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Abstract

The distribution and abundance of waterbirds along sewage treatment gradients at the Western Treatment
Plant (Victoria, Australia) were studied in late summer/early autumn 2000. In general, the highest densities
and diversity of waterbirds, and of zooplankton, were found in the ponds towards the end of a treatment
series. Filter-feeding waterfowl (Anatidae) probably used these ponds because of the availability of zoo-
plankton as a food-source. Dissolved oxygen concentration generally increased along the treatment gra-
dient and un-ionised sulphide concentration decreased, and it is possible that either one, or both, of these
played a key role in determining the distribution of zooplankton.

Introduction

In most traditional sewage farms sewage flows
through a series of several waste-stabilisation
ponds (WSPs), and each pond has different lim-
nological characteristics that are largely dependent
on the stage of sewage treatment it represents. The
ponds at the start of the series tend to be anaero-
bic, those in the middle, facultative, and those at
the end, aerobic (Hawkes, 1983; Paul, 1995;
Hodgson & Paspaliaris, 1996). The use of WSPs by
waterbirds has been well documented (Uhler,
1964; Braithwaite & Stewart, 1975; Campbell &
Milne 1977; Fuller & Glue, 1978, 1980, 1981;
Maxson, 1981; Piest & Sowls, 1985; de Moor,
1993), but there have been no published studies
that attempt to determine if birds exhibit a pref-
erence for ponds of a particular stage of treatment,
and if so, why. Some studies have suggested that
high invertebrate abundance in WSPs is the major
factor attracting waterfowl, but such studies have

generally looked at small systems with only one
(Swanson, 1977; Piest & Sowls, 1985) or a few
(Maxson, 1981) WSPs. There may be substantial
variation in the abundance of invertebrates along a
sewage treatment gradient.

Unlike some natural water-bodies, where
nutrients might be limiting, it is likely that food
webs in WSPs are not nutrient limited; most WSPs
usually belong to either the eutrophic or hyper-
trophic categories of the OECD-Vollenweider
trophic status classification scheme (OECD, 1982).
Thus, factors determining invertebrate abundance
in WSPs may be quite different to those in many
natural systems. For example, ammonia and sul-
phide are produced through microbial processes in
sewage and may reach levels that are toxic to
planktonic crustacean invertebrates such as
Daphnia magna Straus (Uhlmann 1980; Gersich &
Hopkins, 1986). Also, low dissolved oxygen in
WSPs, resulting from a very high biochemi-
cal oxygen demand, may limit invertebrate
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productivity (Mitchell & Williams, 1982a; Hath-
away & Stefan, 1995).

Such direct effects are likely to provide only
partial explanations for variations in invertebrate
productivity along sewage treatment gradients;
complex food web dynamics may also need to be
considered (e.g. Abeliovich & Azov, 1976; Konig
et al., 1987; Wrigley & Toerien, 1990). It is possible
that non-food source related factors, such as the
presence of oil, detergents or cyanobacterial tox-
ins, may have an influence on the selection of
WSPs by birds (Nero, 1964; Matsuanga et al.,
1999).

The objective of this study was to develop an
understanding of some aspects of the functioning
of the planktonic food web at various stages of
sewage treatment, and to relate these to waterbird
use of a pond system at the Western Treatment
Plant. The Australasian shoveler, Anas rhynchotis
(Latham) was chosen as the ‘target species’ be-
cause it had been observed to use the site regularly,
and in large numbers, during the previous sum-
mer/autumn. Also, it is a species that feeds exclu-
sively at the water’s surface (preliminary
observations by A.J.H. at the site revealed no up-
ending or dipping), and thus the distribution of
this species in relation to potential planktonic
invertebrate prey items could be studied. It is in-
tended that certain physical and/or biological
parameters could be used to monitor the status of
ponds with respect to their function as waterbird
habitat.

Methods

Site description

The Western Treatment Plant occupies 10 851 ha
and is situated 35 km west of Melbourne (Victoria,
Australia) on the shores of Port Phillip Bay (38�
000 S, 144� 340 E). It is recognised as a Wetland of
International Importance for the numbers and
diversity of waterbirds it supports (Ramsar Con-
vention Bureau, 1984). A group of WSPs known
as 145 West was chosen as the study site for two
reasons. Firstly, it was known to support large
numbers of waterfowl and other waterbirds (Lane
& Peake, 1990; Hamilton 2002). Secondly, the
WSPs within 145 West were of similar dimension

and surface area (Fig. 1). The sewage entering the
system is mostly raw, although it does undergo
primary sedimentation of gross solids. Sewage
flows from one pond to the next via drains
(Fig. 1), and the hydraulic retention time of each
pond is about 9 days. Within the 145 West system,
we studied five independent series of seven WSPs
(i.e. 35 WSPs). The mean surface area of these
WSPs was 5.07 ha (s.e.=0.12 ha). The only vege-
tation surrounding the ponds is short grass.

Current data on pond depths were not avail-
able, although the ponds are all roughly 80–90 cm
deep. The only possible exceptions are the first two
in each series, where sludge accumulates and is
periodically dredged.

Study design

The study was restricted to 35 WSPs within the
145 West lagoon – five series consisting of seven
ponds each (Fig. 1). Sewage enters the first pond in
each series via a common open channel. There was
no flow of sewage between ponds in adjacent series
(i.e. north to south flow only) for the first seven
ponds in each series; thus the series were inde-
pendent of each other. But this was not the case
for some of the ponds at the end of each series
(Fig. 1); consequently, these ponds were not in-
cluded in the study. The position each pond
occupied in the series will henceforth be referred to
as a particular stage of sewage treatment. Thus,
the first pond, which received the raw sewage, was
‘Stage 1’, and so on through to ‘Stage 7’, the last
pond.

Sampling was conducted on three dates: 19
February 2000, 26 February 2000 and 4 March
2000. This time of year was chosen in an attempt
to coincide with expected peak abundances of
Australasian shoveler, which usually occur in early
autumn (Hamilton & Taylor, in press).

Waterbird surveys

Waterbird sampling started 30 min prior to sun-
rise and finished about 30 min after sunrise. All
surveys were conducted from a car with the aid of
a Leica� Televid 77 telescope (20–70 · zoom
magnification). For each species, the number of
individuals on the water was counted. It was not
logistically feasible to fully randomise the order in
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which the ponds were surveyed. Instead, the ponds
were surveyed a series at a time by driving along
the north – south tracks (Fig. 1). Once the end of
one series was reached, sampling then proceeded

along the adjacent series. One of the four ‘corner’
ponds (i.e. ponds 32, 26, 62 or 68 – Fig. 1) was
chosen at random as the starting point. All ponds
were observed from the track to their immediate
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Figure 1. Map of the 145 West sewage treatment lagoon at the Western Treatment Plant, Australia (38� 000 S, 144� 340 E), showing the
five series of seven ponds used in this study (i.e. ponds with numbers and marked with solid lines). Arrows denote drains between

ponds. Boundaries around ponds are single-lane dirt vehicular tracks.
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east. The total number of individuals of each
species was recorded for each pond. Birds on pond
embankments were not considered because the
primary focus of this study was to relate waterbird
numbers and distribution to water quality
parameters.

Water sampling

Water samples were collected immediately fol-
lowing the waterbird surveys. Ponds were sampled
in the same order as they were for the bird survey.
A rapid sampling technique was adopted; this in-
volved using a 2 l plastic container attached to the
end of a 3 m stick. All ponds were sampled from
approximately halfway along their eastern margin,
and two samples were collected from each. The
first sample (600 ml in a plastic bottle) was used
for chlorophyll a, sulphide and ammonia analyses.
In order to prevent degradation of chlorophyll a,
these samples were immediately stored in the dark.
The second sample (1 l in a plastic bottle) was used
to preserve invertebrates, and buffered formalde-
hyde (20% w/v sodium tetra-borate, Na2B2O4,
37% v/v formaldehyde) was added to each bottle
prior to sample collection so that a final concen-
tration of 5% v/v formaldehyde was attained upon
addition of the sample (APHA et al., 1998). For
the first and last pond in each series, an additional
1 l sample for nutrient analyses was collected.

An approximation of water temperature was
required for the calculation of the dissociation
constants for sulphide and ammonia (see below).
The temperature of the middle pond in the middle
series (Pond 47, Fig. 1) was recorded on each
sampling date.

Storage and preservation of samples for nutri-
ent analyses were in accordance with the Standard
Methods outlined by APHA et al. (1998). From
the 600 ml samples, a portion of each was vacuum
filtered through a glass fibre filter (Whatman�

GF/F, 0.7 lm), and the filter was stored frozen at
�70 �C. These filters were later used for chloro-
phyll a analysis. A further portion of about 80 ml
was taken and stored frozen (�20 �C). These sub-
samples were analysed for ammonia. The remain-
ing sample was preserved for subsequent sulphide
analysis by adding 2 N Zinc acetate,
Zn(C2H3O2)2 ÆH2O, (4 drops/100 ml of sample),
and evacuating air from the bottle.

Water chemistry

Chlorophyll a concentration was used as an indi-
cator of total phytoplankton biomass. It was ex-
tracted in 90% v/v acetone and analysed
spectrophotometrically. The extraction, sample
preparation and analysis protocols were the same
as the APHA et al. (1998) method ‘10200 Parts 1
and 2’, with the exception that a vortex was used in
place of a tissue grinder. All nutrient and toxicant
concentrations were determined using the Hach�

DR/2000 spectrophotometric analysis system
(Hach Co., Loveland, Colorado, USA).

The equilibrium of ammonia species was cal-
culated according to Emerson et al. (1975), and
sulphide speciation was calculated according to
APHA et al. (1998) method 4500 H.

Due to limited availability of equipment, it was
not possible to collect dissolved oxygen data on
the days that invertebrate samples were taken.
However, from 1 March 2000 to 3 March 2000
data were collected from the last pond of the
middle series of seven ponds (Pond 50, Fig. 1). It
was important to record fluctuations in dissolved
oxygen over the diurnal period; instantaneous
measurements at a particular time of day do not
provide any indication of the exposure history an
invertebrate would be likely to experience. LC82�

Digital Oxygen Meters and ED500� Clarke
membrane electrodes (both from TPS, Spring-
wood, QLD, Australia) were used. In addition,
instantaneous measurements of each pond in the
middle series (Fig. 1) were made at sunrise on July
7 2000 using a Hach Sension� 156 Portable Mul-
tiparameter meter.

Enumeration of zooplankton

Rotifers were counted using a 1 ml Sedgwick
Rafter counting cell and a compound microscope.
Larger zooplankton were concentrated by passing
1 l of sample through a 158 lm sieve. The organ-
isms were then rinsed off the sieve with 70% v/v
ethanol and counted directly in a Petri dish using a
dissecting microscope.

Cyclopoid copepod nauplii were considered as
a separate functional species. They cannot readily
be identified beyond order (Hawking & Smith,
1997), and hence it was not possible to confidently
link them to an adult form. More importantly
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though, their distinct form, by comparison to the
copepodite life stages, warranted this separate
classification. Two morphologically distinct eco-
types of Brachionus calciflorus (Pallas) were iden-
tified, one with spines, the other without. Spines
are induced in the presence of predators (Shiel, R.,
2001, pers. comm.). Therefore, from a functional
plankton food-web perspective, it was considered
reasonable to treat these two ecotypes separately
as well. Thus, for the community analyses the two
ecotypes were treated independently, but for the
correlations with waterfowl abundance they were
considered as one species (see description of
analysis below). This approach was taken because
the spines are likely to affect predation by other
zooplankters but not waterfowl (both ecotypes are
the same size).

Physical parameters

Upon return to the laboratory (about 2 h after
collection) the pH (Hanna� HI 9321), conductivity
(Hach Sension� 156) and turbidity (Hach 2100P)
of all the 600 ml samples were recorded. pH data
were required for determining sulphide and
ammonia speciation. Similarly, conductivity data
were needed purely to calculate the ionic strength
for the sulphide speciation equations. Conductivity
varied minimally between ponds (mean=1949,
se=16 lS cm�1), and was considered unlikely to
have any significant biological relevance, thus
conductivity was not analysed in this context. In
particular, direct effects on waterfowl resulting
from such variation would be highly unlikely to
occur (Goodsell, 1990). Turbidity data were used
to make broad inferences about the possibility of
light availability limiting phytoplankton growth.

Data analysis

For all analyses, waterbird data were corrected for
the size of the pond; the first two ponds in each
series were typically slightly smaller in area than
the others. This was done by calculating the mean
surface area of all 35 ponds and adjusting abun-
dances for each pond accordingly.

All multivariate analyses were performed using
PATN (Belbin, 1990). In order to improve clarity,
taxa that did not occur on at least five pond-dates
(see below) were not included in the analysis

(Marchant, 1990). Waterbird and invertebrate
density data were log10 transformed and separate
similarity matrices calculated using the Bray–
Curtis dissimilarity measure (Bray & Curtis, 1957).
The correlation between the waterbird and inver-
tebrate similarity matrices was tested for signifi-
cance using Mantel’s r equivalent (Mantel, 1967)
against 1000 randomisations of the matrices.

The 105 pond-dates – i.e. 35 ponds · three
dates – were reduced to fewer clusters with similar
species composition using the agglomerative non-
hierarchical clustering algorithm, ALOC. A max-
imum allocation radius of 0.6 defined 12 groups of
pond-dates based on waterbird community com-
position and 14 groups based on invertebrate
communities. These pond-date clusters were then
classified in a hierarchical manner using flexible
unweighted pair groups with arithmetic averaging
(UPGMA: Sneath & Sokal, 1973). Groups of
species having similar densities across pond-dates
were classified using the Two-Step similarity
measure and flexible UPGMA. After the classifi-
cations, groups of species and pond-date clusters
were formed by visual inspection of the dendro-
grams and the resulting classification trees pre-
sented in two-way tables.

A limitation of the invertebrate data set was
that different techniques were used to count roti-
fers and the larger zooplankton (because of size
and magnification restrictions). Consequently, the
per litre abundances of rotifers would not be ex-
pected to be as precise or accurate as those for the
other zooplankton.

The effect of stage of sewage treatment on
several variables was analysed using a repeated-
measures analysis of variance (performed on SAS),
with series being modelled as a blocking factor.
The analysis made the assumption that there was
no significant block (series) by treatment (stage)
interaction; it was not possible to test for this
interaction because of lack of replication within
each series. However, in Figures 2, 4 and 5 data are
presented independently for each series so that
some appreciation of variation between series can
be gained. The date by treatment interaction was
tested for, and where it was found to be significant
( p < 0.05) statistical inference about the treat-
ment effect was not made, as there was a large
number of factor levels due to the interaction.
Most data did not require transformation, the
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exceptions being chlorophyll a, un-ionised
ammonia (both square root transformed) and
turbidity (log10 (x + 1) transformed). Unless
otherwise stated, ‘significance’ for the treatment
(stage) effect refers to the 0.05 probability level.
Where significant differences were detected be-
tween sewage treatment stages, multiple compari-
sons using Tukey’s Honestly Significance
Difference (HSD) at p=0.05 were used to deter-
mine which stages of sewage treatment were dif-
ferent from others.

The relationship between selected species of
waterfowl and potential invertebrate prey items
was analysed using Spearman’s rank correlation,
rs, (performed on SigmaStat�, Version 1.0). Be-
cause of the large number of comparisons there
was an increased likelihood of making a type one
error. This was addressed by presenting signifi-
cance at the p=0.01 and 0.001 levels in addition to
p=0.05.

The nature of the design of the sewage treat-
ment system meant that in each series the early
stages of treatment were furthest away from the
ocean, and the final stages were closest to it
(Fig. 1). It is possible that waterbirds may have
preferentially used the ponds at the end of the

system because of their proximity to the coastal
zone (assuming these birds also used the coast).
However, this is considered unlikely because the
ponds at the start of each series are still only about
2 km from the coast, and it is presumed that this
distance would be considered minimal to a bird
searching for a favourable feeding site. Most of the
waterfowl species at the WTP are more numerous
on the sewage ponds than the coastal zone (Loyn
et al., 2002).

Results

Stage of sewage treatment and waterbird
community structure

Five main groups of pond-date clusters were
identified (Table 1, using a fusion distance of 0.8
as arbitrary cut-off). Group A was composed of
the ponds at the early stages of treatment, and was
characterised by a complete absence of birds.
Stage 1 ponds occurred in this group on all occa-
sions except one, and Stage 2 on all except three.
Stages 3 and 4 were also represented in this group.
Groups B and E comprised single observations of

Table 1. Two-way table showing ‘clusters’ and species groups of waterbirds based on abundance of birds across the 105 pond-dates (35

ponds · 3 dates) at the 145 West series at the Western Treatment Plant

gr
ou

p

cl
us

te
r

1 2 3 4 5 6 7 BBD Musk Hh BS SD Coot Shov Grebe CT GT PeD PBD
A 1 14 12 8 3

B 7 1 1.3
C 2 2 4 3 0.1 0.1 2.4

11 1 2 2.1
D1 3 4 3 1 0.6 1.7 0.2 12.5 16.9 5.6 17 9.3 26.7 0.1

6 2 2 1 0.5 0.4 1.1 0.4 17.6 9.7 68.8 1.3 7.7
10 2 0.5 0.5 14.9 5.1
12 1 1 0.4 2.9 5.3 4.3

D2 4 7 9 6 4.7 1.2 0.4 6.2 12.1 45.1 42.6 55.4 6.4 6.1 2.1
8 1 5 9 1.2 0.6 0.7 44.3 6.9 8.6 74.2 6.5 6.4 3
9 1 2.1 10.7 2.1 1.1 2.1

E 5 1 1

fusion distance 

1.12 0.66 0.20 

fusion distance 

0.07 
0.24 

0.40 

Each cluster represents a group of pond-dates, formed using the agglomerative clustering technique. The number of ponds from each

‘stage’ of sewage treatment (1 = raw sewage at start of series through to 7 = treated effluent at end of series) within each cluster are

represented. Values within the table represent the mean number of birds within each species for that cluster. BBD = blue-billed duck;

musk = musk duck; Hh = hardhead; BS = black swan; SD = Australian shelduck; coot = Eurasian coot; Shov = Australasian

shoveler; grebe = hoary-headed grebe; CT = chestnut Teal; GT = grey teal; PeD = pink-eared duck; PBD = Pacific black duck.

Data collected on 19 February 2000, 26 February 2000 and 4 March 2000.
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a Eurasian coot (Fulica atra Linnaeus) and a
chestnut teal (Anas castanea Eyton) on ponds at
Stages 1 and 3, respectively. Group C comprised
ponds from Stages 2–4, and was characterised by
low abundances of black swan (Cygnus atratus
Latham), Eurasian coot, grey teal (Anas gracilis
Müller) and Pacific black duck (Anas superciliosa
Gmelin) and no other species. All species were
found in greatest abundance in Group D, and
many species were only found in this group. This
group was composed entirely of ponds from Stages
4 to 7, and it divided into two Sub-groups at a
fusion distance of about 0.64. One of these, Sub-
group D1, mainly comprised ponds from Stages 4
and 5, and the other, Sub-group D2, was domi-
nated by ponds from Stages 6 and 7, although
Stage 5 was also represented. Two of the diving
duck species, musk duck (Biziura lobata Shaw) and
hardhead (Aythya australis Eyton), were only
found in Sub-group D2, and the other, blue-billed
duck (Oxyura australis Gould), was more common
in Sub-group D2 than D1. Also, black swan,
Australian shelduck (Tadorna tadornoides Jardine
& Selby), Eurasian coot, Australasian shoveler
and hoary-headed grebe (Poliocephalus polioceph-
alus Jardine & Selby) were all more abundant in
Sub-group D2 than D1.

Overall, there was a low level of ecological
dissimilarity between waterfowl species. Never-
theless, the community did break into two sepa-
rate groups at a fusion distance of 0.40 (Table 1).
The three diving duck species comprised one of
these groups, and the remaining species the other.
Two defining characteristics tended to separate
the diving duck group from the other. Firstly, it
was generally composed of lower numbers of
birds. Secondly, they were mainly found in Sub-
group D2, which only included Stages 5–7, as
opposed to the other waterbirds which were gen-
erally found in both Sub-group D1 (includes
Stages 4–6) and D2 (although typically more
numerous in D2).

Stage of sewage treatment and planktonic
invertebrate community structure

As with the waterbirds, there was a low level of
ecological dissimilarity among the invertebrate
species, suggesting that they generally constituted
one basic type of invertebrate community – one

that generally occurred most frequently in the
ponds in the last few stages of treatment. Two
main pond-date groups were identified: one con-
sisted of only the first three stages (mainly the first
two), and the other mainly comprised Stages 4–7,
although the first three stages were also repre-
sented (Table 2).

The first of these groups (Clusters 1, 6, 8 and 4)
was characterised by a large number of pond-dates
that had either a complete absence (Cluster 4) or
very low abundances of planktonic microfauna.
The only exceptions to this were Cluster 6, and to
a lesser extent Cluster 8, which had large numbers
of an unidentified free-living nematode species.
Chironomus sp. larvae were also more common in
this cluster than any others, although abundance
was still generally low (the life history of chiron-
omids dictates that the vast majority of larvae
would be expected to be found in the sediment).

The second group (Clusters 2, 3, 7, 5 and 9),
composed mainly of Stages 4–7, and clearly con-
tained more invertebrate species than the first.
Nearly all species were more abundant in this
group. All rotifer species, copepod nauplii, Daph-
nia carinata (King), Pleuroxus inermis (Sars) and
an unidentified corixid species were entirely absent
from Group A. The only exceptions to this trend
were the unidentified nematode and chironomid
species, which were both more dominant in the
first group.

The invertebrate community could be broken
down into two sub-communities, which separated
at a fusion distance of 0.49 (Table 2). One con-
tained all the rotifer species plus the dominant
micro-crustacean, Mesocyclops sp., and a copepod
nauplius. Presumably, the nauplius is that of
Mesocyclops sp.; these two formed a distinct sub-
group within this group, and Mesocyclops sp. was
the only copepod found. Nevertheless, it was more
practical to treat them as separate functional spe-
cies because of their different form. The other sub-
community did not contain any rotifer species. D.
carinata was the dominant micro-crustacean, the
others being P. inermis and an unidentified ostra-
cod. The unidentified species of nematode and
corixids, and Chironomus sp. were also present in
this community. It should be noted that the high
abundance of nematodes (identified as a free living
species by inspection of mouth parts) in Cluster 6
was the result of a large number (723) being re-
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corded on one pond-date (Stage 1); they more
frequently occurred in lower numbers in ponds
further down the system, which is why they did not
emerge as an out-lying group in the classification.

Correlation between waterbird and planktonic
invertebrate communities

From the above analyses it is clear that most
invertebrates and waterbirds were generally found
in greatest numbers in the last 3 or 4 stages of
sewage treatment. There was a significant corre-
lation between the waterbird and planktonic
invertebrate similarity matrices (Mantel’s r equiv-
alent=0.28, n=1000 randomisations, p < 0.001).
Whilst many of the species making up the water-
bird community are not likely to feed directly on
the plankton, this overall relationship suggests
that the planktonic invertebrate communities
characterise the type of local pond ecosystem likely
to support particular waterfowl communities.
Benthic samples would be required to fully test this
hypothesis. However, an hypothesis that can be
tested with the existing data set is that the distri-
bution of filter-feeding waterfowl species, which
were only ever seen feeding on the water’s surface
at the 145 West ponds, is correlated with the dis-
tribution of potential invertebrate prey items. This
is considered below.

Concentrations of potential toxicants along
treatment gradients

Total sulphide and un-ionised sulphide concen-
trations clearly decreased along the sewage treat-
ment gradients (Fig. 2a and b, respectively),
although the effect depended on the date being
sampled, and thus statistical inference about the
stage effect was not made. There was a significant
effect of stage of treatment on total ammonia
concentration; concentrations in Stage 1 were
significantly higher than for all the others, and
concentrations in Stage 3 were significantly higher
than for Stages 5 and 7 (Fig. 2c). There was no
clear trend in the concentration of un-ionised
ammonia along the sewage treatment gradient
(Fig. 2d), and the effect of stage of treatment
was not tested due to a significant date by stage
interaction. pH tended to be higher in the ponds
towards the end of the treatment series (Fig. 2e),

although statistical inference about the stage effect
was not made because it was dependent on sam-
pling date.

In Pond 50, the aerobic pond for which oxygen
concentration was logged, there was a clear diel
pattern in dissolved oxygen levels (Fig. 3). Levels
generally increased after sunrise and then de-
creased after sunset.

Dissolved oxygen concentrations down the
middle series of the 145 West ponds from the Stage
1 pond through to the Stage 7 pond were 0.04,
0.08, 0.01, 0.03, 0.03, 2.89, 5.88 mg l�1.

Correlations between sulphide and ammonia
concentrations and the abundance of planktonic
invertebrates

With the exception of B. calyciflorus, the abun-
dance of all the dominant invertebrates was sig-
nificantly negatively correlated with total
sulphide concentration (Table 3). These correla-
tions were stronger for the two microcrustacean
species, Mesocyclops sp. and D. carinata, than
for the rotifers (Table 3). None of the inverte-
brate species were significantly correlated with
the concentration of un-ionised ammonia. The
highest recorded concentration of total sulphide-
S was 11.1 mg l�1. The highest concentrations of
un-ionised sulphide-S and un-ionised ammonia-N
were 11.3 and 3.8 mg l�1, respectively. There was
also a significant negative correlation between
un-ionised sulphide and chlorophyll a concen-
tration (rs=�0.23, p < 0.05); the correlation was
checked only for this relationship as the un-ion-
ised species is known to be toxic to algae but
speciation does not influence toxicity to inverte-
brates. There was not a significant correlation
between chlorophyll a and un-ionised ammonia
( p > 0.05).

Potential food sources for filter-feeding waterfowl

The distribution and abundance of Australasian
shoveler was significantly and strongly positively
correlated with that of Mesocyclops sp. and D.
carinata (Table 4), and weakly positively (and
significantly) correlated with the distribution of
Brachionus angularis (Gosse), B. budapestinensis
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(Daday), Filinia sp. and total rotifers. A significant
positive correlation was also observed between
pink-eared duck (Malacorhynchus membranaceus
Latham) abundance and Mesocyclops sp. density,

although the correlation was not as strong as that
for Australasian shoveler. The abundance of pink-
eared duck was not significantly correlated with
D. carinata, and the only rotifer with which it was

Figure 2. Concentrations of potential toxicants, and pH, along five series of WSPs at the 145 West lagoon at the Western Treatment

Plant. Stage of sewage treatment refers to the position along the treatment series, with stage 1 representing the. The first ponds in the

series (i.e. receiving raw sewage) are represented ‘Stage 1’, and so forth through to ‘Stage 7’ at the end of the series. Data were not

collected for Stages 2, 4 and 6 for (c) and (d). Data collected on 19 February 2000, 26 February 2000 and 4 March 2000.

Table 3. Correlation coefficients (rs) for Spearman’s rank correlation between dominant invertebrates/chlorophyll a and potential

chemical toxicants at the 145 West series at the Western Treatment Plant

Meso. D. cari. B. ang. B. caly. B. buda. Filinia Chl a

T sul-S �0.81*** �0.70*** �0.39*** 0.01 �0.33*** �0.38*** NA

NH3-N �0.08 0.16 �0.05 �0.03 �0.07 0.02 0.22

T sul-S = total sulphide-S; NH3-N = un-ionised ammonia-N; NA = not applicable; Meso. = Mesocyclops sp.; D. cari. = D.

carinata; B. ang. = B. angularis; B. caly. = B. calyciflorus; B. buda. = B. budapestinensis; Filinia = Filinia sp.; Chl. a = chlorophyll

a. *p < 0.05, **p < 0.01, ***p < 0.001. Data collected on 19 February 2000, 26 February 2000 and 4 March 2000.
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significantly correlated was B. angularis. There was
no significant relationship between chlorophyll a
concentration (an indicator of total algal biomass)
and Australasian shoveler abundance, however, a
significant, but weak, correlation was observed
with pink-eared duck.

Further to these correlations, it should be
noted that both Australasian shoveler and pink-
eared duck were only observed on ponds where
Mesocyclops sp. was found (64 of the 105 pond-
dates). In contrast, both species were observed,
sometimes in large numbers, in ponds where D.
carinata was not found. Similarly, flocks of over
100 Australasian shoveler were observed feeding
on two occasions on ponds where no rotifers
were recorded. It should also be noted that no
plant seeds, which could be a potential food
source, were found in any of the plankton sam-
ples.

Other possible factors limiting productivity in ponds

Total phosphorus and dissolved reactive phos-
phorus concentrations were similar at both ends of
the treatment system (Fig. 4a and b, respectively).
Nitrate levels were lower at the end of the system,
whereas nitrite levels were higher (Fig. 4c and d,
respectively). Dissolved forms of nitrogen and
phosphorus were detected in all sampled ponds.
Cyanobacterial blooms were not observed on any
of the ponds.

Turbidity generally decreased down the series
(Fig. 5a), but statistical inferences about differ-
ences between stages of treatment were not made
because of a significant date by stage interaction.
Similarly, there was a significant date by stage
interaction for chlorophyll a (Fig. 5b). Chloro-
phyll a concentration was not significantly corre-
lated with turbidity (rs=�0.09, p=0.36).

Table 4. Correlation coefficients (rs) for Spearman’s rank correlation between density/concentration of dominant invertebrates/

chlorophyll a and abundance of filter-feeding waterfowl at the 145 West series at the Western Treatment Plant

Meso. D. cari. B. ang. B. caly. B. buda. Filinia tot. rotif. Chl. a

Shoveler 0.74* 0.63* 0.31** �0.18 0.31** 0.20*** 0.25** 0.04

Pink-eared

duck

0.33* 0.02 0.26** 0.03 0.14 0.19 0.17 0.23*

Meso. = Mesocyclops sp.; D. cari. = D. carinata; B. ang. = B. angularis; B. caly. = B. calyciflorus; B. buda. = B. budapestinensis;

Filinia = Filinia sp.; ‘tot. rotif.’ = total rotifers; Chl. a = chlorophyll a. ***p < 0.05, **p < 0.01, *p < 0.001. Data collected on 19

February 2000, 26 February 2000 and 4 March 2000.

Figure 3. Diurnal variation in dissolved oxygen concentration in an aerobic pond (Pond 50) in the 145 West series at the Western

Treatment Plant from 2051 h on 1 March 2000 to 1200 h on 3 March 2000. Arrows denote sunrise (SR) and sunset (SS).
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Discussion

General trends in waterbird and planktonic inverte-
brate communities along sewage treatment gradients

In this study, the general ecology of WSPs
was found to change markedly along sewage
treatment gradients. Both planktonic invertebrate
and waterbird numbers were generally highest in
the last few ponds of each series, and the
waterbird community was positively correlated
with the invertebrate community. Whilst many
waterbirds, such as bottom-feeding species, would

be unlikely to feed directly on plankton, the
correlation does imply that a diverse/abundant
planktonic invertebrate community generally
represents the type of pond ecosystem likely to
support a high abundance and diversity of
waterbirds.

In general, a particular WSP either supported
an invertebrate and waterfowl community or it did
not; there were not many different types of com-
munities. From the perspective of managing WSPs
for waterbird conservation purposes, this general
finding suggests that a pond could be managed to
simultaneously meet the needs of many different

Figure 4. Concentrations of nutrients at the start (Stage 1, i.e. ponds receiving raw sewage) and end (Stage 7, i.e. ponds representing

the most treated effluent) of each sewage treatment series. Each bar represents the mean for the three dates (+1 s.e.). Data collected on

19 February 2000, 26 February 2000 and 4 March 2000. N.B. The other important nutrient, ammonia, is presented in Figure 2.

Figure 5. Trends in turbidity and chlorophyll a concentration along five series of WSPs at the 145 West lagoon. Presentation and

analysis is the same as that for Figure 2. Data collected on 19 February 2000, 26 February 2000 and 4 March 2000.
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waterbird species. But the data from this study
only represent a particular time of year, late
summer, and so it was only possible to rigorously
assess the distribution of some species. Austral-
asian shoveler and hoary-headed grebe abundance
did tend to change along a continuum of stage of
sewage treatment. These were the two most
abundant species in the study, and it is possible
that similar trends may have emerged for other
species had sampling been undertaken when they
were more abundant. Pacific black duck was the
only species that appeared to use the ponds at the
earlier stages of treatment, as well as the later
stages, although informal observations suggest
that they rarely fed on these early treatment
ponds.

Relationship between filter-feeding waterfowl and
potential prey species

The findings of this study suggest that for Aus-
tralasian shoveler and pink-eared duck the avail-
ability of invertebrate prey items in the plankton
probably influenced the use of WSPs by these
birds. Most correlative studies of waterbird and
food abundance have been conducted on herbiv-
orous and/or benthic feeding species that would
gain little, if any, food from the plankton (Hanson
& Butler, 1994; Lillie & Evrard, 1994; Nummi
et al., 1994; Rehfisch, 1994). However, the young
of some species often feed on plankton. The
abundance of young of American black duck
(Anas rubripes Brewster) for example were found
to be significantly, and positively, correlated with
both planktonic and benthic invertebrate biomass
across 32 freshwater lakes in western Nova Scotia
(Staicer et al., 1994).

According to the filtering efficiency studies of
Crome (1985), organisms the size of Mesocyclops
sp. and D. carinata would be extracted readily by
both Australasian shovelers and pink-eared ducks.
Australasian shoveler abundance was strongly
positively correlated with the density of both these
invertebrates, and pink-eared duck was correlated
with Mesocyclops sp. but not D. carinata. The fact
that pink-eared duck abundance was not corre-
lated with D. carinata, and Australasian shoveler
was, might reflect the much smaller numbers of
pink-eared duck present during the study rather
than any ecological difference.

Australasian shoveler and pink-eared duck
abundances were also positively correlated with
the abundance of some of the rotifer species. Two
possible explanations for these correlations are
that rotifers may be important prey items for these
ducks, or conditions that favour rotifers may also
favour other zooplankton that are prey for ducks.
Rotifers have not been reported in the natural
diets of Australasian shovelers (Frith, 1959; Mar-
chant & Higgins, 2000), nor have they been re-
ported as part of the diet of other shoveler species.
It is possible, however, that they have been ignored
because of their small size. Rotifers have not been
reported in most dietary studies of pink-eared
ducks (Marchant & Higgins, 2000). However,
Frith (1959) noted that in a gizzard content survey
of 138 birds in western New South Wales rotifers
numerically accounted for 7.3% of the diet. But
this would have accounted for a negligibly small
proportion of the total biomass consumed, con-
sidering that the other prey items were substan-
tially larger (mostly molluscs, crustaceans, insects,
and plant seeds). Experiments by Crome (1985)
demonstrated that extraction of organisms as
small as rotifers from the water would be a highly
inefficient process for both Australasian shovelers
and pink-eared ducks. It may be, however, that the
very high densities of rotifers observed in some of
the ponds may compensate for this.

Potential toxicity of sulphide, ammonia and low
dissolved oxygen to planktonic invertebrates

Determining what influences the density of inver-
tebrates, or any organism, along sewage treatment
gradients is difficult because there are typically
many confounding factors; many parameters
change along a series of ponds. Thus, the effects of
particular determinants cannot be separated by
correlation (Ip et al., 1982). The approach taken in
the present study was to identify correlations be-
tween potential toxicants and invertebrate num-
bers, and then test the likelihood of causation
based on published bio-assay studies. Many bio-
assay studies have been conducted on Daphnia, as
it is commonly used as a bio-indicator species
(APHA et al., 1998). In contrast, there is little
information available on the effects of toxicants on
cyclopoid copepods such as Mesocyclops, a dom-
inant zooplankter found in this study. Also, there
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appear to be no studies on the effects of sulphide,
ammonia or low dissolved oxygen on rotifers.
Therefore, the following discussion concentrates
on the larger zooplankton species.

A model for estimating the toxicity of sulphide,
ammonia and low dissolved oxygen to Daphnia
(not species specific) in WSPs was developed by
Hathaway & Stefan (1995), based on previously
published bio-assay studies. When the data from
the present study were run through this model,
dissolved oxygen emerged as the most important
toxicant to D. carinata, and sulphide also appeared
to reach toxic levels in many of the ponds in the
early stages of treatment (Table 5). Furthermore,
these data were collected in winter, when dissolved
oxygen levels in Australian WSPs would be ex-
pected to be at their lowest (Mitchell & Williams,
1982b). Also, dissolved oxygen concentration in a
pond may vary substantially over a day. This is
most likely the situation in aerobic ponds where
oxygen concentration will gradually increase
throughout the day as a result of oxygenic pho-
tosynthesis by algae before decreasing again at
night as a result of microbial respiration, and this
phenomenon can be seen clearly in Figure 3. It
should also be noted that the values in Table 5
represent mortality per day, they do not take into
account reproduction and population dynamics.
Nevertheless, these values do give an indication of
the relative significance of various toxicants. The
apparent relatively high toxicity of ammonia in the
first stage of treatment, 7.2%, is somewhat mis-
leading, as it is an average of recordings including
one pond-date that had a toxicity of 99.7%: the
toxicity levels of all other pond-dates was less than
0.05%. This pond-date with high potential Daph-
nia mortality was characterised by a higher con-

centration of total ammonia; the pH was not
higher than most other ponds.

Although ammonia toxicity to D. carinata was
generally negligible according to the daily mor-
tality model, it must be recognised that the
parameters in this model were based on published
acute toxicity tests (see references in Hathaway &
Stefan, 1995), over 48 h, to a given population.
Chronic toxicity work by Gersich & Hopkins
(1986) demonstrated that after 21 days exposure
to 0.87, 1.88 and 3.65 mg l�1 un-ionised ammonia-
N, mortality of D. magna was 15, 65 and 100%,
respectively. Furthermore, of those surviving the
0.87 and 1.88 mg l�1 treatments, sub-lethal
reproductive effects were reported. The mean total
young per individual decreased by 26 and 58%,
respectively. Levels of un-ionised ammonia in the
145 West system were often in excess of
0.87 mg l�1 (Fig. 2d). However, D. carinata den-
sity was not correlated with un-ionised ammonia
concentration, and D. carinata were generally
found in greatest densities in the last two ponds of
a series, whereas un-ionised ammonia levels were
roughly consistent throughout the series (if not
slightly higher towards the end, Fig. 2d). These
results tend to suggest that even though ammonia
toxicity may affect D. carinata productivity in
most of the ponds throughout the 145 West sys-
tem, at roughly equivalent levels for each stage of
treatment, it is not likely to be a key factor in
determining the relative distribution of the crus-
tacean along the treatment series.

The fact that the density of D. carinata was
significantly negatively correlated with sulphide
concentration may have been due to direct toxic-
ity. However, it is also possible that it was a spu-
rious correlation, reflecting the fact that sulphide

Table 5. Theoretical toxicities of sulphide, ammonia and low dissolved oxygen to D. carinata along the 145 West system at the Western

Treatment Plant

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Stage 6 Stage 7

Sulphide 53.5 (11.3) 25.0 (6.3) 5.2 (1.7) 1.7 (0.2) 1.2 (0.0) 1.1 (0.0) 1.1 (0.0)

Ammonia 7.2 (6.6) ND 0.6 (0.1) ND 0.5 (0.1) ND 0.8 (0.3)

Low DO2 85.8 64.6 93.7 89.1 89.1 0.0 0.0

Based on toxicity model of Hathaway and Stefan (1995) using data collected from the 145 West series on 19 February 2000, 26

February 2000 and 4 March 2000. Values represent daily percent mortality for each stage of treatment. Values for ammonia and

sulphide represent the mean (s.e.) of 15 measurements (5 ponds · 3 dates). Values for dissolved oxygen are based on measurements

along the middle series of ponds in winter (7 July 2000). ND = no data collected for this stage.
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concentration would be expected to be negatively
correlated with dissolved oxygen concentration, as
sulphide is produced under anaerobic conditions.
It is also possible that in some ponds sulphide and
anoxia had additive, or even possibly synergistic,
toxic effects.

The effects of these toxicants on Mesocyclops
sp., or any other copepods, are not well known.
Mitchell & Williams (1982b) reported that Meso-
cyclops sp. grew in Australian WSPs at dissolved
oxygen concentrations above 2 mg l�1, with
highest concentrations occurring above 8 mg l�1.

Possible factors limiting pond productivity

Daphnia, Mesocyclops and rotifers are known to
feed on single-celled green algae (e.g. Lubzens,
1987; Schlüter et al., 1987), and Daphnia has also
been reported to feed on cyanobacteria (de Mott
1998; Thostrup & Christofferson, 1999). But food
web structure in a WSP is likely to be complex;
most rotifers for example also feed directly on
fungi and bacteria (Lubzens, 1987), Daphnia and
Mesocyclops feed on rotifers and protozoans
(Gilbert & Williamson, 1978; Gilbert, 1988; Boy-
all, 1995), and Daphnia can even feed directly on
bacteria, albeit inefficiently (McMahon & Rigler,
1965; Lampert, 1974; Peterson et al., 1978). Nev-
ertheless, phytoplankton is likely to be an impor-
tant food source for crustacean zooplankton,
which in turn is probably the most important prey
for filter-feeding waterfowl. Moreover, the phyto-
plankton is responsible for oxygenating the aero-
bic ponds, and thus may affect invertebrates
through this route as well. Therefore, it is impor-
tant to make an attempt to discern what factors
influence phytoplankton biomass in WSPs to more
fully understand the distribution of invertebrates,
and ultimately waterfowl, along sewage treatment
gradients.

Ammonia toxicity has been suggested to be a
factor limiting algal production in WSPs, primar-
ily through photosynthetic inhibition (Abeliovich
& Azov, 1976). It is the un-ionised form that is
toxic to algae (Warren, 1962). In the present study
though, chlorophyll a concentration was not sig-
nificantly correlated with un-ionised ammonia.

Chlorophyll a concentration was, however,
significantly negatively correlated with un-ionised
sulphide concentration. In contrast to sulphide

toxicity to invertebrates, toxicity to algae is
strongly dependent on the form of sulphide, and it
is the un-ionised species that is toxic, which pre-
dominates at low pH levels. Pearson et al. (1987)
conducted in vitro experiments of the toxicity of
both ammonia and sulphide in sewage to photo-
synthesis by four species of algae, and found that
sulphide was more toxic than ammonia to all
species.

Pearson et al. (1987) found that sensitivity to
both sulphide and ammonia varied between species
of algae found in WSPs. They estimated that a 50%
reduction in photosynthesis resulted from exposure
to 53.8, 13.7, 22.7 and 12.33 mg l�1 un-ionised
ammonia-N for Chlorella, Euglena, Scenedesumus
and Chlamydomonas respectively. In the present
study, only one measurement above 3 mg l�1 was
reported (5.3 mg l�1). Pearson et al. (1987) also
reported 50% inhibition of photosynthesis by un-
ionised sulphide-S at 0.34, 0.71, 0.97 and
1.44 mg l�1 for Chlorella, Euglena, Scenedesumus
and Chlamydomonas, respectively. In the first stage
of treatment in the 145 West ponds un-ionised
sulphide often reached levels in excess of 1 mg l�1

(maximum=3.8 mg l�1, mean=1.3 mg l�1), and
chlorophyll a concentration was generally very
low. Based on these values, and the correlations
described above, it would seem unlikely that
ammonia toxicity greatly inhibits phytoplankton
production (particularly algal) in the 145W system,
whereas un-ionised sulphide may have a sub-
stantial influence on production in some ponds.

Cyanobacteria, which also use chlorophyll a as
their photosynthetic pigment, are also an impor-
tant constituent of the phytoplankton, particularly
inWSPs. Unlike algae, cyanobacteria can carry out
anoxygenic photosynthesis in addition to oxygenic
and can actually thrive in the presence of sulphide.
However, sulphide can be toxic to oxygenic pho-
tosynthesis in cyanobacteria. A study by Howsley
& Pearson (1979) revealed that oxygenic photo-
synthesis was inhibited by 50% at concentrations of
about 0.04, 0.37 and 0.21 mg l�1 un-ionised sul-
phide-S for Anabaena, Synechocystis and Oscilla-
toria, respectively. Whilst these species were not
found in the 145 West system (A.J.H. unpublished
data), the levels of un-ionised sulphide in the first
few ponds in most series (Fig. 2b) would in theory
be highly toxic to oxygenic photosynthesis by
them. This may partly explain why dissolved oxy-
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gen only increased in the last couple of ponds in the
series even though chlorophyll a concentration was
relatively high in the preceding ponds; presumably
cyanobacteria were undertaking anoxygenic pho-
tosynthesis in the ponds further up the series.

Another factor that may have influenced phy-
toplankton production is turbidity, which clearly
decreased down the treatment gradient. However,
chlorophyll a concentration was not significantly
correlated with turbidity (rs=�0.09, p=0.36). The
effects of turbidity are difficult to ascertain, since it
may not only increase with increasing concentra-
tions of suspended solids, but also with increased
phytoplankton density itself.

The fact that ammonia, dissolved reactive
phosphorus, nitrate, and nitrite were detected in all
the ponds where they were measured suggests that
nutrients were not limiting to primary production
in this system. If a particular nutrient is available
in the dissolved form (i.e. DRP, nitrate, nitrite and
ammonia), it is considered to be in excess, and thus
not limiting (Hecky & Kilman, 1988).

Conclusion

Waterbirds and zooplankton were generally found
highest numbers in the ponds towards the end of
the treatment series. Filter-feeding waterfowl
probably used these ponds because of the avail-
ability of zooplankton as a food-source. Un-ion-
ised sulphide and low dissolved oxygen stress may
be important determinants of zooplankton com-
munity structure and size.
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