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ABSTRACT: The objective of this study was to assess the extent and describe the nature of a multi-
species marine finfish and crustacean disease event that occurred in Gladstone Harbour, Aus-
tralia, 2011-2012. Finfish were examined for this study in January to April 2012 from sites where
diseased animals were previously observed by the public. Gross abnormalities, including exces-
sive skin and gill mucus, erythema, heavy ecto-parasitism, cutaneous ulceration, corneal opacity,
and exophthalmos, were higher (25.5 %) in finfish from Gladstone Harbour (n = 435) than in those
from an undeveloped reference site, 250 km to the north (5.5%, n = 146, p < 0.0001). Microscopic
abnormalities, especially non-infectious erosive to ulcerative dermatitis and internal parasitism,
were more prevalent in fish from Gladstone Harbour (n = 34 of 36, prevalence = 94.4 %) than in fish
from the reference site (3 of 23, prevalence = 13.0 % p < 0.0001). The prevalence of shell lesions was
higher in mud crabs Scylla serrata sampled from Gladstone Harbour (270 of 718, prevalence =
37.5%) than from the reference site (21 of 153, prevalence = 13.7 %; p < 0.0001). The significantly
higher prevalence of ulcerative skin disease and parasitism in a range of species suggests affected
animals were subjected to influences in Gladstone Harbour that were not present in the control
sites. The disease epidemic coincided temporally and spatially with water quality changes caused
by a harbour development project. The unique hydrology, geology, and industrial history of the
harbour, the scope of the development of the project, and the failure of a bund wall built to retain
dredge spoil sediment were important factors contributing to this epidemic.
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INTRODUCTION

The Great Barrier Reef (GBR) is the planet's largest
coral reef and one of its most complex ecosystems
and richest sites of biodiversity. In recognition of its
universally outstanding values, it was established by
UNESCO in near entirety as a World Heritage Area
in 1981.

*Corresponding author: matty.landos@gmail.com

Port Curtis (Port of Gladstone) (23°47.9'S, 151°
15.4'E) existed prior to its inclusion into the Great
Barrier Reef World Heritage Area. It is a rapidly
growing industrialized harbour, one of the world's
largest coal export ports, and host to a wide range of
other industries. Accumulation of heavy metals (in-
cluding copper, arsenic, nickel, and chromium, alu-
minium, manganese, and zinc), polycyclic aromatic
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hydrocarbons, and tri-butyl tin have been observed
in the aquatic environment and biota of Gladstone
Harbour, and these are thought to reflect a combina-
tion of the harbour's heavy industry history, urban
development, and local geology (Apte et al. 2005,
Jones et al. 2005, Andersen et al. 2006, Vicente-
Beckett et al. 2006, Angel et al. 2010).

In 2010, the largest dredging operation in Austra-
lian history, the Western Basin Dredging and Dis-
posal Project (WBDDP) and associated harbour de-
velopment plans, was approved for the Port of
Gladstone in order to extend and deepen shipping
channels and establish berths for the Liquefied
Natural Gas export industry on Curtis Island and
Wiggins Island coal dock, adjacent to Gladstone
Harbour. By the end of 2013, over 23 million cubic
meters of seabed had been dredged from the har-
bour (Commonwealth of Australia 2013). Shortly
after the harbour development project works com-
menced, an unusual and prolonged large-scale
aquatic animal disease event occurred in Gladstone
Harbour. Disease and mortality were observed in a
wide range of aquatic species, including teleosts,
elasmobranchs, crustaceans, mollusks, chelonians,
cetaceans, and sirenia. Community concern regard-
ing the diseased aquatic animals prompted investi-
gation by the Queensland government and resulted
in a temporary closure of the commercial fishery in
September 2011. Subsequently, the Queensland
Government formed a scientific panel (Gladstone
Fish Health Scientific Advisory Panel 2012), and
further studies by the Queensland Government fol-
lowed in response to recommendations of their
report (Department of Agriculture, Fisheries and
Forestry 2013).

In January to April 2012, in response to continuing
public reports of diseased aquatic animals being
observed in Gladstone Harbour, a privately funded
independent veterinary diagnostic investigation was
undertaken. The aim of this study was to describe the
nature of diseases present in marine finfish and mud
crabs Scylla serrata from Gladstone Harbour and to
identify the likely cause(s).

MATERIALS AND METHODS
Collection of case history
Reports of diseased aquatic animals were re-
corded for the period from February 2011 through

to October 2012 from a number of sources. Real-
time reporting was facilitated by close engagement

with the commercial fishing industry operating
within the harbour. Fishermen were encouraged
wherever possible to document abnormalities with
photographs. Further reports of diseased aquatic
animals were collected from interviews with Glad-
stone Area Water Board management and hatchery
staff, local newspapers, and recreational fishermen
and from the websites of Gladstone Ports Corpora-
tion, Queensland Fisheries, and Department of En-
vironment and Resource Management. The details
of reports are included in Table S1 in the Supple-
ment at www.int-res.com/articles/suppl/d121p173_

supp.pdf.

Sampling

Two main areas were sampled: Gladstone Harbour
and Stanage Bay (Thirsty Sound, ~250 km north of
Gladstone Harbour). Sample sites within Gladstone
Harbour reflected regions that were both accessible
to commercial fishing operations and representative
of the spatial extent of the fish health problems re-
ported around Gladstone Harbour. Sampling of vari-
ous species of teleost and elasmobranch finfish and
mud crabs Scylla serrata from Gladstone Harbour
took place in January and February 2012 (Fig. 1,
Table 1). All animals were sampled live during rou-
tine commercial fishing operations. Fish were col-
lected using gill nets or cast nets. Crabs were col-
lected using commercial crab pots.

Mud crabs and finfish were sampled from the
reference site at Stanage Bay in April 2012 (Table 1)
as part of routine commercial fishing operations
using gill nets. Crabs were collected using commer-
cial crab pots. This site had experienced significant
freshwater influx in December 2010 to April 2011 at
the same time as the Gladstone region, and there
were no active harbour development activities within
the site.

External examination

Soon after being removed from nets or pots, all ani-
mals were examined by a veterinarian and/or fish
parasitologist for the presence or absence of external
lesions such as ulcers, erythema, and features of gill
injury. Fish were restrained manually and grossly
examined, as soon as they were lifted into the boat,
and removed from the fishing gear. Fish were classi-
fied as having ecto-parasitism if parasites were found
associated with the skin or gill surfaces. Parasite
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Fig. 1. Location of finfish and mud crab Scylla serrata sampling sites within the study area. The failed bund wall is indicated by
the border of the pink-shaded reclamation area

Table 1. Summary of finfish examined. ‘Other’: species for which <10 individuals were sampled included batfish Platax spp.,

black jewfish Protonibea diacanthus, blubber lip bream Plectorhinchus gibbosus, blue salmon Eleutheronema tetradactylum,

dart Trachinotus coppingeri, estuary cod Epinephelus coioides, giant herring Elops hawaiiensis, giant trevally Caranx ig-

noblis, king salmon Polydactylus macrochir, oyster cracker Trachinotus blochii, shortbeak gar Arrhamphus spp., sicklefish

Drepane spp., silver biddy Gerres spp., slatey bream Diagramma pictum, spotted scat Scatophagus argus, stripey snapper
Lutjanus carponotatus, and yellowfin bream Acanthopagrus australis

Species examined —— Gladstone Harbour sampling site(s) (see Fig. 1) Stanage
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 Al Bay
Barramundi Lates calcarifer 1 1 10 8 1 14 1 1 2 1 4 44 79
Catfish Arius spp. 2 2 4 22
Mullet Mugil spp. 32 7 150 189
Queenfish Scomberoides 27 2 6 35 1
commersonianus
Rays (F. Dasyatidae, Rajidae) 1 3 1 2 3 10 1
Requiem sharks 1 7 1 1 4 4 20 4 41
(Family Carcharhinidae)
Other sharks (F. Sphyrnidae, 4 2 3 1 10 -
Triakidae, Scyliorhinidae)
Threadfin salmon Polydactylus 0 12
multiradiatus
Whiting Sillago spp. 1 2 4 45 52 -
Other 8 8 11 1 2 8 3 2 6 50 21
Total examined 3 24 30 53 36 1 15 200 8 15 25 1 1 2 1 20 435 146
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identifications were undertaken immediately on-
board the sample vessel.

For crabs, the surfaces of the carapace were cleaned
of algae and sediment with a brush or towel to ensure
all gross cutaneous lesions could be visualized.

Necropsy

Necropsy was conducted on board fishing vessels.
Animals exhibiting gross tissue abnormalities were
necropsied when observed. Where no grossly ab-
normal animals were observed (particularly at the
reference sites), sampling for histology took place on
a convenience basis. Finfish were euthanized by a
percussive blow to the head, or via a spike through
the brain (iki-jime), before samples of gill, brain,
heart, kidney, spleen, skin, liver, gonad, and intes-
tine were excised for histology. Samples of carapace,
gill, and hepatopancreas, and grossly abnormal
organs were collected from crabs after ablation of the
ganglia.

Histology

Whole finfish or finfish tissues were immersed
in 10% neutral buffered formalin immediately after
sampling. Tissues were a maximal thickness of
<1.5 cm. Mud crab tissues were preserved in David-
son's fixative for 24 h before being transferred to
95 % ethanol. Tissues were fixed for at least 48 h prior
to transporting to the laboratory for routine process-
ing for histopathology using standard methods. Tis-
sues containing bony elements, such as skin, gill, or
crab carapace, were decalcified by immersing in 5%
nitric acid for 30 min prior to processing. Sections
were embedded in wagx, cut at 5 pm, and stained with
hematoxylin and eosin (H&E). Additional histo-
chemical stains, such as Brown and Brenn gram,
Giemsa, periodic acid-Schiff, Ziehl-Neelsen acid
fast, and Grocott's methenamine silver stains were
also applied to sections where pathological findings
indicated use.

Bacteriology

Bacterial isolation was attempted from 20 finfish
exhibiting skin lesions that were taken from the
Boyne river (Fig. 1, Sites 4 to 7) in January 2012. A
variety of fish species were sampled, including bar-
ramundi Lates calcarifer (n = 13), requiem sharks

(Family Carcharhinidae) (n = 5), and catfish Arius
spp- (n = 2). A total of 24 swabs were taken from
kidney (n = 14), liver (n = 8), and peritoneal fluid
(n = 2). Swabs were streaked onto 5% sheep blood
agar and thiosulfate-citrate-bile salts-sucrose agar
and incubated at 25°C for 48 to 72 h. No growth
was evident on any plates after 48 h, after which all
plates were transferred to a commercial veterinary
diagnostic laboratory for further incubation and
assessment. Any significant isolates grown were
identified using standard microbiological methods
for aquatic organisms (Whitman 2004) and Micro-
Sys®V36 (DPIPWE, Launceston, Tasmania) identifi-
cation Kkits.

Mud crab shell disease scoring and sampling

Shell lesions were graded according to the meth-
ods and scoring system developed by Andersen et al.
(2000), as follows: Grade 1 — non-perforated <5 mm
diameter discoloration of shell (‘rust spot’); Grade 2 —
non-perforated >5 mm diameter discoloration of
shell (‘rust spot’); Grade 3 — partial or full-thickness
shell perforation <5 mm diameter; Grade 4 — partial
or full-thickness shell perforation of 5 to 20 mm dia-
meter; Grade 5 — partial or full-thickness shell perfo-
ration >20 mm diameter.

Sampling locations for mud crabs, represented sites
where active commercial crabbing was taking place
(Fig. 1). Mud crabs from Deception Creek, The Nar-
rows, West Harbour, Graham's Creek, and East Har-
bour regions were classified as ‘Inner Harbour'.
Colosseum and 7 Mile crabbing locations were classi-
fied as ‘Outer Harbour', and those from Rodd's Bay
and Turkey Beach regions were classified as ‘Out of
Harbour Reference’, similar to regions used by others
for monitoring habitat (Davies et al. 2012). The Out of
Harbour Reference sites were thought to be those
within the Gladstone region least likely to be im-
pacted by the port development activity (Davies et al.
2012), as they are located well outside the port limits
and furthest from dredging and disposal activities.
For comparative purposes, mud crabs were also col-
lected from the reference site at Stanage Bay, 250 km
to the north.

Statistical analysis
Descriptive statistics including prevalences and

95% confidence intervals were calculated using R
software (R Core Team 2014).
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Finfish

A Wilcoxon rank sum test was used to compare
prevalences of external disease, gross cutaneous
abnormalities, and ecto-parasitism among finfish of
the study population and finfish of the reference site.
A Pearson's chi-squared test was used to compare
prevalences of gross cutaneous abnormalities and
ecto-parasitism among species groups (species groups
categorized as per Table 1).

Mud crabs

A relative risk estimate (and 95 % confidence inter-
val) was calculated to estimate the risk of gross shell
lesions for mud crabs from the study area. A Pear-
son's chi-squared test was used to compare preva-
lences of gross shell lesions among crabs of the study
population to those of the reference site as well as
among crabs of the Inner Harbour, Outer Harbour,
and Out of Harbour reference sites. A Mann-Whitney
U test was used to compare shell lesion scores be-

30
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101

Frequency of sick aquatic animal reports

tween crabs from Gladstone Harbour and those from
the Out of Harbour reference sites.

RESULTS
Description of the epidemic

Key events during the disease epidemic are sum-
marized in Fig. 2. The index aquatic animal disease
event occurred on 9 February 2011, when a localized
fish kill involving undescribed numbers and species
of aquatic organisms was reported near the Glad-
stone Marina by a local newspaper. This disease
event occurred approximately 4 mo after preparatory
dredging activities had begun and 2 mo after con-
struction had begun on an 8 km long bund wall for
the reclamation area (Vision Environment 2011a).
The index disease event occurred approximately 8 wk
after the onset of a period of unusually high rainfall,
which resulted in the overtopping of Awoonga Dam
spillway (dam height averaging 1m above spillway
for around 4-5 wk and peaking briefly at 4 m around

0 T r
Oct ‘10 Jan “11 Apr ‘11 Jul ‘11 Oct’ 11 Apr ‘12 Jul ‘12
Capital dredging for WBDDP
Bund wall construction Bund wall leaks identified
Freshwater to Gladstone Harbour Gladstone Harbour fisheries closed
WBDDP commenced Skin lesions reported Gladstone Stanage Bay sampling
in fishermen sampling

Fig. 2. Frequency of sick aquatic animal reports in Gladstone Harbour (as per Table S1 in the Supplement at www.int-res.com/
articles/suppl/d121p173_supp.pdf) and timeline of key events leading up to and during the multispecies aquatic animal
disease epidemic in Gladstone Harbour 2010 to 2012
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the end of December 2010) and large volumes of
freshwater movement into Gladstone Harbour. The
dam had been stocked from 1996 with hatchery
reared barramundi Lates calcarifer, mullet Mugil
cephalus, and mangrove jack Lutjanus argentimac-
uleatus, and the overtopping event, the first in 14 yr,
permitted the release of an estimated 30 000 catadro-
mous barramundi L. calcarifer and numerous other
smaller resident species (e.g. mullet, catfish Neoarius
spp., and bony bream Nematalosa erebi) into the
Boyne River, which flows into Gladstone Harbour
(Department of Agriculture, Fisheries and Forestry
2013). The elevated freshwater inflows ceased in
June 2011, and May to October 2011 had below-
average rainfall (Australian Bureau of Meteorology
2014). By 31 March 2011, the western basin salinity
in Gladstone Harbour had risen to >26.6 ppt with
outer harbour salinity at 31 ppt (Vision Environment
2011b).

Immediately following these events and continuing
until December 2012 (April 2011 to December 2012),
numerous diseased aquatic animals were observed
and reported appearing over a wide area within the
harbour by commercial and recreational fishermen,
other members of the community, and Government
Fisheries and Environment staff. Harbour develop-
ment activities continued unabated during this time
(Fig. 2). Abnormalities observed included dead fish
floating on the water surface or live fish observed or
caught with excessive mucus on the skin and gills,
skin erythema, heavy external parasitic infestations,
and skin ulceration. Less frequently, fish were re-
ported with corneal opacity or reddening, or exoph-
thalmos. Mud crabs Scylla serrata were reported by
commercial and recreational fishermen to have in-
creased prevalence of 'rust spots’ affecting the cara-
pace. Fishermen and members of the public also
reported what were described as ‘sick and dying' tur-
tles at multiple time-points and locations, as well as
dead dugongs and dolphins. Rates of deaths of dol-
phins, dugongs, and turtles in 2011 around Glad-
stone were well above long-term averages (Depart-
ment of Environment and Heritage Protection
2011a,b,c).

The frequency and number of reports of fish dis-
ease around Gladstone continued to escalate to a
peak in October 2011 (Fig. 2; Table S1 in the Supple-
ment), coinciding with increasing dredging effort
and the initial deposition of cutter-suction dredge
spoil in the reclamation area behind the newly com-
pleted bund wall (BMT-WBM 2011a). During late
September and October 2011, commercial fishermen
operating in Gladstone Harbour reported having

entire catches rejected by fish wholesalers due to
grossly visible skin lesions. At the same time, there
were also cases of cutaneous lesions (infected in-
juries, boils, limb swelling, or rashes), ‘flu-like’ illness,
difficulty breathing, and eye lesions in >40 humans,
all of whom had contact with the harbour water or
fresh seafood product from the harbour immediately
prior to the onset of symptoms (Jeremijenko & Lan-
dos 2014). In response to the human health concerns,
the Queensland government closed Gladstone Har-
bour and the surrounding area to commercial and
recreational fishing on 16 September 2011 (Glad-
stone Fish Health Scientific Advisory Panel 2012).
Also during this time, chlorophyll a concentrations
increased in the Western Basin and The Narrows
(Vision Environment 2012a), and dissolved oxygen
levels had decreased (Vision Environment 2011c,d,e),
together suggestive of algal blooms. Three types of
algae that have previously been associated with fish
kills, including the diatom Chaetoceros, the cyano-
bacterial species Trichodesmium erythraeum, and
the raphidophyte Chattonella, were identified through
water quality compliance monitoring (Vision Envi-
ronment 2012a). Around the peak of the disease
event in late September 2011, salinity was 34 to
36 ppt across Gladstone Harbour (Department of
Environment and Resource Management 2011).

Grossly visible lesions in finfish

The present study examined a total of 581 finfish
from 25 species caught in gill nets, including 435 fin-
fish sampled from Gladstone Harbour during Janu-
ary and February 2012 and 146 finfish sampled from
the reference site at Stanage Bay in April 2012
(Table 1, Fig. 1). Prevalence of external disease, as
indicated by gross external lesions or ecto-parasitism,
was significantly higher amongst fish sampled from
Gladstone Harbour (n = 435, prevalence 25.5%, 95 %
CIL: 21.4 to 29.6 %) compared to fish from the refer-
ence site (n = 146, prevalence 5.5%, 95% CI: 1.8 to
9.2%; p < 0.0001).

Cutaneous lesions were the predominant type of
grossly visible external lesion, including regions of
hyperpigmentation, depigmentation, erosion, ery-
thema, ulceration, and/or hemorrhage (Table 2,
Fig. 3a—e). The prevalence of gross cutaneous lesions
was significantly more common among fish sampled
in Gladstone Harbour (prevalence 19.5%, 95% CIL:
13.1 to 25.9 %) relative to fish from the reference site
(prevalence 0.7 %, 95% CI: 0 to 1.5%; p < 0.0001).
Prevalence of cutaneous lesions was also signifi-



Current and future impacts of climate change on marine fisheries and biodiversity

Submission 7 - Attachment 1

Dennis et al.: Fish pathology associated with harbour development

179

Table 2. Summary of pathological findings in finfish. See Table 1 for species binomials/families, and a full list of species
grouped as 'Other’. Ecto-parasitism is defined by the presence of external parasites infecting the intequment and/or gills.
Gross skin lesions include regions of hyperpigmentation, depigmentation, erosion, erythema, ulceration, and hemorrhage

Species N N gross N ecto- N gross N examined N significant
examined ocular parasitism skin lesions by histological
lesions (%) (%) (%) histology lesions
Gladstone Harbour
Mullet 189 0 (0) 0 (0) 5(2.6) 4 4
Whiting 52 0 (0) 0 (0) 1(1.9) 1 0
Barramundi 44 5(11.3) 16 (36.4) 18 (40.9) 9 9
Requiem sharks 41 0(0) 9 (22.0) 27 (65.8) 6 5
Queenfish 35 0 (0) 28 (80.0) 20 (62.5) 7 7
Other 50 2 (4.0) 4 (11.8) 7 (14.0) 5 5
Other sharks 10 0 (0) (50.0) 5 (50.0) 1 1
Rays 10 0 (0) (10.0) 1 (10.0) 1 1
Catfish 4 1 (25.0) (50.0) 1 (25.0) 2 2
Total 435 8(1.8) 56 (12.8) 85 (19.5) 36 34
Stanage Bay
Barramundi 79 0 (0) 0(0) 0(0) 6 1
Other 21 0 (0) 0 (0) 0 (0) 1 0
Catfish 22 0 (0) 2(9.1) 0 (0) 3 0
Requiem sharks 5 0(0) 5 (100) 0 (0) 5 1
Threadfin salmon 12 1 0
Mullet Mugil spp. 5 0 (0) 0 (0) 1 (20.0) 5 1
Queenfish 1 0 (0) 0 (0) 0 (0) 1 0
Rays 1 0 (0) 0 (0) 0 (0) 1 0
Total 146 0 (0) 7 (4.8) 1(0.7) 23 3

cantly different among species groups (p < 0.0001),
ranging from 1.9 to 65.8 % and being most commonly
observed in requiem sharks (Family Carcharhini-
dae), barramundi L. calcarifer, and queenfish Scom-
beroides commersonianus.

Ecto-parasitism was significantly more common
among fish sampled in Gladstone Harbour (preva-
lence 15.2%, 95% CI: 11.7 to 18.6 %) relative to fish
from the Stanage Bay reference site (prevalence
4.8%,95% CI: 1.31t0 8.3%; p<0.01). The prevalence
also differed significantly between species groups
(p < 0.0001), ranging from 0 to 77.8 % and being most
commonly observed in sharks, barramundi, and
queenfish. In total, 35 of 86 (40.7 %) of fish with gross
cutaneous abnormalities had ecto-parasites, and the
association between gross cutaneous abnormalities
and ecto-parasitism was significant (p < 0.0001). The
monogenean Dermophthirius sp. and copepods Pan-
darus spp. commonly infested sharks (Fig. 3d), and
sea lice Lepeophtheirus spinifer commonly infested
queenfish (Fig. 3e). A subsample of queenfish (n = 27)
from near the spoil disposal ground in outer Glad-
stone Harbour was examined by a fish parasitologist
(B. K. Diggles), who found 100 % prevalence of in-
fection with L. spinifer at a mean infection intensity
of 21.2 parasites per fish (range 4 to 46). All queenfish

infected with >10 L. spinifer had grossly visible cuta-
neous lesions (Fig. 3e).

Gross ocular lesions were observed only in fish
sampled from Gladstone Harbour (prevalence 1.8 %,
95% CI: 0.6 to 3.0%) and in most cases were
observed in barramundi but were also observed in 1
each of catfish Arius spp., blubberlip bream Plec-
torhinchus gibbosus, and black jewfish Protonibea
diacanthus. These lesions were often bilateral and
included exophthalmos, corneal opacity, corneal ul-
ceration, corneal rupture, phthisis bulbi, hemorrhage
into the anterior chamber, conjunctival swelling,
and/or scleral injection (Fig. 3f).

Microscopic lesions in finfish

Significant histopathological abnormalities were
observed at high prevalence in fish sampled from
Gladstone Harbour (34 of 36, prevalence = 94.4 %)
but were uncommon in fish sampled from the refer-
ence site (3 of 23, prevalence = 13.0%; p < 0.0001)
(Table 2).

Inflammatory disease associated with significant
parasitism was the most common abnormality ob-
served in 27 of 36 (prevalence = 75.0 %) fish sampled
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Fig. 3. Photographs of animals caught in (b,e) January or (a,c,d,f) February 2012. (a) Blubberlip bream Plectorhinchus gibbosus
caught east of the Facing Island, showing erythema of caudal peduncle. (b) Erythema of the ventral abdomen in a barramundi
Lates calcarifer caught from the 7 Mile. (c) Cutaneous erosions, hemorrhage, and loss of scales in a barramundi L. calcarifer
caught from the upper Boyne River. (d) Bull shark Carcharhinus leucas caught from the Boyne River showing region of cuta-
neous erosion (white arrow) with many Dermophthirius sp. (black arrows, inset). (e) Queenfish Scomberoides commersoni-
anus caught ~5 km south-east of the outer Gladstone Harbour dredge spoil disposal area. Patches of erythema on the ventral
flanks and pectoral girdle (white arrow) associated with sea lice Lepeophtheirus spinifer (black arrows). (f) Corneal opacity
and perforation in a barramundi L. calcarifer caught from the Boyne River

from Gladstone Harbour, but in only 3 of 23 (13.0%)
fish from the reference site. In fish infected with par-
asites, the number of parasites and the degree of
severity of the associated host response was gener-

ally greater in fish from Gladstone Harbour com-
pared to fish from the reference site (Table 3). Com-
mon internal lesions included gastritis or enteritis
associated with Coccidia-like organisms, observed in
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Table 3. Prevalence and severity of microscopic lesions attributable to parasites in finfish. 'Parasitic granulomas' includes
those caused by protozoan and metazoan parasites. See Table 1 for species binomials/families, and a full list of species

grouped as ‘Other’

Lesion Species affected No. fish No. Mild Moderate  Severe
examined by affected
histology (%)

Gladstone Harbour

Coccidial gastritis Barramundi; Requiem sharks; 27 15 (55.6) 4(26.7%) 9(60%) 2(13.3%)
or enteritis Queenfish; Other

Parasitic granulomas All species 36 15 (41.7) 6(40%) 5(33.3%) 4(26.7%)

Sanguinocolid branchitis Barramundi; 16 9(56.2) 6(66.7%) 2(22.2%) 1(11.1%)
or myocarditis Queenfish

Lamellar henneguyosis Barramundi 9 6 (66.7) 3(50%) 1(11.1%) 2(22.2%)

Stanage Bay

Coccidial gastritis Barramundi; Requiem sharks; 13 7 (53.8) 6 (85.7%) 1(14.3%) 0 (0%)
or enteritis Queenfish; Other

Parasitic granulomas All species 23 7(30.4) 6(85.7%) 1(14.3%) 0 (0%)

Sanguinocolid branchitis Barramundi; 7 1(14.3 0 (0%) 1 (100 %) 0 (0%)
or myocarditis Queenfish

Lamellar henneguyosis Barramundi 6 3(50.0) 2(66.7%) 1(33.3%) 0 (0%)

requiem sharks and queenfish; visceral encysted ces-
tode larvae, observed in mullet Mugil spp.; granulo-
mas caused by microsporidia, myxozoa, or nematode
larvae, observed in mullet; sanguinocolid branchitis
and myocarditis, observed in queenfish and barra-
mundi; enteric nematodiaisis, observed in queenfish
and barramundi; lamellar epitheliocystis; and lamel-
lar henneguyosis observed in barramundi.
Dermatitis was present in 22 of 32 (prevalence =
68.8 %) fish (where skin was available for histologi-
cal examination) sampled from Gladstone Harbour

(Fig. 4). Dermatitis was either predominantly nonsup-
purative (mononuclear) and perivascular (n = 5), ero-
sive (n = 5), or ulcerative (n = 12) in nature. Lesions
were of variable chronicity, and species-specific
lesion patterns were not evident. Ectoparasites were
rarely associated with regions of erosion or ulceration
in histological sections. Microbial infectious agents,
such as bacteria or fungi, were not identified within
lesions. Dermatitis was not identified in any of the 22
fish from the reference site where skin was histolog-
ically evaluated.

Fig. 4. (a) Erosive dermatitis in a barramundi L. calcarifer caught near the Boyne River in February 2012. The epidermis has
segments of attenuation and reduced mucus cells. There is intercellular edema and mononuclear leukocyte infiltrate (arrow).
The dermis is lacking scales, edematous, and has perivascular mononuclear leukocyte infiltrate (asterisk). (b) Ulcerative der-
matitis in a catfish Arius sp. caught from the upper Boyne River in January 2012. There are segments of epidermal loss (arrow)
sparsely marginated by few remaining epithelial cells. The dermis has severe edema (asterisks). H&E. Scale bars = 100 pm
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Table 4. Sample size, number of mud crabs Scylla serrata with lesions, mean (standard error) and median (interquartile range)
lesion score (standard error), prevalence (95 % confidence intervals), relative risk (RR, 95 % confidence intervals) and p-value
for mud crab shell lesions by region in Gladstone Harbour, Australia

Region n n with Lesion score Prevalence (%) RR p
lesions Mean (SE) Median (IQR) Value (95% CI) Value (95 % CI)

Inner Harbour 346 148 0.8 (0.003) 0(1) 43 (38t0 48) 6.4 (2.1 to 19.3) 0.0009
East Harbour 122 75 1.0 (0.01) 1(1) 61 (53 to 70) - -
Deception Bay/The Narrows 70 35 1.1 (0.02) 0.5 (1) 50 (38 to 62) - -
West Harbour/Grahams Creek 154 38 0.4 (0.01) 0 (0) 25 (18 to 31) - -
Outer Harbour 297 91 0.7 (0.004) 0(1) 31 (25t036) 4.6 (1.5 to 13.9) 0.0069
7 Mile 136 44 0.7 (0.01) 0 (1) 32 (24 to 40) - -
Colosseum 161 47 0.6 (0.01) 0 (1) 29 (22 to 36) - -
Total Gladstone Harbour 643 239 0.7 (0.002) 0(1) 37 (33to41) 4.9 (1.9 to 16.7) 0.0022
Stanage Bay 153 21 0.3 (0.01) 0 (0) 14 (8 to 19) 2.1 (0.6 to 6.6) 0.2237
Out of Harbour Gladstone? 45 3 0.1 (0.006) 0 (0) 7 (0 to 14) 1.0 -
4Comparison group for statistics presented in this table

Bacteriology

No significant growth was obtained from 23 of 24
cultures after a total of 72 h of incubation at 25°C. A
light growth of Photobacterium damselae ssp. dam-
selae was cultured from the kidney of a bull shark
Carcharhinus leucas.

Mud crabs

A total of 643 mud crabs S. serrata were examined
from 6 geographical regions within the Gladstone
Harbour, 45 were examined from an Out of Harbour
reference site in the Gladstone region, and 153 were
examined from the Stanage Bay reference site (Fig. 1,
Table 4). Grossly visible shell lesions (Andersen et al.
2000), referred to as ‘rust spots’' by fishermen, were

common in crabs sampled from Gladstone Harbour
(Fig. 5). These lesions were discrete areas 1 mm to
>40 mm in diameter of discoloured green-brown to
orange outer shell, being sometimes bilaterally sym-
metrical. Some lesions showed shell ulceration and
perforation. Among crabs sampled from the Glad-
stone region, the prevalence of shell lesions was sig-
nificantly higher (p = 0.0022) in crabs from the Inner
Harbour and Outer Harbour sampling sites (com-
bined prevalence = 37 %, 95 % CI: 33 to 41 %) relative
to crabs sampled from the Out of Harbour reference
sites (prevalence = 7%, 95% CI: 0 to 14 %) (Table 4).
The prevalence of shell lesions was significantly
higher (p = 0.0018) in crabs from the Inner Harbour
(prevalence =43 %, 95% CI: 38 to 48 %) compared to
those of the Outer Harbour (prevalence = 31 %, 95 %
CI: 25 to 26 %). Mud crabs sampled from the Inner
Harbour were nearly 6.4-fold more likely to have a

b / - - < - 1

Fig. 5. Mud crabs Scylla serrata caught from The Narrows in February 2012 with (a) grade 2 ‘Tust spots’ (arrows) on the carapace
and (b) grade 4 ‘rust spots’ (arrow) which have ulcerated and perforate the carapace. Note bilateral symmetry of lesions
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shell lesion relative to those from the Out of Harbour
reference sites (95% CIL: 2.1 to 19.3%; p = 0.0009).
The prevalence of shell lesions in the crabs from
Gladstone Harbour was also significantly higher than
crabs from the Stanage Bay reference site (preva-
lence = 14%, 95% CI: 8 to 19%; p < 0.0001). There
was a significant difference (p = 0.0004) in median
lesion scores between mud crabs in Gladstone Har-
bour and those in the Out of Harbour reference sites.

The prevalence of histologically confirmed, degen-
erative to ulcerative shell disease was also higher in
mud crabs sampled from Gladstone Harbour (9 of 15,
prevalence = 60.0%) relative to crabs from the
Stanage Bay reference site (1 of 5, prevalence = 20 %).
In addition, primary endocuticle degeneration was
identified in 3 of the 9 crabs from Gladstone Harbour
with shell disease, but was not observed in crabs from
the Stanage Bay reference site. This lesion was char-
acterized by formation of clefts beneath the exocuticle
where the endocuticle was lost, vacuolated, and/or
darkened (Fig. 6). Otherwise, observed shell lesions
comprised erosions and ulcers extending through the
epicuticle and exocuticle into the endocuticle, in some
cases extending full thickness into the muscle beneath
the endocuticle and accompanied by variable hemo-
cyte infiltrate. Ulcers were colonized by mixed bacteria
in 3 of 9 (33.3 %) crabs with ulcerative shell disease.

Apart from shell disease, the only other consistent
histological finding observed in mud crabs was the
differential presence of commensal organisms (in-
cluding nematodes and ciliate protozoa) within sedi-
ment compacted between gill lamellae. This biofoul-
ing was more common in crabs from Gladstone
Harbour (13 of 15, prevalence = 86.7 %) relative to
those sampled from the Stanage Bay reference site
(1 of 5, prevalence = 20.0 %).

Wikttt
Z

Fig. 6. Endocuticle degeneration in a mud crab Scylla ser-
rata caught from The Narrows in February 2012. Note re-
gion of degeneration and clefting (asterisks) within the endo-
cuticle (N). E denotes exocuticle. H&E. Scale bar = 100 pm

DISCUSSION

Reports by fishers and the wider community of
diseased fish in Gladstone Harbour peaked in
September—October 2011 (Fig. 2, see Table S1 in the
Supplement), coinciding with the height of the har-
bour development activity and the bund wall failure,
nearly 6 mo after the harbour had returned to near full
marine salinity. The exact extent to which disease
prevalence increased in fishes of Gladstone Harbour
during 2011 and 2012 is unknown due to the lack of
baseline data for finfish health in Gladstone Harbour.
Although reports of sick aquatic animals may have
been inflated by heightened public awareness of the
epidemic, the frequency with which diseases and
dead fish were observed by the public was remarkable
and regarded by the fishing and seafood industries to
be highly unusual. Moreover, the present study found
nearly one-quarter of finfish and over one-third of
mud crabs Scylla serrata sampled from Gladstone
Harbour had gross abnormalities in the early months
of 2012, confirming high prevalence of disease.

The prevalence of diseased fish and crabs in Glad-
stone Harbour was significantly higher than at the
reference site, indicating that causal mechanisms
had a spatial linkage to Gladstone Harbour. For fin-
fish, the higher prevalence values observed in Glad-
stone were especially influenced by barramundi
Lates calcarifer, queenfish Scomberoides commerso-
nianus, and requiem sharks (Family Carcharhinidae).
The main abnormalities observed across fish species
in Gladstone Harbour were dermatitis (predomi-
nantly ulcerative in nature) and high levels of ecto-
parasitism and inflammatory lesions associated with
internal parasitism. An investigation by the Queens-
land government found similar abnormalities, only at
lower prevalences than observed in our study (De-
partment of Agriculture, Fisheries and Forestry 2013).
This may reflect differences in methods for detecting
and classifying abnormalities where a more exten-
sive approach was undertaken by the present study.

Histopathology indicated that the cause of the skin
lesions was not primarily of bacterial or fungal etiolo-
gies, in agreement with others (Department of Agri-
culture, Fisheries and Forestry 2013). Acute stress is
widely recognized as a key factor for formation of
ulcerative skin lesions in fish, and epidemics of skin
ulcers in fish are considered indicators of aquatic en-
vironmental stress (Noga 2000). Glucocorticoid and
catecholamine responses to primary stressors, includ-
ing shifts in water quality, play a significant role in
ulcer pathogenesis (Noga 2000). Moreover, certain
environmental stressors, including hypoxia, pH ex-
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tremes, exposure to sediment (Redding et al. 1987,
Mondon et al. 2001, Reid et al. 2003), and a wide range
of pollutants, including heavy metals and ammonia
(Noga 2000), may have a direct toxic effect to the
integument. The statistical association of skin disease
with ecto-parasitism in our study suggests that para-
sitic infection was an exacerbating factor in the
pathogenesis of skin lesions for some of the finfish
species examined in this study.

External and internal parasite infections were not
only more prevalent within the study area but were
also generally more severe in terms of degree of host
inflammatory response, compared to observations in
fish from the Stanage Bay reference site (Table 3).
This is consistent with the high levels of parasitism
observed in moribund and deceased green sea turtles
Chelonia mydas from the Gladstone coastline, mid-
2011 (Flint et al. 2015). In the present study, the para-
sites associated with ulcerative dermatitis comprised
monoxenous species that propagate when their re-
spective host populations are stressed or immuno-
suppressed (Johnson & Albright 1992). Epizootics of
such parasites are unusual in wild fish, but increased
intensity of infection with monoxenous parasites has
been previously described in association with dredge
spoil dumping (Hendrix 1985). Interestingly, the le-
sions associated with Dermophthirius sp. monoge-
neans and copepods of the genus Pandarus observed
on requiem sharks (Family Carcharhinidae) in the
present study are typically only associated with dis-
ease in captive aquarium sharks (Cheung et al. 1982,
Thoney & Hargis 1991). Similarly, the heavy sealice
Lepeophtheirus spinifer infections and associated ul-
cerative dermatitis observed on queenfish S. com-
mersonianus in the present study have not previously
been described in wild queenfish but have been ob-
served in high-intensity aquaculture of oyster cracker
Trachinotus blochii (Cruz-Lacierda et al. 2011). The
simultaneous presence of several marine fish species
with conspicuous infections of different parasite spe-
cies also suggests environmental stress, most likely
involving the same water quality factors implicated in
pathogenesis of the ulcerative skin disease.

The ocular disease observed in barramundi L. calcar-
ifer in the study area was potentially a consequence
of prior infection with Neobenedenia melleni, de-
scribed in sampling undertaken in late August and
early September 2011 by the Queensland Government
(Department of Agriculture, Fisheries and Forestry
2013). However, no juvenile or adult Neobenedenia
worms were recorded from the barramundi sampled
in January and February 2012 in the present study,
demonstrating the transient nature of the Neobene-

denia infections in barramundi and confirming their
lack of involvement in the wider disease epidemic
that involved other marine species. However, in line
with the observations of other parasite species, Neo-
benedia spp. have also only been reported causing
disease in barramundi grown in high density for
aquaculture in Australia (Deveney et al. 2001). Given
that other fish species had similar ocular pathology,
the possibility of primary conjunctival or corneal
injury related to poor water quality is an alternative
explanation (Hargis 1991).

In this study, mud crabs within Gladstone Harbour
had higher prevalence of shell lesions (commonly re-
ferred to as 'rust spot disease’') relative to crabs of Out
of Harbour reference sites in the Gladstone region (p
= 0.0022), and the Stanage Bay reference site (p <
0.0001). Furthermore, distance from the harbour de-
velopment activity had a protective effect against
shell lesions, where relative risk was lower in crabs
from the Outer Harbour than the Inner Harbour.
Moreover, our study's prevalence (37.6 %) was greater
than historical levels of rust spot observed in Glad-
stone Harbour during previous dredging-associated
shell disease epidemics in the late 1990s (21.7 %) (An-
dersen et al. 2000). A Fisheries Queensland survey
detected much lower prevalence of mud crab shell
disease (5.3%), but Inner Harbour areas, shown to
have the highest prevalence in our study, were not
sampled (Department of Agriculture, Fisheries and
Forestry 2013). Histological evaluation of the shell le-
sions of Gladstone Harbour crabs revealed endocuti-
cle degeneration, consistent with that described by
Andersen et al. (2000). This lesion is suspected to re-
sult from exposure to copper and zinc (Andersen et al.
2000, Andersen 2003). Elevated levels of dissolved
copper and zinc were measured during compliance
and government monitoring from September 2011 on-
wards at multiple sites around the bund wall, as well
as areas of increased boat activity and dredging (Vi-
sion Environment 2011c,d, Department of Environ-
ment and Resource Management 2011).

Although neither ulcerative skin disease nor para-
site infections and associated inflammatory responses
can infer a specific causal mechanism, together their
occurrence in one location over a wide range of host
species is consistent with collective environmental
stress. Given the temporal and spatial relationships
with disease occurrence and water quality impacts,
the harbour development is probably the most impor-
tant factor contributing to an environmental change
and therefore induction of stress during the epi-
demic. Dredging is highly disturbing to the aquatic en-
vironment, and previous much smaller scale dredg-
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ing operations in Gladstone indicated that the release
of bioavailable metals impacted marine biota in the
surrounding areas (Andersen et al. 2002). Through
resuspension of the sea bed, contaminants present in
the sediment, such as heavy metals and persistent
organic pollutants, can be mobilized and become bio-
available to marine biota (Bonnet et al. 2000, Nayar
et al. 2004, Cave et al. 2005, Knott et al. 2009, Burton
& Johnston 2010). The bioaccumulation of these con-
taminants can have detrimental effects on aquatic
animal health (Rice & White 1987, Zelikoff 1993,
Mondon et al. 2000, Wilber & Clarke 2001, Esslemont
et al. 2004, Sturve et al. 2005, Hedge et al. 2009), and
dredge-associated sediment and turbidity has also
been linked to increased prevalence of disease in
corals (Pollock et al. 2014). Finally, algal blooms can
also form in association with dredging due to release
of nutrients, such as nitrogen and phosphorus, and
trace elements, including iron present in resuspended
sediments and released pore water, and may further
reduce dissolved oxygen levels and potentially cause
direct injury to the host (Ahern et al. 2008).

The scale of Australia's largest dredging project
(23 million cubic meters) was compounded by the
fact that Gladstone Harbour appears particularly sus-
ceptible to resuspension impacts due to its distinctive
hydrological, geological, and industrial history. Specif-
ically of concern is the known presence of acid sul-
phate sediments and environmental accumulation of
heavy metals, including copper, zinc, manganese,
nickel, arsenic, tri-butyl tin, and aluminum (Apte et
al. 2005, Jones et al. 2005, Andersen et al. 2006). Acid
sulphate sediments that were disturbed during
dredging and disposal activities can oxidize upon
resuspension in water or in air on tidal banks and
dredge barges, reducing pH and dissolved oxygen
and further increasing the bioavailability of specific
contaminants. The harbour was also exposed to in-
creased resuspension risk due to its relatively slow
(19 d) e-folding flushing rate (time for the total mass
of material to decrease to ~one-third of its original
mass) (Herzfeld et al. 2004).

While not directly addressed by our study, water
quality observations recorded by others (in reports
not released until after our investigation) support the
hypothesis that the disease epidemic was related
to the harbour development. First, disease was ob-
served in areas corresponding to the distribution of
resuspended sediments from dredging and disposal
based on direct measurements of turbidity as well as
interpretation of satellite images (Petus & Devlin
2012). Second, numerous exceedances based on
water quality guidelines and historical data (Aus-

tralian and New Zealand Environment and Conser-
vation Council 2000, Department of Environment
and Heritage Protection 2009) for ammonia, turbidity
and total suspended solids and a variety of sediment-
associated metals (including copper, zinc, aluminum,
and iron) were documented in the harbour, near the
bund wall area, through water and oyster testing,
detected by engineering contractors for the port de-
velopers (BMT-WBM 2011a,b), project environmen-
tal monitors (Vision Environment 2011a,b,c,d,e,
2012a), an Australian government research institute
(Angel et al. 2012), and the Queensland Government
(Department of Environment and Resource Manage-
ment 2012). When exceedances were commented
upon in these reports, they were usually regarded as
insignificant to fish health, as spurious results, or
were ascribed to tides and winds despite such natu-
ral fluctuations being accounted for in the baseline
data used to set trigger points in the first place. Bar-
ramundi L. calcarifer sampled from the inner harbour
by Fisheries Queensland were reported to have high
levels of iron (~4000 mg kg™ dry weight), cadmium
(~0.3 mg kg™ dry weight), zinc (135 mg kg™ dry
weight), and arsenic (~15 mg kg~! dry weight) in
their livers compared to a reference site (Department
of Agriculture, Fisheries and Forestry 2013). The
report claimed heavy metals were not associated
with external signs of poor fish health, but patholog-
ical effects may be subtle, and not all exposed fish
would be expected to go on to develop skin ulcers or
parasitism; thus, one cannot expect a strong associa-
tion, and the lack of an association does not discount
the role of metals in predisposing to illness. The
report also indicated that hepatic metal concentra-
tions were below those expected to have toxicologi-
cal effects, but the levels at which hepatic accumula-
tion of these metals is associated with toxicological
effects have not been established for barramundi L.
calcarifer. Seven river jewfish Johnius spp. sampled
by Fisheries Queensland from the inner harbour
were reported to have elevated aluminium levels in
pooled gill samples (260 mg kg™ wet weight) (De-
partment of Employment, Economic Development
and Innovation 2012). Moreover, water testing at the
peak of disease event (Vision Environment 2011c)
revealed dissolved zinc at levels (20 pg 17!) known to
impact immune function (Zelikoff 1993), dissolved
copper at levels (2 ng 17!) known to impact olfactory
sensation (Mirza et al. 2009, Tierney et al. 2010), and
dissolved aluminium at levels (30 pg 17! and up to
334 pg 17! Angel et al. 2012) known to impact gill
health and function in fishes (Teien et al. 2006,
Kroglund et al. 2012, Thorstad et al. 2013). A range of
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metals, at levels well surpassing those reported for
marine megafauna, as well as other contaminants
were observed in the blood and tissues of Gladstone
green turtles Chelonia mydas during mid-2011 and
could be linked to the pathology observed in
stranded or dead turtles (Gaus et al. 2012, Flint et al.
2015). Finally, algal blooms, involving species previ-
ously associated with fish kills and coinciding with
deviations in water quality, were also documented
during the fish disease epidemic (Vision Environ-
ment 2011c,d,e).

Throughout the disease epidemic, a view was
advocated by the Queensland Government that the
freshwater influx and the introduction of extra ton-
nage of barramundi L. calcarifer from Lake Awoonga,
during the river flow event from December 2010 to
April 2011, was the most likely underlying cause of
the observed fish disease, rather than activities re-
lated to port development (Department of Agricul-
ture, Fisheries and Forestry 2013). However, the
‘flood theory' cannot explain the patterns of disease
observed in our study, which was undertaken over a
year after the start of the flooding event and found
evidence of disease in a wide range of species other
than barramundi, most of which were never present
in Lake Awoonga. Water salinity monitoring docu-
mented freshwater inputs from rivers that temporar-
ily lowered salinity throughout the inner and outer
harbour. By the end of January 2011, the Western
Basin Harbour salinity had already increased from
the lows of 9-12 ppt in early January to 26 ppt (~75 %
of full-strength marine water) (Vision Environment
2011b). Further, fish which remained in Lake Awoonga
did not experience a mortality event or demonstrate
any signs of disease based on Queensland Govern-
ment sampling (Department of Employment, Eco-
nomic Development and Innovation 2012). The syn-
chronous elevated mortalities and declines reported
in dolphins, dugongs, and turtles also cannot be ex-
plained coherently by the ‘flood theory' (Gaus et al.
2012, Cagnazzi et al. 2013, Cagnazzi 2013, Department
of Environment and Heritage Protection 2011a,b,c).
The levels of toxins detected in the blood of the tur-
tles sampled in July 2011 indicated that the exposure
was likely near the time of sampling, rather than sev-
eral months prior (Gaus et al. 2012). Furthermore,
similar multi-species disease epidemics were not
observed at the reference site or in other regions of
the Queensland coast that were also affected by river
flow events in early 2011. Finally, flooding occurred
at twice the height (8 m cf. 4 m) over the Awoonga
Dam wall in 2013; however, it did not coincide with a
similar scale disease event in the Gladstone Harbour.

Moreover, perhaps because key documents were not
made available to the public or scientists by project
proponents at the time, the 'flood theory’ does not
consider obvious changes in turbidity, sedimentation,
or the role of massive volumes (estimated at 3000 kg
min~!) of dredge spoil leakage from the failed bund
wall (BMT-WBM 2011a,b) and scouring of mud
banks prior to and during the peak of the fish disease
in September and October 2011 (Commonwealth of
Australia 2014).

CONCLUSION

This study documents highly prevalent cutaneous
and parasitic disease in multiple species of finfish
and in mud crabs Scylla serrata, in association with a
large-scale harbour development project. Estuarine
environments in anthropogenically modified catch-
ments are complex ecosystems where there are many
possible contributing factors to any single problem.
The unique hydrological, geological, and industrial
history of Gladstone Harbour, the large scale of envi-
ronmental modification due to the Western Basin
harbour development, and the failure of the bund
wall to contain dredged spoil within the reclaimed
area are important factors contributing to the envi-
ronmental stress that is indicated to have precipi-
tated the disease epidemic observed in finfish and
crabs during this study. This epidemic underscores
the importance of establishing baseline animal health
data, assessing animal health as part of environmen-
tal oversight programs, and using transparent over-
sight processes, fully independent from the man-
agers, beneficiaries and contractors who may cause
ecosystem impacts.
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