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INTRODUCTION

Although fish may be injured by exposure to low pH
alone (McDonald 1983), high concentrations of inorganic
monomeric aluminium are considered to be the primary
cause of injury and death in fish exposed naturally to
acidified water (Driscoll et al. 1980). Fish kills in river
systems receiving runoff from acid sulfate soil (ASS)
areas have been reported from Malaysia (Dunn 1965)
and northern and eastern Australia (Brown et al. 1983,
Noller & Cusbert 1985, Sammut et al. 1995). ASS forms
when pyrite (FeS2), exposed in sulfidic subsoils by falling
water tables during dry periods, reacts with atmospheric
oxygen to form sulfuric acid. Subsequently, both soil and
groundwater become progressively acidified and high

concentrations of inorganic monomeric aluminium and
other ions are released into groundwater from soil
particles. Fish kills in ASS areas typically occur when fish
are unable to escape the high concentrations of sulfuric
acid and inorganic monomeric aluminium flushed into
previously circumneutral sites after rain events (Willet
et al. 1993, Sammut et al. 1995).

Fish exposed to acidified water may develop lesions
in gills and skin, as well as disturbances to ionoregula-
tory, acid-base or respiratory mechanisms. The nature
and severity of these changes depend on a combina-
tion of factors, including pH, temperature, and con-
centrations of organic matter, aluminium, calcium and
other metals in the water, as well as fish species and in-
traspecific strains, duration and previous history of ex-
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posure (Daye & Garside 1980, Freda & McDonald
1988, Playle et al. 1989, Mount et al. 1990, Witters et al.
1990, Norrgren et al. 1991, Poleo et al. 1991, Galle &
Montoroi 1993). Gill lesions, typically including lamel-
lar epithelial hyperplasia and fusion of secondary
lamellae, are common in fish exposed naturally or ex-
perimentally to acidified water (Daye & Garside 1976,
Linnenbach et al. 1987, Dietrich & Schlatter 1989,
Norrgren et al. 1991). Mild skin lesions, including in-
creased secretion of mucus, cutaneous goblet cell hy-
pertrophy and/or hyperplasia, as well as more severe
skin lesions, including epidermal necrosis and slough-
ing, have also been described in fish exposed experi-
mentally to acidified water (Daye & Garside 1976,
Tandjung et al. 1982, Segner et al. 1988, Ingersoll et al.
1990b, Iger & Wendelaar Bonga 1994). We have found
no reports of skin lesions in naturally exposed fish.

In this paper we describe severe dermatitis with op-
portunist mycotic involvement, branchitis
and mortality in a wild population of
empire gudgeon Hypseleotris compressa,
an Australian eleotrid, exposed naturally
to acidified runoff from ASS.

MATERIALS AND METHODS

As part of a study examining possible
relationships between ASS runoff and
deleterious effects on aquatic biota, water
quality was monitored during 1993 at
selected sites in Tuckean Swamp, a
4000 ha Holocene-age, infilled estuarine
embayment on the lower Richmond River
in eastern Australia. The swamp contains
large areas of ASS (Sammut et al. 1996).

Study site. Tuckean Nature Reserve
(TNR) drain (a trapezoid, open ditch drain
10 to 20 m wide, 1.5 m deep and 2.5 km
long) is part of a network of drains within
Tuckean Swamp. The empire gudgeon
Hypseleotris compressa, the most common
fish species in the swamp, is the only fish
species observed in the drain. Siltation in
the headwater reach and lower limit of
TNR drain prevents entry and exit of fish,
except under flood conditions. The pH of
ASS along TNR drain and in the adjacent
floodplain is normally less than 3.5, and
intense rainfall events can acidify TNR
drain water via immediate drain-bank
runoff and displaced acidic groundwater
(Sammut et al. 1996). Stratification of
water (Sammut et al. 1994) has not been
observed in the drain.

Rainfall. Daily rainfall within Tuckean Swamp was
recorded at a location 5 km from the study site in the
months prior to, during and following the disease event.

Water quality. Electrical conductivity (EC), dissolved
oxygen concentration, pH and temperature were mea-
sured by meter at the study site at irregular intervals
between April and August 1993. EC was measured
using Model AS 302 (Activon Scientific Products).
Remaining variables were measured using a Horiba
U10 Water Quality Checker (Australian Scientific). On
20 July, a water sample was collected for elemental
analysis. A grab sample was collected and pressure
filtered in the field through a 0.45 µm Millipore HA
cellulose nitrate filter. The filtrate was chilled to 4°C
during transport, and held at –20°C until analysed.
Concentrations of major elements, chloride and sul-
fate, were determined using inductively coupled
atomic excitation spectroscopy, a Corning 926 chloride
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Fig. 1. Hypseleotris compressa. Empire gudgeon collected from Tuckean
Nature Reserve drain during the acidification event. Numerous white flecks
and tags, as well as mycelial masses (arrow), are present on the skin surface

Fig. 2. Hypseleotris compressa. Close-up view showing the white flecks and
tags on the skin of an empire gudgeon collected from Tuckean Nature
Reserve drain during the acidification event. Note the pallor commonly 

present on skin at the posterior margins of the scales
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analyser, and the barium sulfate method (American
Public Health Association 1992), respectively.

Fish. Male and female empire gudgeons were col-
lected from the field study site, where water was
acidified, as described below in ‘Results’. To enable
comparative assessment of tissue changes associated
with exposure to acidified water, male and female
empire gudgeons, being held in circumneutral water,
were obtained from an ornamental fish supplier.

Pathology. Fish for histopathological examination
were killed by severing the spinal cord at the level of
the operculum. The body cavity was then opened, and
fish immediately placed in 10% neutral buffered
formalin. After fixation, they were decalcified using
Gooding and Stewart’s fluid (Culling 1974). Serial
cross sectional blocks and/or sagittal sectional blocks
approximately 3 mm thick were embedded in paraffin
wax, sectioned at 4 µm and stained with haematoxylin
and eosin (H&E), Gomori methenamine silver and
H&E, PAS or alcian blue.

Mycology. By use of sterile instruments, mycelial
tufts were removed from the skin of recently killed
fish, dipped in a solution of penicillin (132 mg ml–1) and
oxolinic acid (132 mg ml–1) and inoculated onto
glucose yeast agar (GYA) (Dykstra et al. 1986) in a
laminar flow cabinet. Plates were then sealed with
tape, incubated on the bench (approximately 22°C)
and examined daily. Growing hyphal tips, taken from
the edges of representative oomycete colonies, were
then inoculated onto fresh GYA. Isolates were sub-
mitted to a specialist laboratory for identification.

RESULTS

Field observations

In the 6 wk prior to and including 20 July 1993, a
population of several hundred empire gudgeons was
observed weekly at the water quality monitoring site in
TNR drain. During this period, the fish appeared clini-
cally normal and were seen feeding. On 21 July,
approximately half the fish had numerous fine white
flecks and tags diffusely scattered over the body sur-
face (Figs. 1 & 2). Of these affected fish, approximately
20% had white cotton-wool-like tufts consistent with
oomycete hyphae at 1 or more skin sites. On 22 July,
the appearance and prevalence of skin lesions re-
mained as above, and small numbers of dead fish were
present at the edges of the drain. Approximately 50
live fish were collected in a trap for laboratory exami-
nation. On 27 July, large numbers of dead fish were
present on the surface and live fish were no longer
visible in the water column. No flow was evident in
the drain during the observation period.

Rainfall

Rainfall for the period 1 June to 31 July is shown in
Fig. 3. Total rainfall for the periods 11 to 15 July and
16 to 21 July was 57 and 10 mm, respectively.

Water quality

Electrical conductivity of TNR drain water increased
substantially between 23 June and 14 July, while pH
fell from circumneutral to acidic values in the period 14
to 20 July (Table 1). In the water sample collected on
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Fig. 3. Daily rainfall in Tuckean Swamp and pH in Tuckean
Nature Reserve drain prior to, during and following the 

disease event

Table 1. Water quality measurements at the Tuckean Nature
Reserve drain site prior to, during and following the disease 

event. ND: not determined

Date pH Electrical Dissolved oxygen Temp.
(1993) conductivity concentration (°C)

(mS cm–1) (mg l–1)

22 Apr 7.0 117 ND ND
30 Apr 6.5 194 ND ND
19 May 6.7 200 ND ND
3 Jun 6.8 186 ND ND
23 Jun 6.9 205 ND ND
14 Jul 6.0 1330 5.4 17.2
20 Jul 3.9 1520 4.4 18.3
21 Jul 3.8 1590 4.1 17.8
22 Jul 3.7 1570 4.9 16.0
23 Jul 3.5 1830 5.2 16.8
26 Jul 3.6 1390 4.9 21.5
18 Aug 3.4 1860 4.1 13.9
20 Aug 3.8 1670 3.8 14.8
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20 July, concentrations of monomeric
aluminium, calcium, chloride, sulfate,
total filtered iron and magnesium were
27.7, 16.6, 240, 282, 2.1 and 25.6 mg l–1

respectively. Dissolved oxygen concen-
trations and water temperatures in the
drain between 14 July and 20 August
remained within limits generally con-
sistent with fish health (Table 1).

Histopathology

Changes were similar in the 5 female
and 3 male fish examined. By compari-
son with skin from putatively normal
male and female fish held in circum-
neutral water (Fig. 4), there was severe
focal epidermal hyperplasia, usually
most pronounced at scale margins,
involving most of the scaled body
surface. Cells in the middle layers of
hyperplastic epidermis were often bal-
looned, whereas those in the superficial
layers had irregular margins and were
often necrotic and sloughing (Fig. 5). In
addition, areas of mild to severe, focal
to locally extensive subacute dermatitis
occurred irregularly over the body
surface. Degeneration, necrosis and
sloughing of epidermal cells, vascular
congestion, and mononuclear cell infil-
tration were present in these areas
(Fig. 6). Moderate numbers of non-
septate, sparsely branching hyphae 5 to
10 µm in diameter were present within
necrotic epidermis, but not underlying
tissues, in some of these areas. Mucous
cells, as demonstrated by alcian blue
or PAS staining, were present in low to
moderate numbers in epidermis of nor-
mal fish, but were visible only rarely in
acid-exposed fish.

There was moderate to severe subacute branchitis,
with diffuse congestion of lamellar vessels and irregu-
larly distributed epithelial hyperplasia with fusion of
secondary lamellae (Fig. 7). No significant lesions were
seen in other organs or tissues of fish examined.

Mycology

Three isolates were obtained from skin lesions on
fish. Two were identified as Saprolegnia sp. and one as
S. anisospora.

DISCUSSION

The study findings strongly support the suggestion
(Chairuddin et al. 1990, cited by Klepper et al. 1992,
Sammut et al. 1995) that acidification of estuarine sys-
tems by runoff from ASS has deleterious effects on
aquatic biota. Fish species vary in their ability to toler-
ate chronic acidification (Freda & McDonald 1988),
and short-term depressions in pH may cause morta-
lities in exposed, non-acclimated fishes (Mount et al.
1990). Empire gudgeons, which typically inhabit
circumneutral freshwater or brackish streams (Allen
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Fig. 4. Hypseleotris compressa. Skin of an empire gudgeon held in circum-
neutral water. Note the occasional mucous cells (arrow) at the epidermal 

surface. H&E. Scale bar = 100 µm

Fig. 5. Hypseleotris compressa. Skin of an empire gudgeon exposed to acidified
water. There is severe focal epidermal hyperplasia at the caudal scale margin.
Cells in the middle layers of the hyperplastic epidermis are ballooned, and
superficial epidermal cells are necrotic and sloughing. There is vacuolar de-
generation and necrosis (arrow) of epidermal cells overlying the scale surface. 

H&E. Scale bar = 50 µm
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1989), can tolerate low pH. Populations have been
recorded in a humic dune lake with pH 5.3 (Arthington
et al. 1986) and a humic creek with pH 5.4 (Anony-
mous 1986). We have observed apparently sedentary,
clinically normal empire gudgeon populations in a
Tuckean Swamp drain, separate from TNR drain, in
which pH values, caused by ASS runoff, remained
between 2 and 4 for more than 2 wk.

It is likely that water in TNR drain remained circum-
neutral during the 3 mo prior to the July acidification.
Hydrological studies in Tuckean Swamp during this

period indicated that, despite the
occurrence of major rain events, acidi-
fied water was unlikely to have entered
the drain. Moreover, pH of TNR water
was in the circumneutral range on the 6
occasions it was measured during this
period. Whatever the conditions in the
drain during this time, they did not
enable the resident empire gudgeon
population to tolerate the acidification
which followed the 11 to 15 July rain
event. Conductivity at the study
site increased substantially between
23 June and 14 July, but pH values
on these 2 dates were in the circum-
neutral range, suggesting that ASS
runoff was entering TNR drain by
14 July, but the buffering capacity of
the water (Sammut et al. 1996) had not
yet been exceeded. By 20 July, while
conductivity remained high, pH had
fallen to 3.9. These changes were al-
most certainly caused by ASS runoff.
Typically, in coastal floodplains unaf-
fected by pyrite oxidation, the chloride
to sulfate ratio of groundwater, includ-
ing that acidified by runoff from peaty
soils, is approximately 7. However,
when groundwater is acidified follow-
ing pyrite oxidation, the added sulfate
ions reduce the chloride to sulfate
ratio. For TNR drain water collected on
20 July, this ratio was 0.85, consistent
with runoff from ASS (Sammut et al.
1996).

The empire gudgeons in TNR drain
developed severe branchitis and der-
matitis, and died within 13 d of con-
tinuous exposure to acidification caused
by ASS runoff. Gill lesions, typically in-
cluding the types seen in the current
study, are common in fish exposed
naturally or experimentally to acidified
water (Daye & Garside 1976, Linnen-

bach et al. 1987, Dietrich & Schlatter 1989, Norrgren et
al. 1991). However, severe dermatitis has not previ-
ously been reported in fish exposed naturally to acidi-
fied water and not often reported in fish exposed exper-
imentally. Daye & Garside (1976) described epidermal
necrosis and sloughing in fingerling brook trout ex-
posed for 7 d to water at pH 3.2 and 2.2. Segner et
al. (1988) described epithelial sloughing in juvenile
brown trout after 5 d exposure to progressively acidi-
fied water, beginning when pH fell below 6. Concen-
trations of inorganic monomeric aluminium in water
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Fig. 6. Hypseleotris compressa. Locally extensive, severe, acute dermatitis in
an empire gudgeon exposed to acidified water. There is spongiform and vacuo-
lar degeneration, necrosis and sloughing of epidermal cells, with vascular
congestion and mononuclear cell infiltration in stratum spongiosum. H&E. 

Scale bar = 50 µm

Fig. 7. Hypseleotris compressa. Gills of an empire gudgeon exposed to acidified
water showing moderate to severe subacute branchitis. There is diffuse co-
ngestion of lamellar vessels and irregularly distributed epithelial hyperplasia 

with fusion of sec-ondary lamellae (arrow). H&E. Scale bar = 50 µm
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used in either of these studies were not stated. Tand-
jung et al. (1982) reported epidermal necrosis and
sloughing, as well as dermal necrosis, in fingerling
brook trout exposed to designated concentrations of
aluminium and calcium at pH 5.6.

The epidermal necrosis and sloughing reported in
the present study may have been caused by single or
multiple toxic factors, including low pH and inorganic
monomeric aluminium species, in TNR drain water.
Calcium ions, which protect against the toxic effects of
inorganic monomeric aluminium (Tandjung et al. 1982,
Ingersoll et al. 1990a) were present at a relatively
low concentration (16.6 mg l–1) during the acidification
event. By contrast, the inorganic monomeric aluminium
concentration (27.7 mg l–1) was approximately 100 to
1000 times higher than those reported in previous
experimental or natural exposures, with the exception
of the 3 and 7.8 mg l–1 used by Tandjung et al. (1982).

Increased secretion of mucus in skin and gills was
not seen on acid-exposed fish in the current study,
even though this is a commonly reported initial re-
sponse to exposure (Zuchelkowski et al. 1986, Ingersoll
et al. 1990b, Berntssen et al. 1997, Ledy et al. 2003).
Alcian blue and PAS-stained sections of skin revealed
relatively fewer epidermal mucous cells in the acid-
exposed fish compared with normal fish, suggesting
that these cells had exhausted their secretions in the
several days since the acidification event.

Acidic conditions generally favour mycelial growth
and zoospore production by Saprolegnia spp. (Peduzzi
et al. 1991). It is likely that acidification in TNR drain
favoured propagule production by Saprolegnia spp.,
and that opportunist propagules were able to infect
acid-induced skin lesions on exposed fish.

Findings of the current study suggest a mechanism
whereby epizootic ulcerative syndrome (EUS) lesions
may be induced in estuarine fish. The putative
causative infectious agent, Aphanomyces invadans,
has limited ability to invade intact fish skin. Lesions
can be induced experimentally only if zoospores or
hyphae are injected intramuscularly into fish or if fish
with areas of abraded skin are exposed to zoospores
(Roberts et al. 1993, Callinan et al. 1995b). Outbreaks
of EUS in estuarine fish in the Richmond River and
elsewhere have been associated spatially with tribu-
taries draining ASS areas and temporally with rain
events (Virgona 1992, Callinan et al. 1993, 1995b,
Sammut et al. 1995). We suggest that propagules of the
causative Aphanomyces sp. may induce EUS lesions in
susceptible fish species by invading skin lesions
caused by sublethal exposure to ASS runoff. Although
empire gudgeons are susceptible to EUS, the charac-
teristic granulomatous myositis and dermatitis lesions
(Callinan et al. 1995a) were not seen in the present
study. The causative Aphanomyces sp. can grow vege-

tatively and produce zoospores only at pH values
greater than 5 (Hatai & Egusa 1978, A. Thomas pers.
comm.). It is therefore unlikely that fish in the drain
were exposed to the Aphanomyces sp. during the acid-
ification event.
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