant N level via BNF, and
this level may be enough to provide the plant’s daily N de-
mand. Moreover, HMO053 was able to promote wheat and

barley growth (Santos et al. 2017) and nif expression in planta
during wheat root colonization, which was shown to be about
300-fold higher growth than with the wild type strain. The
same strain outperformed the parental strain in field experi-
ments, leading to a maize yield increase of up to 28% (Pedrosa
et al. 2019). Similar ammonium excreting mutants of
A. brasilense have been reported to enhance plant growth
(Van Dommelen et al. 2009). Moreover, some of the mutants
have been evaluated using the paranodules colonization sys-
tem (Christiansen-Weniger and Van Veen 1991).

Phytohormone production

Due to evidence reported in studies published over the past
90 years, it is known that the Azospirillum genus is associated
with the production of several phytohormones.
Simultaneously, Reynders and Vlassak (1979) and Tien
et al. (1979) reported the capacity of Azospirillum to produce
indole-3-acetic acid (IAA) under in vitro and in vivo condi-
tions, respectively. Additional investigations revealed the ca-
pacity to produce cytokinins (Tien et al. 1979), gibberellins
(Bottini et al. 1989), ethylene (Strzelczyk et al. 1994), and
other plant growth regulators, such as abscisic acid (ABA)
(Kolb and Martin 1985), nitric oxide (Creus et al. 2005), and
polyamines, such as spermidine, spermine, and the diamine
cadaverine (Thuler et al. 2003; Cassan et al. 2009). The plant
growth regulators and phytohormones produced by
Azospirillum have been summarized and ranked according
their effects on plants in previous reports (see Table 1,
Cassan and Diaz-Zorita 2016). In a culture medium, the con-
centrations of the most important groups of plant hormones
produced by this bacterium, such as auxins, cytokinins, and
gibberellins, increase with bacterial growth because these
compounds are continuously accumulated in the medium ac-
cording to a batch fermentation model (Ona et al. 2003;
Cassan et al. 2009; Molina et al. 2018). Based on the active
principles of inoculants, both the bacteria (cell number) and
the metabolites (mainly phytohormones) are biosinthetized,
released, and accumulated in the culture medium. Then, inoc-
ulants with a different metabolite profile should have a differ-
ent capacity to promote the growth of inoculated plants, even
if the number of cells is equal. In the case of seed inoculation,
the use of inoculants containing Azospirillum and phytohor-
mones in the culture medium will produce a “seed priming”
effect. In this sense, Okon (1982) reported that, after seed
inoculation, the number of viable Azospirillum cells decreases
very rapidly. Then, the short-term benefits of seeds inocula-
tion should not be strictly related to the presence of the bacte-
rial cells in the inoculant; instead, they are, at least partly,
related to the presence and concentration of several phytohor-
mones and plant growth regulators. This has been defined as
the hormonal effect of inoculation (Cassan et al. 2014).
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Auxin metabolism

Auxins are a group of plant gowth regulators that are involved
in numerous aspects of plant growth and development (Teale
et al. 2006). IAA is the predominant plant gowth regulator
found in plants. It is acknowledged that 80% of rhizobacteria,
including Azospirillum, are able to produce IAA and the syn-
thesis pathways are similar to those found in plants (Spaepen
et al. 2007). At present, members of the genus Azospirillum
have provided an excellent experimental model for investigat-
ing the physiological role of auxins in PGPB-plant interac-
tions, and several naturally occurring auxin-like molecules
have been described as products of bacterial metabolism.
The genome sequence of A. brasilense Az39 revealed the
existence of all the genes involved in the indole-3 pyruvate
(IPyA) pathway: hisCI coding for an aromatic amino trans-
ferase, ipdC coding for an indole-3-pyruvate decarboxylase,
which is considered to be the key enzyme of this pathway
(Broek et al. 1999), and an aldehyde dehydrogenase gene
(see Table 1, Cassan et al. 2014). For the Sp245 and
CBG497 strains, only the AisC!I and ipdC genes were identi-
fied; no evidence of aldehyde dehydrogenase was observed in
these genomes. Considering that the genome sequences of
A. brasilense Sp245 and Az39 are very similar, it is not sur-
prising that all the genes encoding for the IPyA pathway are
very similar in both strains. No evidence has been found for
the existence of ipdC or aldehyde dehydrogenase in the ge-
nome sequence of A. lipoferum 4B. Only a putative aromatic
amino transferase sequence with homology to AAT1 from
A. brasilense Sp7 has been identified (Wisniewski-Dy¢ et al.
2011). Azospirillum sp. B510 genome sequence analysis re-
vealed a putative aromatic amino transferase with homology
to AAT1 from A. brasilense Sp7 (Wisniewski-Dy¢ et al.
2011). Kaneko et al. (2010) proposed that two candidate genes
are involved in the indole acetamide (IAM) pathway, but we
question their role in IAA biosynthesis due to the low similar-
ity (especially for the putative iaaM gene) between them and
the known iaaM and iaaH genes. Finally, gene encoding
nitrilases have also been identified in the Azospirillum sp.
B510 genome (Wisniewski-Dy¢ et al. 2012).

In addition to IAA, other molecules, such as indole-butyric
acid (IBA) (Martinez-Morales et al. 2003), phenyl acetic acid
(PAA) (Somers et al. 2005), indole-3-lactic acid (ILA), indole-
3-ethanol and indole-3-methanol (Crozier et al. 1988), indole-
3-acetamide (IAM) (Hartmann et al. 1983), indole-3-
acetaldehyde (Costacurta et al. 1994), tryptamine (TAM),
and anthranilate (Hartmann et al. 1983), have been identified
in an Azospirillum spp. culture medium. At least four different
IAA biosynthesis pathways have been proposed in
Azospirillum spp.: the tryptophan-dependent pathways IPyA,
IAM, and TAM, and a putative tryptophan-independent path-
way (Prinsen et al. 1993). Despite this diversity, IPyA is con-
sidered to be the most important pathway for TAA
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biosynthesis in this genus. The question about why some bac-
teria are able to produce phytohormones remains unanswered;
however, in the case of auxins, a co-evolutionary mechanism
could be hypothetized. Plants release several compounds,
such as amino acids and organic acids, into the rhizosphere
through root exudates. In the case of amino acids, and partic-
ularly for L-trp, this precursor could be used by auxin-
producing bacteria to biosynthetize IAA. This molecule in-
creases the amount of this hormone in the rhizosphere, which
induces changes in the plant, increasing its root morphology
and growth. Thus, a higher amount of root exudate in the
rhizoshere will increase the availability of nutrients for the
bacteria living in the rhizosphere, enhancing their population.
Higher levels of IAA in the rhizosphere will induce a higher
ipdC gene expression by Azospirillum, thereby enhancing the
IAA concentration in the rhizosphere and stimulating root
growth. In other words, some bacteria are able to increase their
own population within the rhizosphere by producing IAA
using the L-trp produced by plants as a co-evolutionary mech-
anism. How do plants regulate the IAA levels in the rhizo-
sphere? This should be the most important question for this
model; the answer is related to the ability of the plant to reg-
ulate the release of L-trp and other amino acids in the rhizo-
sphere by the exudates. In this sense, the full IAA metabolism
of A. brasilense has been recently revealed (Rivera et al.
2018). Rivera et al. (2018) found that some amino acids, such
as L-met, L-val, L-cys, and L-ser, inhibit bacterial growth and
reduce TAA biosynthesis, while the expression of ipdC and
IAA biosynthesis, but not bacterial growth, are affected by L-
leu, L-phe, L-ala, L-ile, and L-pro. Furthermore, L-arg, L-glu,
L-his, L-lyis, L-asp, and L-thr do not affect bacterial growth,
IAA biosynthesis, or ipdC gene expression; this fact should
have some impact on the rhizosphere during plant-microbe
interactions (see Fig. 2, Rivera et al. 2018). It was also con-
firmed that the A. brasilense strains Sp245, Az39, and Cd can
only produce IAA in the presence of L-trp (biosynthesis);
these strains are unable to degrade auxins (catabolism), con-
jugate IAA with sugars and/or L-amino acids (conjugation), or
hydrolize conjugates to release free IAA (hydrolysis). IAA
biosynthesis was also evaluated under abiotic and biotic stress
conditions; it was found to increase with daylight or in the
presence of PEGggg0, ABA, salicylic acid (SA), chitosan,
and a filtered supernatant of Fusarium oxysporum. In contrast,
exposure to 45 °C or treatment with H,O,, NaCl, Na,SOy, 1-
aminocyclopropane 1-carboxylic acid, methyl jasmonate, and
a filtered supernatant of Pseudomonas savastanoi decreases
IAA biosynthesis (Molina et al. 2018).

Root growth phytostimulation
Roots are the plant organs that are preferentially modified by

Azospirillum (see Bashan and de-Bashan 2010). In the 1990s,
enhanced water and mineral uptake by roots was frequently
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Control

Basal Root

Middle Root

Apical Root

Fig. 2 Changes in the architecture of the 12-day-old seedling root system
of Arabidopsis. Seedlings were grown for 7 days on MS medium, then
were inoculated for 5 days with A. brasilense Az39 or Az39 ipd C-mutant

used to explain the beneficial effects of Azospirillum inocula-
tion (see Bashan and Levanony 1990; Bashan and Holguin
1997). Increased mineral uptake and water absorption have
been related to changes in root growth, architecture, and vol-
ume instead of any specific metabolic enhancement process
(Murty and Ladha 1988). This fact has been strictly related to
the bacterial capacity to produce phytohormones. However,
the descriptive data presented thus far have not shown whether
these improvements are the cause or the result of other mech-
anisms (Bashan and de-Bashan 2010). The first evidence of
phytostimulation by A. brasilense was observed in pearl millet
and sorghum seedlings, and it was similar to that observed by
exogenous application of IAA (Tien et al. 1979). Later, it was
shown that inoculation of Beta vulgaris increased the number
of lateral roots in the inoculated plants in comparison to the
uninoculated plants. This effect was correlated with the high
levels of IAA produced by bacteria in a pure liquid culture
medium and it was mimicked by the exogenous addition of
similar concentrations of the phyhormone (Kolb and Martin
1985). The current model of root growth phytostimulation by
Azospirillum includes a number of morphological changes
that can be summarized as follows: (1) decrease in the elon-
gation of the main root (Dobbelaere et al. 1999; Spaepen et al.
2007); (2) increase in the lateral and adventitious roots (Fallik
et al. 1994; Molina-Favero et al. 2008); (3) increase in the
number of root hairs (Okon and Kapulnik 1986; Hadas and
Okon 1987); (4) branching of the root hairs (Jain and Patriquin

deficient in IAA production. Images show different zones of the root:
basal, middle, and apical root. Primary root (PR), lateral roots (LR), hair
root (HR), root cap (RC). Photography credits: Mora V

1985); and (5) significant increase in the root surface and
volume, probably related to the improvement in water and
nutrient acquisition (Spaepen et al. 2014). Modifications in
the root architecture mediated by Azospirillum have shown
that there is an IAA-dependent response to inoculation.
However, recent evidence suggests that other molecules or
cell components would be able to induce an IAA-like re-
sponse to inoculation (IAA independent response). In this
sense, and as shown in Fig. 2, A. brasilense Az39 is able to
induce the typical root phytostimulation effect in Arabidopsis
thaliana under in vitro conditions due to IAA production.
However, inoculation with A. brasilense Az39 ipdC- (a non-
IAA producer mutant) still induced a stimulatory effect similar
to the one induced by IAA on Arabidopsis roots (V. Mora,
personal communication). This result increases the complex-
ity of the current model and forces us to work with alternative
hypotheses to establish the definitive model, which, in spite of
many published papers and a significant amount of effort, has
not yet been finalized.

The stimulation of plant root growth by Azospirillum in-
duces an increase in the water absorption and nutrient
adquisition rates (including N), which clearly improves the
assimilation of N in the biomass and, more generally, plant
growth. This capacity would be mediated by the bacterial
colonization of the roots and/or their ability to produce differ-
ent phytohormones, mostly during early stages of plant devel-
opment. Consequently, the increase in the root biomass would
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increase the supply of root exudates into the rhizosphere,
which would increase the bacterial population associated with
the roots and improve their ability to colonize this organ and
the rest of the plant. Once the plant is colonized with a high
number of bacteria, e.g., >10° cfu g™ according to Okon
(1982), these cells would be able to provide the plant with
significant amounts of NH4" via BNF. During the advanced
stages of plant development, this would have a greater impact
on the N economy for the plant. In summary, the Eficient
Nutrients Acquisition Hypothesis by inoculated plants would
depend on both biological N fixation and phytohormone bio-
synthesis by the effectively colonized bacteria.

The impact of Azospirillum inoculation on agriculture

Worldwide, the market of inoculants containing Azospirillum
spp. is flourishing in South America. Here, the inoculation
was initially focused on cereal production, but nowadays,
and mostly in Brazil, inoculation is additionally focused on
legumes, such as soybeans, combining it with rhizobia inoc-
ulants (co-inoculation). The changes in plant growth observed
by Azospirillum inoculation and the bacterial capacity to im-
prove the negative effects of abiotic stress on crops has
attracted the attention of researchers interested in developing
field applied studies (Okon and Labandera-Gonzalez 1994).
Okon et al. (2015) suggested that because the diverse modes
of action of Azospirillum mostly stimulate plant root growth,
inoculation with this microbe could contribute to the increase
and stabilization of crop production. However, evaluations of
the efficacy of Azospirillum under current crop management
practices and at regular environmental conditions are scarce
and have been conducted on different crops and in different
regions.

Based on 347 trials obtained from 12 countries, including
Brazil, Argentina, and several countries in Southeast Asia, and
47 published articles, mainly focusing on maize and other
cereals, the impact of Azospirillum inoculation has been ana-
lyzed (Diaz-Zorita et al. 2015). From this analysis, the greatest
contribution of Azospirillum inoculation to grain yield was
observed in winter cereals followed by summer cereals and
other crops (Fig. 3). The reviewed studies on inoculation with
Azospirillum showed variable results and a multiplicity of in-
teractions related not only to crop management practices but
also to environmental conditions. Most field assays have been
performed in single geographical locations during one or two
consecutive seasons. Thus, of the ability to analyze the per-
formance of bacterial inoculation under random temporal and
spatial conditions is limited.

Based on a total of 316 field experiments performed in the
pampas region (Argentina), the relative yield increase in
maize due to inoculation with A. brasilense showed positive
results, ranging between 66 and 80% of positive responses in
comparison with untreated control (Diaz-Zorita et al. 2015).
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Fig.3 Mean contribution of the inoculation with Azospirillum sp. on crop
grain production reviewed from 47 worldwide published field trials under
regular production practices. (Adapted from Diaz-Zorita et al. 2015)

Among the growing seasons, the relative contribution of
Azospirillum to maize yield increases under conditions with
less rainfall during the early growth stages (Supplementary
Fig. 2). In wheat, the early season effects of inoculation with
Azospirillum decrease if favorable growing conditions occur
during the seed filling stage (Kazi et al. 2016). Okon and
Labandera-Gonzalez (1994) and Diaz-Zorita and Fernandez-
Canigia (2009) found that the grain production responses to
inoculation with Azospirillum spp. in wheat and other crops
were successful in 70-80% of the cases, regardless of the
production conditions. In part, this behavior is caused by the
complexity of the impact of Azospirillum on plants interacting
with the impact of several abiotic stressful conditions. Kazi
et al. (2016) reported that azospirilla inoculation increased the
bacteria population in the rhizosphere during the early stages
of growth. Most of the benefits have been observed during the
carly growth stages of plants with greater and more consistent
responses seen in the root and shoot dry matter production and
a minimal contribution to the grain yield components during
the seed filling period (Diaz-Zorita and Fernandez-Canigia
2009; Veresoglou and Menexes 2010). Based on the analysis
of 480 greenhouse and field experiments, Veresoglou and
Menexes (2010) validated the benefits of wheat inoculation
with Azospirillum, but they considered variable responses
based on differences in the management practices, such as N
fertilization, wheat genotype, or Azospirillum strain, that were
used to inoculate the crops. Although N fertilization benefits
wheat production (Saubidet et al. 2002), the relative contribu-
tion of Azospirillum decreased as the dose of the N fertilizer
increased. Under high N availability, the bacterial response
was not observed (Ozturk et al. 2003).

The combined inoculation of legumes with rhizobia and
azospirilla, defined as co-inoculation, could improve plant
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performance due to the complementary nature of the mecha-
nisms of both bacteria. In soybean crops, co-inoculation re-
sulted in both early initiation of nodule ontogenesis and an
increase in the number of nodules, thereby increasing the con-
centration of N in the shoots and improving the plant growth,
particularly under drought conditions (Chibeba et al. 2015;
Cerezini et al. 2016). Although the contribution of co-
inoculation to the productivity of diverse legume crops is
promising, the available information about its use under large
production conditions is limited. The results from 21 field
trials with alfalfa performed in the pampas region
(Argentina) showed that the seed treatment combining
Ensifer meliloti and A. brasilense resulted in a response that
was nearly two times better than the response obtained from a
single inoculation with rhizobia (Diaz-Zorita 2012). Hungria
et al. (2013) also reported an increase in grain yields in soy-
beans and common beans (Phaseolus vulgaris) when combin-
ing rhizobia seed inoculation with in-furrow application of
A. brasilense at four sites in Brazil. The single inoculation of
Bradyrhizobium in soybeans resulted in mean grain yield in-
creases of 8.4% in comparison to the uninoculated control,
whereas co-inoculation with Bradyrhizobium and
A. brasilense resulted in an increase of 16.1%. For common
beans, the single inoculation with R. tropici increased the yield
by 8.3%, and co-inoculation of R. tropici and A. brasilense
improved the yield by 19.6% (Hungria et al. 2013). The mean
soybean yields from 37 field trials under regular management
when Bradyrhizobium was co-inoculated with A. brasilense
were 227 kg per ha greater than when the soybeans were
inoculated with Bradyrhizobium alone and 335 kg per ha
greater than the uninoculated control (Nogueira et al. 2018).
The mean effects of co-inoculation on soybean nodulation
were evaluated under 22 regular crop production conditions;
the results showed differences in the effects between tropical-
subtropical and temperate environments. On average, the per-
centage of soybean nodulation increased by around 5% at the
Brazilian sites (Hungria et al. 2015; Fipke et al. 2016; Galindo
et al. 2018) and around 12% at the Argentinian sites
(Benintende et al. 2010; Ferraris and Couretot 2011, 2013;
Morla et al. 2019). However, opposite results were found for
grain yields. This limited dataset was insufficient to show a
consistent and direct relationship between the use of co-
inoculation and changes in nodulation and grain yield.
Currently, the use of azospirilla inoculants in Brazil is increas-
ing due to co-inoculation. In the state of Parana (Brazil), the
use of co-inoculation between 2016 and 2018 increased by
almost 30% (Prando et al. 2016, 2018).

Alternative methods of inoculation that are as effective as
the standard seed inoculation technique may represent an im-
portant strategy to avoid the incompatibility that can occur
between the inoculants and pesticides used during seed
treatment. However, these technologies need to be
thoroughly evaluated before promoting their extensive use.

Fukami et al. (2016) described the beneficial effects of
spraying leaves with Azospirillum at the beginning of the veg-
etative phase. Morais et al. (2016) observed that seed furrow
inoculation also increased the maize grain yield under current
Brazilian production practices. The benefits of foliar inocula-
tion with A. brasilense were evaluated and explained using an
auxin signaling model (Puente et al. 2017). The results con-
firmed soybean growth promotion after seed treatment with
B. japonicum and foliar co-inoculation with the IAA producer
A. brasilense Az39. Both auxin production and A. brasilense
colonization were responsible, via plant signaling, for the pos-
itive effects on plant growth and the symbiosis establishment
(see Fig. 5 in Puente et al. 2017). An improvement in the
nutritional quality of soybean grain due to foliar inoculation
with A. brasilense Az39 under greenhouse and field condi-
tions was reported 1 year later (Puente et al. 2018). These
findings provide new insights into soybean agricultural
technology.

Inoculants formulated with Azospirillum in South
America

Currently, the use of azospirilla inoculants for crop production
is a consolidated practice in South America (i.e., Brazil,
Argentina, Uruguay, and Paraguay), where the extensive ag-
riculture is frequent (Cassan and Diaz-Zorita 2016). In
Argentina, Uruguay, and Brazil, there many biological prod-
ucts contain Azospirillum as an active principle. However, the
first inoculant in the region was registered 23 years ago (1996)
in Argentina with the Servicio Nacional de Sanidad y Calidad
Agroalimentaria (SENASA) using the name of Nodumax-L
by Laboratorios Lopez SRL (Jesiis Maria, Cordoba). It was
formulated with A. brasilense Az39, one decade after the iso-
lation and selection of this strain by Enrique Rodriguez
Caceres from the Instituto Nacional de Tecnologia
Agropecuaria (INTA). The inoculant was initially recom-
mended for the treatment of wheat and maize seeds, but it is
now recommended for several crops. In Brazil, paradoxically,
the first inoculant was registered by Stoller do Brasil SA
(Campinas, Séo Paulo), 14 years after the first one was regis-
tered in Argentina. It was named Masterfix L gramineas, and it
was formulated with a combination of the A. brasilense Abv5
and Abv6 strains. This product was initially recommended for
the treatment of maize and rice seeds, but in the last several
years, it has also been recommended in combination with
B. japonicum for soybean co-inoculation. Finally, in
Uruguay, the first inoculant product was registered in 2015
by Lage y CIA SA (Montevideo, Montevideo) under the name
Graminosoil. It contains a combination of A. brasilense Az39
and CFN535. The product was initially recommended for the
treatment of maize and sorghum. Currently in South America,
there are 106 products (inoculants) produced by 74 companies
representing 79 commercial brands. Most of them are
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produced in Argentina (90 products); 14 products are pro-
duced in Brazil and two products are produced in Uruguay.
All the available products for commercialization in the
Argentinian market are produced in Argentina, but in Brazil
and Uruguay, the inoculants are either locally produced or
imported from Argentina. All of the products (100%) are for-
mulated with A. brasilense, and the Az39 strain is the active
principle in 75% of these inoculants (79 products). In 13 prod-
ucts, Az39 is combined with other A. brasilense strains (one
product containing CFN535), Pseudomonas fluorescens (one
product), or B. japonicum (11 products). In the last case, this is
due to the increase in the number of products registered as a
premium technology (co-inoculation) for soybeans. The com-
bination of the A. brasilense Abv5 and Abvo6 strains is used to
formulate 18 products and the combination of the
A. brasilense Az78 and AZ70 strains is used to formulate three
products. The rest of the azospirilla inoculants are formulated
with single strains (Abv5, AzM3, AZT5, 1003, Tuc 27/85, Tuc
10/1, and 11005). Liquid carriers are most often used to for-
mulate these biological products (94%); 6% of the products
are formulated on solid carriers, such as peat or bentonite. In
2014, 82% of the formulations in the market were liquid car-
riers and 18% were solid carriers. This clearly shows the for-
mulation preferences of the companies that are manufacturing
these products. The most frequent shelf life of the registered
products is approximately 6 months from production with a
minimal concentration of 1 x 107 ¢fu ml™" in Argentina or 1 x

10% cfu ml™" in Brazil and Uruguay. Although the use of these
biological products has been recommended for 16 types of
crops, the registration is mainly for wheat (67), maize (65),
sunflowers (16), and soybeans (12). The other plant species
recommend for the treatment with A. brasilense are sorghum
(Sorghum bicolor) (9), grasses, and winter cereals for grazing
(4), rice (5), barley (3), cotton (Gossypium hirsutum) (3), oats
(Avena sativa) (2), sugar cane (Saccharum officinarum) (1),
tobacco (Nicotiana tabacum) (1), and lettuce (Lactuca sativa)
(1). In Brazil, most of the commercialized products are allo-
cated in the maize and soybean grain production market.
Based on 2018 data, approximately 7.0 million doses of
azospirilla inoculants were commercialized, covering almost
5.0 million ha in South America. In 2014, 3 million ha of
plants were inoculated with A. brasilense corresponding to
3.5 million doses of these products. This shows a clear trend
in the region of increased use of products formulated with
these bacteria.

Extending the use of Azospirillum
beyond the agricultural industry

In addition to its proven usefulness in agriculture, Azospirillum
possesses the potential to solve environmental problems, such
as preventing soil erosion by improving the growth of plants on
barren and degraded lands that have lost their capacity to
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support regeneration, and participating in phytoremediation
strategies to decontaminate soils, all leading to healthier envi-
ronments (de-Bashan et al. 2012). Although these uses are not
yet widespread, some examples are presented in this section.

Puente and Bashan (1993) demonstrated that A. brasilense
inoculated on the cardon cactus, Pachycereus pringlei, the
world’s largest cactus that stabilizes topsoil in its usual scrub
habitat in the Sonoran Desert (Mexico), improves the growth
characteristics of the plant. In a field trial, three species of cacti
inoculated with A. brasilense had a significantly higher sur-
vival rate in comparison to the non-inoculated controls. The
most important outcome from this trial was the significant
reduction in soil erosion and the reclamation of topsoil
(Bashan et al. 1999). Growth chamber experiments have dem-
onstrated that A. brasilense enhances enzymes in the
phosphogluconate pathway and facilitates the growth of mes-
quite seedlings (Prosopis articulata) that are cultivated in poor
soils (Leyva and Bashan 2008). In a greenhouse environment,
the effect of A. brasilense combined with Bacillus pumilus,
unidentified arbuscular mycorrhizal (AM) fungi (mainly
Glomus spp.) and compost, were measured on the growth of
leguminous trees, such as mesquite, yellow palo verde
(Parkinsonia microphylla), and blue palo verde (Parkinsonia
florida), used in desert reforestation and urban gardening in
arid northwestern Mexico and the southwestern region of the
US (de-Bashan et al. 2012). The mesquite and yellow palo
verde had different, positive responses to several parameters,
while blue palo verde did not respond (de-Bashan et al. 2012).
Later, seven field trials were undertaken with cardon cacti and
the same species of leguminous trees (Bashan et al. 2012). The
trial showed that, a decade later, a combination of a legume
tree with a cardon cactus, while detrimental to the legume,
significantly increased the chances of the cactus surviving
and growing in degraded soil. (Moreno et al. 2017).
Recently, inoculation of Brachiaria spp. with A. brasilense
demonstrated the potential for successful reclamation of de-
graded pastures in Brazil (Hungria et al. 2016).

In terms of phytoremediation, A. brasilense improved the
growth of the shrub quailbush, Azriplex lentiformis, and affect-
ed the rhizosphere microbial community in acidic, metallifer-
ous tailings in Arizona (de-Bashan et al. 2010). Tugarova et al.
(2013) proved the capacity of A. brasilense strains to reduce
selenium (IV) to selenium (0), indicating the possibility of
applying Azospirillum as a microsymbiont for the
phytoremediation of selenium-contaminated soils; moreover,
the bioremediation potential of Panicum virgatum (switch-
grass), along with AM fungi and Azospirillum, was tested
against lead and cadmium in pot trials (Arora et al. 2016).

In 2000, the Yoav Bashan research group began an inter-
esting study to investigate extending the use of Azospirillum
from agricultural plants to aquatic green microalgae
(Gonzalez and Bashan 2000). Specifically, they created a syn-
thetic mutualism between the microalga Chlorella spp. and
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A. brasilense, and they proposed it as a simple, quantitative
experimental model to study the beneficial interactions be-
tween the plant and the bacteria (Fig. 4). To facilitate the
interaction and maintain the mutualistic associations, the two
microorganisms were initially immobilized in small alginate
beads (de-Bashan and Bashan 2008). The hypothesis behind
proposing such an interaction was that, as an unspecified
PGPB, A. brasilense would affect green microalgae in ways
that were similar to how it impacted higher plants. They found
that the effects occurred at all levels, presenting a new avenue
for the application of A. brasilense.

Thus far, physiological studies have shown the effects of
A. brasilense on microalgae pigments (de-Bashan et al. 2002),
carbohydrates (Choix et al. 2012a, b, 2018), total lipids
(Leyva et al. 2015), and vitamins (Palacios et al. 2016).
Similar to higher plants, the production of IAA is a key mech-
anism affecting microalgae (de-Bashan et al. 2008a).
Azospirillum enhances the growth of Chlorella spp.,
Scenedesmus obliquus, and Chlamydomonas reinhardtii (de-
Bashan and Bashan 2008; Choix et al. 2018), but it also affects
the activities of enzymes, including glutamine synthetase and
glutamate dehydrogenase in C. vulgaris. A higher uptake of N
from the culture medium and a higher accumulation of intra-
cellular N were observed in the plants inoculated with
Azospirillum than those that were not inoculated (de-Bashan
et al. 2008b; Meza et al. 2015). Similarly, it was found that
Azospirillum had an effect on ADP-glucose pyrophos-
phorylase, leading to increased accumulation of starch
(Choix et al. 2014) and on acetyl-CoA carboxylase, resulting
in higher synthesis of fatty acids (Leyva et al. 2014) in
microalgae. A direct exchange of N and C between
A. brasilense Cd and C. sorokiniana was demonstrated by
nanoSIMS (de-Bashan et al. 2016), and the positive effect of
the volatile compounds produced by A. brasilense in

C. sorokiniana was also reported (Amavizca et al. 2017).
Lopez et al. (2019) showed that riboflavin and lumichrome
produced by A. brasilense had a significant effect on photo-
synthetic and auxiliary pigments in C. sorokiniana. The com-
bination has been successfully used for wastewater treatment
(de-Bashan et al. 2002; Bashan et al. 2004; Perez-Garcia et al.
2010) and recovery of desert degraded soil after amendment
of wastewater debris (Trejo et al. 2012; Lopez et al. 2013).

Overall, these results have extended the use of Azospirillum
beyond agriculture to tackling environmental issues, such as
revegetation, reforestation, phytoremediation, and wastewater
treatment programs.

An overview of the research timeline

Over the last 90 years, studies on Azospirillum-plant interac-
tion have suggested a wide range of mechanisms through
which the bacterium enhances plant growth, as summarized
in Supplementary Fig. 1.

Despite this body of evidence, two main mechanisms have
defined this genus as a model of PGPB: BNF and phytohor-
mone production. The history of the effects of Azospirillum as
a bacterium capable of fixing atmospheric N dates to 1976 in
Brazil. It was revealed for the first time that A. /ipoferum was
able to efficiently fix N in the roots of Digitaria decumbens
(Day and Ddébereiner 1976). This mechanism lost its research
importance because the results obtained in greenhouse and
field experiments were controversial; however, new mecha-
nisms were proposed to explain the positive effects of inocu-
lation. That was how, at the Katholieke Universiteit Leuven
(Belgium), it was demonstrated for the first time that trypto-
phan was involved in IAA production since A. brasilense was
able to convert tryptophan into IAA (Reynders and Vlassak
1979). Meanwhile, a study conducted in the US reported that

Fig. 4 Chlorella sorokiniana and Azospirillum brasilense in co-culture. a
Auto-fluorescence of microalgae appears in orange while bacteria appears
in green, as result of fluorescent in situ hybridization (FISH) using three
specific probes targeting Eubacteria (FAM dye) and one specific probe for

A. brasilense (CY3 dye). b Scanning electron microscopy (SEM). ¢ C:
C. sorokiniana. Az: A. brasilense. Arrows show cells of A. brasilense
attached to the microalgae
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A. brasilense was able to produce plant growth substances,
such as auxins, cytokinins, and gibberellins (Tien et al.
1979). These two reports were the first to show that
Azospirillum had the ability to improve plant growth due to
the production of phytohormones. Two years later, Oliveira
and Drozdowicz (1981) demonstrated for the first time the
ability of the genus Azospirillum to produce bacteriocins (mol-
ecules able to inhibit bacterial growth) in a pure culture medi-
um. One year later, Reynders and Vlassak (1982) investigated
the use of A. brasilense as a biofertilizer in intensive wheat
cropping. Simultaneously, a selective culture medium, Congo
Red medium (CR), was developed to isolate Azospirillum spp.
from soil or seeds (Rodriguez Caceres 1982).

As the interest in the phytohormonal effects of
Azospirillum in plants intensified, numerous field studies
were conducted in the 1980s to analyze the growth and yield
of inoculated crops. Thus, Azospirillum began to emerge as a
powerful crop inoculant in co-inoculation systems. The first
co-inoculation studies were conducted using A. brasilense
and the mycorrhizal fungus, Glomus mosseae, to study their
effects on the growth and nutritional quality of maize and
ryegrass (Barea et al. 1983). Furthermore, co-inoculation of
Azospirillum and Rhizobium was found to have a positive
effect on winged beans and soybeans (Iruthayathas et al.
1983). Sarig et al. (1984) reported that the best effects on
plants inoculated with Azospirillum were obtained when the
culture conditions were sub-optimal. It was first found that
the grain yield of non-irrigated Sorghum bicolor increased
under abiotic stress when inoculated with Azospirillum
(Sarig et al. 1984). As interest in the phytohormonal effects
of these bacteria continued, it was observed that
A. brasilense was able to produce ABA in a chemically
defined culture medium (Kolb and Martin 1985). The pro-
duction of plant growth substances (phytohormones), classi-
fied as cytokinins, by Azospirillum and other related bacteria
continued to be analyzed (Horemans et al. 1986). Four years
later, gibberellins A;, As, and iso-A; were identified in cul-
tures of A. lipoferum (Bottini et al. 1989). Similar results
were obtained using A. brasilense (Janzen et al. 1992).
Later, ethylene production by Azospirillum was evaluated
in chemically defined media modified with the amino acid
L-methionine (Strzelczyk et al. 1994).

The arrival of the molecular biology and genomics era
shifted the focus to investigating the functional effects of
Azospirillum on plants at the molecular level. The first
studies to emerge focused on Arabidopsis plants as a mod-
el to investigate the A. brasilense-Arabidopsis root inter-
action system; they demonstrated that this bacterium more
than doubled the root hair growth in comparison to the
non-inoculated control in a consistent and reproducible
way (Dubrovsky et al. 1994). Subsequently, it was
established that this effect had a strong phytohormonal
component mediated by IAA (Spaepen et al. 2014).
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The study of the Azospirillum genome began in 2000 with
the analysis of five Azospirillum spp. genomes using pulsed-
field gel electrophoresis (Martin-Didonet et al. 2000). This
biochemical characterization continued, and new plant
growth-promoting mechanisms were proposed. It was found
that Azospirillum was able to solubilize insoluble phosphates
through the production of gluconic acid (Rodriguez et al.
2004). The same year, the sequence of the pRhico plasmid
in A. brasilense Sp7 was analyzed and it was found to have
an important role in plant-root interactions and bacterial via-
bility (Vanbleu et al. 2004). In 2005, it was demonstrated that
the nitric oxide produced in vitro by A. brasilense Sp245 was
a promoter of lateral root initiation in tomato seedlings (Creus
et al. 2005). Another interesting mechanism emerged in 2006.
Four strains belonging to A. lipoferum isolated from the rice
rhizosphere were able to synthesize N-acyl-homoserine lac-
tones (AHLs), which regulate crucial functions for plant-
bacteria interactions (Vial et al. 2006). A similar paper report-
ed the production of cadaverine by A. brasilense Sp245 and
Az39 (Perrig et al. 2007). Another study confirmed that
A. brasilense had the capacity to produce several polyamines,
such as putrescine, spermine, and spermidine, under similar
culture medium conditions (Thuler et al. 2003). Supporting
evidence was reported in later studies. It was reported that
A. brasilense Az39 promoted root growth and helped mitigate
osmotic stress in rice seedlings, in part due to cadaverine pro-
duction (Cassan et al. 2009).

In 2010, the complete genomic structure of Azospirillum
sp. B510 isolated from stems of rice plants was obtained
(Kaneko et al. 2010). That study was the first to report on
the genome structure of a member of the genus
Azospirillum. In the same year, a new hypothesis about the
action of Azospirillum on plants was proposed (Bashan and
de-Bashan 2010). A year later, Wisniewski-Dy¢ et al. (2011)
obtained the genome sequences of the model strains
A. brasilense Sp245 and A. lipoferum 4B and analyzed the
taxonomic origin of this bacterial genus. Through genome
sequencing and analysis, they showed that Azospirillum spp.
transitioned from aquatic to terrestrial environments. Most of
the Azospirillum genes were acquired horizontally, and they
encode functions that are critical for rhizosphere-plants adap-
tation and interaction. In 2014, the complete genome sequence
of A. brasilense Az39 was presented (Rivera Botia et al.
2014); it is one of the strains that is most often used for agri-
culture in South America. One year later, the complete ge-
nome sequences of A. brasilense Sp7 (Kwak and Shin 2015)
and A. thiophilum isolated from a sulfide spring (Fomenkov
et al. 2016) were analyzed and annotated. More recent studies
have identified the draft genome sequences of Azospirillum
sp. B2, isolated from a raised Sphagnum bog (Grouzdev et al.
2018), A. brasilense strains Ab-V5 and Ab-V6 (Hungria et al.
2018), extensively used as biofertilizers in Brazil, and
A. brasilense REC3 (Fontana et al. 2018), isolated from



Biol Fertil Soils (2020) 56:461-479

473

strawberry plants in Argentina. Recently, the quorum-sensing
and quorum-quenching mechanisms based on N-acyl-L-
homoserine lactones in A. brasilense Az39 were analyzed in
silico and in vitro (Gualpa et al. 2019). That study reported
that although A. brasilense Az39 this strain is a silent bacteri-
um unable to produce AHL signals, it can interrupt the com-
munication between other bacteria and/or plants via its
quorum-quenching activity.

Concluding remarks and perspectives

Since its re-discovery in the 1970s, Azospirillum has become a
cornerstone in the study of PGPB. Its potential as an effective
inoculant for a wide variety of crops has been recognized. Yet,
the exact mode of action is still not completely understood.
Azospirillum modes of action were initially explained by the
Additive Hypothesis; 20 years later, that was replaced by the
multiple mechanisms hypothesis. In this review, we proposed
the Eficient Nutrients Acquisition Hypothesis, which posits
that plant growth promotion occurs via two major mecha-
nisms, biological N fixation and phytohormone production,
which are effectively induced by the colonized bacteria.
Thus, some of these molecules have the capacity to alter the
root morphology, thereby improving mineral uptake and in-
ducing higher yields, even if using lower doses of chemical
fertilizers. The contribution of N fixation is more controver-
sial, and its effect may be less potent than previously believed.
Although mixed results have been reported for inoculation,
this has not prevented numerous companies around the world
from offering inoculants containing Azospirillum. More spe-
cifically, in South America, 10 million doses of inoculants
containing Azospirillum were used in 2018.

The use of Azospirillum under field conditions has been
widely shown to improve plant growth and crop productivity.
Thus, the use of azospirilla inoculants for crop production
should be understood as a consolidated practice, in terms of
grain yield production in summer and winter cereals, as well
as legume production (co-inoculation). As an improvement in
the use of Azospirillum, co-inoculation with rhizobia has prov-
en to be a novel technology to enhance legume performance.
Part of the current challenges of azospirilla inoculants has
been the need for inoculant companies to develop effective
formulations that can be used for diverse applications and
under different storage handling and environmental condi-
tions. In summary, the development of alternative application
systems, such as the delivery of azospirilla by foliar inocula-
tion, is seen as a solution to overcoming the limitations of on-
seed treatment. There is an urgent need to promote a regional
coordinated communication program about the already mea-
sured benefits of inoculation with Azospirillum as a comple-
ment to current extensive and intensive crop practices. These
networks should include direct users of these products as well

as other actors from rural and urban environments and local
regulatory agencies.

Additionally, Azospirillum inoculation may serve as a valu-
able method for the remediation of contaminated soil and
water and the revegetation and reforestation of degraded
lands. Furthermore, the interaction of Azospirillum with green
microalgae was proven to be an independent sub-field of
Azospirillum research, presenting a new and interesting ave-
nue to produce metabolites, such as lipids and pigments.
However, this biotechnological application is yet to be tested
under scale-up conditions to evaluate its real-life potential.
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Kenneth G. Cassman, Achim Dobermann and Daniel T. Walters

Agroecosystems, Nitrogen-use Efficiency,
and Nitrogen Management

The global challenge of meeting increased food demand
and protecting environmental quality will be won or lost in
cropping systems that produce maize, rice, and wheat.
Achieving synchrony between N supply and crop demand
without excess or deficiency is the key to optimizing trade-
offs amongst yield, profit, and environmental protection in
both large-scale systems in developed countries and small-
scale systems in developing countries. Setting the research
agenda and developing effective policies to meet this
challenge requires quantitative understanding of current
levels of N-use efficiency and losses in these systems, the
biophysical controls on these factors, and the economic
returns from adoption of improved management practices.
Although advances in basic biology, ecology, and biogeo-
chemistry can provide answers, the magnitude of the
scientific challenge should not be underestimated because
it becomes increasingly difficult to control the fate of N in
cropping systems that must sustain yield increases on the
world’s limited supply of productive farm land.

INTRODUCTION

The focus of this paper is on nitrogen-use efficiency (NUE) in
cereal production systems because maize (Zea mays L.), rice
(Oryza sativa L.), and wheat (Triticum aestivum L.) provide
more than 60% of human dietary calories either as cereals for
direct human consumption or embodied in livestock products
produced from animals fed with feed grains and their by-prod-
ucts (http:/apps.fao.org/, agricultural production). It is likely that
these same cereal crops will continue to account for the bulk of
the future human food supply because they produce greater
yields of human-edible food, are easily grown, stored, and trans-
ported, and require less fuel and labor for processing and cook-
ing than other food crops. Our analysis will examine the NUE
of these primary cereals in the world’s major cropping systems,
which also account for the majority of global N fertilizer use.
We define the NUE of a cropping system as the proportion of
all N inputs that are removed in harvested crop biomass, con-
tained in recycled crop residues, and incorporated into soil or-
ganic matter and inorganic N pools. Nitrogen not recovered in
these N sinks is lost from the cropping system and thus contrib-
utes to the reactive N (Nr) (1) load that cascades through envi-
ronments external to the agroecosystem.

Our evaluation will focus on NUE in on-farm settings because
estimates of NUE from experimental plots do not accurately rep-
resent the efficiencies achieved in farmers’ fields. This lack of
agreement results from differences in the scale of farming op-
erations and differences in N-management practices—some of
which are only feasible in small research plots. The effect of
scale not only influences N fertilizer application, but all other
management operations such as tillage, seeding, weed and pest
management, irrigation, and harvest, which also affect efficiency.
As a result, N-fertilizer efficiency in well-managed research ex-
periments is generally greater than the efficiency of the same
practices applied by farmers in production fields. For example,
the average N-fertilizer uptake efficiency (defined as the percent-
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age of fertilizer-N recovered in aboveground plant biomass dur-
ing the growing season—hereafter called the N-fertilizer recov-
ery efficiency — REy), achieved by rice farmers is 31% of ap-
plied N based upon on-farm measurements in the major rice-pro-
duction regions of four Asian countries (Table 1). In contrast,
RE\ for rice in well-managed field experiments typically range
from 50-80% (3-5). In the authors’ experience, similar overes-
timation of REy in small plot experiments occurs for irrigated
and rain-fed maize in the North-Central USA and for irrigated
wheat in California.

The need to improve REy will be emphasized because N fer-
tilizer is the largest source of N input to and losses from cereal
cropping systems. A recent study estimates total N input to the
world’s cropland at 169 Tg N yr ' (6). Inorganic N fertilizer, bio-
logical N fixation from legumes and other N-fixing organisms,
atmospheric deposition, animal manures, and crop residues ac-
count for 46%, 20%, 12%, 11%, and 7%, respectively, of this
total. Hence, crop-management practices that increase REy have
a substantial impact on the amount of Nr that escapes from ce-
real production systems. While we recognize that solutions to
global concerns about effects of Nr on the environment must in-
volve integrated management of both inorganic and organic N
sources to maximize NUE, other papers in this issue of Ambio
and elsewhere address issues of N efficiency in livestock pro-
duction systems and the contributions of organic N sources such
as legume crops and green manures (6, 7).

NITROGEN-USE EFFICIENCY TODAY

Applied N not taken up by the crop or immobilized in soil or-
ganic N pools-which include both microbial biomass and soil
organic matter—is vulnerable to losses from volatilization,
denitrification, and leaching. The overall NUE of a cropping sys-
tem can therefore be increased by achieving greater uptake effi-
ciency from applied N inputs, by reducing the amount of N lost
from soil organic and inorganic N pools, or both. In many crop-
ping systems, the size of the organic and inorganic N pools has
reached steady-state or is changing very slowly, and the N in-
puts from biological N, fixation and atmospheric deposition are
relatively constant. For example, analysis of the N balance in
long-term experiments on irrigated rice in Asia suggests that
many of these systems have reached steady-state (8), and simi-
lar evidence suggests that some maize-based cropping systems
in the USA corn belt are also near steady-state (9). In these cases,
the overall NUE of a cereal cropping system is equal to the REy.

In contrast to systems at steady-state, adoption of new man-
agement practices or crop rotations that affect the soil carbon
(C) balance will also affect the N balance because the C/N ratio
of soil organic matter is relatively constant. In such cropping sys-
tems, the overall NUE of the cropping system must include
changes in the size of soil organic and inorganic N pools in ad-
dition to the REy. When soil-N content is increasing, the amount
of sequestered N contributes to a higher NUE of the cropping
system, and the amount of sequestered N derived from applied
N contributes to a higher REy. Conversely, any decrease in soil-
N stocks will reduce NUE and REj.

Unfortunately, there is a paucity of reliable data on REy based
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on measurements from on-farm studies in the major cereal pro-
duction systems. Likewise, we are not aware of measurements
of on-farm NUE that include the contributions from both REy
and changes in soil-N reserves. This shortage of information re-
flects the logistical difficulty and high cost of obtaining direct
on-farm measurements and the lack of funding for what appear
to be routine on-farm evaluations. Available data indicate a very
low mean REy of 31% in continuous irrigated rice systems in
Asia (2, 10), and somewhat higher efficiency of 37% for maize
in the major maize-producing states of the USA (Table 1). In
contrast, mean REy for wheat in rice-wheat systems of India was
18% in one year and 49% the next. This difference was associ-
ated with low grain yields in the first year caused by unfavorable
weather, and highlights the importance of robust crop growth
and yield to greater REy. Good crop management and high yields
of rain-fed wheat in northwestern Europe also contribute to rela-
tively high REy in those systems (11). Most other estimates of
REy in the literature are obtained from experimental plots at re-
search stations, which tend to overestimate REy for the reasons
previously described.

Two methods are commonly used for direct measurement of
REy, and both have inherent weaknesses (12). The ‘N-difference’
method is based on the difference in N uptake between a crop
that receives a given amount of applied N and N uptake in a ref-
erence plot without applied N. Another technique uses "N-
labeled fertilizer to estimate crop recovery of applied N. Each
of these methods can be confounded by ‘added-N effects’ when
the applied N alters the ability of the plant root system to ac-
quire N from soil, the rate of net N mineralization from organic
N pools, or both. In addition, the "N-fertilizer technique can also
be confounded by ‘pool substitution” whereby N from applied
"N-fertilizer replaces N in the various soil N pools during the
processes of N immobilization-mineralization turnover from or-

ganic matter and microbial biomass. Because estimates of REy
by the N-difference method are influenced by fewer confound-
ing factors, we believe it is preferable to the "N-fertilizer tech-
nique. The data in Table 1 and cited throughout this paper are
based on this method.

The NUE of agricultural systems also have been calculated
using aggregate databases on crop production statistics and lit-
erature-based assumptions about N cycling to estimate N inputs
and outputs on a regional or global basis. For example, Smil’s
(6) elegant global N balance for crop production estimates an
average N recovery efficiency in crop biomass of 50% from all
sources of N input—including fertilizers, atmospheric deposi-
tion, biological N, fixation, recycled crop residues, and manures.
However, N recovery efficiencies can differ substantially from
each of these N sources, and therefore it is not possible to esti-
mate REy by this approach. The much lower estimates of REy
based upon direct on-farm measurements for rice in Asia and
maize in the North-Central USA (Table 1) may reflect higher N
uptake efficiency from indigenous N sources than from applied
fertilizer. Moreover, the overall NUE of these systems would be
higher or lower depending on whether soil N reserves are in-
creasing or decreasing over time.

In recent years, significant strides towards increasing REy are
suggested from aggregate data of fertilizer use and crop yields.
Since the early 1980s, the ratio of crop yield per unit of applied
N fertilizer (called the partial factor productivity for N ferti-
lizer—PFPy) has increased in Japan (13), and the USA (14). For
USA maize, PFPy increased by 36% in the last 21 years, from
42 kg kg in 1980 to 57 kg kg 1 in 2000 (Fig. 1). Because crop
dry matter accumulation and grain yield are closely correlated
with N uptake, the increase in PFPy since 1980 suggests an as-
sociated increase in REy—assuming the indigenous N supply
from net mineralization of soil organic matter, atmospheric N

inputs, and biological N fixation have re-
mained relatively constant during this pe-

Table 1. Nitrogen fertilizer-uptake efficiency
maize, rice, and wheat crops based on data obtained from on-farm
measurements in their major cropping systems.

* (or recovery efficiency, RE ) by

riod. In contrast, there appears to have been
little improvement in REy of irrigated rice
in tropical Asia; on-farm efficiencies meas-
ured in the late 1960s and early 1970s (15)
are comparable to estimates made in the
late 1990s as given in Table 1. Understand-

+ Recovery efficiency is the proportion of applied N fertilizer that is taken up by the
crop. It is determined by the difference in the total amount of N measured in

e e N M) S ing the reasons for these trends in PFP and
REy and the prognosis for improving them
S depends on knowledge of the factors that
Maize North-central USA 55 103 (85) 37 (30) .
L (vl?_riou? rdqtations) 10 7 (39) 2 (1) govern N demand and supply in cereal
R China, India, i
o Titrase 179 112 (28) 40 (18) cropping systems.
Phillipines,
Thailand, Vietnam
Wheat™* I(qug”"e) 23 145 (31) 18 (11) BIOPHYSICAL DETERMINANTS OF
(rice-wheat) 21 123 (30) 49 (10) CROP NITROGEN REQUIREMENTS

Crop-N demand is determined by biomass

++

+++

++++

aboveground biomass at physiological maturity between replicated plots that receive
N fertilizer and control plots without applied N. Except for the omission of N in control
plotrs1|falllé:rop—management practices are determined and applied by the farmer of
each field.

Data obtained from on-farm experiments located in lllinois, Michigan, Minnesota,
Missouri, Nebraska, and Wisconsin. Experiments were conducted from 1995-1999
by researchers in the NC 218 Regional Research Project. At each site, replicated
plots received N-fertilizer across a wide range of N-application rates, including a
control without applied N. Management practices other than N-fertilizer rate were
imposed by the farmer. REy was estimated as described above.

Data from on-farm experiments conducted at 179 sites in major irrigated rice domains
of Asia from 1997 to 2000 with measurements taken in 4 consecutive rice crops at
each site (2). The first row of data were taken from the field-at-large where nutrient
management practices were applied by the farmer without guidance from
researchers, whereas the second row represents field-specific nutrient management
whereby the amount of applied fertilizer was adjusted to account for the balance
between soil nutrient supply capacity and crop demand.

Data from on farm studies of rice-wheat systems in North India (A. Dobermann, C.
Witt, and B. Mishra, unpubl. data) following similar methods as for rice (2). Data in
the first row were from a year in which mean yields were relatively low because of
unfavorable weather (1998: average grain yield 2.3 Mg ha™), whereas the second
row of data is for a favorable year with considerably larger mean yields (1999:
average grain yield 4.8 Mg ha™).
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yield and the physiological requirements
for tissue N. Crop-management practices
and climate have the greatest influence on
yield. Climate varies considerably from
year to year, which causes large differences
in yield potential. In irrigated systems, the
yield potential of a given crop cultivar is
largely governed by solar radiation and
temperature. In dryland systems, rainfall
amount and temporal distribution also have
a large influence on yield potential. While
solar radiation, temperature, and moisture
regimes determine the genetic yield ceiling,
actual crop yields achieved by farmers are
generally far below this threshold because
it is neither possible, nor economic, to re-
move all limitations to growth from sub-
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optimal nutrient supply, weed competition, and
damage from insects and diseases. Hence, the in-
teraction of climate and management causes tre-
mendous year-to-year variation in on-farm yields
and crop N requirements.

Crop physiological N requirements are con-
trolled by the efficiency with which N in the
plant is converted to biomass and grain yield.
Because cereal crops are harvested for grain, the
most relevant measure of physiological N effi-
ciency (PEy) is the change in grain yield per unit
change in N accumulation in aboveground
biomass. Crop-PEy is largely governed by 2 fac-
tors: 7) the genetically determined mode of pho-
tosynthesis—either the C; or C, photosynthetic
pathway; and ii) the grain N concentration—also
under genetic control but affected by N supply
as well. Both rice and wheat are C; plants while
maize is a C, plant. The C, plants tend to have
greater PEy than C; plants because the C, path-
way has a higher photosynthetic rate per unit
leaf-N content (16), which results in greater
biomass production per unit of plant-N accumu-
lation (Fig. 2, ref. 17).

Large genetic variation in grain-N concentra-
tion within each of the major cereal species has
allowed plant breeders to develop cultivars with
the desired grain-N concentration for specific
end-use properties. Relatively low grain-N con-
tent of 10-12 g kg ' here and elsewhere, grain-
N concentration is given on a dry weight basis
desired in rice for optimal cooking and eating
quality. Maize-N content also is relatively low
(13-14 g kg'') because maize products for hu-
man consumption or animal feed do not require
high protein. In contrast, the N concentration of
wheat must exceed 18 g kg ' to have acceptable
quality for bread or noodles. The relationship be-
tween grain yield and the N contained in
aboveground biomass at physiological maturity
provides a measure of PEy across a wide range
of production environments (Fig. 3). The line at
the upper boundary of data points in this Figure
provides an estimate of maximum N dilution in
plant biomass, which occurs when N is the most
limiting factor to plant growth. When N is no
longer the most limiting resource and other fac-
tors such as water supply, pest damage, or defi-
ciencies of other nutrients reduce crop growth,
the amount of grain produced per unit N uptake
decreases and moves off the line of maximum
N dilution.

Across a wide range of production environ-
ments and management practices, maize tends to
have a larger increase in grain yield per unit N
uptake than rice because it is a C, plant. This ad-
vantage in PEy is evident in the slopes of regres-
sion lines in Figure 3. Rice has a lower effi-
ciency than maize because it is a C; plant al-
though its lower grain N concentration partially
offsets this disadvantage. Wheat has the small-
est PEy of the 3-major cereals because it is a C;
plant with high grain protein (data not shown).
Two additional points are noteworthy. First, the
lines defining both maximum N dilution and the
overall regression are curvilinear, which means
there is a diminishing return to the conversion
of plant N to grain as yields approach the yield

134

_1)

© Royal Swedish Academy of Sciences 2002

Figure 1. Trends in maize grain yield, use of N fertilizer, and Partial Factor
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Sources of data: Mean annual maize yields, National Agricultural

Statistics Service, USDA http://www.usda.gov/nass/; mean
annual N fertilizer N use, USDA Annual Cropping Practices

Surveys (> 2000 farms representing 80 to 90% of the USA maize

area), Economic Research Service, USDA, http://
www.ers.usda.gov/

Figure 2. Relationships between dry matter yield and nitrogen
content of plant tissue for C 5 and C, crops. (Source: 17).
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Figure 3. Relationship between grain yield and plant-N accumulation in aboveground biomass at physiological maturity in maize a

nd rice.

Data sources: i) for rice, data obtained from on-
farm and research station experiments conducted
across a wide range of agroecological
environments in Asia from 1995 to 2000 (n = 1658);
ii) for maize, data obtained from on-farm and
research station experiments conducted across a
wide range of agroecological environments in the
North-Central USA from 1995 to 2000 (n = 470).
Blue lines indicate the boundary of maximum
dilution of N in the plant (maximum physiological
efficiency), whereas the black lines depict the
average physiological efficiency as obtained from
nonlinear regression for the entire data set for
maize and rice.
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potential ceiling. Second, the N concentration of cereal straw
and stover is much smaller than in grain, and differences
among cereal crops or among cultivars of the same crop spe-
cies are relatively small. Therefore, the amount of N remain-
ing in straw or stover has a relatively small effect on PEy
unless factors other than N are limiting crop growth and grain
yield.

DYNAMICS OF NITROGEN SUPPLY

Inorganic nitrate and ammonium ions are the primary source
of N taken up by plant roots. Both indigenous soil resources
and applied N inputs contribute to this plant-available N pool,
which represents a very small fraction of total soil-N. For
example, a typical irrigated rice soil in Asia contains about
2800 kg N ha ' in the top 20 cm of soil where roots derive
the majority of crop-N supply. Of this total, the amount of
N derived from indigenous resources during a single crop-
ping cycle typically ranges from 30-100 kg N ha' (Fig. 4a),
which represents only 1-4% of total soil N. For cereal crops,
we define the indigenous soil-N supply as the amount of N
the crop obtains from the inorganic N pool, net N minerali-
zation from soil organic matter and incorporated crop
residues, biological N, fixation by soil microflora in the
rhizosphere and floodwater (in the case of irrigated rice), and
inputs of N from atmospheric deposition and irrigation wa-
ter. Similarly, total-N in the top 20 cm of a fertile prairie soil
in the USA corn belt is about 4000 kg N ha ', and the indig-
enous N supply typically ranges from 80240 kg N ha ' (Fig.
4b), which is 2—6% of total soil-N. Although small in size,
the indigenous N supply has a very high N-fertilizer substi-
tution value because of the relatively low REy from applied
N fertilizer.

A maize crop that produces a grain yield of 10 000 kg ha
' requires total uptake of about 190 kg N ha™' (Fig. 3). The
indigenous N supply typically provides about 130 kg N ha'
(median value in Fig. 4b), which leaves 60 kg N ha' that
must be provided by applied N. If REy is 37%, which is typi-
cal of on-farm conditions (Table 1), then an N-fertilizer rate
of 162 kg N ha™' must be applied to meet crop-N demand.
If the indigenous N supply decreases from 130 to 100 kg N
ha (a 23% reduction), then the N-fertilizer requirement in-
creases by 50% to 243 kg N ha ', assuming REy remains con-
stant at this higher N fertilizer rate. However, REy typically
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Figure 4. Variation in the indigenous N supply (I

x» plant N accumulation in

on-farm plots that did not receive N fertilizer). of a. rice fields in Asia; and
b. maize fields in the North-Central USA.

No. of observations

No. of observations

160 -

140
120
100
80
60
40
20
0

14

12
10

e N A &

© Royal Swedish Academy of Sciences 2002

a Rice, Asia Mean 54 |
sSD 20 -
25% M
Median 53 -
75% 66
b Maize, USA Mean 146 -
sSD 57
N 25% 102
Median 132
75% 179
0 40 80 120 160 200 240 280
Iy (kg ha™)

Iy for rice was measured at on-farm sites at 179 locations in South
and Southeast Asia (Source: C. Witt and A. Dobermann, Reversing
Trends of Declining Productivity in Intensive Irrigated Rice Sys-

tems, On-farm Monitoring Database, June 2000 release; IRRI, Los
Banos, Philippines). |  for maize was measured at 64 loca-

tions in 6 major maize-producing states in the North-Central USA

in replicated field experiments and on-farm trials (Source: D.

Walters, Univ. of Nebraska; North Central regional Research Pro-

ject NC-218). For both rice and maize, the |  at each site was mea-
sured as described in the footnotes to Table 1. For comparison,

mean total soil N content in the 0-20 cm topsoil layer was 1.4 +0.7
g kg™ at the rice sites in Asiaand 1.6 +0.1 g kg™ at the maize sites
in North America.
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decreases as the amount of N-fertilizer application increases (18),
especially at high rates of fertilizer input, which further increases
the fertilizer substitution value of indigenous N.

Given the large N-fertilizer substitution value of indigenous
N, predicting the amount and temporal variation of the indig-
enous N supply during crop growth is essential for determining
the optimal timing and amount of N-fertilizer applications. Ac-
curate prediction is difficult, however, because the indigenous
N supply is highly variable in the same field over time as well
as in different fields within the same agroecological zone, even
when the fields have similar soil type, management, and climatic
conditions (3, 19). This high degree of variability is illustrated
by the on-farm measurements of the indigenous N supply in rice-
and maize systems (Fig. 4 a, b). Because of the high degree of
variation and small size relative to the much larger background
of total soil-N, prediction of the indigenous soil N supply is one
of the key challenges for agronomic research.

The primary determinants of total plant-available N supply are
the net rate of N release from soil organic matter and incorpo-
rated crop residues, which is controlled by the balance between
N immobilization and mineralization as mediated by soil mi-
crobes, the contributions from applied organic and inorganic N
sources, and losses from the plant-available N pool. Other con-
tributions include wet/dry deposition from rainfall and dust, free-
living biological N fixation (BNF), and, in irrigated systems, N
contained in irrigation water. The contribution of BNF is of
greatest importance in rice systems with an active floodwater
flora and contributions typically range from about 30 to 50 kg
N ha"' crop ' (20). Although there is often a flush of N miner-
alization after soil tillage, soil rewetting after a tropical dry sea-
son, or after thawing and warming in a temperate spring plant-
ing season, the rate of N mineralization is relatively constant
during the period of active crop uptake. In contrast, most N fer-
tilizers rapidly enter the plant-available N pool because they are
composed of inorganic N in the form of nitrate, ammonium, or
both. The amount and time course of available N-released from
organic manures and other organic N sources depends on the
amount of inorganic N they contain at the time of application
and on subsequent rates of N mineralization. Regardless of N
source, the potential for N losses is greatest whenever the size
of the plant-available N pool exceeds crop uptake requirements.

Environmental conditions and crop management heavily in-
fluence the rate of net N mineralization from indigenous and ap-
plied organic N as well as the rate of N losses from the plant-
available N pool. Most influential during the relatively short pe-
riod of a single crop production cycle are temperature and mois-
ture regime, soil tillage method, and the amount, chemical com-
position, and timing of carbon and N inputs from crop residues
and roots, inorganic fertilizers, cover crops, and manures. Over
longer periods, soil erosion, atmospheric N deposition, and soil
acidification can have large cumulative effects on the overall N
balance and amount of soil-N reserves. A detailed review of
these N-supply components and the environmental and manage-
ment factors that affect ecosystem N dynamics and N balance
are beyond the scope of this paper. Fortunately, a wealth of in-
formation is available in comprehensive reviews on components
of the soil-N cycle and the effects of environment and manage-
ment on N transformations and fluxes (12, 20-23).

At issue here is how well current knowledge of controls on
s0il-N dynamics is distilled into practical management tools for
identifying an N-fertilizer management regime that optimizes
REy and profit. While present understanding allows reasonably
accurate predictions of the total soil N balance over long-term
periods using mechanistic simulation models (24), such models
have not proven sufficiently robust for predicting the size of the
available N pool and crop uptake from it across a wide range of
production environments (25, 26). The small size of this dynamic
N pool and the complexity of interactive processes that govern
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its availability over short periods, are difficult issues for realis-
tic models. We would argue that the development of simulation
models that can make reasonable predictions of the amount and
time course of the indigenous N supply is a very high priority.
However, we also recognize that it will be very challenging to
make such models user-friendly for routine N-management de-
cisions.

IMPROVING NITROGEN-USE EFFICIENCY AND
PROFIT

The goal of reducing Nr while sustaining adequate rates of gain
in cereal production to meet expected food demand will require
increases in both NUE and REy, which in turn will require in-
novative crop- and soil-management practices. The economic
‘benefit to cost ratio’ has a large influence on farmer adoption
of new technologies. While some management practices might
increase NUE by reducing N losses or increasing the proportion
of N inputs that are retained in soil organic and inorganic N
pools, adoption by farmers is not likely without the promise of
adequate economic return. Hence, management options for im-
proving NUE of cereal production systems must also consider
REy and PEy because these parameters determine the economic
impact on grain yield in relation to applied N inputs and crop-
N accumulation.

Recent literature on improving NUE in crop-production sys-
tems has emphasized the need for greater synchrony between
crop N demand and the N supply from all sources throughout
the growing season (3, 27-30). This approach explicitly recog-
nizes the need to efficiently utilize both indigenous and applied
N and is justified by the fact that losses from all N-loss mecha-
nisms increase in proportion to the amount of available N present
in the soil profile at any given time. Hence, uptake efficiency
from a single N-fertilizer application typically decreases in pro-
portion to the amount of N-fertilizer applied (18). The same prin-
ciple applies to available N derived from organic N sources such
as legume green manures, cover crops and animal manures. In-
deed, potential nitrate leaching from manures can be equal or
greater than potential losses from inorganic N fertilizer when the
available N supply from either source exceeds crop demand by
similar amounts for comparable time periods (31, 32).

Increased yields also can contribute to greater NUE from both
indigenous and applied N sources because fast growing plants
have root systems that more effectively exploit available soil re-
sources (33). Crop health, insect and weed management, mois-
ture and temperature regimes, supplies of nutrients other than
N, and use of the best adapted cultivar or hybrid all contribute
to more efficient uptake of available N and greater conversion
of plant N to grain yield. Assuming a well-managed crop, REy
and profit from applied N are therefore optimized with the least
possible N losses when the plant-available N pool is maintained
at the minimum size required to meet crop-N requirements at
each stage of growth. Too little N reduces yields and profit while
too much N is vulnerable to losses from leaching, volatilization,
and denitrification.

The degree of synchrony between N supply and demand and
its influence on REy can be evaluated quantitatively when N de-
mand and supply can be measured or estimated. For example,
yield level provides an estimate of crop N demand and the in-
digenous N supply can be estimated by N uptake in plots that
do not receive applied N. On-farm experiments with irrigated
rice in Asia and maize in the North-Central USA illustrate the
interactive effects of these factors across a wide range of envi-
ronments based on the relationship between REy and an expres-
sion that represents the degree of synchrony between N supply
and demand:

Fu/(1-1/Uy) Eq. 1
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Figure 5. Variation in nitrogen fertilizer uptake efficiency RE N-
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(REy: kg N fertilizer uptake kg~ N applied) in relation to
the degree of synchrony between crop N demand (U  :in
kg N ha™ as measured by crop N accumulation in
aboveground biomass at physiological maturity in N-
fertilized plots) and the N supply from indigenous

resources (I y: in kg N ha ™ as measured by crop N uptake
in control plots without applied N) and the amount of
applied N fertilizer (F  in kg N ha ™). Smaller values on the
abscissa indicate greater synchrony between N supply

and demand. Data source for rice: C. Witt and A.
Dobermann, On-Farm Monitoring Database, June 2000
release; IRRI, Los Banos, Philippines. Data source for
maize: D. Walters, University of Nebraska; North Central
Regional Research Project NC-218.

where Fy is the amount of applied N fertilizer (kg N ha™), Iy is
the indigenous N supply as measured by crop-N uptake in plots
without applied N (kg N ha '), and Uy is the measured crop-N
uptake (kg N ha') where farmers applied N fertilizer outside the
N-omission plots (Fig. 5). Greater synchrony between supply and
demand is indicated by smaller values for this expression. The
REy from a given amount of applied N fertilizer for both crops
increases when demand for N cannot be met by the indigenous
N supply—a situation that occurs when Iy is small relative to
Uy. Conversely, when the indigenous N supply can meet crop
N requirements (Iy approaches Uy), REy is small because N does
not limit crop growth. The data also demonstrate that it is pos-
sible to achieve high REy with relatively large N-fertilizer rates
(Fx), but only when crop N demand is much larger than the in-
digenous supply. The scatter in these relationships reflects the
effects of other management factors on crop growth and N up-
take even though N was generally the most limiting production
factor in these on-farm studies.

Improving N Efficiency in USA Maize Systems

The ‘N synchrony framework’ is useful for evaluating manage-
ment options to improve NUE regardless of scale or technologi-
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cal sophistication of the crop production system. For example,
3 factors have contributed to improvement since 1980 in REy
of USA maize (Fig. 1) where production systems are large scale
and highly mechanized: i) increased yields and more vigorous
crop growth associated with increased stress tolerance of mod-
ern hybrids (34); if) improved management of production fac-
tors other than N such as conservation tillage and higher plant
densities; and iii) improved N-fertilizer management. Improve-
ments in N-management include significant reductions in fall-
applied N-fertilizer with a shift to applications in spring or at
planting, greater use of split N-fertilizer applications during the
growing season rather than a single large N application, and de-
velopment and extension of N-fertilizer recommendations that
give N ‘credits’ for manure, legume rotations, and residual soil
nitrate as determined by soil testing (35).

Each of these practices helps to better match the amount and
timing of applied N to crop-N demand and the N supply from
indigenous resources. They were developed through large invest-
ments in research at land-grant universities during a 30-year pe-
riod from 1960—-1990. Adoption by farmers required additional
investments in extension education. Even with this tremendous
effort and investment, not all farmers have adopted these prac-
tices. Of the total N fertilizer applied to maize in 1999, 28% was
applied in the fall, 45% in the spring (preplanting or at plant-
ing), and 25% after planting. Soil testing was practiced on 37%
of the total maize area, and the average number of N-fertilizer
applications was 1.8, which means that some farmers still do not
use split applications (36). Fall applications continue because N
suppliers offer price discounts for N applied in the fall. These
discounts reflect labor shortage and additional costs for storage,
distribution, and application of N in the spring when many other
field operations associated with tillage, planting, and weed con-
trol are in progress.

Despite the improvement in efficiency since 1980, our best
estimate of average REy in farmer’s fields is less than 40% of
the applied N. This estimate is based on recent on-farm mea-
surements in six of the major maize-producing states (Table 1).
Eliminating fall applications, increased use of soil testing, and
greater use of split applications rather than a single large appli-
cation would contribute to further gains in efficiency. Contin-
ued expansion of no-till and other conservation tillage practices
that reduce erosion will also help reduce N load in surface wa-
ters, but they can also increase N-fertilizer losses from denitri-
fication and leaching (37).

Improving N Efficiency in Asian Rice Systems

In contrast to USA maize production, there is little evidence of
improvement in REy of irrigated rice in Asia. Moreover, the rate
of increase in yield of irrigated rice has slowed markedly in the
past 20 years in part because average yields are approaching the
yield potential ceiling in some of the major rice-growing domains
(38). Recent studies also document that fertilizer practices used
by rice farmers fail to match application amounts with crop de-
mand and soil supply (2, 10, 19, 39). Despite tremendous varia-
tion in the indigenous N supply (Fig. 4), most extension serv-
ices in developing countries provide a single, standard fertilizer
recommendation for an entire district or region. Farmers appar-
ently have few guidelines for adjusting N-fertilizer amount to
account for the large differences in the indigenous N supply, in-
dicating the need for a ‘field-specific’ approach to N manage-
ment.

To test this hypothesis, a field-specific management approach
was evaluated in on-farm experiments at 179 sites in 8 rice-pro-
ducing domains of 6 Asian countries where continuous annual
double-crop rice systems were the dominant agricultural land
use. Fertilizer application rates for N, phosphorus (P), and po-
tassium (K) were estimated for individual fields by accounting
for the indigenous nutrient supply, yield goal, and nutrient de-
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mand as a function of the interactions between uptake require-
ments for N, P, and K (2). Nitrogen was applied in as many as
4 split applications to better synchronize N supply with crop de-
mand. A relatively small amount of N was applied at planting
and several topdressings were made during the rapid crop-growth
period. The timing of topdressings was determined by monitor-
ing crop-N status with a chlorophyll meter, and the amounts ap-
plied were adjusted to meet crop-N demand as determined by
the expected yield. The performance of this approach was com-
pared in 4 successive rice crops with the existing practices used
by farmers. Average grain yield increased by 0.5 Mg ha™' (11%)
and N-fertilizer rate decreased by 5 kg N ha ' with field-specific
management compared to the baseline farmers’ fertilizer prac-
tice (2).

The increased grain yields and reduced N-fertilizer rates re-
sulted in significant gain in REy and profit. Several factors con-
tributed to the increased efficiency with field-specific manage-
ment. Farmers’ practices typically relied on a large N-fertilizer
application early in the season, when the capacity for crop up-
take was small, and 1 additional N topdressing. In contrast, field-
specific management utilized 2 or 3 topdressings that were ap-
plied to achieve greater synchrony with crop demand, and indi-
vidual doses of preplant or topdressed N were smaller than those
applied by farmers. As a result, mean REy increased from 30%
with farmers’ practices to 40% with field-specific management.
On average, across all sites and cropping seasons, profit in-
creased by USD 46 ha™' crop™' through the use of field-specific
management. This gain in efficiency was achieved using prilled
urea, which is the most widely used N fertilizer in Asia, and
without major changes in other cropping practices. Spreading N
applications more evenly during the growing season probably
made the largest contribution to improved REy. It would also
reduce the risk for environmental pollution associated with gas-
eous N losses or losses from runoff and leaching.

These results highlight the potential for improving NUE at the
farm level in small-scale farming systems in developing coun-
tries. They also demonstrate that such improvements occur in
small increments and will require significant long-term invest-
ments in research and extension education. Several years of on-
farm experimentation are required to develop an “optimal” N-
management scheme for a particular location that is character-
ized by a set of common environmental, socioeconomic, and
cropping characteristics. Seasonal variation is large and fine-tun-
ing of N management must be accomplished in accordance with
other management factors that influence NUE such as balanced
supplies of macro- and micronutrients, water management, op-
timal plant density, and pest control (40).

RESEARCH AND POLICY PRIORITIES TO IMPROVE
NITROGEN-USE EFFICIENCY

Although there have been improvements in NUE for some crops
(Fig. 1) and in several countries (13—14), concerns about the
negative effects of reactive N load on ecosystem function and
environmental quality persist (41). Reliable estimates of N losses
from the major agroecosystems are required to understand the
contribution of agriculture to these problems. Here again there
are few studies in which N losses have been measured in on-
farm settings across a reasonable range of representative envi-
ronments; most estimates are based on field experiments con-
ducted at research stations. Although such studies provide use-
ful information about the relative importance of different loss
pathways and the biophysical factors controlling them, they do
not give accurate estimates of actual N losses under on-farm con-
ditions. Despite the lack of hard data on N losses from on-farm
environments, nitrate concentration in ground water often ex-
ceeds acceptable thresholds and nitrate losses contribute to
eutrophication of surface water bodies in many agricultural ar-
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eas where intensive cropping systems are the dominant form of
land use (42). In addition, atmospheric N,O concentration has
increased rapidly since the 1950s in concert with the increase
in N fertilizer applied to cropland.

While specific tolerance thresholds for N losses from crop-
ping systems cannot be determined without more reliable data
on hydrology and current levels of N losses, most agricultural
scientists and ecologists agree on a number of issues regarding
productivity and environmental requirements of future agro-
ecosystems: i) food production must increase substantially to
meet the needs of a much larger and wealthier human popula-
tion; i) nearly all of this increase must come from achieving
greater yields on existing agricultural land rather than expand-
ing production to marginal land or by further encroachment into
natural ecosystems such as rainforests, wetlands, or estuaries; i)
farmers must achieve significant improvements in NUE to main-
tain acceptable standards of environmental quality; and iv) farm-
ers must make a profit to stay in business. Agreement on these
issues provides common ground for examining research priori-
ties and policies that foster the tripartite goals of food security,
agricultural profitability, and environmental quality.

Research Priorities

Given continued population growth and limited land resources,
a strong emphasis should be given to understanding and improv-
ing NUE in the major cereal cropping systems that are endowed
with good soils and climate and can support both high yields
and high NUE based on the biophysical principles governing N
supply and crop demand. Indeed, the challenge of sustaining ad-
equate rates of gain in cereal yields while significantly improv-
ing NUE must receive explicit emphasis in the global research
agenda. The magnitude of this challenge should not be under-
estimated for 4 reasons: 7) crop physiological N requirements are
tightly conserved as determined by photosynthetic pathway and
grain N concentration (Figs. 1 and 2); i7) the yield response to
crop-N accumulation is curvilinear (Fig. 3); iii) increased yields
require greater N accumulation (Fig. 3), which in turn requires
a larger pool of plant-available soil-N to support additional crop
growth, but which is also more vulnerable to N losses from all
pathways; and iv) the plant-available soil-N pool is highly vari-
able (Fig. 4) and difficult to predict.

While it has been argued that application of existing technolo-
gies can meet much of the needed improvement in on-farm NUE,
we believe such assessments are too optimistic because they are
based on overestimation of current levels of on-farm REy and
they assume increased inputs from nitrogen-fixing legumes (43).
Increased N input from legumes to reduce dependence on N fer-
tilizer is not likely in the developing countries of Asia, where
the majority of increased food demand and production is pro-
jected to occur, because inclusion of legume crops in cereal pro-
duction systems has decreased markedly during the past 30 years
(44). Diverting land for green manure crops in this region has
become uneconomical because land scarcity and wage rates are
increasing rapidly. Moreover, green manures used in irrigated
rice systems have similar or lower REy than inorganic N ferti-
lizer (45, 46). Although inclusion of grain-legumes in rotation
with cereals can reduce N-fertilizer requirements compared to
continuous cereal cropping, they generally do not increase soil-
N stocks because more N is removed in harvested seed than is
replenished by biological N fixation. And, despite greater N-fer-
tilizer requirements of continuous maize systems, recent evidence
suggests that nitrate leaching is greater in a maize-soybean ro-
tation than from continuous maize (47).

Another scenario for meeting both food needs and alleviating
environmental damage from N used for crop production relies
on a projection for a doubling in the rate of cereal yield increase
compared to current rates of gain (14). Such a scenario is ques-
tionable because the rate of yield gain for the major cereals has
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been declining steadily during the past 30 years (48). In con-
trast to these rather optimistic scenarios, we view the dual goals
of meeting food demand while protecting the environment from
excess Nr as one of the greatest ecological challenges facing hu-
mankind.

What, then, are the highest priorities for research investment
and policies to improve NUE? A short-list of research targets
that are not likely to have a large impact will be considered first.
We see little scope for genetic improvement in PEy because the
relationship between economic yield and crop-N uptake is tightly
conserved. This in turn suggests only marginal gains in N effi-
ciency from molecular engineering of N assimilation and bio-
chemical transformation pathways within the plant. Likewise, N-
uptake capacity of crop root systems does not appear to be a sen-
sitive factor limiting the efficiency with which most crops ac-
quire soil or fertilizer N (4, 49), especially when compared to
potential improvements in NUE from better crop- and soil-man-
agement practices. Similarly, we see little biological or economic
advantage from organic N sources over inorganic N fertilizer
when both are used with ‘best management’ practices because
the same biophysical factors govern N cycling processes regard-
less of N source. Moreover, nearly all available animal manure
is already used as inputs to cropping systems and the scope for
increased inputs from legumes, as described above, is small.

Instead of these less promising targets, we see the greatest
gains in NUE and environmental protection accruing from “pre-
cision management” in time and space of all production factors
to maximize the synchrony between crop-N demand and the sup-
ply of mineral N from soil reserves and N inputs in high-yield
systems (27, 50). Such precision-management approaches will
be required for both large-scale agriculture in developed coun-
tries and small-scale farming in developing countries. Balanc-
ing N demand and supply will require breakthroughs in funda-
mental understanding of crop and soil ecology and organic
geochemistry to allow development of dynamic and cost-effec-
tive N-management approaches. For example, although theoreti-
cal predictions indicate significant environmental and economic
returns from site-specific N-management in USA maize systems,
it has been very difficult to document actual improvements in
yields or REy under on-farm conditions (51). This discrepancy
between theory and practice results from large gaps in our knowl-
edge of plant response to spatial and temporal variations in soil
conditions and in effects on crop response to indigenous and ap-
plied N. Similar knowledge gaps limit our ability to utilize re-
mote sensing of plant N status and simulation models as cost-
effective and practical tools for improved N management.

The long-term cumulative “feedback effects” of N and crop-
management tactics on soil quality also must be considered with
explicit emphasis on productivity and NUE of the entire agro-
ecosystem. Soil organic-matter content is a key measure of soil
quality in upland cropping systems. Upland soils that sequester
carbon also sequester N, resulting in greater indigenous N sup-
ply and a reduction in N-fertilizer requirements. Management
practices that lead to increased soil organic matter or alter or-
ganic matter composition to achieve better synchrony between
soil net-N mineralization and crop demand provide efficiency
benefits over the long term (30, 52).

Quantitative, on-farm evaluations of improved technologies
and measurements of N losses are needed to provide reliable es-
timates of potential improvements in NUE in the major agro-
ecosystems. While present knowledge of individual components
of the N cycle and estimates of N inputs are generally adequate,
large uncertainties exist in the magnitude of N losses from both
crop and livestock production systems. Better estimates of losses
of specific N compounds (NO;, N,O and N,) also are needed
for major agroecosystems throughout the world. Scientific un-
certainties are especially large for net-N immobilization/miner-
alization rates in systems where soil organic-matter levels are
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changing over time as a result of increased cereal cropping in-
tensity, higher yield levels, and conservation tillage or residue-
management practices. Without such data, research investments
and policies may not accurately target crucial components of the
N cycle or promote the most cost-effective technologies.

Effective Policies

While there is a large body of published research on technolo-
gies for increasing NUE, relatively few have been adopted by
farmers because they are not cost-effective or practical. Adop-
tion of improved technologies typically requires additional skills
and labor or investments in new equipment. Information on ex-
pected costs and economic returns from such investments is re-
quired to convince farmers of the benefits from adoption. The
only data directly available to farmers regarding NUE are the
grain yield they obtain from their fields and the amount of N
fertilizer they apply. Unfortunately, these data provide little in-
formation about the size of the indigenous N supply, REy, or
PEy, all of which are essential for identifying management prac-
tices that increase both NUE of the cropping system and eco-
nomic return from applied N. Farmers also need estimates of the
portion of yield obtained from indigenous soil-N and the yield
increase from applied N. A more thorough understanding of
these NUE components are essential for management decisions
that maximize returns from both indigenous and applied N, and
which in turn minimizes the potential for N losses.

Because of the cryptic nature of these NUE components, both
the public and private sector must play a greater role in provid-
ing information to crop producers about how various manage-
ment and technology options influence these components. Poli-
cies must support strong research and extension programs that
develop this capacity, especially for cereal-cropping systems that
are rapidly intensifying. Policies must also recognize the poten-
tial for interactions between different environmental goals. For
example, some technologies proposed for decreasing P runoff
from fields that receive applications of livestock manure may
increase the potential for N-leaching losses (53).

Low profit margins of most cereal production systems make
it difficult for farmers to absorb the costs of environmental regu-
lations. Incentive programs to promote adoption of N-efficient
management practices are preferred because regulations imposed
on farmers in one country can have the unintended effect of ex-
porting crop and animal production systems with high Nr leak-
age to countries with the least stringent environmental guidelines.
If at some point in the future scientific evidence clearly supports
more drastic action to reduce N load in the environment, a glo-
bal plan may be needed to concentrate food-crop production in
agroecosystems with the highest biophysical potential to maxi-
mize grain output in relation to N losses and the potential for
environmental damage.
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ABSTRACT

Previous studies estimated that sugarcane could obtain up to 60% of total nitrogen accumulated from BNF.
Here a mixture of five endophytic diazotrophic strains was tested in a field trial, inoculated in two
micropropagated sugarcane varieties and three locals, to determine the effects on commercial crop conditions.
The sugarcane plantlets were inoculated in vitro, and after 17 months of growing in the field, the productivity
and BNF contribution showed to be influenced by the plant genotype and soil type. The highest BNF
contributions was observed in the poorest soil for both varieties. Smaller increases in productivity were
observed for SP 701143 variety grown in soil with low or medium fertility. In contrast, a decrease in the stem
productivity was observed in the SP 813250 variety grown in the three localities.

Key words: endophytic bacteria inoculation, biological nitrogen fixation, plant growth promotion bacteria,

sugarcane.

INTRODUCTION

Research studies using '"N-isotopic dilution technique
estimated than more than 60% of total nitrogen accumulated in
some sugarcane varieties were derived from BNF (2). Recent
inoculation studies using micropropagated sugarcane plants
showed a maximum BNF contribution up to 30% of total
Nitrogen, obtained with a mixture of five diazotrophic bacteria
species (1). In this work, the BNF contribution and cane
productivity of the inoculated micropropagated sugarcane
plants with the same mixture of endophytic bacteria was
evaluated in a field trial. The plants were grown in three different
locations, comprising different soil fertility levels.

MATERIALS AND METHODS

Endophytic bacteria used in the mixture to inoculate the
sugarcane plants are listed in Table 1.

Table 1. Mixture of inoculant used in this study, and isolation
sources.*

. . . . Plant Sugarcane
Bacteria species  Sign  Strain tissue  variety
G. diazotrophicus Gd BR 11281 Roots Saccharum sp.
H. rubrisubalbicans Hs BR 11335 Roots SP 701143
H. rubrisubalbicans  Hr BR 11504 Stems SP 701284
A. amazonense Aa BR 11115 Roots SP 775181
Burkholderia sp. Bk BR 11366 Buds SP 711406

*Culture collection, Embrapa/Agrobiologia

Plant inoculation was performed as described by Oliveira
et al. (1). The strains were grown overnight in Dyg’s liquid
media, and an initial inoculum of 2.0 x 107cells/ml of each species
was inoculated in the MS medium. The plants were incubated
for 120 hours at 12-hour fotoperiod at 30°C. The micropropagated

*Corresponding author. Mailing address: Curso de Pés-Graduagdo em Agronomia, Ciéncia do Solo, Instituto de Agronomia, Universidade Federal do
Rio de Janeiro. Km 47 da antiga rodovia Rio-Sdo Paulo. 23890-000, Seropédica, RJ, Brasil. Tel: (+5521) 2682-1308. Fax: (+5521) 2682-1210.

E-mail: almoliva@yahoo.com.br
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sugarcane varieties SP 701143 and SP 813250 were provided
by Copersucar (SP), and grown in three different locations in
soil with different fertility level. The stem productivity was
evaluated in 16 months old plants grown in the field. The BNF
contribution was measured 9 months after field growth, using a
mass spectrometer Delta Plus (Finnigam, UK). The following
formula was applied to estimate the BNF:

%BNF=100x (3"N control plant - "N test plant)
(0"N control plant)

RESULTS

The cane yield obtained in Ultisol (low fertility soil) was
significantly lower than the cane productivity of the Oxisol or
the Alfisol (medium and high fertility soil, respectively) for both
varieties (Fig. 1).

A significant BNF contribution for the nitrogen nutrition
of sugarcane plants for both varieties was detected by the
isotopic analysis. However, the positive income was observed
only for the experiments performed at the Ultisol and Alfisol
soils. It was impossible to run the isotopic analysis of the
plants grown in the Oxisol soil probably because the massive
use of nitrogen fertilisation in previous experiments (Table
2).

DISCUSSION

A different response to inoculation was observed for each
tested sugarcane variety. The inoculation showed a small

125 AA A
SP 701143 SP 813250

= 100

< a B

g 751 a2 . <

=

° b

> 5012

£

3

9 95

Ultisol Oxisol Alfisol "Ultisol Oxisol Alfisol
Soil classes

O Control B Mixture*

Figure 1. Stem productivity of two sugarcane varieties (16
months old plants) grown in three soil classes. Same letters do
not differ statistically by LSD test at 5% of confidence. Means
of 12 plots.
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Table 2. Biological nitrogen fixation contributions to nitrogen
nutrition of two endophytic diazotrophic bacteria inoculated
sugarcane varieties grown in three soil classes.

% of total N derived from

Soil Class

BNF
. Var SP Var SP
Locality 701143 813250
Ultisol Seropédica - RJ 18.2 %* 31.4 %*
Oxisol Piracicaba - SP -4.5% -1.1%
Alfisol Jau - SP 13.4 %* 59%

* Significant at LSD test with 95% of confidence, obtained by
comparison of d*N values of inoculated plants with d"N values
of control plants. * See in Table 1.

increase (not significant) on the productivity of the SP 701143
variety when cultivated on Oxisol and Ultisol soil types, and
decreased the stem yield when grown in the Alfisol. The SP
813250 variety showed a decrease of the stem yield with the
inoculation, mainly for the plants grown in the Ultisol. This
could be due to the breeding characteristics of the cane
varieties used, where the SP 701143 was breeded to grow in
low fertility soil classes, while the SP 813250 was much adapted
to medium to high fertility soil classes. Those characteristics
could influence the capacity of association with the inoculated
bacteria.

In Alfisol, the BNF contribution as evaluated for the SP
701143 variety was up to 13.4% of total nitrogen accumulated in
the plant, while in the SP 813250 variety it corresponded only to
5.9% of total N. Evaluations of plants grown in the Ultisol
showed that the inoculation contributed with up to 18.2% of
total nitrogen in the SP 701143 variety, while 31.4% of total N
was derived from BNF in the SP 813250 variety (Table 2).
Although, it was shown that substantial part of nitrogen was
derived from the BNF, these results did not reflect in the stem
productivity.

The results suggest that inoculation of the sugarcane crop
seems to be more successful mainly in crops cultivated in soil
classes with low fertility. In addition, the commercial variety
used also influenced the interaction with the inoculated bacteria.
The better understanding of the plant-bacteria interaction, the
selection of endophytic diazotroph strains as well as sugarcane
varieties, need to be exploited to obtain the maximum benefit
from BNF.
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RESUMO

Resposta da inoculacio com bactérias diazotroéficas
endofiticas em duas variedades micropropagadas de
cana-de-aciicar

Experimentos anteriores estimaram que a cana-de-agucar
pode obter até 60% do N acumulado via fixacdo bioldgica de
nitrogénio (FBN). Neste trabalho, os efeitos da inocula¢ido da
mistura de cinco espécies de bactérias diazotréficas endofiticas
foram testados em duas variedades de cana-de-aglicar
micropropagadas, sob condi¢des de campo. Apds 17 meses de
crescimento, a produtividade e a FBN apresentaram influéncia
do gendtipo vegetal e da localidade de cultivo. As maiores
contribui¢des via FBN foram observadas no solo de menor
fertilidade, para ambas variedades de cana-de-actcar. Pequenos

A.L.M. Oliveira et al.

aumentos de produtividade foram observados para a variedade
SP 701143 nos solos de baixa e média fertilidade. Por outro lado,
ainoculagdo na variedade SP 813250 apresentou decréscimo de
produtividade nos trés tipos de solo testados.

Palavras-chave: inoculagdo com bactérias endofiticas, fixagdo
biolégica de nitrogénio, bactérias promotoras do crescimento
vegetal, cana-de-actcar.
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Abstract

It is well described that the beneficial interactions between plants and bacteria are genotype and site
specific. Brazilian sugarcane varieties can obtain up to 70% of their nitrogen requirement from biological
nitrogen fixation (BNF), and this contribution is related to the Brazilian breeding and selection processes,
by example of the variety SP70-1143. In this study the effect of two inoculation mixtures containing
diazotrophic bacteria in our earlier pot experiment was evaluated with two sugarcane varieties, a known
responder, SP70-1143, and a newly selected variety, SP81-3250, to investigate the sugarcane genotype effect
and the role of the mixtures. The sugarcane varieties SP70-1143 and SP81-3250 were grown under com-
mercial field conditions at three sites with contrasting soil types: an Alfisol, an Oxisol and an Ultisol that
means a low, medium and high natural fertility respectively. The stem yield and BNF contribution in
response to bacterial inoculation were influenced by the strain combinations in the inoculum, the plant
genotype, and the soil type and nitrogen fertilization, confirming the genetic and environmental influence in
PGP-bacteria interactions. Inoculation effects on the BNF contribution and stem yield increased in the
variety SP70-1143 grown in the Alfisol without nitrogen fertilization for three consecutive crops, and it was
equivalent to the annual nitrogen fertilization. The plants grown in the Oxisol showed small increases in the
productivity of the variety SP70-1143, and in the Ultisol the sugarcane plants presented even decreases in
the stem productivity due to inoculation with diazotrophic bacteria mixtures. The results demonstrate the
feasibility of the inoculation technology using diazotrophic bacteria in micropropagated sugarcane varieties
grown in soils with low to medium levels of fertility. In addition, the results also indicated that specific plant
— bacteria — environment combinations are needed to harness the full benefits of BNF.

Introduction direct jobs (web data, www.unica.com.br).
Production is still growing due to the increasing

Brazil is the largest sugarcane producer in the demand for ethanol for export. The annual appli-
world, with the crop occupying more than 5 mil- cation of nitrogen-fertilizer for Brazilian sugar-
lion hectares and generating up to one million cane is around 50 kg N ha™!, with a cost near
US$ 500 t™' (web data, www.udop.com.br). If

*FAX No: +55-21-26821230. N-fertilizer application could be reduced by one

E-mail: ibaldani@cnpab.embrapa.br half (less 125,000 t N y_') due to the biological
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nitrogen fixation (BNF), producers could save
estimated US$ 62.5 m y~'. This approach could
significantly reduce cost of bio-energy. The BNF
contribution of Brazilian sugarcane varicties was
first evaluated using '°N, isotope incorporation in
the plant tissues (Ruschel et al., 1975). The poten-
tial of BNF contribution was reported to be up
to 70% of total nitrogen incorporated by some
sugarcane varieties (Urquiaga et al., 1992). The
success of Brazilian sugarcane varieties in obtain-
ing BNF contributions for its nitrogen demand
are believed to be due to the historical character-
istics of cane breeding programs in Brazil, mainly
driven to develop varieties which produces well in
low fertility soils, thus indirectly selecting BNF-
associative varieties (Baldani et al., 2002).

No nitrogen-fixing species have yet been defin-
itively identified to provide nitrogen to grasses.
Nevertheless, studies using plant growth-promot-
ing bacteria (PGP-bacteria) as inoculants have
shown promising results with improvements in
plant nitrogen status and productivity in various
cropping systems (Boddey et al., 2003; Kennedy
et al., 2004; Okon and Labandera-Gonzalez,
1994). Among the essential factors needed to
obtain an optimum response to PGP-bacteria in-
oculants, plant and bacterial genes seem to play
the major role because of the strong associative
status of the relationship (Assmus et al., 1995;
Bashan and Holguin, 1997; Benizri et al., 2001;
Olivares et al., 1997; Sturz and Nowak, 2000;
Van Peer et al., 1990), but this genes may be un-
der the regulation of environmental conditions.
Actually, the relationship between sugarcane and
diazotrophic bacteria has not been definitively
understood. In a recent search for N»-fixing endo-
phytes in Japanese sugarcane varieties, Ando
et al. (2005) found that Bradyrhizobium, Serratia,
and Klebsiella are promising candidates for pre-
dominant endophytic diazotrophs in sugarcane
using nifH gene segments were amplified with
degenerate primers from DNA extracted from
stems of sugarcane without culturing them. It has
been suggested that the endophytic habitat pro-
vides a better environment for the PGP-bacteria
rather than the rhizosphere, because the direct
provision of nutritional elements, and the low O,
environment needed for optimum nitrogenase
expression. In return, the bacteria may provide
the host plant with biologically fixed nitrogen and
other growth-promoting molecules (Baldani

et al., 1997; Ddobereiner et al., 1995). However the
contribution of rhizosphere and soil bacteria
should not be underestimated, because of the
high diversity and population levels (Baldani and
Baldani, 2005).

The inoculation practice of PGP-bacteria in
non-legume plants has been adopted in some
countries, and comprises a promising agribusi-
ness (Bashan, 1998; Kennedy et al., 2004).
Unfortunately, the improvement of productivity
achieved with such practices still presents high
variation (from zero up to 30%) and low repro-
ducibility for several crops (Dobbelaere et al.,
2003; Okon and Labandera-Gonzalez, 1994). The
widespread use of PGP-bacteria inoculants as a
habitual agricultural practice requires a more
critical assessment because of the high variability
observed in the productivity of plants grown at
different sites and in different crop rotations. On
the other hand, the substitution of pesticides and
fertilizers that require high energy inputs in their
manufacture is highly desirable, as already dem-
onstrated in the Brazilian soybean crop (Alves
et al., 2003). Positive responses to inoculation
with diazotrophic bacteria have been demon-
strated in sugarcane plants grown under green-
house and field conditions (Mirza et al., 2001;
Munoz-Rojas and Caballero-Mellado, 2003;
Muthukumarasamy et al., 1999; Oliveira et al.,
2002; Sevilla et al., 2001). On the other hand,
studies to evaluate the BNF potential of uninoc-
ulated Brazilian sugarcane varieties grown in the
field point out the importance of favorable envi-
ronmental conditions (soil and climate) for the
best beneficial effects (Boddey et al., 2003). Be-
sides the BNF contribution to sugarcane by the
diazotrophic bacteria, such bacteria may also
promote plant growth due to the production of
phytohormones (Bastian et al., 1998; Maheshku-
mar et al., 1999; Paula et al., 1991; Sevilla et al.,
1998) and protection against pathogenic bacteria
(Muthukumarasamy et al., 2000; Pifion et al.,
2002).

Is now well recognized that the best effect, or
a compatible interaction (as defined for patho-
genic relationships) of the plant growth-promot-
ing bacteria in non-legumes is associated with the
interactions of the genotypes of the host plant
and the bacteria and the environment (GXE
interactions) (Gyaneshwar et al., 2002; Kennedy
et al., 2004). In sugarcane, the influence of plant



variety, bacterial strain and nitrogen amendment
on the association have already been demon-
strated (Mufioz-Rojas and Caballero-Mellado,
2003). Indeed, the soil type showed a stronger
influence in the rhizosphere microbial density
and community structure than did different
maize cultivars (Chiarini et al., 1998), but not in
conifers (Chanway et al., 2000). Nevertheless,
abiotic soil factors were demonstrated to control
the activity of introduced bacteria as observed
for Azospirillum (Bashan et al., 1995; Van Veen
et al., 1997).

The diversity of the diazotrophic colonizers of
sugarcane, associated with the low response to
nitrogen fertilization in tropical areas, led this
crop to be considered as a model in the BNF
studies with non-legume in Brazil (Baldani and
Baldani, 2005; Boddey et al., 2003). Positive re-
sults obtained in studies of sugarcane inoculation
with PGP-bacteria (Muthukumarasamy et al.,
1999; Oliveira et al., 2002) encourage and justify
research to identify the best bacterial species as
inocula, strategies and methodologies to intro-
duce selected strains in the commercial sugarcane
varieties. The aim of this work was to evaluate
the response of two sugarcane varieties grown in
three soil types in the field to inoculation with
two mixtures of selected diazotrophic strains.

Material and methods
Soil types

Inoculated plants were grown in three contrast-
ing soil types representative of major sugarcane
producing soils in Brazil:

(1) High soil fertility — An Ultisol located at
Jau (Sdo Paulo State); (2) Medium soil fertility —
An Oxisol located at Piracicaba (Sao Paulo
State); (3) Low soil fertility — An Alfisol located
at Seropédica (Rio de Janeiro State). The chemi-
cal analysis of those soils is presented in Table 1.
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The three experimental sites were amended
with phosphorous and potassium fertilizers as
recommended for sugarcane based on soil analy-
sis, and also micronutrients in the form of fritted
trace elements, FTE (1.0 kg ha™") in each growth
season. The three soil types received one applica-
tion of dolomite one month before planting of
the micropropagated plants. Three rates of nitro-
gen fertilizer (ammonium sulfate) were applied as
treatments: 0, 25.0 and 50.0 kg N ha™' (none,
half and the entire nitrogen dose as recom-
mended by COPERSUCAR, a Brazilian cooper-
ative association of 91 companies of industrial
producers and sugarcane suppliers), and 0, 50.0
and 100.0 kg N ha™' in the ratoons. The plants
were irrigated at each site during the initial
2 months of growth to ensure establishment in
the field. The experimental units were plots of
30 m? with plants distributed in five rows of 6 m
with 1.5 m between rows and 0.5 m between
plants.

Sugarcane varieties

Two micropropagated sugarcane varieties were
tested based on contrasting breeding characteris-
tics. The variety SP70-1143 has been recom-
mended for cropping on low fertility soils, and
was used as a reference variety since Urquiaga
et al. (1992) demonstrated its high BNF contri-
bution. The variety SP 813250 is newer and was
bred for cropping on medium to high fertility
soils (Table 2). COPERSUCAR (www.copersu-
car.com.br) bred both sugarcane varieties and
provided about 9000 axenic micropropagated
plants of each variety.

Inoculum and inoculation

The Embrapa Agrobiologia Culture Collection
(BR 465-RJ, km 47 - CP 74.505, CEP
23.890-000 — Seropédica, RJ, Brazil) provided the
five species of diazotrophic bacteria used in this

Table 1. Chemical analysis of the soils at the three experimental sites evaluated

Soil site  pH (water) Al (cmolc/dm?®)  Ca+Mg (cmolc/dm?®)  Ca (cmolc/dm®) P (mg/dm®) K (mg/dm®) N (%)
Ultisol 4.7 1.1 8.4 1.8 15.0 78.0 0.1
Oxisol 4.9 1.2 2.1 0.8 11.0 44.0 0.1
Alfisol 5.0 0.2 6.5 0.6 5.0 38.0 0.0
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Table 2. Characteristics of sugarcane varieties used in this study

SP70-1143 SP81-3250
Soil fertility Low Medium
Crop season Middle Beginning/middle
Cross origin IAC48-65 X unknown CP70-1547 X SP71-1279
Productivity High High
Ratoon growth Optimum Optimum
Maturity Medium Medium
Sucrose Tenor Medium High
Fiber Tenor High High
Smut Resistant Susceptible
Rust Susceptible Resistant
Borer Intolerant Resistant
Spittlebug Intolerant Susceptible

Table 3. Diazotrophic species, bacterial strains, sugarcane variety source and code adopted in this work

Species Strains* Sugarcane variety source Bacterial code
Gluconacetobacter diazotrophicus BR 11281 Roots — Saccharum sp. Gd
Herbaspirillum seropedicae BR 11335 Roots — SP70-1143 Hs
Herbaspirillum rubrisubalbicans BR 11504 Stems — SP70-1284 Hr
Azospirillum amazonense BR 11115 Stems — CB45-3 Aa
Burkholderia tropica BR 11366 Plantlets — SP71-1406 Bk

Mixture 1 — Gd +Hs+ Hr
Mixture 2 — Gd + Hs +Hr+ Aa + Bk

*Bacterial number at the Bank of Diazotrophic Bacteria Culture Collection of Embrapa Agrobiologia.

work (Table 3). The inoculants were prepared by
growing each strain overnight in 5 mL of Dyg’s
liquid media (Oliveira et al., 2002) and using it as
a inoculum produced a larger volume (100 mL of
culture of each strain in Dyg’s liquid medium).
Samples were counted in a Neubauer chamber
and normalized to 10° cells mL™" using sterile
Dyg’s medium. The inoculation mixtures were
obtained by mixing equal volumes of each nor-
malized inoculum, to reach the bacterial mixtures
as presented in Table 3.

Flasks of 250 mL capacity containing 50 mL
of modified MS medium were prepared for sug-
arcane inoculation (Reis et al., 1999). Four to
six rooted plantlets were inoculated with 0.1 mL
bacterial mixture (2.0 x 10° cells mL™") in the
modified MS. After inoculation, the plants were
incubated in vitro for 120 h (5d) at 30 °C
and 12 h photoperiod (50 umol m™2 s™' of active
photosynthetic light). The plants were acclima-
tized in a nursery for 60 d under 26-30 °C
temperature and daily watered, in trays contain-

ing the commercial substratum Plantmax®
(Eucatex, www.cucatex.com.br) routinely used by
COPERSUCAR to propagate sugarcane. Nitro-
gen was added twice (ammonium nitrate) in a
10 mg L' solution spread over the leaves, at the
45th and at the 60th day of the acclimatization.

Sampling and BNF contribution

Plant biomass was harvested after 15 (Ultisol
and Oxisol) or 17 months (Alfisol). The ratoon
biomass was harvested after 12 months at all
three sites. At the Alfisol site, an additional ra-
toon was harvested (3rd cut, not presented in the
Figure 1 for better comparisons). The natural
abundance of the >N isotope (8'°N) present in
the inoculated plants and the 8'°N of the uninoc-
ulated treatments were analyzed to determine the
BNF contribution. In this case, 10 samples of the
leaf index (leaf+3) were collected 9 months after
growth in the field for both the plant and ratoon
crops, sampling plants growing in the middle



rows of plots that had not received nitrogen fer-
tilizer. The collected leaves were washed with dis-
tilled water, dried and milled for isotopic analysis
using a Delta Plus mass spectrometer (Finnigan
MAT, Germany). The proportion of plant nitro-
gen derived from air (Ndfa) obtained by the
inoculated treatment was calculated using the
following equation:

100 x (N control plant — (*N test plant))

%Ndfa= =
(" Ncontrol plant)

Statistical analysis

The statistical design was a factorial of 3x3 with
four replicates (inoculation treatmentxnitrogen
rate) for each variety grown at each experimental
site. Comparisons of the means were made using
LSD test at 5% level of confidence.

Results

At all experimental sites, the sugarcane variety
SP81-3250 demonstrated higher productivity
than SP70-1143. The ratoon crop of SP81-3250
was also higher than SP70-1143 except in the
Alfisol, although dry matter yield decreased in
the ratoons of both varieties at all sites (Fig-
ure 1). Indeed, the dry matter decreased in the
ratoons of both varieties at the three sites.
Interactions between the inoculation treatments
and the nitrogen rates were significant. Inocula-
tion promoted increases as well as decreases in
the productivity of the sugarcane, with regard to
the interaction of the soil classes, sugarcane
varieties and nitrogen rates. The inoculants
showed better growth-promoting effects in the
soils with lower and medium fertility, and with-
out nitrogen fertilizer.

Variety SP70-1143

Increases in the stem yields of the sugarcane vari-
ety SP70-1143 in response to inoculation with the
mixtures of the bacteria were observed in the Alf-
isol soil (poorest fertility), without nitrogen fertil-
izer amendment. The increases were up to 18.1,
10.2 and 7.1% for the three consecutive cuts in
plants inoculated with Mixture 1, while Mixture 2
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increased biomass up to 27.8, 17.9 and 31.4%,
respectively. The highest nitrogen fertilizer dose
increased the stem yield up to 31.9, 18.3 and
13.1% for the three cuts (Figure la). The ob-
served BNF contribution was in agreement with
the biomass results at the Alfisol site. Inoculation
with Mixture 1 increased plant nitrogen up to
18.6 and 22.7% for the plant crop and the first
ratoon, respectively. The Mixture 2 response was
higher, reaching 31.3 and 38.3% of the total
nitrogen in the plant crop and in the first ratoon,
respectively (Table 4). Nevertheless, interactions
with nitrogen fertilization and the inoculum mix-
tures showed no yield increases, and sometimes
the productivity of stems became lower than the
uninoculated nitrogen-fertilized plants, as ob-
served for the other two sites.

The effect of inoculation with the bacterial
mixtures and nitrogen fertilization in the stem
productivity at the Oxisol site was lower, com-
pared with that observed at the Alfisol site. No
statistically significant differences were detected
for any treatment. In the ratoon crop, the stem
yield was similar to the controls (Figure 1c). The
8'°N estimate of the BNF contribution in the
Oxisol was zero, for both the plant crop and the
ratoon crop (Table 4). In contrast, an increase of
9% was obtained by the addition of the higher
nitrogen dose (50 kg N ha™'), but only for the
plant crop (Figure 1c). If compared to the Alf-
isol, the combination of inoculation and nitrogen
fertilization in the Oxisol seems to give an addi-
tive effect for the plant crop yield, where the
highest productivity (11.8% increases) was
observed for the combination of Mixture 2 and
25 kg N ha ..

When the variety SP70-1143 was grown in the
Ultisol, a slight non-significant decrease in the
stem yield was observed with the PGP-bacteria
inoculation. In the plant crop, the productivity
decreased up to 8 and 6.8% with the inoculation
of Mixtures 1 and 2, respectively (Figure 1c). In
the ratoon crop, the response was also negative
and the decreases reached up to 7.6 and 5.1%
with Mixtures 1 and 2, respectively. Also, the
nitrogen fertilization with one half of the recom-
mended dose negatively influenced the stem pro-
ductivity of uninoculated plants, with up to 5.9
and 8.7% for the plant and the ratoon crops,
respectively (Figure 1c). On the other hand, the
full nitrogen dose showed a non-significant
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Figure 1. Sugarcane yield in response to PGPB inoculation and nitrogen fertilization. Statistics differences by LSD test at 5% level
of confidence are shown as * above vertical bars. Contrasts should be considered for each nitrogen dose. Mixture 1 and Mixture 2
is described in accordance to Table 3. The data are means from four plots. (a) Variety SP70-1143; (b) variety SP81-3250; (c) vari-
ety SP70-1143, (d) variety SP81-3250; (e) variety SP70-1143; 5 (f) variety SP81-3250.

increase in the stem yield of up to 6.9 and 14.1% Mixtures 1 and 2, respectively, but not corre-
for the plant and ratoon crops, respectively. sponded to the cane yields. No BNF contribu-
Considerable BNF contributions up to 23.7 and tion was observed in the ratoon crop inoculated

13.4% for the plant crop inoculated with the with either mixture (Table 4).
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Table 4. Biological nitrogen fixation contributions of two diazotrophic bacteria mixtures inoculated in two micropropagated

sugarcane varieties grown in three soil types

Soil types Sugarcane variety Inoculation treatments
Control Mixture 1* Mixture 2°
31N 3N BNF estimate 31N BNF estimate
Plant crop
Ultisol SP70-1143 6.23 4.75% 23.72 5.39 13.44
SP81-3250 6.26 6.09 2.77 5.89 2.27
Oxisol SP70-1143 4.20 4.56 -8.39 4.39 -3.03
SP81-3250 5.17 5.07 245 5.23 —-0.53
Alfisol SP70-1143 5.38 4.83 18.62 4.40* 31.28
SP81-3250 5.60 5.38 3.39 3.84%* 21.39
Ratoon crop
Ultisol SP70-1143 6.23 6.64 —-6.58 7.65 -22.79
SP81-3250 6.26 7.70 —-23.00 7.35 -17.41
Oxisol SP70-1143 4.20 5.42 -29.05 5.11 -21.67
SP81-3250 5.17 6.49 —25.53 5.99 -15.86
Alfisol SP70-1143 5.38 4.16% 22.68 3.32% 38.29
SP81-3250 5.60 3.21% 42.68 3.69% 34.11

4P According to Table 3. *Significant LSD test at 5% level of confidence, obtained by comparison of uninoculated plants 8'°N.

Variety SP81-3250

The plant crop of the variety SP81-3250 showed
no response to nitrogen fertilization at the Alfisol
site. In addition, a decrease of 17.6% (significant)
and 6.7% of plant crop productivity was ob-
served in response to inoculation with Mixtures 1
and 2, respectively. A negative effect on the stem
productivity of the plant crop was also observed
with the combination of PGP-bacteria inocula-
tion and nitrogen fertilization (Figure 1b). Inter-
estingly, and similar to the observed results for
the variety SP70-1143 at the Ultisol site, the BNF
measured by the 3'°N analysis demonstrated a
significant contribution of up to 21.4% in the
plants inoculated with Mixture 2 (Table 4).

The response of the ratoon crop to inocula-
tion and nitrogen fertilization at the Alfisol site
were quite different to the plant crop productiv-
ity, although the stem yield had diminished by
one half. In this case, there were significant in-
creases in the productivity of up to 22.7 and
24.7% with Mixture 1, and 16.6 and 16.7% with
Mixture 2, for the two consecutive ratoons. A
positive effect was also observed with nitrogen
fertilization, with the stem yield increasing up to
4.9 and 18.3% with addition of 50 kg N ha™'
and 25.8 and 8.1% with 100 kg N ha™' for the

first and second ratoons, respectively (Figure 1b).
The combination of nitrogen fertilization plus the
inoculum mixtures promoted stem yield increases
of the two ratoon crops, mainly the plants
inoculated with Mixture 2 and fertilized with
50 kg N ha™' (Figure 1b). Indeed, the BNF con-
tribution in the ratoon crop was higher in plants
inoculated with Mixture 1 than Mixture 2, with
the contribution being up to 42.7 and 34.1%,
respectively, contrasting with that observed for
the plant crop (Table 4).

At the Oxisol site, variety SP81-3250 showed
similar responses in stem yield productivity to
that observed for variety SP70-1143, with no sig-
nificant effect of either nitrogen fertilization or
inoculation with the bacterial mixtures (Fig-
ure 1d). Decreases in the stem productivity of up
to 8.0 and 8.6% were observed with Mixture 1,
and up to 4.7 and 1.3% with Mixture 2 for both
the plant crop and the ratoon crop, respectively.
No BNF contribution in the plant crop or in the
ratoon crop was observed with the 3'°N analysis.

Sugarcane plants of the variety SP81-3250
grown in the Ultisol showed no effect of nitrogen
fertilization or the two inoculation mixtures
applied in the plant crop. In the first crop year, a
small increase (up to 8.5%) in the stem yield
with half of the recommended N dose was
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observed, while the entire dose increased the
stem yield up to 5.7%. Mixture 1 increased the
stem productivity up to 6.6% while Mixture 2
decreased the productivity up to 2.7% (Fig-
ure 1f). In the ratoon crop, the productivity of
stems also decreased and reached up to 75% of
the plant crop yield. The productivity of the
nitrogen-fertilized ratoon increased up to 15.1
and 14.8% with the use of one half and the
entire nitrogen dose, respectively. Mixture 1
increased the stem productivity up to 6.0%,
while Mixture 2 had no effect on the ratoon
(Figure 1f). The BNF estimation resulted in
small contributions of 2.8 and 2.3% for the plant
crop inoculated with Mixtures 1 and 2, respec-
tively, and no contribution was estimated in the
ratoon (Table 4).

Discussion

In this work, we observed the influence of
the soil type, inoculation mixture and nitrogen
fertilization level in the yield response and BNF
contribution of two sugarcane varieties. A com-
patible interaction was observed in the Alfisol
soil type, where the inoculation with the bacteria
showed the best performance among the tested
soil classes. This finding is supported by the
results of stem yield and BNF contribution (Fig-
ures 1 and 2, Table 4), where Mixture 1 was the
best inoculum for the variety SP81-3250, while
Mixture 2 was the best inoculum for the variety
SP70-1143. The variability of the BNF contribu-
tion among different sugarcane varieties grown at
the same experimental site was previously
reported (Urquiaga et al., 1992), as well as differ-
ent BNF contributions for the same sugarcane
variety grown at different sites (Boddey et al.,
2003). In addition, the incidence of spittlebugs
which can be used to track C4 grasses that ex-
hibit associative nitrogen fixation, as pointed out
by Thompson (2004), were not covered in this
work. However, the most responsive sugarcane
variety SP70-1143 is intolerant to spittlebugs,
while the least responsive variety SP81-3250 is
susceptible (Table 2).

The measured BNF contributions of sugar-
cane grown in the Alfisol were in agreement
with the productivity, meaning higher BNF

contributions associated with higher stem yields.
On the other hand, the sugarcane varieties
grown in soils with higher natural fertility (Ox-
isol and Ultisol), showed a lower response to
the inoculation mixtures as did the nitrogen fer-
tilization, and therefore resulted in positive or
negative effects. In such soil classes, the estima-
tion of the BNF contribution was not always
correlated with the stem yield (Figure 1d,
Table 4), suggesting that BNF may not be the
unique plant growth-promoting effect mediated
by inoculation with the mixtures. Disturbances
in the soil 8'°N by continuous experiments un-
der nitrogen-fertilized conditions might indeed
underestimate the BNF contributions at the Ox-
isol and the Ultisol sites. The available nitrogen
in the Oxisol and Ultisol soils could also inhibit
the BNF contributions of diazotrophic bacteria
to the N nutrition of the sugarcane. In fact,
Kennedy et al. (2004) and Mufoz-Rojas and
Caballero Mellado (2003) pointed out that the
BNF process could not be the major role
played by the associative bacteria in promoting
the growth of sugarcane plants.

The productivity results obtained from the
Oxisol and Ultisol experiments suggest that the
nitrogen available in the soils was sufficient for
the development of the sugarcane varieties, mini-
mizing the growth-promoting effects and BNF
contribution of the inoculated mixtures. The low-
er response to nitrogen fertilization with respect
to the stem yield, even when 100 kg N ha™' was
applied in the ratoon crops, supports this
hypothesis. However, we point out that the inoc-
ulation of the plants grown on the Alfisol,
increased the stem yield of both varieties SP70-
1143 and SP81-3250 in the ratoon crops to a
degree similar to or higher than the nitrogen fer-
tilizer added annually.

The negative effect of nitrogen fertilization
on the population of sugarcane associative dia-
zotrophic bacteria such as G. diazotrophicus and
Herbaspirillum, as well as its inhibitory effect on
the BNF in sugarcane, has been previously re-
ported (Fuentes-Ramirez et al., 1999; Reis et al.,
2000). The nitrogen fertilization levels used in
this study should have depleted the plant
growth-promoting potential of the inoculation
mixtures at all three experimental sites, by
inhibiting the plant-PGP-bacteria compatible



interaction. Indeed, increases in the stem yield
in response to nitrogen fertilization combined
with the inoculants were without a defined
behavior, and confounded the statistical analysis
(Figures la—1f).

Our main goal was to discover if the response
to inocula mixtures was related to the sugarcane
variety and edaphic conditions, as well as to the
nitrogen availability to the plants. Further stud-
ies concerning other variables such as the coloni-
zation of micropropagated plants by the native
diazotrophic bacteria as well as the temporal
expression of plant genes responsible for a com-
patible association over contrasting crop condi-
tions, may help to explain some of the results
obtained in the present study. Nevertheless, the
persistence of the beneficial inoculation effects
over three consecutive harvests at the Alfisol site,
with the lower responses to mineral nitrogen fer-
tilization in both sugarcane varieties at all the
tested soil classes, encourage us to recommend
the adoption of the inoculation technology in
sugarcane in the near future. Actually, a multi-
disciplinary breeding program envisaging sugar-
cane varieties able to obtain their nitrogen supply
mainly from an association with efficient diazo-
trophic strains, should be initiated to support the
continuous needs for new varieties by the sugar-
cane industry.
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Abstract. Tully River flood plume monitoring data for 11 events (1994-2008) were used to determine what physical
characteristics of the floods (size of flood, direction of plume movement, shape of hydrograph) most influence the flood
plume water quality and areal extent. During some events, the maximum area influenced by the Tully flood plumes
extended into the Coral Sea. Areal extents depended on wind direction and discharge volume, with large extents more
likely during light or northerly winds. Strong gradients in water quality existed away from the Tully mouth during the wet
season and the adjacent marine ecosystems were regularly exposed to land-derived material. Flood plumes were grouped
into three plume types: primary, secondary and tertiary plumes, based on water-quality characteristics (suspended solids,
coloured dissolved organic matter and chlorophyll). The number of reefs and seagrasses exposed to plume waters varied
from year to year, and was dependent on the characteristics of the event. Over the 11 years, out of the major 37 reefs and
13 seagrass meadows identified in the Tully marine area, between 11 (30%) and 37 coral reefs (100%) and most of the
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seagrass meadows were inundated by either a primary or secondary plume every year.

Introduction

River run-off is the principal carrier of eroded soil (sediment),
nutrients, pesticides and chemical pollutants from the land into
the coastal and inshore waters of the Great Barrier Reef (GBR)
lagoon (Furnas 2003). On average, ~70km? of freshwater is
discharged each year by rivers and streams into the GBR lagoon
(Furnas 2003). Most of this run-off is delivered in discrete,
short-lived flood events during the 5-month summer wet season,
forming distinct flood plumes in the coastal zone that sometimes
reach far out into the lagoon. In the wet season, the estuaries of
the GBR coast are dominated by river run-off, and the ‘estuarine’
mixing zone, where the salinities range from 0 to 36, is located
in the marine environment (Dagg et al. 2004), which is quite
different to many temperate rivers (Eyre 1998).

Riverine plumes and the materials they carry have always had
an impact on the GBR during these short-term events. However,
elevated concentrations of nutrients, suspended sediments and
pesticides, owing to changes in land use over the past 200 years
of European settlement, are now potentially affecting the health
of coastal and inshore ecosystems (Furnas 2003; Brodie and
Mitchell 2005; Fabricius 2005; Schaffelke et al. 2005). The large
quantities of sediment, nitrogen, phosphorus and significant
amounts of pesticides lost from agricultural systems are easily
measurable in rivers as they discharge into the GBR in flood con-
ditions (Devlin and Brodie 2005; Lewis et al. 2009). The flood
waters of rivers draining catchments dominated by agriculture
typically have, for example, up to 30-fold higher concentrations
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of dissolved inorganic nitrogen (nitrate and ammonium) than
rivers with undeveloped catchments.

Land run-off in many systems is seen as a source of con-
taminants that can have a negative impact on coastal ecosystem
health and productivity. Increased turbidity and herbicide con-
centrations can negatively affect the growth and abundance of
coastal and inshore seagrasses (Schaffelke et al. 2005; Way-
cott et al. 2005). In addition to physical disturbance, water
quality is an important driver of coral reef health at local
(reviewed in Fabricius 2005), regional (van Woesik et al. 1999;
Fabricius et al. 2005), and GBR-wide scales (De’ath and Fabri-
cius 2008). The effects of various water-quality constituents are
manifold, including disturbance by sedimentation, light reduc-
tion by increased turbidity, reduced calcification rates by excess
inorganic nutrients and inhibition of photosynthesis by herbi-
cide exposure, and generally affect early life-history stages more
than adult corals (e.g. Fabricius 2005; Negri ef al. 2005; Cantin
et al. 2007). Increases in freshwater discharge, sediment load
and nutrients have been linked with a decline in live coral cover
(Restrepo et al. 2006) and an increase in the areas of deoxy-
genated water in summer (Malakoff 1998; McKee et al. 2004).
Corals are phototrophic organisms and reduced light availability
as a result of high turbidity or sedimentation leads to resource
limitation (Fabricius 2005; Cooper et al. 2008). In addition,
exposure of corals to elevated levels of nutrients, sedimenta-
tion and turbidity may affect certain species that are sensitive or
vulnerable to these environmental conditions. This may lead, in
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the medium to long term, to reduced densities of juvenile corals,
subsequent changes in the community composition, decreased
species richness and shifts to communities that are dominated by
more resilient coral species and macroalgae (van Woesik et al.
1999; Fabricius et al. 2005; DeVantier et al. 2006).

The impact of flood plumes, in terms of their extent, duration
and biogeochemical processes, is intrinsically linked to catch-
ment management and reef health; however, our understanding
of the drivers and consequences of plume waters is limited for
the GBR. The aim of the present study was to analyse flood
plume monitoring data from one GBR catchment and its asso-
ciated marine area over a period of 14 years to determine what
physical characteristics of the floods (size of flood, direction of
plume movement, shape of hydrograph) most influence the flood
plume water quality and areal extent, assuming that no major
land-use changes occurred that caused changes in material loads
and delivery.

Materials and methods
Data collection

Riverine plume monitoring is an essential component of the
long-term monitoring of marine water quality in the GBR. Flood
plume monitoring was conducted by the Great Barrier Reef
Marine Park Authority (GBRMPA) from 1994 to 2002 (Devlin
and Brodie 2005). Recent plume monitoring (2007 to present)
has been undertaken as part of the current Reef Plan Marine
Monitoring Program (Prange et al. 2007). This programme has
monitored water quality, seagrass and coral reef status in the
inshore GBR lagoon (along ~1000 km of coastline) since 2005
as part of a government initiative ‘to halt and reverse the decline
in water quality entering the GBR’.

Study area

The Tully and Murray catchments are located within the Wet
Tropics Region of North Queensland and drain wet tropical rain-
forest in the upper reaches, beef grazing along the mid reaches
and a large coastal floodplain with a series of interconnected
wetlands that have been extensively modified to support sugar-
cane and banana production as well as urban centres (Armour
et al. 2009; Kroon 2009). The considerable floodplain network
transports sediments, nutrients and pesticides into the GBR,
either directly through these wetlands or via the larger Tully and
Murray Rivers (Bainbridge et al. 2009). During the wet season,
the coastal and inshore areas adjacent to the Tully catchment
are regularly exposed to flood waters from the Tully River, and
to a lesser extent from the Herbert River via the Hinchinbrook
Channel.

The Tully River is one of Australia’s least variable rivers,
representing the generally wet tropical climate of the region. It
floods regularly, one to four times per year, with riverine dis-
charge extending into the adjacent marine waters. The marine
environment adjacent to the Tully catchment has several con-
tinental islands with well-developed fringing reefs, which are
of public and economic importance for the tourism industry and
recreational activities including camping and fishing (GBRMPA
2009). The coastal and inshore zone also supports intertidal
and subtidal seagrass beds. The area has several inshore Marine
National Park Zones (‘no-take’ zones that allow non-extractive
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recreational use) and a large Conservation Park Zone (very lim-
ited extraction of marine resources permitted) around the greater
Dunk Island area. Key benthic habitats in this area include 37
coral reefs (including coastal and inshore fringing reefs and inner
midshelf platform reefs) and 14 seagrass meadows (coastal and
inshore around islands).

Description of the plume events

Hydrograph and weather records for the Tully area were inves-
tigated for 11 flood events over the period 1994-2008. The
information collated for each event included the hydrograph tra-
jectory, total discharge volume, nutrient and sediment loads and
prevailing wind strength and direction (Fig. 1). Flow volumes
from all floods from 1972 were combined and percentiles were
calculated for small, average and large flood events. We rated a
flood event as ‘average’ when the annual discharge was within
the inter-quartile range of the long-term data set, that is, from
2122424 to 3607342 ML. Small floods had a discharge less
than the 25th percentile and large floods had a discharge greater
than the 75th percentile (Fig. 1).

Plume extent and the environmental drivers
of the extent and duration of the plume

Aerial images from 1994 to 1999 were combined with remote
sensing images from 2002 to 2008 to describe the full extent
of riverine plumes from the Tully River during 11 events over
that period. River plumes monitored from 1994 to 1999 were
mapped using aerial survey techniques. Over the monsoonal sea-
son, weather reports were closely monitored and when plumes
formed, aerial surveys were conducted once or twice during the
event. Plumes were readily observable as brown turbid water
masses contrasting with the clearer seawater. The visible edge
of the plume was followed at an altitude of 10002000 m in
a light aircraft and mapped using a global positioning system
(GPS). Where individual rivers flooded simultaneously, as often
happens in the wet tropics, adjacent plumes merged into a con-
tinuous area. In these cases, efforts were made to distinguish the
edge of the individual river plumes through colour differences
(these efforts were only successful during 1998 and 2000). In all
other years, the extents of the combined plumes were mapped.
Spatial analyses using GIS techniques were applied to the aerial
survey results. Flood plumes associated with Cyclone Sadie
(1994), Cyclone Violet (1995), Cyclone Ethel (1996), Cyclone
Justin (1997), Cyclone Sid (1998) and Cyclone Rona (1999)
were plotted.

Moderate Resolution Imaging Spectroradiometer (MODIS)
remote sensing Level-0 data were acquired from the NASA
Ocean Colour website (http://oceancolor.gsfc.nasa.gov). Sea-
WiFS Data Analysis System (SeaDAS) routines were used to
process MODIS Aqua and Terra data, producing quasi-true
colour images and Level-2 products for periods corresponding
to high flow rates in the Tully River from 2003 to 2008 with little
or no cloud cover. Chlorophyll a and coloured dissolved organic
matter (CDOM) absorption at 412 nm were estimated using the
GSMO1 algorithm at 250-m resolution (Maritorena et al. 2002).

The highly turbid nature of the study region and the
close proximity to the coastal zone mean that standard near-
infrared (NIR) atmospheric corrections are inaccurate and the



Marine and Freshwater Research

Tully River flood plumes
(a) -4 Wind direction — Cairns| -t [Wind direction — Cairns.
Babinda Babinda
] ! <10 knots_ ] 10 knots
Innisfail 2 & 5 Event rating: Average Annistail g Event rating: Small
A b
DIN (tonnes): 458 DIN (tonnes): 419
~\ -, DIP (tonnes): 4.57 i DIP (tonnes): 9.24
. - Total discharge (ML) 2635 429 = Total discharge (ML) 1869 852
{ {
Kurriming‘)' d £a Kurriming - 4
Mission ; Mission
Tully® Beach, & Tully & Beachj
e B
ot ity
g o i
.’.‘
e o A G
Cardwell % ;? I.-P Cardwell % 3«_’ 7 :
b h L N
& bt &
P >
G : &
) o .
———— . f¥ind direction — Ingham w
[Wind di ec‘le Inghar Ingham- ,’ Ingham" o e
L -
¢ = = L
<10 knots | .| <5 knots 1
1000007 Tully 1994 100008 Tully 1995
80000 | 80000+
=60000 = 600001
40000+ £ 400001
& 200001 \/\,\___ i 200001
0<~ PRSI » N 0 ) ) ) $
F F S P PP P B e B BB S & F P (PP 'D'D’DQQQQ
W oF S e S o o 6@\,&@@ KR \\q/@ g o o 9 0¥ o oo m"(( W i @ o X ¥ %Qv
¥
N Babinda ,
Legend
Major rivers innistalg/ L & B iy AvEEEE
. . DIN (tonnes): 935
@ Builtup areas 4 DIP (tonnes): 36.9
Seagrass meadows S5 Sediment (tonnes): 89000
525 Kurriminev!‘ 3 Total discharge (ML) 2699 708
_41 Reefs 1
. . Mission ;
Mainland/islands Tully & Beach
A e
Plume extent 2000-2008 Y g
iy
B Fimary RN
- Secondary Cardwell.\., ; _:‘1*_(_.:"‘
. & |
Tertiary A -\1
Ly 147
Plume extent 1994-1999 ,%" 2
Full extent o
|
[Wind direction — Ingham Ingharn- L4 o
: ;|
0 12525 50 75 100 : i
[ s — ) 210 knots J <
100000 Tully 1996
80000
< 60000
3 40000
- 20000
0
S F P P (P PP P @ B BB
RO ASE ,,gf‘ N\\\\\‘* S SLCR ) o q%@&\v Qé ,ﬁ

Fig. 1. (a) Riverine plume extents estimated from aerial surveys for the period 1994 to 1996 in the Tully marine region. Hydrographs are shown for January
to May, and the red box denotes the date of the aerial flyover. Exports of sediment and nutrients are calculated for the wet season period (December—April)

(b) Riverine plume extents extracted from aerial flyovers for the period 1997 to 2000 in the Tully marine region. Hydrographs are shown for January to May,
and the red box denotes the date of the aerial flyover. (¢) Riverine plume extents and plume types estimated using remote sensing images for the period 2003
to 2008 in the Tully marine region. Hydrographs are shown for January to May, and the red box denotes the date of the aerial flyover. Exports of sediment and
nutrients are calculated for the wet season period (December—April). DIN, dissolved inorganic nitrogen; DIP, dissolved inorganic phosphorus; n/a, data not

available.



1112 Marine and Freshwater Research M. Devlin and B. Schaffelke

( b) 1 s &2 [Wind direction — Gaims|

) {
Babinda

Babinda 4

Wind direction — Ingham erLR‘ u ]
Ingham * "ﬁ o
% L0 w e
20-25 knots 4 - w
100000 100000
— 80000 Tully 1997 80000 Tully 1998
= 60000 = 60000
§ 40000 40000
L 20000 T 20000 /\\'\_‘ e P,
0 0+
XSTPRSEOR SRR SHE S P P <P <R > > N S $ S S oSO S S S0 0 00 B Ny "y PN L L & L
R R R P L LR R g S e S R R P R S LG I SR
N ’\q/f( '\qf( 'vbf( P \‘V\} \"-’x‘\ 03"\‘\ VPGPS e @ fivs {qu o & \q”‘ q?f‘ & (1/"& \q\& qfo'@ oF ¥ & ,ib'v %o*v

IWind direction — Cairns|

Kurrimine Kurrimine

Mission Mission |

Tully » Beach Tully ® Beach p.
-
r- (0] r)
,/ _? 9 z(\
i 4 [ ae
- ~L o
Cardwell _— 7
Wind direction — Caims. Cl==")
. (4 )
o\ o
- ‘g v °
20-25 knots - deo
. § s
—. [ w P
JTn{gham‘ + "}. I\ ‘Tj
J = A " \- -]
‘e Yoo - e |
10 knots \‘ j - J - -
100000 100000 Tully 2000
Tully 1999 y
~ 80000 y 80000
= 60000 = 60000
£ 40000 § 40000
i 20000 i 20000
T ———
04 0
S S F I PP PG S S S = & * & & &‘ e
o g oY o o N &,@ ¥ o g ! %@vﬁ o & e N & & &

Fig. 1. (Continued)



Tully River flood plumes Marine and Freshwater Research 1113

Babinda ,

!
| P
Innisfail .~

[Wind direction — Cairns|

8o
5-10 knots

100000 1000007
80000 Tully 2003 5780000
= 60000 < 600001
£ 40000 £ 40000
i 20000 2 50000+
0 ol
& & & & & & & 8 G &
AR e & & \\.é B N ‘9,@

L ‘\\
' o
Babinda 1\
\ /
e
‘K Innisfail ;- ‘L
Py \ /
-"._,_.'J B \J‘
e =

Kurrimine

Mission
Beach

= :
* Tul
s

a

Cardwell

[Wind direction — Cairns|

v

5-10 knots

L

M ; 5
P o S~
R]\ ; ."J Inghaxm--ﬁ & \ llr_;flngham‘-ﬁ
{ {
“ =
\1 '-.I
100000 100000
80000 TU"y 2007 80000 TuIIy 2008
= 60000 < 60000
2 40000 2 40000
- 20000 M L 20000
[ o+
S D PP P S S S & & & @ & & & & ¢
PN N S R S SIS SIS S & 5 3 < & N N & X
o 9 Y S .3;« ’3:’( q?:’( & .(b'@ \%9 ’73’9 ¥ oF ot s N & Y R & R & & I

Fig. 1. (Continued)



1114 Marine and Freshwater Research

quality of the retrieved product may be reduced (Wang and
Shi 2007). To alleviate this effect, the atmospheric correction
described by Wang and Shi (2007) was implemented in SeaDAS.
Processing filters, such as cloud and stray light masks, were not
used because they may result in regions of interest containing
high sediment loads being masked. Suitable images for quanti-
fying flood plume extent were often difficult to identify because
of dense cloud cover during flood periods; thus, only four events
were identified between 2003 and 2008.

Single images were selected on the basis of their image
quality and transposed from geo-referenced true colour images
and/or CDOM measurements into GIS shape files.

The MODIS imagery was re-referenced to conform to Geo-
centric Datum of Australia (GDA), map grid of Australia (MGA)
projection. This was simply done by applying the imagery
geographic coordinate values to the MGA-94 projected values
(metres) until a simple bilinear solution (i.e. universal transverse
mercartor (UTM)) was achieved. If a more rigorous algorithm
(i.e. cubic) was applied over the image then the true spherical
projection was achieved.

The derived CDOM absorption at 412 nm combined with
careful examination of the quasi-true colour and chlorophyll a
images provided the information used to define river plume
‘type’ and extent. A combination of high CDOM absorption and
high sediment concentrations apparent in the quasi-true colour
imagery defined the boundaries of ‘primary plumes’. Regions
with high CDOM absorption and high chlorophyll a concentra-
tions, but reduced sediment loads, were identified as ‘secondary
plumes’. ‘Tertiary plumes’ were defined by low chlorophyll «
concentrations and low CDOM absorption values. These are sim-
ple qualitative indices for separating the different stages of plume
movement and extent, and further work on threshold definition
is required.

For the final imagery classification and interpretation,
two products were used. The initial classification method, as
described above, allowed us to map the three main plume map-
ping densities (e.g. primary, secondary and tertiary) on the basis
of CDOM absorption, and the second, the true colour images,
allowed for a visual correlation of the classified values. By using
both of these products, it was possible to delineate the three
recognised plume classifications with a suitable degree of confi-
dence. In areas where cloud had completely obscured the plume,
an estimation of the plume extents was achieved by correlat-
ing the plume patterns from consecutive imagery periods in the
following days.

A qualitative analysis was applied to each plume using the
characteristics of the plume (discharge volume, certain wind
conditions) to interpret the extent and direction of the plume
relative to the size of the event (small, average or large based
on total flow). Aerial surveys or remote sensing images of the
plume extent represented only 1 day during a plume event, thus
providing a single snapshot in time. However, by focusing on
one catchment and combining all available plume surveys, an
estimate of the overall extent of the riverine plume could be
identified, driven by wind and flow patterns. A plume expo-
sure map was calculated from the intersection of the plume
image and type from both the aerial surveys (1995-2000)
and remote sensing images (2003—2008) for the Tully marine
area.

M. Devlin and B. Schaffelke

Water-quality sampling inside the plumes

Water samples were collected from multiple sites within the
plume waters. The sampling locations were dependent on which
rivers were flooding and the areal extent of the plume, but gen-
erally samples were collected in a series of transects heading out
from the mouth of the Tully River. The timing of the sampling
also depended on the type of event and the logistics of vessel
deployment. Most samples were collected inside the visible area
of'the plume, although some samples were taken outside the edge
of the plume for comparison. Salinity profiles were taken at all
sites. Surface samples were collected at 0.5 m below the sur-
face, with either a Niskin bottle or a plastic sampling container.
Samples taken at depth were collected with Niskin bottles. The
volumes filtered for all analyses depended on the turbidity of the
water. Subsamples were filtered onto glass-fibre (GF/F) filters
for an analysis of chlorophyll; the filter and retained algal cells
were wrapped in aluminium foil and frozen. A second subsam-
ple was filtered onto a pre-weighed 0.45-\m membrane filter
to determine the amount of suspended solids. Nutrient samples
were collected using sterile 50-mL syringes and pre-rinsed three
times with the seawater to be sampled. A 0.45-pm disposable
membrane filter was then fitted to the syringe and 10-mL sam-
ples were collected in polypropylene screw-top sample tubes,
pre-rinsed with filtered water. The tubes were then stored either
on ice in an insulated container or in a freezer, depending on
the sampling vessel. Separate samples for silicate analysis were
stored at room temperature.

Analytical methods

Processing of the water samples occurred in different laborato-
ries with comparable methods and quality-assurance techniques.
The samples were analysed for concentrations of dissolved inor-
ganic nutrients (NHy, NO;, NO3, NO;, NO3, PO4 and Si) by
standard procedures (Ryle ez al. 1982) implemented on a Skalar
20/40 autoanalyser (Skalar Analytical, Breda, The Netherlands),
with baselines run against artificial seawater. Analyses of the
total dissolved nutrients (total dissolved nitrogen and total dis-
solved phosphate) were carried using persulfate digestion of
the water samples (Valderrama 1981), and were then analysed
for inorganic nutrients, as above. Dissolved organic nitrogen
and dissolved organic phosphate were calculated by subtract-
ing the separately measured inorganic nutrient concentrations
(above) from the TDN and TDP values. Particulate nitrogen
concentrations of the particulate matter collected on the GF/F
filters were determined by high-temperature combustion using
an ANTEK Model 707 Nitrogen Analyser (Antek Instruments
Inc., Houston, TX, USA). The filters were freeze-dried before
analysis. Following primary (650°C) and secondary combus-
tion (1050°C), the nitrogen oxides produced were quantified by
chemiluminescence.

Particulate phosphorus was determined colourimetrically
(Parsons et al. 1984) following acid-persulfate digestion of the
organic matter retained on the glass fibre filters. Acid-washed
glass mini-scintillation vials were used as reaction vessels. Fil-
ters were placed in the vials with SmL of 5% w/v potassium
persulfate and refluxed to dryness on an aluminium block heater
using acid-washed marbles as stoppers for the vials. Following
digestion, 5 mL of deionized water was added to each vial and the
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filter and salt residue was resuspended and pulverized to dissolve
all soluble material. The residue in the vials was compressed by
centrifugation at 3500 rev min~! and the inorganic P determined
colourimetrically in aliquots of the supernatant. Inorganic and
organic P standards were run with the batch of samples.

Chlorophyll a concentrations were determined by fluores-
cence following maceration of algal cells and pigment extraction
in acetone (Parsons ef al. 1984). A Turner 10-005R fluorometer
was used for the analysis and was periodically calibrated against
diluted chlorophyll extracts prepared from log-phase diatom
cultures (Jeffrey and Humphrey 1975). The concentrations of
suspended solids were determined gravimetrically from the dif-
ference between loaded and unloaded membrane filter weights
after drying the filters overnight at 60°C. Wet filter salt blanks
were subtracted from the resulting weight.

Assessment of exposure for key marine habitats
(seagrass beds and coral reefs)

For a detailed description of the flood and non-flood (ambient)
water-quality conditions in the Tully marine area, high-frequency
instrument records were obtained from one site, Dunk Island
(5m depth, from October 2007 to October 2008. The Eco
FLNTUSB Combination instruments (Wet Laboratories, Philo-
math, OR, USA) simultaneously measure in sifu chloro-
phyll fluorescence and turbidity and are designed for long
deployments. The data were converted from raw instrumental
records into actual measurement units (gL~ for chloro-
phyll fluorescence, NTU for turbidity) according to standard
procedures of the manufacturer. The records were quality
checked using a time-series data-editing software (WISKI-
TV, Kisters, Aachen, Germany). Turbidity readings were con-
verted to total suspended solids (TSS) concentrations using
an equation derived from a correlation of instrument data and
TSS concentrations from concurrently collected water samples:
(TSS (mgL~")=1.3 x FLNTUSB Turbidity (NTU)) (Schaf-
felke et al. 2009).

Data analysis

Transport of the materials in the plume was investigated by
mixing profiles, which relate concentrations of water-quality
constituents to salinity. These profiles are commonly used to
analyse processes in flood plumes, such as estimating con-
servative or non-conservative mixing processes (Eyre 2000).
However, problems with the interpretation of these relationships
may arise when the concentrations of the parameters change
rapidly in the river/plume interface, such as rapid deposition
of particulate matter in the lower salinity zones. Mixing pro-
files for dissolved inorganic nitrogen (DIN), dissolved inorganic
phosphorus (DIP), TSS and chlorophyll a were selected to rep-
resent the movement of dissolved and particulate matter through
the plumes, the uptake of dissolved inorganic nutrients and the
growth of phytoplankton biomass through the plume.

Composite plume mapping

Plume exposure maps were produced using a combination of
plume indices and ArcMap geoprocessing. Using the plume
indices described above, each polygon was assigned a numeric
(short integer) value, that is, primary plume =3, secondary
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plume =2 and tertiary plume = 1, into an ‘index’ field. A com-
bined data set was then produced by applying a UNION function
(geoprocessing function in ArcMap) to all plume data sets, which
produced a composite table of each plume index and an ‘expo-
sure’ value was calculated by summing all the ‘index’ values for
each polygon. The polygons were then aggregated on the basis of
their new exposure value. The plume exposure value was over-
laid on the selected Tully marine area to calculate the frequency
of exposure for key benthic habitats.

Results
Extent of the plumes

Over the 11-year study period, the spatial extents of the flood
plumes from the Tully River were highly variable from year to
year (Fig. la—c). Small flood events, calculated as being below
the 25th percentile of the long-term discharge record, occurred
in 1995 and 2003, with limited offshore movement of the plume
water. In 1995, SE winds constrained the small volume of water
to the coast, whereas in 2003 the winds varied from S to SW,
resulting in a larger offshore plume off the Tully marine area.
There was a well-defined tertiary plume south of the Tully, most
likely influenced by the southern flooding rivers Herbert and
Burdekin (Fig. la, ¢).

Average floods occurred in 1994, 1996, 1997, 1998, 2004 and
2008. The 1994 and 1997 plumes covered a very large area as
a result of the northerly winds. In contrast, the 1996 and 1998
floods, which had similar flows, covered a much smaller area
owing to the prevailing SE winds. The W/SW winds in the 2004
flood period moved the primary plume further offshore. The 2008
flow event had a very large spatial extent with the secondary
and tertiary plumes reaching into the Coral Sea. This was partly
because of the prevailing SW winds, but also a result of the very
large flow event of the Burdekin River in January/February 2008,
leading to a combined flood plume from several rivers.

Large events, calculated as being above the 75th percentile
of the long-term discharge record, occurred in 1999, 2000 and
2007. Prevailing south-easterly winds during the flood periods
in 1999 and 2000 constrained the plume extents to the coast. In
contrast, the large flow volume of the 2007 flood event coupled
with the S/SW winds resulted in a large plume extent for both
the primary and secondary plumes, which almost reached the
midshelf reefs.

Water-quality gradients

The concentrations of water-quality constituents were highly
variable within and between flood events (Table 1). These values
are not only influenced by the size of the event and the wind direc-
tion influencing the plume extent, but are also highly dependent
on the time of sampling relative to the hydrograph. For example,
the 1994 flood was an average-sized event in terms of flow, but
the plume was dispersed over a large area (Fig. la), resulting
in only marginally elevated water-quality constituent concentra-
tions compared with the non-flood values (Table 1). In contrast,
the 1995 event was a small flood, but the plume was constrained
to the coast (Fig. 1a) and had high concentrations of TSS, DIN
and high chlorophyll at the time of sampling (Table 1). The plume
of the large 1999 event, which had a total sediment export of
150 000 tonnes over that wet season, was sampled 5 days after
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3.4

peak flow, by which time the river flow had decreased, but the
flood plume was constrained to the coast by winds (Fig. 15). The
TSS values reached as high as 15 mgL~! (Table 1), exceeding
summer water-quality guideline trigger values by approximately
fivefold (GBRMPA 2009).

The transport and dilution of water-quality constituents
within the plumes were analysed using the mixing profiles
of DIN, DIP, TSS and chlorophyll @ against salinity (Fig. 2).
Overall, DIN decreased along an increasing salinity gradi-
ent, controlled by conservative (dilution) and non-conservative
(biogeochemical uptake) processes. There was, on average, a
reduction of 10-20% in the DIN freshwater end-member through
the salinity range, with DIN concentrations in the higher salin-
ities (above 30) clearly elevated (1-5 M) in comparison with
non-flood levels (Furnas 2003; De’ath and Fabricius 2008). Con-
centrations at the freshwater end varied between events, with
29 | T 9 initial concentrations exceeding 15 uM in 1995 and 2007, in
comparison to all other years where the initial concentrations
ranged from 5 WM to just under 10 wM. Sampling in both 1995
and 2007 captured the ‘first flush’ events carrying high concen-
trations of newly mobilised DIN from the fertilised agriculture
lands on the adjacent catchment (Bainbridge et al. 2009; Mitchell
et al. 2009). The DIP showed an increase from the lower to mid-
dle salinity ranges, reflecting desorption of dissolved inorganic
phosphorus from suspended particles and dilution in higher
salinities.

The TSS concentrations throughout the events ranged from
0.8 to 39.1mgL~"! (Fig. 2). Chlorophyll concentrations were
variable, ranging from just below the detection limit to
4.6 gL' The average chlorophyll values at the freshwater
end were low (0.2-2 pg L), reflecting limitation of growth as
aresult of corresponding high TSS values and light-limiting con-
ditions. The chlorophyll ¢ maxima were measured in the 10-20
salinity range, suggesting that phytoplankton growth was opti-
mal in the middle salinity range with low TSS concentrations,
high nutrients and adequate light conditions (Fig. 2). Chlorophyll
also increased slightly in the 30-35 salinity range, indicating
that uptake of available inorganic nutrients and increased phy-
toplankton growth were still occurring in the secondary/tertiary
plume areas.
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Intotal, 147 water-quality samples were taken in the Tully marine
area during flood events. Of these, 85% of chlorophyll measure-
ments (n = 101) exceeded the chlorophyll water quality trigger
value of 0.63 g L™! and 32% exceeded the TSS (n = 63) trig-
ger value of 2.4 mg L~ (GBRMPA 2009) set for the summer
period. Less frequent sampling occurred for particulate nitrogen
(PN) and particulate phosphate (PP), but all 31 measurements
exceeded both of the water quality trigger values for PN (1.8 uM)
and PP (0.11 uM).

Instrumental records from 2007 to 2008 gave a detailed
picture of the water-quality conditions during both flood and
non-flood conditions at Dunk Island (Table 2). During the main
flood period of the Tully River (December 2007 to March
2008), the water at the Dunk Island station had a mean chloro-
phyll concentration of 0.59 g L~! and 38% of the mean daily

Minimum and maximum concentrations of water-quality variables in samples taken in the Tully plumes from 1994 to 2007

Trigger value
(annual mean)
1.5
0.9
2.0
0.45

Table 1.
Trigger values are from the Water Quality Guidelines for the Great Barrier Reef Marine Park (GBRMPA 2009). —, data not available; DIN, dissolved inorganic nitrogen; DIP, dissolved inorganic phosphorus;

DON, dissolved organic nitrogen; DOP, dissolved organic phosphate; PN, particulate nitrogen; PP, particulate phosphate; TSS, total suspended solids
Min.
29

Unit
M
wM
M
wM
M
wM
mgL~!
ngL™!

Variable
Salinity
DIN

DON

PN

DIP

DOP

PP

TSS
Chlorophyll
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chlorophyll values exceeded the summer chlorophyll trigger
value for the GBR (0.63 ngL~!; GBRMPA 2009). The mean
chlorophyll concentration during the non-flood period was
0.34ugL~!, which is close to the winter chlorophyll trigger
value (0.32 g L~!'; GBRMPA 2009). The suspended solids con-
centrations around Dunk Island were slightly elevated during the
flood period (Table 2), but were very variable all year round. The
mean TSS concentration during the flood period was 3.4 mg L ™!,
with a maximum daily mean of 23 mgL~!, reached during the
March flood peak. The mean concentration during the non-flood
period was 2.4 mg L~!, above the mean annual trigger value for
the GBR (2.0 mg L~!; GBRMPA 2009). Approximately 30% of
the daily values exceeded this guideline trigger value in both
flood and non-flood conditions.

The number of reefs and seagrasses exposed to the plume
waters varied from year to year, and depended on the type of
plume. Over the 11 years, a minimum of 11 reefs (30%) and a
maximum of 37 reefs (100%) were inundated by either a primary
or secondary plume (Fig. 3; Table 3), indicating that it is likely
that at least one-third of the reefs is exposed to plume waters
every year. For the years with remote sensing data available to
validate plume type (1998, 2003—2008), we estimated that 6—15
reefs were inundated by primary plumes carrying high sediment
loads, which is up to 41% of the inshore reefs in the Tully marine
area and that 5-16 reefs (43%) were inundated by secondary
plumes with elevated nutrient and chlorophyll concentrations.
A smaller number of inshore reefs were inundated by a tertiary

flood plume in three flood events (Table 3). It is important to
note that tertiary plume extents and the associated exposure of
reefs may have been underestimated in the years when the plume
extent was estimated from aerial images only (1995-2000) on
the basis of a colour change between the fresh and marine waters.
Out of the 14 seagrass beds within the Tully marine area, at least
13 were inundated by either a primary or secondary plume in 10
of the 11 analysed events (Fig. 1), with the exception of 2000,
when only seven seagrass beds were affected (Fig. 3; Table 3).

Discussion

Riverine flood plumes regularly inundate the marine environ-
ment of the Tully area, sometimes several times per year. Using
both aerial and remote sensing images, we identified that riverine
plumes can extend, in certain years, much further offshore and at
more frequent intervals than previously reported (Fig. 1; Devlin
etal.2003; Devlin and Brodie 2005; Maughan et al. 2008). Previ-
ously, the small number of water-quality measurements in flood
plumes indicated that there was an inshore—offshore gradient
for many water-quality constituents; however, the frequency and
intensity of the inundation and the concentration were unknown
(Devlin et al. 2001 Brodie and Mitchell 2005).

Classification of the riverine plumes into distinct types
(primary, secondary and tertiary plumes) helps elucidate more
clearly the transport of different water-quality constituents in
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Table2. Summary of the chlorophyll and total suspended solids (TSS) concentrations from deployments
of WET Laboratories Eco FLNTUSB combination fluorometer and turbidity sensors at Dunk Island for
12 months in 2007-2008
n, number of daily means in the reported time series; s.e., standard error
High flow period Ambient period
27/12/2007-23/04/2008 17/10/2007-26/12/2007, 24/04/2008—16/10/2008
Mean s.e. n Mean s.e. n
Chlorophyll a (mgL~") 0.59 0.02 86 0.34 0.01 264
TSS (mg L) 3.35 0.48 86 2.38 0.15 264
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Fig. 3. Exposure of biological communities within the plume area. The colours denote the level of exposure to plume waters (high, medium-high,

medium and low).

Tully River plumes by defining the spatial movement of the sus-
pended sediments, dissolved nutrients and chlorophyll by the
extent of the specific plume type.

Spatio-temporal patterns of plume water are difficult to
resolve using only traditional biogeochemical methods owing to
the constraints of direct sampling. This problem can be addressed
by using satellite observations of visible spectral radiance reg-
ularly collected by NASA imagery Although suitable remote
sensing images were only available for a limited number of days
during the analysed high flow events for the Tully marine area,
mainly because of heavy cloud cover (Rakwatin et al. 2007), the

use of the remote sensing images gave far more detailed informa-
tion about the plume type and the main constituents associated
with that type than a composite aerial plume image, which can
only be assessed visually.

The prevailing wind at any point during the high flow event
was the dominant factor controlling the movement, extent and
direction of the Tully plume. It has been previously reported
that the prevailing and often strong SE winds constrain plume
waters to the coast with a northwards movement, whereas at low
wind speeds plumes move in a northerly direction from the river
mouth as aresult of Coriolis forcing and can spread well offshore
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Table 3. Exposure of marine ecosystems to flood plumes
Thirty-seven coral reefs and 13 seagrass meadows were identified in the Tully marine area Data are the number of reefs or seagrass meadows that were
inundated by flood plumes at the time that aerial or remote sensing imagery was taken to assess the flood plume extent. In 1994-1997 and 1999, plume
extents were based on aerial surveys and delineation between primary and secondary plumes was not possible, thus the full aerial extent is defined as a
secondary plume

Plume type 1994 1995 1996 1997 1998 1999 2000 2003 2004 2007 2008
Coral reefs
Primary plume 0 0 0 0 12 0 0 6 12 15 14
Secondary plume 37 19 24 24 5 24 11 16 7 7 9
Tertiary plume 0 0 0 0 0 0 0 3 5 0 14
Seagrass meadows
Primary plume 0 0 0 0 10 0 0 5 7 11 9
Secondary plume 13 11 13 13 13 7 8 5 3 4
Tertiary plume 0 0 0 0 0 0 0 1 0 0

(Chao 1988a; Wolanski 1994; Devlin et al. 2003; Devlin and
Brodie 2005). If the wind forcing is opposed to the Coriolis
forcing in direction, that is, northerly or north-easterly winds, the
overall plume movement may be to the south. The extent of the
transport of dissolved and particulate nutrients is also related to
the intensity and duration of the rainfall event and the flow during
the different stages over the river discharge hydrograph (rising,
peak, falling waters). For example, a large first flush event in a
wet season in the Tully catchment, such as those sampled in 1998,
2003 and 2007, would export very high loads of dissolved and
particulate nutrients into the GBR lagoon owing to the mobili-
sation of the inorganic material stored in the agricultural soils.

Tully flood plumes move in response to prevailing weather
conditions over the coastal shelf with the plume itself consti-
tuting an estuary with mixing processes from the freshwater
end (mouth of the river) to the seawater end (end of plume).
Constituents act differently within the plume water. For some
constituents, the plume water is a simple mixing interface
between the rivers and the lagoon. For others, the river and the
corresponding plume act as an open-ended system in which bio-
logical and chemical removal takes place, substantially reducing
the amount of constituent that reaches the reef (Dagg et al. 2004).
Cycling processes within plumes for different constituents are
markedly different and hence plume cycling can not only change
total nutrient loads, but can also modify the ratios of one nutrient
to another, which holds implications for the biological responses
to plume waters.

The transport of dissolved inorganic nitrogen was controlled
primarily by dilution, with elevated concentrations moving large
distances (>20 km) offshore. The removal of DIN appears to be
dominated by conservative mixing, indicating that the physical
processes (dilution) are operating over shorter time frames than
the biogeochemical processes Although there was a substantial
decrease in the DIN concentrations through the salinity gradient,
our within-plume sampling data indicate that dissolved nitrogen
moved further offshore than suspended solids and at elevated
concentrations compared with baseline values. Thus, there is a
greater potential for the uptake of DIN by phytoplankton over
large areas of the Tully marine area.

In contrast to the movement of DIN, average concentra-
tions of DIP increased in the mid salinity range, suggesting that

desorption of inorganic P from particulate P is occurring at these
salinities. Davies and Eyre (2005) report on a similar process in
the Daintree estuary, with low concentrations of DIP at low salin-
ities, most likely assimilated by phytoplankton and increasing in
the middle estuary, originating from desorption of inorganic P
from suspended sediments as the pH increases through the estu-
ary. This can be an important mechanism for the transport of
phosphate to the ocean in other rivers; for example, in the Ama-
zon River more than half of the phosphate reaching the ocean is
released from particulate matter during plume mixing (DeMaster
and Pope 1996).

The highest values of TSS were measured in the freshest parts
of the plumes, with values close to ambient in the higher salini-
ties, suggesting deposition of the heavier particulate matter close
to the coast. In the initial mixing zone, water velocity is reduced
and most of the river-derived particulate matter settles from the
plume.

The non-conservative profile of chlorophyll along salin-
ity gradients within plumes reflected the complex relationship
between phytoplankton growth and nutrient and light availability
(Cloern 2001). Pelagic and benthic algal and microbial com-
munities rapidly take up the nutrients exported by flood plumes
into the GBR lagoon waters (Alongi and McKinnon 2005), lead-
ing to short-lived phytoplankton blooms and transient events of
higher level organic production (McKinnon and Thorrold 1993;
Furnas et al. 2005). This is shown in the salinity range between 10
and 25, where the highest chlorophyll concentrations were mea-
sured, with suspended sediment levels being sufficiently low to
allow enhanced phytoplankton productivity, fuelled by the ele-
vated nutrients from the plume waters (McKinnon and Thorrold
1993). Removal of inorganic nutrients across the plume-water
fronts at a salinity of ~26 has also been noted in the Yantze River
plume (Tian et al. 1993) and the Annan River (Davies and Eyre
2005).

A risk assessment based on the prevailing movement of river
plumes from all major GBR rivers identifies coral reefs at high
risk of exposure to flood plumes; these coral reefs are mainly
located to the north/north-east of rivers draining catchments with
a high proportion of fertilised agriculture (Maughan et al. 2008).
During the northerly and/or offshore winds in 1994, 1997 and
2008 (Fig. 1a—c), riverine plumes moved far offshore, reaching



1120 Marine and Freshwater Research

the mid and outer shelf reefs and even the Coral Sea, potentially
exposing offshore marine ecosystems to materials transported
by the flood plumes. In contrast, the prevailing south-easterly
winds keep plumes confined to the coastal and inshore areas,
but, owing to limited dilution and dispersal, expose ecosystems
in these areas to elevated concentrations of nutrients, suspended
solids and other material transported in the run-off.

Instrumental water quality records at Dunk Island, which has
seagrass and coral reef habitats, showed that over the course
of 1 year, the concentrations of suspended solids (measured as
turbidity) were often elevated, whereas chlorophyll concentra-
tions were relatively low for most of the year, but showed a clear
flood signal. Elevated sediment and nutrient levels decrease in
a matter of weeks after a flood event by sedimentation, biologi-
cal uptake, dilution and dispersal. Material in the GBR inshore
waters remains in the coastal zone until transported out of the
GBR lagoon over weeks to months, primarily via the northern
and southern ends of the reef (Luick et al. 2007; Wang et al. 2007)
or after being assimilated into the inshore food web through bio-
logical uptake until it is eventually removed from the system by
remineralisation or burial (Alongi and McKinnon 2005). Wind
and tide-driven turbidity events are common in the GBR lagoon
and are important drivers of the underwater light climate that
shapes coastal benthic ecosystems such as seagrass meadows
and coral reefs (Larcombe et al. 1995; Alongi and McKinnon
2005; Cooper et al. 2008). Terrestrial fine sediment transported
into the Tully coastal area by flood plumes may be easily resus-
pended for prolonged periods of time (Wolanski et al. 2008),
especially after large flood events, leading to frequent spikes in
turbidity.

A comparison of plume data to water-quality guidelines
(GBRMPA 2009) shows that a large proportion of the measured
data exceeds trigger values for TSS, chlorophyll, PN and PP. The
inshore coral reefs and seagrass beds adjacent to the Tully catch-
ment are likely to be affected by these elevated concentrations,
at least during the weeks of exposure. The longer-term impacts
of flood plumes are currently not well understood, but are the
subject of ongoing research. These impacts include, for example,
recurrent resuspension of settled material leading to periodically
elevated TSS concentrations over long time periods or ongoing
high nutrient availability from foodweb cycling. Our estimates
of the exposure of marine ecosystems to flood plumes showed
that coastal and inshore coral reefs and seagrass beds in the Tully
marine area were inundated every year by primary plumes and
were exposed to intermittently high sediment and high nutrient
concentrations during flood plumes, and potentially high loads
of sedimenting particles.

The major adverse effect on corals is decreased light avail-
ability as a result of high water turbidity and short-term or
intermediate smothering by high sedimentation during flood
events or because of resuspension of terrigenous fine sediments
by wind and waves.

Our assessment of 11 flood events from 1994 to 2008 showed
thatas aresult of the regular high rainfall and associated flooding,
the marine ecosystems adjacent to the Tully catchment are regu-
larly exposed to elevated concentrations of nutrients, suspended
sediments and other land-derived materials, such as herbicides.
Knowledge about the overall catchment loads and sources of
land-derived materials as well as the relationships to various
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land uses in the Tully area is continually improving (e.g. Armour
et al. 2009; Bainbridge et al. 2009; Mitchell ef al. 2009; Wallace
et al. 2009). The effects of excess nutrients and sediments in
the marine environment are also increasingly understood (e.g.
De’ath and Fabricius 2008). However, less well known are the
physical and biogeochemical processes transporting and trans-
forming land-derived materials in the marine environment, as
well as the hydrodynamics of the GBR inshore area that con-
trol, for example, residence times. The missing links between
catchment and marine processes hamper the implementation of
management options for specific water-quality constituents. A
primary use for the results of the present study will be to set tar-
gets connecting end-of-river loads of particular materials to an
intermediate end-point target, such as chlorophyll (Brodie et al.
2009), and, in the future, to an ecological end-point target, such
as a composite indicator for coral reef health (Fabricius et al.
2005).
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ABSTRACT: Because of their ability to transform atmospheric N, into ammonia that can be used by the plant,
researchers were originally very optimistic about the potential of associative diazotrophic bacteria to promote the
growth of many cereals and grasses. However, multiple inoculation experiments during recent decades failed to
show a substantial contribution of Biological Nitrogen Fixation (BNF) to plant growth in most cases. It is now clear
that associative diazotrophs exert their positive effects on plant growth directly or indirectly through (a combina-
tion of) different mechanisms. Apart from fixing N,, diazotrophs can affect plant growth directly by the synthesis
of phytohormones and vitamins, inhibition of plant ethylene synthesis, improved nutrient uptake, enhanced stress
resistance, solubilization of inorganic phosphate and mineralization of organic phosphate. Indirectly, diazotrophs
are able to decrease or prevent the deleterious effects of pathogenic microorganisms, mostly through the synthesis
of antibiotics and/or fungicidal compounds, through competition for nutrients (for instance, by siderophore
production) or by the induction of systemic resistance to pathogens. In addition, they can affect the plant indirectly
by interacting with other beneficial microorganisms, for example, Azospirillum increasing nodulation of legumes
by rhizobia. The further elucidation of the different mechanisms involved will help to make associative diazotrophs
a valuable partner in future agriculture.

KEY WORDS: biocontrol, BNF, nutrient uptake, PGPR, phytohormones, stress resistance, vitamins.

I. INTRODUCTION

The rhizosphere is the narrow zone of soil
surrounding the root that is under the immediate
influence of the root system. This zone is rich in
nutrients when compared with the bulk soil, due
to the accumulation of a variety of organic com-
pounds released from roots by exudation, secre-
tion, and deposition (Curl and Truelove, 1986).
Because these organic compounds can be used as
carbon and energy sources by microorganisms,
microbial growth and activity is particularly in-
tense in the rhizosphere. This is reflected by the
number of bacteria that are found around the roots
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of plants and that is generally 10 to 100 times
higher than in the bulk soil (Weller and
Thomashow, 1994). Plant-associated bacteria that
are able to colonize roots are called rhizobacteria
and can be classified into beneficial, deleterious,
and neutral groups on the basis of their effects on
plant growth. Beneficial rhizobacteria that stimu-
late plant growth are usually referred to as Plant-
Growth-Promoting Rhizobacteria or PGPR
(Davison, 1988; Kloepper et al., 1989), a group
that includes different bacterial species and strains
belonging to genera such as Acetobacter,
Azospirillum, Azotobacter, Bacillus, Burkholderia,
Herbaspirillum, and Pseudomonas (Weller and
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Thomashow, 1994; Glick, 1995; Probanza et al.,
1996).

Diazotrophic bacteria, by their ability to con-
vert N, into ammonia, which can be used by the
plant, also belong to the PGPR. Because of their
competitive advantages in a C-rich, N-poor envi-
ronment, diazotrophs may become selectively
enriched in the rhizosphere (Ddbereiner and
Pedrosa, 1987), putting themselves in a good
position to promote plant growth. Although bac-
teria of the genera Rhizobium, Bradyrhizobium,
Sinorhizobium, Mesorhizobium, and Azorhizobium
are known for their capacity to fix atmospheric
nitrogen in a symbiotic relationship with the roots
of leguminous plants, they are usually not consid-
ered as PGPR in this highly specific symbiotic
interaction. However, Rhizobiaceae also have the
ability to form nonspecific associative interac-
tions with roots of other plants without forming
nodules (Reyes and Schimidt, 1979). They were
found to attach to the surface of monocots in the
same manner as they attach to those of dicot hosts
(Shimshick and Hebert, 1979; Terouchi and Syono,
1990). Furthermore, they are able to stimulate the
growth and increase the yield of these nonlegumes
both in greenhouse and field experiments (Biswas
et al., 2000; Yanni et al., 2001), and therefore
they can also be considered as PGPR in these
cases. The subject of this review is restricted to
plant growth promotion by free-living or associa-
tive N,—fixing bacteria. The Rhizobium-legume
and Frankia-non-legume symbioses will not be
included. For recent publications on these topics
see HussDanell (1997), Schwencke (1998),
Schwencke and Caru (2001), Spaink et al. (1998),
and Subba Rao and Rodriguez-Barrueco (1998).
Rhizobium will only be discussed when used as
PGPR with non-legumes.

Rhizosphere diazotrophs were mainly isolated
in the 1960s to 1970s, but their contribution to the
nitrogen nutrition of plants is still under debate.
This controversy is discussed in this review. Un-
like the rhizobia-legume symbiosis, where the
biologically fixed N can meet the needs of the
host plant, BNF contributions by associative
diazotrophs to their hosts are usually considered
to be low. Given the fact that the nitrogenase, the
enzyme converting N, into NHj, is inhibited in
the presence of combined forms of N, such as
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nitrate or ammonia, it is unlikely that organisms
that benefit plant growth by fixing nitrogen, can
do so in soils where high amounts of nitrogen
fertilizer are added, as it is usually the case in
intensive agricultural systems. However, in the
case of Azospirillum-inoculated plants, positive
responses of plants to inoculation were also found
under high N nutritional levels (Reynders and
Vlassak, 1982; Kapulnik et al., 1983), indicating
that plant responses are not only due to N, fixa-
tion activity in the rhizosphere, but that other
mechanisms are clearly involved.

In addition, grain grasses such as wheat, maize,
and rice are still the most important plants for the
nutrition of the world’s population. Although grain
legumes are the main protein source in many
developing countries, the total world area culti-
vated with these plants is only about 25% of the
area that is used for cereal grasses (Food and
Agricultural Organization of the United Nations,
2001; http://www.fao.org/). The study of the as-
sociative interactions between diazotrophs and
nonleguminous plant species and the understand-
ing of the mechanisms involved therefore remain
of agricultural importance.

This article gives an overview of the different
mechanisms by which associative diazotrophs
have been found to promote plant growth, and
special attention is paid to the experiments clari-
fying these mechanisms. A main obstacle during
the preparation of this article was the frequently
observed lack of information on the nitrogen-
fixing capacity of the microorganisms involved.
Many PGPR were isolated by screening for one
selected trait, for example, P-solubilization or
biocontrol activity, while other characteristics like
N,—fixation were not investigated. In the case that
the diazotrophic character of the organism was
not confirmed, the reports were not included in
this review. Therefore, it is likely that more infor-
mation on plant growth-promoting mechanisms
by associative diazotrophs is available than cited
here.

Il. BIOLOGICAL NITROGEN FIXATION

The first associative diazotroph was reported by
Beijerinck in 1925 under the name Spirillum



lipoferum. However, it was only about half a cen-
tury later, after the discovery of the highly specific
Azotobacter paspali—Paspalum notatum association
and the rediscovery of Spirillum lipoferum (now
called Azospirillum) by the group of Dobereiner
(Dobereiner et al., 1972; Dobereiner and Day, 1976),
that scientists became increasingly interested in
diazotrophic bacteria associated with graminaceous
plants. Because the benefit of nitrogen fixation from
nodulated legumes to agriculture was already estab-
lished at that time, it was expected that the associa-
tive diazotrophs would favor nonleguminous plants
in the same way. Several genera of bacteria have
now been reported to contain diazotrophs, which
may be loosely or more intimately (endophytes)
associated with plants, including Acetobacter,
Azoarcus, Azospirillum, Azotobacter, Beijerinckia,
Burkholderia, Enterobacter, Herbaspirillum, Kleb-
siella, Paenibacillus, and Pseudomonas. An exten-
sive phylogenetic classification of nitrogen-fixing
organisms was made by Young in 1994. While the
capability of these organisms to fix nitrogen in vitro
can be demonstrated easily, efforts to quantify nitro-
gen fixation in natural associations with plants have
produced widely varying results. In the past 30 years
many crop-inoculation studies, coupled to acetylene
reduction measurements, N balance and >N isotope
dilution experiments, have been conducted with root-
associated bacteria to determine whether the bacte-
ria supply significant amounts of nitrogen to culti-
vated plants (Boddey et al., 1999; James, 2000).
The acetylene reduction assay (ARA) is the
most widely used method because of its simpli-
city and low cost. A major drawback of this assay
is that it only measures nitrogenase activity and
reveals no information on whether the fixed N is
incorporated into the plant (Boddey, 1987; Boddey
et al., 1995). N balance experiments have the
disadvantage that the plant N is not necessarily
derived from the air but might also result from
improved nutrient uptake by the inoculated plant.
The most useful methods for examining N, fixa-
tion in the field and in large greenhouse experi-
ments are still the N isotope dilution and >N
natural abundance techniques (James, 2000).
Using these methods it was reported that cer-
tain Brazilian sugar cane varieties can derive 50
to 80% of plant N from BNF, equivalent to 150 to
170 kg N ha™! y! (Lima et al., 1987; Boddey et

al., 1991, 1995; Urquiaga et al., 1992; Débereiner
etal., 1993; Boddey and Dobereiner, 1995). How-
ever, the amount of nitrogen fixed is highly vari-
able and dependent on plant genotype and envi-
ronmental conditions (Boddey et al., 1991). In
large experiments comparing up to 70 rice varie-
ties, it was estimated in one experiment that the
amount of nitrogen derived from air (Ndfa) ranged
from O to 20.2%, and in the other experiment that
an equivalent of 16 to 70 kg N ha™! crop™! was
fixed (App et al., 1986; Shrestha and Ladha, 1996).
A substantial number of studies conducted at the
International Rice Research Institute in the Phi-
lippines suggest that on the whole 20 to 25% of
the total nitrogen needs of rice can be derived
from associative fixation (App et al., 1980; Ladha
et al., 1986, 1987; Watanabe et al., 1987; Roger
and Ladha, 1992). Using the >N isotope dilution
technique, it was estimated that Kallar grass may
fix up to 26% of its N content (Malik et al., 1997).
For the batatais cultivar of Paspalum notatum,
this was nearly 11% (Boddey et al., 1983). While
in the above-mentioned examples, the contribu-
tions of biological N, fixation are of agronomical
significance, most studies on wheat have shown
little or no N, fixation by this crop, even when
inoculated with Azospirillum or other diazotrophs
(Lethbridge and Davidson, 1983; Kapulnik et al.,
1985a; Boddey, 1987; Chalk, 1991; Bremer et al.,
1995). One study on N, fixation with maize sug-
gested that some cultivars fix up to 60% of their
N after inoculation with appropriate strains of
Aczospirillum (Garcia de Salamone et al., 1996),
while other cultivars showed decreased grain yield
and plant N accumulation (Garcia de Salamone
and Dobereiner, 1996). On the whole, greenhouse
studies with maize, sorghum, and Setaria did not
show substantial N,—fixation in Azospirillum in-
oculated plants (Okon and Labandera-Gonzalez,
1994).

In these kinds of studies no proof has been
given for the organism(s) responsible for BNF. It
was never shown that growth stimulation was
caused by the direct transfer of fixed nitrogen
from the diazotroph to its plant partner.
Acetobacter diazotrophicus and Azotobacter
paspali were found to be predominantly present
in sugar cane and Paspalum notatum, respectively
(Dobereiner et al., 1972; Li and MacRae, 1991;
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Dong et al., 1994), and thus assumed to be re-
sponsible for the N contribution to their host plant.
However, the simple isolation of a diazotroph
from a plant provides no conclusive evidence that
BNF contributed to plant growth promotion. In-
asmuch as no differentiated structures are present
on the root system in associative plant-bacterium
interactions and a wide diversity of PGPR can be
isolated from the rhizosphere of a single plant, it
is often impossible to determine which organism
is actually responsible for plant growth promo-
tion or N, fixation. In the case of wetland rice,
interpretation is even more difficult because a
proportion of this N may be derived from free-
living N,—fixing cyanobacteria in the flood water
or heterotrophic N, fixers in the soil (Eskew et al.,
1981).

To provide direct evidence that the plant ben-
efits from the N, fixed by the assumed diazotroph,
plant inoculation experiments with nonnitrogen
fixing (Nif~) mutants as negative controls are re-
quired, coupled with careful 'N-based balance
studies. With the use of such mutants in inocula-
tion experiments, it becomes clear that in most of
the cases BNF is not involved in the plant growth
promotion. Nif - mutants of Azospirillum, Azoarcus
sp. strain BH72 or Pseudomonas putida GR12-2
have been shown to be still capable of stimulating
plant growth (Lifshitz e al., 1987; Morgenstern
and Okon, 1987b; Bashan et al., 1989; Hurek et
al., 1994). No N isotope dilution or nitrogen
balance experiments have been done with these
Nif- mutants. The fact that BNF is apparently not
involved in plant growth promotion by these strains
cannot be simply attributed to the absence of
nitrogenase expression. Using a translational nifH-
gusA fusion, it was observed that Azospirillum nif
genes are expressed during the association with
wheat roots (Vande Broek et al., 1993). On the
other hand, some host specificity of BNF has
been reported. When the nifK mutant of Azoarcus
sp. strain BH72, which has a Nif~ phenotype, was
used to inoculate rice seedlings in a gnotobiotic
system, the same increase in plant biomass and
total protein content was found as after inocula-
tion with the wild-type strain, strongly suggesting
that N, fixation was not involved in the observed
plant growth promotion (Hurek et al., 1994). Nev-
ertheless, immunogold labeling as well as reporter
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gene studies revealed high nitrogenase gene ex-
pression levels of the endophyte Azoarcus sp.
BH72 inside roots of rice seedlings, suggesting
that environmental conditions inside rice roots
are permissive for endophytic nitrogen fixation in
bacterial microcolonies in the aerenchyma (Egener
etal., 1999). However, when this Nif- mutant was
inoculated onto Kallar grass plantlets, these plants
showed significantly lower dry weight and accu-
mulated less nitrogen than those inoculated with
the wild-type strain Azoarcus sp. BH72 (Hurek et
al., 1998; Hurek et al., 2002). This indicates that
in the case of Kallar grass, Azoarcus may fix N,
in planta and transfer the fixed N to the host plant.
Additional proof for this was given by the fact
that abundant BH72 nifH transcripts were retrieved
from the roots of plants inoculated with the wild-
type strain but not from noninoculated control
plants or plants inoculated with the Nif~ mutant
strain, indicating that nitrogen fixation by Azoarcus
sp. BH72 and not by any other diazotrophic bac-
teria had provided combined nitrogen to the plant.
Furthermore, both wild-type and mutant Azoarcus
sp. BH72 could not be reisolated using estab-
lished protocols, which led the researchers to
conclude that Azoarcus sp. contributes fixed ni-
trogen to the plant in an unculturable state. The
mechanism by which this transfer occurs has still
to be determined. It may be direct transfer or
simply an indirect process via death and mineral-
ization of the bacteria.

Until now, there is only one other case where
thorough proof has been given for direct N trans-
fer by the diazotroph to the host plant and that is
for Acetobacter diazotrophicus associated with
sugarcane (Sevilla et al., 2001). The wild-type
strain and a nifD mutant of Acetobacter
diazotrophicus, unable to fix nitrogen (Nif -), were
used to inoculate sterile sugarcane plantlets pre-
pared from meristem tissue culture. Sugarcane
plants inoculated with the wild-type strain gene-
rally grew better and had a higher total N content
60 days after planting than did plants inoculated
with the Nif- mutant or uninoculated plants
(Sevilla et al., 2001). These results indicate that
the transfer of fixed N from A. diazotrophicus to
sugarcane might be a significant mechanism for
plant growth promotion in this association. When
N was not limiting, growth enhancement was



observed in plants inoculated with either wild-
type or Nif- mutants, suggesting the additional
effect of a plant growth-promoting factor pro-
vided by A. diazotrophicus. IAA and gibberellins
have been identified in cultures of A. diazo-
trophicus (Fuentes-Ramirez et al., 1993; Bastian
et al., 1998). The production of these growth
factors may be secondary to the effects of nitro-
gen fixation. A SN, incorporation experiment dem-
onstrated that A. diazotrophicus wild-type strains
actively fixed N, inside sugarcane plants, whereas
the Nif- mutants did not (Sevilla et al., 2001). As
in this case, no plant-specific compound was ana-
lyzed for SN content to prove that significant
combined or fixed N was transferred from bacte-
ria to plant material, the authors conclude that the
question of whether the N, was incorporated
only into bacterial mass present inside the plants
remains unanswered.

One problem with which most of the studies
with root-colonizing diazotrophs suffer is that the
amount of fixed N, supplied to their host plants
appears to be very low (Rao et al., 1998). This has
been attributed to the fact that free-living
diazotrophs do not, contrary to symbiotically liv-
ing Rhizobium spp., excrete N from their cells
(Kleiner, 1984). In the case of associative
diazotrophs, the fixed nitrogen remains mainly in
the bacterial cells and is released to the host only at
a later stage of plant growth after death and decay
of the bacterial biomass (Rao et al., 1998). This
process is inefficient, and perhaps delayed, when
compared with the active release of the immediate
products of N, fixation by living bacteria, as occurs
in legume nodules (Mylona et al., 1995). This
might in part explain the poor performance of the
associative system. Also, much of the “plant-asso-
ciated” N, fixation reported from >N isotope dilu-
tion studies could be due to this process (James,
2000). In vitro, NH,*-excreting mutants of
A. brasilense, although physiologically disadvan-
taged, can supply more N to a host than wild-type
strains (Christiansen-Weniger and Van Veen, 1991;
Christiansen-Weniger and Vanderleyden, 1994).
In the case of A. diazotrophicus, Cojho et al. (1993)
demonstrated that this bacterium is able to excrete
part of the fixed nitrogen into the medium. By
using an amylolytic yeast to mimic the plant, they
showed that 48% of the total nitrogen fixed by the

bacteria was transferred to the yeast, making
A. diazotrophicus a good candidate for actual con-
tribution of fixed N, to its host.

Wood et al. (2001) suggest that the inability
of the host plant to release sufficient carbon in the
rhizosphere is a major constraint in the develop-
ment of associative N,—fixing systems. In a labo-
ratory co-culture model using wheat plants inocu-
lated with an ammonium-excreting strain of
A. brasilense, they found a 48—fold increase in the
amount of newly fixed N, that was transferred to
the shoot tissue when malate was added to the co-
culture. They further suggest that wheat plants
with an increased release of photosynthate to the
rhizosphere offer perspectives for the develop-
ment of agricultural systems that are more self-
supporting for nitrogen nutrition.

Still, when comparing the bacterial numbers
present in both associative and symbiotic bacte-
rium-plant interactions, it remains doubtful that
associative bacteria will ever be found to contrib-
ute substantial amounts of BNF to their plant host
in nature. Even when inoculated at large numbers
initially (up to 107 cfu per seed), the number of
associative bacteria rapidly decreases until in most
cases about 103 to 10° cfu g! plant root is reached
(Jacoud et al., 1999; Burdman et al., 2000). Com-
pared with rhizobia, which are present at about
107 to 108 cfu g! plant root, this number would be
insufficient to provide the plant with sufficient
amounts of fixed N.

Ill. PRODUCTION OF PLANT GROWTH-
PROMOTING SUBSTANCES

In the recent decades there has been increa-
sing evidence that besides N,—fixation, synthesis
and export of phytohormones by the N,—fixing
bacteria may play an important role in the ob-
served plant growth promotion. Phytohormones,
also called plant growth regulators (PGRs), are
well known for their regulatory role in plant growth
and development. PGRs are organic substances
that influence physiological processes of plants at
extremely low concentrations. Because the con-
centration of hormonal signals is critical to the
regulation of various physiological processes in
plants, local changes of phytohormone levels can
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lead to characteristic changes in plant growth and
development. In 1979, production of auxins, cy-
tokinin-like and gibberellin-like substances was
proposed for A. brasilense, since the increased
number of root hairs and of lateral roots observed
after inoculation with this bacterium could be
mimicked by the application of a mixture of in-
dole-3—acetic acid (IAA), kinetin, and gibberellic
acid GA, (Tien et al., 1979). Moreover, in several
other studies the increased plant growth observed
after inoculation with Azospirillum was proposed
to be due to bacterial phytohormone production
(Okon and Kapulnik, 1986; Harari et al., 1988).
Indirectly, a role for phytohormones in the plant
growth promoting effect was suggested when Nif~
mutants of different diazotrophs appeared still to
be able to stimulate plant growth (see section on
BNF). Barbieri et al. (1986) showed that a Nif-
mutant of A. brasilense Sp6, which is a producer
of TAA, yielded a very similar plant response as
the wild-type strain, that is, increase in the num-
ber and length of the lateral roots. Similarly, early
seedling root growth of canola and lettuce was
significantly promoted by the inoculation of seeds
with certain strains of R. leguminosarum, includ-
ing nitrogen- and nonnitrogen-fixing derivatives
(Noel et al., 1996).

A. Auxins

Most of the attention has been focused on the
role of the phytohormone auxin. The most com-
mon and best characterized and at the same time
physiologically most active auxin in plants is in-
dole-3—acetic acid (IAA), which is known to stimu-
late both rapid (e.g., increases in cell elongation)
and long-term (e.g., cell division and differentia-
tion) responses in plants (Cleland, 1990; Hagen,
1990). The capacity to synthesize IAA is wide-
spread among soil- and plant-associated bacteria.
It has been estimated that 80% of bacteria isolated
from the rhizosphere can produce the plant growth
regulator IAA (Patten and Glick, 1996). Several
IAA biosynthetic pathways, classified according
to their intermediates, have been reported in bac-
teria (Patten and Glick, 1996), and in the case of
Azospirillum TAA biosynthesis was studied ex-
tensively (Prinsen et al., 1993; Costacurta et al.,
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1994; Vande Broek et al., 1999; Lambrecht et al.,
2000). A survey of the TAA biosynthesis path-
ways utilized by plant-associated bacteria reveals
that pathogenic bacteria such as Pseudomonas
syringae, Agrobacterium tumefaciens, and Erwinia
herbicola synthesize IAA predominantly via the
indole-3—acetamide (IAM) pathway. Synthesis by
this route is generally constitutive. PGPR such as
Rhizobium, Bradyrhizobium, and Azospirillum
species synthesize [AA mainly via the indole-3—
pyruvic acid (IPyA) pathway, which may be sub-
ject to more stringent regulation by plant metabo-
lites (Costacurta and Vanderleyden, 1995; Patten
and Glick, 1996). By using HPLC and/or
GC-MS, the presence of IAA and related com-
pounds in the growth medium could be demonstrated
for many diazotrophs, including Acetobacter
diazotrophicus (Fuentes-Ramirez et al., 1993;
Bastian et al., 1998), Azospirillum spp. (Crozier
etal., 1988; Zimmer and Bothe, 1988; El-Khawas
and Adachi, 1999), Azotobacter (Pati et al., 1995),
Herbaspirillum seropedicae (Bastian et al., 1998),
Klebsiella pneumoniae (El-Khawas and Adachi,
1999), Bradyrhizobium elkanii (Minamisawa et
al., 1996), Rhizobium leguminosarum bv. phaseoli
(Atzorn et al., 1988), and Paenibacillus polymyxa
(Lebuhn et al., 1997). Paenibacillus polymyxa,
described as a N,—fixing species (Achouak et al.,
1999), was formerly named Bacillus polymyxa
but has been reclassified by Ash ez al. (1993).
The first evidence for the role of IAA in the
observed plant growth promotion was obtained by
attempts to mimic the effect of the bacterium on root
growth by the direct application of IAA onto the
roots. It could be shown with wheat that inoculation
with A. brasilense Cd and the application of pure [AA
to the roots both increased root length, number of
lateral roots, and number of root hairs (Harari et al.,
1988; Martin et al., 1989). Similar experiments with
A. brasilense (Kolb and Martin, 1985; Jain and
Patriquin, 1985; Morgenstern and Okon, 1987b) and
P. polymyxa (Holl et al., 1988) provided strong evi-
dence for IAA production by these diazotrophs and
the responsibility of this hormone for the observed
effects on plants. An example of the in vivo
phytohormonal activity of A. brasilense was given by
Inbal and Feldman (1982), who reported induction of
normal development in growth hormone-deficient
dwarf mutants of summer wheat by inoculation.



A relatively straightforward way to directly
monitor the effects of bacterially synthesized auxin
is to compare plants treated with wild-type PGPR
strains and with mutant strains that either do not
produce or overproduce auxin. A TnS5—induced
mutant of A. brasilense Sp6 producing a very low
amount of [AA showed a reduced ability to pro-
mote wheat root system development in terms of
both number and length of lateral roots and of the
distribution of root hairs when compared with the
wild-type strain (Barbieri and Galli, 1993). An
IAA-overproducing mutant of A. brasilense (se-
lected for resistance to 5—fluoro-tryptophan) had
a greater effect on root hair development than the
wild-type strain at low inoculum concentrations,
but was more inhibitory at higher bacterial densi-
ties (Harari et al., 1988). By using different ge-
netically modified strains, the contribution of auxin
biosynthesis by A. brasilense in altering root
morphology was evaluated in a plate assay
(Dobbelaere et al., 1999). Inoculation with in-
creasing concentrations of the wild type strains
A. brasilense Sp245 and Sp7 resulted in a strong
decrease in root length and increase in root hair
formation (Figure 1). This effect was abolished
when inoculating with an ipdC mutant of
A. brasilense producing only 10% of the wild-
type IAA level (Figure 2). The ipdC gene encodes
a key enzyme in the IPyA pathway of IAA syn-
thesis by A. brasilense. On the other hand, the
observed auxin effect was enhanced further by
adding tryptophan (Trp), a precursor for [AA syn-
thesis, to the plates and could be mimicked by
replacing the Azospirillum cells by a particular
concentration of IAA. Together these results con-
firm the important role of IAA produced by
Azospirillum in altering wheat root morphology.

A tryptophan auxotrophic Rhizobium mutant
did not promote seedling root growth of canola
and lettuce to the same extent as the parent strain,
indicating that also in the Rhizobium/non-legume
interaction the plant growth regulator IAA might
be involved (Noel et al., 1996). However, the
authors were not able to fully complement these
mutations by adding exogenous tryptophan to the
growth medium.

In addition to IAA, bacteria such as
P. polymyxa and azospirilla also release other
compounds in the rhizosphere that could indi-

rectly contribute to plant growth promotion like
indole-3-butyric acid (IBA), Trp and tryptophol
or indole-3—ethanol (TOL) (Fallik et al., 1989;
Lebuhn and Hartmann, 1994; Lebuhn et al., 1997,
El-Khawas and Adachi, 1999). IBA is a com-
pound that is widely used in agriculture as a com-
mercial promoter of root initiation in cuttings
(Nickell, 1982). Trp may enhance endogenous
IAA synthesis in the plant root. Direct uptake of
applied Trp by plant roots followed by conver-
sion into TAA within their tissues has already
been proposed by Martens and Frankenberger
(1994). In addition to the synthesis of IAA, plant
growth promotion by P. polymyxa strains was
proposed to be due to its production of TOL
(Lebuhn et al., 1997). TOL is formed after the
reduction of indole-3—acetaldehyde (IAAld), a side
reaction of the IAA pathway. It is easily taken up
by plants, serves as an [AA storage form, and can
be converted into the active phytohormone, IAA,
by plant TOL-oxidase and O, (Sandberg, 1984).

B. Cytokinins

The isolation and quantification of cytokinins
in nonpathogenic soil bacteria in general and
diazotrophic bacteria in particular has received little
attention. Because cytokinins are a diverse group
of labile compounds that are usually present in
small amounts in biological samples, they have
often been difficult to identify and quantify. Usu-
ally, cytokinin-like activity is reported using bioas-
says (Nieto and Frankenberger, 1990b). The ef-
fects of exogenously applied cytokinins on plants
are numerous, the most notable of which is en-
hanced cell division, but also root development
and root hair formation are reported (Frankenberger
and Arshad, 1995). Plants and plant-associated
microorganisms have been found to contain over
30 growth-promoting compounds of the cytokinin
group. One study indicated that as many as 90% of
the microorganisms found in the rhizosphere are
capable of releasing cytokinins when cultured in
vitro (Barea et al., 1976). Using bioassays, radio-
immunoassays, or HPLC-UV spectrometry, cyto-
kinin production was shown in Azotobacter spp.
(Barea and Brown, 1974; Azcén and Barea, 1975;
Gonzalez-Lopez et al., 1986; Martinez-Toledo et
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FIGURE 1. Effect of inoculation with A. brasilense Sp245 on root development and morphology of 1—week-old wheat
seedlings. (A) Effect on root length. The left root system represents an uninoculated control. The other root systems
are taken from wheat seedlings inoculated with 108, 107, 108, and 10° cfu ml-' from left to right, respectively. (B) Effect
on root hair formation and root diameter. Left root tip represents an uninoculated control. The middle and right root
tip are taken from seedlings inoculated with 5 x 107 and 5 x 108 cfu ml-', respectively. (Reproduced from Dobbelaere
et al. (1999) with kind permission from Kluwer Academic Publishers.)
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FIGURE 2. Effect of inoculation with A. brasilense Sp245b, an jpdC mutant strain, on root development and
morphology of 1-week-old wheat seedlings. (A) Effect on root length. The left root system represents an uninoculated
control. The other root systems are taken from wheat seedlings inoculated with 108, 107, 108, and 10° cfu ml-' from
left to right, respectively. (B) Effect on root hair formation and root diameter. Left root tip represents an uninoculated
control. The middle and right root tip are taken from seedlings inoculated with 107 and 5 x 108 cfu ml-', respectively.
(Reproduced from Dobbelaere et al. (1999) with kind permission from Kluwer Academic Publishers).
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al., 1988; Nieto and Frankenberger, 1989),
Azospirillum spp. (Horemans et al., 1986; Cacciari
et al., 1989), Rhizobium spp. (Phillips and Torrey,
1970; Upadhyaya et al., 1991), and Paenibacillus
polymyxa (Timmusk et al., 1999).

However, genes and enzymes involved in the
biosynthesis of bacterial cytokinins have so far
only been characterized in phytopathogens, that
is, A. tumefaciens, E. herbicola, and P. syringae,
and even in these organisms knowledge of the
biosynthetic pathways is rather limited (Arshad
and Frankenberger, 1998). Therefore, no direct
evidence for a role of cytokinin production in
plant growth promotion, by using mutant strains
producing no or more cytokinin, has been pro-
vided. Indirectly, a possible involvement of cyto-
kinins in plant growth promotion was demon-
strated by using a Rhizobium leguminosarum
mutant that is auxotrophic for adenosine, a pre-
cursor for cytokinin biosynthesis. This mutant did
not promote early seedling root growth of canola
and lettuce to the same extent as the parent strain,
suggesting that cytokinin might be involved in
the observed promotion by the wild-type strain
(Noel et al., 1996). So far, the mutation could not
be fully complemented by adding exogenous
adenosine to the growth systems.

Nieto and Frankenberger (1990a, 1991)
studied the effect of the cytokinin precursors
adenine (ADE) and isopentyl alcohol (IA) and
of the cytokinin-producing bacterium Azoto-
bacter chroococcum on the morphology and
growth of radish and maize under in vitro,
greenhouse, and field conditions. The combi-
nation of ADE, IA plus the bacterium enhanced
the growth of the plants to a much greater
degree than when only the precursors or
A. chroococcum were applied. The improve-
ment in plant growth was attributed primarily
to the increase in cytokinin production by
A. chroococcum in the rhizosphere.

As cytokinins move from roots to shoots, root
exposure to cytokinin could affect plant growth
and development. Increases in yield and N, P, and
K content of grains obtained after exogenous ap-
plication of cytokinins in field trials with rice
(Zahir et al., 2001) support the hypothesis that
bacterially supplied cytokinins to the soil can
improve the growth and yield of treated plants.
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C. Gibberellins

Also in the case of gibberellins (GAs), the
bacterial genetic determinants have not been iden-
tified so far. Therefore, no mutants are available
to demonstrate the role of this phytohormone in
plant growth promotion. Recently, there appears
to be renewed interest in these phytohormones
because a number of recent articles report on the
production of GAs by diazotrophic bacteria. Over
89 GAs are known to date and are numbered GA
through GAy, in approximate order of their dis-
covery (Frankenberger and Arshad, 1995; Arshad
and Frankenberger, 1998). The most widely rec-
ognized gibberellin is GA; (gibberellic acid), the
most active GA in plants is GA,, which is prima-
rily responsible for stem elongation (Davies, 1995).
Using a bioassay, HPLC or GC-MS, GA produc-
tion has been demonstrated in Azotobacter spp.
(Barea and Brown, 1974; Azc6n and Barea, 1975;
Gonzalez-Lopez et al., 1986; Martinez-Toledo et
al., 1988), P. polymyxa (Sattar and Gaur, 1987),
Rhizobium leguminosarum bv. phaseoli (Atzorn
et al., 1988), A. brasilense (Janzen et al., 1992),
A. lipoferum (Bottini et al., 1989; Piccoli and
Bottini, 1994; Piccoli et al., 1996), Acetobacter
diazotrophicus and Herbaspirillum seropedicae
(Bastian et al., 1998), and Bacillus pumilus and
Bacillus licheniformis (Gutiérrez-MaHero et al.,
2001). Most likely, the GAs formed do not play a
significant physiological role in the producing
organism and, consequently, can be regarded as
secondary metabolites (Rademacher, 1994). How-
ever, several observations suggest that these GA-
producing microorganisms might induce or pro-
mote growth in the host plants through the action
of the released GAs. One of the earliest studies in
this respect reports on similar effects obtained by
inoculation of tomatoes with Azotobacter
chroococcum or gibberellin application (Jackson
et al., 1964). Fulchieri et al. (1993) observed that
GA, had similar effects as A. lipoferum inocula-
tion on promotion of root growth in 48-h-old
maize seedlings, especially in increasing hair den-
sity in areas physiologically active for nutrient
uptake and water absorption. In a similar com-
parative study, GA, application or Azospirillum
spp. inoculation were compared for their effect on
height and fresh weight of uniconazole treated



maize plants. Uniconazole inhibits internode
growth in a number of plant species by blocking
the three oxidation steps in the GA biosynthesis
pathway (Yamaji et al., 1991). Because both
A. lipoferum and A. brasilense increased height at
similar levels with respect to application of 0.1 pg
GA,; per plant, Lucangeli and Bottini (1997) con-
cluded that GAs produced by Azospirilum spp.
play an important role in the early stages of plant
growth in Gramineae. Further, it was found that
Azospirillum spp. could enhance shoot growth in
the dwarfs d/ of maize and dx of rice, which are
defective for the biosynthesis of active GAs, sug-
gesting the in vivo production of these phytohor-
mones by these bacteria (Lucangeli and Bottini,
1996). A similar bioassay with dwarf alder seed-
lings was used to demonstrate in vivo GA produc-
tion by Bacillus pumilus and Bacillus licheniformis
(Gutierrez-Manero et al., 2001).

In addition to GA production, Azospirillum
spp. cultured in a nitrogen-free biotin-based chemi-
cally defined medium are able to hydrolyze GA
glucosyl conjugates both in vitro (Piccoli et al.,
1997) and in vivo (Cassén et al., 2001), releasing
GAs and so providing another way to promote
plant growth. These results suggest that the growth
promotion in plants that is induced by Azospirillum
infection may occur by a combination of both
gibberellin production and gibberellin-glucoside/
glucosyl ester deconjugation by the bacterium
(Piccoli et al., 1997).

The ability of Azospirillum spp. to alleviate
the effects of water deficits in cereal seedlings
under salt and osmotic stresses (Creus et al.,
1997; Hamdia and Elkomy, 1998) can also be
attributed at least partly to bacterial GA produc-
tion (Piccoli et al., 1999). In Zea mays,
A. lipoferum inoculation or GA, application sig-
nificantly increased chlorophyll, K, Ca, soluble
sugars, and protein contents in plants grown at
NaCl concentrations generating up to —1.2 MPa
of osmotic strength, when compared with con-
trols (Hamdia and Elkomy, 1998). This would
explain the better growth (greater fresh weight/
dry weight) and faster elongation rate in shoots
of inoculated plants. The effect might also be
due to improvement of the active hairy root zone
(Fulchieri et al., 1993), which facilitates water
absorption.

D. Other Plant Growth Regulators

Although ethylene is synthesized by many,
and perhaps all, species of bacteria and fungi (Prim-
rose, 1979), it has not been studied for diazotrophic
bacteria. In addition to IAA, abscisic acid (ABA)
has been detected by radio-immunoassay or TLC
in supernatants of Azospirillum and Rhizobium spp.
cultures (Kolb and Martin, 1985; Dangar and Basu,
1987), but no role in plant growth promotion was
reported. Inasmuch as the primary role of ABA in
stomatal closure is well established, as well as its
uptake by and transport in the plant, its presence in
the rhizosphere could be extremely important for
plant growth under a water-stressed environment,
such as found in arid and semiarid climates
(Frankenberger and Arshad, 1995). As the authors
suggest, future research should focus on this vital
aspect of plant-microbial-soil interaction relative
to ABA.

In addition to classic phytohormones, it has
been shown that nitrite at a concentration range of
0.1 to 10 mM (e.g., that generated by the dissimi-
latory nitrate reductase of Azospirillum) mimics
the effect of IAA in several plant tests for auxins
(Zimmer et al., 1988). Because nitrite alone can
hardly exert phytohormonal effects, it is postu-
lated that nitrite reacts with a substance in the
plant cells and that a product formed by this reac-
tion functions as auxin. Such a substance could be
ascorbate, as the effect of nitrite could be en-
hanced by adding ascorbate.

When studying the role of phytohormone pro-
duction in the mechanism of plant growth promo-
tion by diazotrophs, some caution is required
concerning the interpretation of the results. Since
plants as well as many diazotrophs can synthesize
phytohormones, one has to take into account that
diazotrophic bacteria may also be able to affect
plant endogenous hormone levels, irrespective of
their own hormone production (Fallik ez al., 1989).
Inoculation of maize seedlings growing in nutri-
ent solution with Azotobacter chroococcum re-
sulted in a synergistic increase in phytohormone
concentration (IAA, ABA, isopentenyladenosine,
zeatin riboside, and dihydrozeatin riboside) com-
pared with the sum of hormone production by
sterile plant roots and by bacterial cultures (Miiller
et al., 1989). However, it is hard to distinguish
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between the hormones synthesized by the plant in
response to PGPR stimulation and the hormones
synthesized by the PGPR itself (Fallik e al., 1989).
Therefore, all possibilities, the plant synthesizing
more phytohormones upon presence of the bacte-
rium, the bacteria producing and exporting more
phytohormones under the influence of plant roots,
or both, remain open. In the case of auxin produc-
tion by Azospirillum, a model was proposed for
the role of IAA as a reciprocal signaling molecule
in the Azospirillum-plant interaction (Lambrecht
et al., 2000). In this model, bacterial growth and
IAA production is promoted by the presence of
root exudates and the IAA precursor Trp, result-
ing in larger amounts of IAA produced in the
rhizosphere. In addition, as in A. brasilense, the
ipdC gene is upregulated by IAA, the presence of
plant-derived IAA in the rhizosphere could fur-
ther enhance bacterial IAA synthesis. This then
stimulates the proliferation of plant roots, nutrient
uptake, and eventually plant growth, which in
turn results in increased root exudation. However,
this TAA amplification loop is suggested to be
strictly regulated, because large concentrations of
exogenously applied IAA inhibit root develop-
ment. Further study with A. brasilense mutants
that are completely deficient in IAA biosynthesis
are needed to test the postulated model.

In addition, phytohormones do not act alone
but rather interact with one another in a variety of
complex ways (Barendse and Peeters, 1995). The
complexity of multiple hormonal regulation is
illustrated by the fact that each of the hormones
have been found to be able to affect nearly every
phase of plant growth and development (Leopold
and Noodén, 1984). As an example, the balance
between auxin and cytokinin levels controls cel-
lular differentiation and organogenesis in tissue
and organ culture, ranging from shoot prolifera-
tion to root formation as the ratio auxin/cytokinin
increases (Wareing and Phillips, 1970; Skoog and
Schmitz, 1972). Additionally, auxins and cytoki-
nins stimulate ethylene production synergistically
(Stenlid, 1982). It is clear that the effect of bacte-
rial phytohormone synthesis on plant growth is
quite complex and should be seen in view of the
interaction with other phytohormones.

Finally, an interesting approach to studying
the involvement of phytohormones in the plant/
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bacterium interaction is the use of marker genes
possibly involved in the process. Many auxin-
responsive genes have been isolated from plants,
having a wide difference in time of response,
depending on the gene and cell type (Abel and
Theologis, 1996). For early responding genes such
as GH3, SAUR 15A, and PS-IAA4/5 (Abel and
Theologis, 1996; Guilfoyle et al., 1998) increased
mRNA levels have been observed as early as 5
min after adding auxin. These primary response
genes are activated without a requirement for de
novo protein synthesis. GH3, isolated from soy-
bean, is one of the best-studied early responding
genes (Hagen and Guilfoyle, 1985; Liet al., 1999).
The expression of this gene is very low or not
detectable in most vegetative tissues of intact seed-
lings or plants, but can be strongly and rapidly
induced when exogenous auxin is applied (Hagen
et al., 1991). Induction of expression of the GH3
promoter-GUS reporter gene can occur in most
organs and tissues in a dose-dependent manner,
indicating that auxin is a limiting factor for
activiation of the GH3 gene promoter (Li et al.,
1999). Therefore, the GH3—-GUS gene can be a
good molecular marker for monitoring changes in
either endogenous auxin concentration or cellular
sensitivity to auxin in plants. Meanwhile, many
GH3-GUS transgenic lines are available and are
used intensively in physiology studies. The use of
these transgenic plants will be of help to better
understand the mechanism of IAA signaling from
bacteria to plants. On the other hand, mutants of
Arabidopsis that overexpress [AA (i.e., trp2, trp3;
Last et al., 1991; Normanly et al., 1993) or which
are altered in root formation (i.e., rhd6; Masucci
and Schiefelbein, 1994) can be useful to monitor
the effect of altered plant IAA levels on the colo-
nizing bacteria. With these data, it should be pos-
sible to validate the previously proposed model
and to establish the role of IAA in beneficial
bacteria-plant interactions.

IV. SYNTHESIS OF ENZYMES THAT
CAN MODULATE PLANT GROWTH AND
DEVELOPMENT

A rather new and unsuspected mechanism of
plant growth promotion involves the plant hor-



mone ethylene. Ethylene is a potent plant growth
regulator that affects many aspects of plant growth,
development, and senescence (Reid, 1987). In
addition to its recognition as a “ripening hor-
mone”, ethylene promotes adventitious root and
root hair formation, stimulates germination, and
breaks the dormancy of the seeds (Pratt and
Goeschl, 1969; Esashi, 1991). However, if the
ethylene concentration remains high after germi-
nation, root elongation (as well as symbiotic N,
fixation in leguminous plants) is inhibited (Jack-
son, 1991).

It has been proposed that many plant growth-
promoting bacteria may promote plant growth by
lowering the levels of ethylene in plants. This is
attributed to the activity of the enzyme
l—aminocyclopropane-1-carboxylate (ACC)
deaminase, which hydrolyzes ACC, the immedi-
ate biosynthetic precursor of ethylene in plants
(Walsh et al., 1981; Yang and Hoffman, 1984).
The products of this hydrolysis, ammonia and
o-ketobutyrate, can be used by the bacterium as a
source of nitrogen and carbon for growth (Honma
and Shimomura, 1978; Klee et al., 1991). In this
way the bacterium acts as a sink for ACC and as
such is lowering the ethylene level in plants, pre-
venting some of the potentially deleterious conse-
quences of high ethylene concentrations (Glick et
al., 1998).

In nature, ACC deaminase has been com-
monly found in soil bacteria that colonize plant
roots (Klee et al., 1991; Glick et al., 1999; Belimov
et al.,2001). Many of these microorganisms were
identified by their ability to grow on minimal
media containing ACC as its sole nitrogen source.
In this way, Azospirillum spp., Herbaspirillum
spp-, Azoarcus, Azorhizobium caulinodans,
Gluconacetobacter diazotrophicus, Burkholderia
vietnamiensis, Azotobacter spp., Azorhizophilus,
and Pseudomonas spp. were all found to be able
to use ACC as the sole nitrogen source for growth
(De Troch and Vanderleyden, unpublished re-
sults). An example of such an ACC deaminase
containing bacterium is the PGPR Pseudomonas
putida GR12-2 (Lifshitz et al., 1986, 1987) that
stimulates root growth of a number of different
plants (canola, lettuce, tomato) under gnotobiotic
conditions (Glick et al., 1994, 1997; Hall et al.,
1996). Pseudomonas putida GR12-2 was chemi-

cally mutagenized and three independent mutants
that lacked ACC deaminase activity were selected.
Unlike the wild type, none of these selected mu-
tants was able to promote the growth of canola
seedling roots under gnotobiotic conditions (Glick
et al., 1994). It was concluded that the ACC
deaminase may play a role in the mechanism that
this bacterium uses to stimulate canola root elon-
gation. However, in these experiments the mu-
tants were created by chemical mutagenesis, and
as a result it is not certain that the mutations were
within the ACC deaminase structural gene per se.
Indirectly, the role of ACC deaminase in the ob-
served stimulation of root elongation was shown
by introducing the ACC deaminase structural gene
(acdS) from Enterobacter cloacae UW4 in an
A. brasilense strain that did not show ACC deami-
nase activity. Inoculation of tomato and canola
seedlings with A. brasilense cells transformed
with acdS under the control of the lac promoter
significantly promoted root length as compared to
plants inoculated with the nontransformed strains
(Holguin and Glick, 2001).

Experiments with other (nondiazotrophic)
bacteria show that PGPR expressing ACC deami-
nase can also decrease t