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Abstract Nutrients such as nitrogen and phospho-
rus are typically considered detrimental to wetland
values, but waterfowl can be numerous on nutrient-
rich wetlands. Waterfowl were counted three to six
times per year on nine treatment lagoons and asso-
ciated wetlands (2,025 ha) at the Western Treatment
Plant (south-east Australia) from 2000, to help main-
tain ecological values of this Ramsar-listed wetland as
well as treating sewage for a large city (Melbourne).
Up to 185,000 waterfowl were counted, varying with
season, continental rainfall and lagoon operation.
Nutrient levels were reduced on Lake Borrie lagoon
in 2005 (as part of an Environmental Improvement
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Program) and restored in 2015. Waterfowl declined
on Lake Borrie lagoon from 2005 when it received
treated effluent not raw sewage, and increased in 2015
when it received partially treated sewage. This pattern
was highly significant for total waterfowl and most
species and guilds at Lake Borrie but was not repli-
cated on other lagoons. Modelling revealed positive
relationships between waterfowl numbers and nutri-
ent concentrations, including ammonia and nitrite, to
moderate levels. This shows that with careful man-
agement nutrient enrichment can have positive ben-
efits, allowing artificial wetlands such as wastewater
treatment plants to support high densities of water-
birds and the food webs that sustain them.
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Introduction

Water supply and wastewater treatment are two of
the big issues facing humanity, and loss and modifi-
cation of wetlands are two of the big issues in bio-
diversity conservation (Foote et al., 1996; Finlayson
et al., 2019). When people divert water for domestic,
agricultural or industrial use there is an inevitable
loss of water for natural wetlands (Kingsford, 2000;
Gordon et al., 2010). When wastewater is adequately
treated before it is returned to the environment there
may be opportunities to use treated wastewater for the
benefit of biodiversity (Steele et al., 2006; Murray &
Hamilton, 2010), partly alleviating the harm incurred
when water was originally diverted for human use.
Wastewater contains high levels of nutrients such as
nitrogen and phosphorus, which can damage natural
ecosystems in lakes, streams and coastal environ-
ments by encouraging excessive growth of algae (e.g.
Schindler, 2006; Smith & Schindler, 2009; Chislock
et al., 2013). Phosphorus is generally considered to be
the limiting factor in freshwater systems, and nitrogen
in coastal systems. Hence nutrient removal is a key
focus of treatment plants, and the effects of nutrient
enrichment and eutrophication have been a dominant
theme of hydrological literature (Smith et al., 2006;
Conley et al., 2009). However, those same nutri-
ents and algae can also drive increased productiv-
ity, supporting high populations of invertebrates and
waterbirds that feed on them. This paper describes a
20-year study that documents consequences of nutri-
ent removal and re-addition at an operational scale
at a plant that is used both for wastewater treatment
and for waterbird conservation as part of a Ramsar-
listed set of wetlands near Melbourne, south-east
Australia (Fig. 1).

Sewage treatment plants that rely on pondage
have long been recognised as valuable habitats
for waterbirds (e.g. Fuller & Glue, 1980; Maxson,
1981; Carlisle & Mumootil, 1991), including in
Australia (Loyn, 1989; Murray et al., 2013, 2014;
Breed et al., 2020), and specifically the Western
Treatment Plant (WTP) (Lane & Peake, 1990; Ham-
ilton et al., 2005; Steele et al., 2006; Loyn et al.,
2014a, b). Benefits can arise both from reliability of
water supply and the level of nutrient enrichment,
with nutrients driving the productivity of inverte-
brates that form the main food of most waterbird
species. Usually the benefits are opportunistic, but
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sometimes there are ways of managing treatment
plants to enhance those benefits (Murray & Hamil-
ton, 2010). However, more needs to be known about
the mechanisms involved and the effects of manage-
ment interventions that have been tried. This paper
examines changes in diversity and abundance of
waterfowl associated with two major engineering
interventions to improve both efficiency of sewage
treatment and foraging habitat for waterfowl at the
WTP. One part of the system (30 ponds in Lake
Borrie lagoon, 454 ha) where nutrient levels were
greatly reduced from 2005 to 2015 and then raised
to previous levels 2015-2020, is compared with the
remaining 288 ponds (1,474 ha) where such major
changes did not occur (Fig. 1).

This paper has two main aims. One is to describe
the changes that have occurred in water chemistry
and waterbird numbers at Lake Borrie lagoon over
three periods of differing sewage treatment processes:
2000-2004 (Period A) when it received raw sewage
before an Environment Improvement Project (EIP);
2005-2015 (Period B) after the EIP, when it received
Class C recycled water; and 2015 to 2020 (Period C)
after the introduction of partly treated sewage. The
second aim is to present models relating waterfowl
numbers at Lake Borrie lagoon to water chemistry
at the Borrie outlet, taking advantage of the unique
opportunity provided by these interventions, as a step
in understanding the complex mechanisms involved.
Special attention is paid to nitrogen compounds as
one of the principal aims of wastewater treatment is
to limit discharge of nitrogen into other systems (the
sea in this case), by releasing it as elemental N, (the
main constituent of air), whereas most other nutrients
lack a volatile phase.

The changes in Lake Borrie lagoon are consid-
ered relative to changes in other lagoons at the WTP
to control for effects of stochastic variables such
as continental weather patterns. Concentrations of
nitrogen and other nutrients remained reasonably
constant at the two main outlets other than the Bor-
rie outlet (Fig. 2), with increased inputs of nutrients
(due mostly to Melbourne’s rising human population)
largely balanced by increased treatment capacity and
supply of recycled water to local farms, maintaining
permitted levels of discharge to the sea. These com-
parisons and models may assist managers of waste-
water treatment plants in balancing dual objectives of
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Fig.1 A Location of Western Treatment Plant (WTP) relative to Melbourne, Australia; B aerial image of Lake Borrie lagoon; C

map of WTP showing key features

efficient sewage treatment and providing waterfowl
habitat.

Western Treatment Plant (WTP)

The WTP is renowned for its value as a habitat for
waterbirds and it forms a key part of a wetland sys-
tem, listed under the Ramsar Convention in 1982 as
a wetland of international importance, known as the
Port Phillip Bay (western shoreline) and the Bellarine
Peninsula Ramsar site (Lane & Peake, 1990; Hale,
2010; DELWP, 2018). Ramsar values need to be
maintained under Australian Commonwealth legisla-
tion including the Environment Protection and Biodi-
versity Conservation Act 1999 (EPBC Act). The WTP
is also the source of the single largest dry-weather

nitrogen discharge to Port Phillip Bay, which has
necessitated a series of treatment upgrades.

Pond treatment involves several lagoons (series of
ponds), operating in parallel with a residence time of
about 60 days. Most ponds are less than 1 m deep,
with average operational depths of~0.8 m. Three
modern lagoons (115E, 25W and 55E) built in the
1990s are up to 2 m deep.

Melbourne Water upgraded the sewage treatment
system between 1998 and 2005 (the EIP) to reduce
nitrogen discharge to Port Phillip Bay, convert biogas
to electricity and reduce odours. The EIP upgraded
two of the modern lagoons (25W and 55E, Fig. 1)
and improved the primary treatment by covering ini-
tial ponds (capturing biogas and generating electric-
ity) and installing activated sludge plants for nitrogen
reduction. Land and grass filtration (a major source of
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odour) were discontinued, and farmland areas previ-
ously used for filtration were irrigated with Class C
recycled water from the modern lagoons to produce
pasture and crops. However, as the water distribution
network could not supply recycled water and distrib-
ute sewage at the same time, three lagoons (Borrie,
Western and T-Section) had to be decommissioned
from the sewage treatment system. These three
lagoons instead received recycled water intended
to maintain their value as biodiversity habitat (Mel-
bourne Water, 2002a, b). These changes became
operational in 2004-2005.

Waterbird modelling (Loyn et al., 2002; Hamil-
ton et al., 2005) predicted that lower nutrient levels
would have adverse effects on waterfowl, especially
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on diving ducks and filter-feeding ducks that favoured
ponds with moderately high nutrient levels, presum-
ably because those nutrients helped support high den-
sities of potential food such as oligochaete worms and
larvae of chironomid midges, which were abundant in
the ponds.

Lake Borrie lagoon

Lake Borrie lagoon was the main set of ponds decom-
missioned by the EIP in 2005 (and fed recycled
water), and it was reconnected to the treatment system
in 2015. It consists of two parallel systems (North and
South), feeding into a common outlet.
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To increase treatment capacity and potentially
restore habitat value to Lake Borrie lagoon, a new
pipeline was built in 2015 to deliver partially treated
sewage to it. This presented an opportunity to exam-
ine effects of sewage removal from Lake Borrie
lagoon and its subsequent restoration, with the Other
lagoons providing control data.

Effects of the EIP (previous studies and management
responses)

Monitoring showed that waterfowl numbers fluctu-
ated in response to seasonal and continental rainfall
patterns, dropping dramatically when there was plen-
tiful water inland (Loyn et al., 2014a, b). The EIP was
found to have a relatively small effect on waterfowl
numbers across the whole WTP in the seven years
after its implementation (2005 to 2012, Loyn et al.,
2014a). However, some marked changes in distribu-
tion within the WTP were observed: more waterfowl
used the old lagoons than previously, and fewer used
the decommissioned lagoons (Loyn et al., 2014a).
Feeding rates of waterfowl in Lake Borrie lagoon
were also found to have declined (Mustoe & Waugh,
2006; Mustoe, 2009; Guay, 2013) compared with ear-
lier measurements (Hamilton et al., 2002).

Methods
Waterfowl counts

Waterfowl were counted by species on a pond-by-
pond basis across the WTP six times per year from
2000 to 2018 and then three times per year to 2020
(n=112) (Loyn et al., 2002, 2014a). These counts
focussed on ducks, swans, geese and other birds
that habitually swim on open water and feed exten-
sively in the treatment ponds at the WTP (e.g. coot
and grebes). Marsh terns (Whiskered Tern Chlido-
nias hybrida [Pallas, 1811] and White-winged Black
Tern Chlidonias leucopterus [Temminck, 1815]),
which take food from the ponds’ surface, were also
included. Counts were conducted mainly from a sta-
tionary vehicle (serving as a hide), using binoculars
and a window-mounted telescope.

Each count aimed to cover all ponds that held
water and hence provided habitat for waterfowl, along
with other important habitats for waterfowl at the

WTP (e.g. coasts, flooded borrow pits, areas of tem-
porary floodwater and the Little River estuary). A nat-
ural ephemeral swamp (Ryan’s Swamp) was included
on the few occasions when it held water. Altogether
the counts covered 318 ponds of which 30 were in
Lake Borrie lagoon (totalling 454 ha) and 288 ponds
were elsewhere at the WTP (1,474 ha). Because
it was not possible to count all birds at all sites in a
single day, each count was conducted over 2-6 days,
depending on the numbers of birds present. Observ-
ers were conscious of the risk of double-counting or
overlooking some birds due to movements between
sites during the surveys, and took measures to mini-
mise those effects. Particular species or guilds of
birds (e.g. dabbling ducks, diving ducks or filter-feed-
ing ducks) were counted on different days to enable
observers to cover as much area as possible for those
species on a single day, and hence minimise effects of
birds moving between sites. Counts disrupted by dis-
turbance (e.g. by birds of prey) or other movements
were sometimes repeated if observers were unable to
assess how many birds had moved between ponds.

The counts were made in six ‘seasons’: I (Janu-
ary), II (late February or early March), III (April or
May), IV (June or July), V (late August to October)
and VI (November or December). When numbers of
counts dropped from six to three a year (from 2018),
those counts were conducted in February (late sum-
mer, season II), June—July (winter, season IV) and
December (early summer, season VI).

Data were tabulated for analysis at the level of
individual species, feeding guilds and total waterfowl.
Waterfowl were considered as all Anatidae (ducks,
geese and swans) along with coot and grebes, which
also habitually feed while swimming on ponds. Spe-
cies were assigned to guilds as shown in Table 1.
Data on guilds were calculated by summing counts
for all constituent species, including uncommon spe-
cies that did not warrant individual analysis (e.g.
Australian Wood Duck Chenonetta jubata [Latham,
1802], and rare vagrants such as Northern Shov-
eler Anas clypeata Linnaeus, 1758 and Tufted Duck
Aythya fuligula [Linnaeus, 1758]. Australian Shel-
duck Tadorna tadornoides (Jardine & Selby, 1828)
were classed as grazers because they often eat plant
material in farmland, but they also take a range of
animal food (Frith, 1982; Marchant & Higgins, 1990)
and they may have been taking a wide range of food
when they were feeding on treatment ponds in this
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Table 1 Waterfowl guilds, species and mean seasonal counts at the WTP, by six ‘seasons’ (Jan, Feb—Mar, Apr—May, Jun—Jul, Aug—
Oct, Nov-Dec), 2000-2020

Season Guild Jan Feb-Mar  Apr—May  Jun-Jul = Aug-Oct  Nov-Dec  Threat status
Vic, Ramsar

Season # (1-6): 1 2 3 4 5 6

N: 13 20 16 21 23 19

Musk Duck Dive 858 1,041 1,311 1,271 546 523 VU+

Freckled Duck Filter 80.6 172.1 153.3 44.0 34 63.4 EN

Cape Barren Goose Graze 29.3 19.8 9.7 3.1 24 16.8

Black Swan Graze 4,917 5,940 3,382 1,386 1,709 4,459

Australian Shelduck Graze® 23,694 18,078 810 69 483 19,313

Australian Wood Duck Graze 10.7 19.2 7.4 1.1 1.1 1.4

Pink-eared Duck Filter 18,188 18,269 18,628 9,513 5,980 18,739 +

Australasian Shoveler Filter 5,550 6,207 3,805 1,749 1,059 4,053 VU+

Grey Teal Dab 5,637 7,753 4,874 3,608 3,701 5,125

Chestnut Teal Dab 4,835 7,961 4,367 2,481 1,653 2,805 +

Pacific Black Duck Dab 1,027 2,130 1,956 1,274 541 502 +

Hardhead Dive 7,411 5,501 2,678 1,766 3,623 8,560 VU+

Blue-billed Duck Dive 5,097 4,635 5,826 4,228 2,029 2,862 VU+

Australasian Grebe Grebe 30 66 158 79 42 19

Hoary-headed Grebe Grebe? 13,058 18,759 12,616 5,829 7,949 9,208 +

Great Crested Grebe Grebe 34.5 58.2 59.0 42.0 433 42.5

Eurasian Coot Graze 5,476 7,994 5,082 2,047 1,940 3,476

Whiskered Tern Tern® 3,085 154 21 6 921 4,071

White-winged Black Tern ~ Tern® 60.9 63.2 43.6 1.2 0.7 17.7

Dabbling ducks Dab 11,500 17,844 11,197 7,364 5,895 8,440

Diving ducks Dive 13,365 11,177 9,815 7,266 6,198 11,944

Filter-feeding ducks Filter 23,818 24,649 22,587 11,306 7,042 22,856

Grazers Graze 34,361 32,280 9,575 3,731 4,262 27,421

Grazers without shelduck Graze 10,667 14,202 8,765 3,662 3,779 8,108

Grebes Grebe 13,122 18,883 12,832 5,950 8,035 9,269

Marsh terns Tern 3,146 217 64 8 922 4,089

Total waterfowl 96,164 104,831 66,004 35,615 31,431 79,928

Waterfowl species are assigned to guilds as indicated (Dab dabbling ducks, Divediving ducks, Filter filter-feeding ducks, Graze graz-
ers, Grebe grebes, Ternmarsh terns, Waterfow! all waterfowl plus 3 species of grebe and 1 species of coot. Guild totals include some
uncommon species not listed here (e.g. Northern Shoveler). Species listed as threatened in Victoria are marked EN (endangered) or
VU (vulnerable). Species whose mean counts exceed 1% of the estimated global population of the relevant subspecies (Wetlands
International, 2020) are marked +

4Shelduck were classified as grazers because they often take plant matter in grassland or crops, but invertebrates may have been
important food items on the treatment ponds

"Most grebes take a lot of fish, but Hoary-headed Grebes specialise at feeding on invertebrates (aquatic arthropods), including small
prey items (Fjeldsa, 1988; Marchant & Higgins, 1990). Hoary-headed Grebes were the most numerous grebe at the WTP

“Many tern species plunge-dive to catch fish, but the two ‘marsh tern’ species that fed consistently from treatment ponds feed primar-
ily by dipping onto surface waters to catch invertebrates (Higgins & Davies 1996): chironomid midges are a key food at the WTP

study, especially when they were flightless (during without Australian Shelduck (which was often the
moult) and unable to access food in farmland. Hence, most numerous species in the guild).
values were calculated for the grazing guild with and

@ Springer
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Physical and chemical data

Physical and chemical data were collected from the
Borrie outlet on a weekly basis by Melbourne Water,
by grab samples analysed by ALS (Australian Labo-
ratory Services) Global Laboratories. The data were
reduced by selecting dates closest to the dates of our
112 waterfowl counts. Complete information over the
20-year period was available for the following nine
variables: Ammonia (NH; or NH,+), Nitrate (NO5-),
Nitrite (NO,-), TKN (Total Kjeldahl Nitrogen), DIN
(Dissolved Inorganic Nitrogen), Organic Nitrogen,
Total Phosphorus (P), CBODS5 (5-day Carbonaceous
Biological Oxygen Demand, a measure of organic
carbon and bacterial activity), and TSS (Total Sus-
pended Solids).

The measures of Organic Nitrogen were calculated
by subtracting ammonia from TKN: these were found
to agree closely with direct measurements made for
part of the period, noting that TKN measures reduced
forms of nitrogen (e.g. ammonia, protein or amino
acids) rather than oxidised forms (nitrate or nitrite).
Measures were expressed as mg/l, or mg N/1 for nitro-
gen compounds. Salinity was measured routinely at
the inlet but not the outlet, and was not expected to
vary differentially between lagoons.

Statistical analysis

To analyse the effects of management in Lake Bor-
rie lagoon, three treatment periods were compared:
Period A (when it received raw sewage, October 2000
to November 2004, n=24); B (when it received recy-
cled water, January 2005 to June 2015, n=65), and C
(when it received partly treated sewage after recon-
nection, July 2015 to June 2020, n=23). Because
numbers of waterfowl vary greatly with year, season
and continental rainfall patterns (Loyn et al., 2014a),
it was important to allow for the effects of those
variables. The effects of continental rainfall are well
known in a general sense (Frith, 1982; Kingsford &
Norman, 2002; Roshier et al., 2002), with numbers
of waterfowl declining at coastal wetlands when there
is plentiful water in inland Australia and increasing
in subsequent seasons (Gosper et al., 1983; Cham-
bers & Loyn, 2006; Breed et al., 2023), but patterns
and lag times can vary between flood events (Loyn
et al., 2014a, b; Clarke et al., 2015), which adds to
the difficulty of controlling for those variables. For

the present purpose, variables such as continen-
tal weather patterns were controlled by comparing
changes in the numbers of waterfowl at Lake Bor-
rie lagoon with those at the Other lagoons, which
would be affected in the same way by those external
variables. Data on water chemistry from the main two
outlets from the Other lagoons showed that it was rea-
sonably stable over time compared with the massive
changes observed at the Borrie outlet (Fig. 2). Hence
the approach used was to focus on any differences
in patterns between Lake Borrie lagoon and the rest
of the WTP (Borrie vs Other), as in a BACI design
(before-after-control-impact)  (Underwood, 1994;
Fisher et al., 2019).

To determine whether numbers of waterfowl var-
ied between the three treatment periods in Lake Bor-
rie lagoon, compared with other parts of the WTP,
linear mixed models were fitted to the data. This is
a preferred approach for unbalanced data sets, with
different numbers of observations in the categories
of interest (periods in this case) and potential clus-
tering. For each bird species and guild, models were
developed with fixed terms for pond group (Borrie or
Other) +period (A, B or C) +the interaction between
those terms. Significant interactions would show dif-
ferences in pattern between the two pond groups,
which might be related to management of each part.
Year, season and month (nested within season) were
included as random terms. Data on waterfowl num-
bers were transformed by taking natural logarithms,
using In (N + 1) for species and In (N + 10) for guilds
(if there were any zero values, otherwise In N),
applied to all relevant cells within each dataset. Zero
values were rare for the common species and guilds,
and did not occur at all for total waterfowl, diving
ducks and grazers (with or without shelduck). Plots
of residuals vs fitted values were examined to test the
assumption of homogeneity of variance and to pick
up any patterns that may suggest a different model
structure.

A similar modelling approach was used to deter-
mine whether water chemistry varied between the
three periods. This was mainly expected to happen at
Lake Borrie lagoon, where operational changes coin-
cided with the periods selected. Log transformations
were used for CBODS and all the nitrogen variables
except organic nitrogen. Log transformations were
found to be not necessary for organic nitrogen, total
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phosphorus and TSS. Conclusions from raw or log-
transformed data were similar in all cases.

To investigate relationships between water chem-
istry and relative numbers of waterfowl in Lake
Borrie lagoon (compared with elsewhere at the
WTP), linear models were developed relating abun-
dance of waterfowl species and guilds in Lake Bor-
rie lagoon (as a percentage of total numbers at the
WTP) to suites of the nine physical or chemical
variables at the Borrie outlet across all three peri-
ods (112 waterfowl counts). Correlation coefficients
revealed that DIN and TKN were closely correlated
to ammonia (r>0.96) and could not be included
together in the same models. Ammonia was cho-
sen as the preferred variable (of those three), as
DIN and TKN include some of the chemical enti-
ties that were planned to be considered separately.
Hence, the suite of explanatory variables was nar-
rowed to seven, including four relating to discrete
nitrogen entities that collectively embrace the full
spectrum of dissolved nitrogen in the system, with
no overlap (ammonia, nitrite, nitrate and organic
nitrogen). Based on residual plots, no transforma-
tion was found necessary for dependent or explana-
tory variables.

Genstat software (18th Edition, VSN Interna-
tional, UK) was used for most of the modelling, tak-
ing a ‘best subsets regression’ approach to explore
suitable combinations of explanatory variables. The
best model involving only linear terms was chosen
on the basis of explaining a higher proportion of
variance and few if any non-significant terms. Sig-
nificance was based on P <0.05, except in relation to
quadratic effects where lower levels of significance
(P<0.1) were considered appropriate as continuous
linear trends were considered unlikely and potentially
misleading.

When particular explanatory variables proved
influential, quadratic terms were added for those
variables, seeking non-linear relationships to test
the hypothesis that it is possible to have either too
much or too little of particular nutrients. Where such
relationships were found (of the form ax’+bx+c),
those relationships were graphed and turning points
(optimum levels) were calculated as TP= —b/2a,
based on models including only that variable and
its square. The models were also used to estimate
the range of values over which waterfowl species or
guilds continued to occur (densities >0), using the
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standard formula for solving quadratic equations,
= _biz—}f_““c. While it would have been possible to
include quadratic terms in the initial modelling pro-
cess, that would have risked obscuring the compari-
sons between the three periods for Borrie and Other,
which were the main focus of the study. It is generally
better to begin modelling relationships with linear
terms, then if appropriate, explore curvilinear terms

as well (Sokal & Rohlf, 1995).

Results
Changes in water chemistry

Nutrient concentrations in the Borrie outlet were
comparatively high in period A (when Lake Bor-
rie lagoon received raw sewage) and period C (when
it received partly treated sewage) and low in period
B (when it received recycled water) (Fig. 2). These
differences between periods were significant for
ammonia, nitrite, total dissolved nitrogen, organic
nitrogen, TKN and total phosphorus. TSS showed a
similar pattern but the differences were not significant
(Fig. 2). Nitrate showed a different pattern, appear-
ing to increase with time from periods A to B to C,
but those differences were not significant. CBODS
declined from period A to period B and only showed
a modest (non-significant) increase in period C
(Fig. 2).

TKN and DIN were strongly correlated with
ammonia (r>0.96) (Table S1) and so were not con-
sidered further in the modelling process. Lesser posi-
tive correlations (r values between 0.22 and 0.62)
were found between ammonia, nitrite and nitrate.
Phosphorus was positively correlated with ammo-
nia and nitrite but not nitrate. Organic nitrogen was
correlated positively with nitrite but not ammonia
or nitrate. CBODS5 was correlated positively with
organic nitrogen and negatively with nitrate. TSS was
correlated positively with organic nitrogen but not
with other nutrients (Table S1).

In contrast, no significant variation in these vari-
ables with period was found at the two main outlets
discharging from Other lagoons (15E and 145W,
Fig. 2 lower graph). A fourth outlet (Murtcaim) was
not considered because it ceased operation in 2004,
and it served a part of the treatment plant where
grass filtration was the main treatment process, using
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paddocks of long grass that attracted large numbers
of ibis but relatively small numbers of the waterfowl
considered in this paper.

Differences between Lake Borrie lagoon and Other
lagoons

Most species and guilds were well represented both
on Lake Borrie lagoon and on Other lagoons. Over
the whole period three species had higher densities on
Lake Borrie lagoon than elsewhere (Freckled Duck
Stictonetta naevosa [Gould, 1841], Pink-eared Duck
Malacorhynchus membranaceus [Latham, 1802] and
White-winged Black Tern), along with the guild of
filter-feeding ducks which includes the first two spe-
cies (Table 1). Mean densities of other species and
guilds did not differ greatly between Lake Borrie
lagoon and Other lagoons.

Differences between the three periods

Six species and three guilds showed significant dif-
ferences between the three periods, averaged across
both lagoon groups (Table S2). One of the species
(Australasian Shoveler Anas rhynchotis Latham,
1802) was most numerous in period A; two species
(Australasian Grebe Tachybaptus novaehollandiae
[Stephens, 1826] and Cape Barren Goose Cereopsis
novaehollandiae Latham, 1802) were most numer-
ous in period B and two species (Australian Shelduck
and Hardhead Aythya australis [Eyton, 1838]) were
most numerous in period C. Of the three guilds, div-
ing ducks and grazers were most numerous in period
C and least numerous in period B and filter-feeding
ducks were least numerous in period B, with little dif-
ference between periods A and C (Table S2).

Changes in waterfowl numbers

Most species and all but two guilds showed signifi-
cant interactions between lagoon group and period
(Table S2), all showing positive responses on Lake
Borrie lagoon after reconnection (Fig. 4). The excep-
tions (showing no significant interactions) were the
guild dabbling ducks and two of its constituent spe-
cies (Chestnut Teal Anas castanea [Eyton, 1838]
and Pacific Black Duck Anas superciliosa J.F. Gme-
lin, 1789); marsh terns and both constituent species
(Whiskered Tern and White-winged Black Tern); and

three other species whose numbers varied greatly
(Australasian Grebe, Great Crested Grebe Podiceps
cristatus [Linnaeus, 1758] and Pink-eared Duck).
Apart from the two grebes mentioned above, even the
exceptions generally increased on Lake Borrie lagoon
after reconnection, but they also increased in the
Other lagoons. Patterns of variation between the three
time periods were much more marked for Lake Borrie
lagoon than for the Other lagoon group.

The most common pattern on Lake Borrie lagoon
was for species and guilds to be relatively scarce in
period B (when it received recycled water) compared
with period A (when it received raw sewage) or period
C (when it received partly treated sewage), in line
with the changes in nutrient levels already described
(Figs. 2, 3). At the guild level this applied most
clearly to total waterfowl, filter-feeding ducks, diving
ducks and grebes (Fig. 4) and most of their constitu-
ent species (Table S2), and in all those cases the pat-
tern differed significantly from patterns observed on
the Other lagoon group. Marsh terns showed a similar
pattern but their numbers were highly variable and
the differences were not significant. Dabbling ducks
showed a similar increase in period C on Lake Borrie
lagoon but did not decline significantly between peri-
ods A and B; they also increased on Other lagoons,
and collectively did not show an interaction with
the Other lagoon group. However, one of their three
constituent species (Grey Teal Anas gracilis Buller,
1869) did show such an interaction, with the increase
in period C being significantly more marked on Lake
Borrie lagoon than on Other lagoons. Grazers (swan,
coot, shelduck, etc.) increased more on Other lagoons
than they did on Lake Borrie lagoon, and they were
the only guild to show that pattern (Fig. 4).

Most species and guilds on Lake Borrie lagoon
increased in period C to levels that approached or
exceeded levels observed in period A (Fig. 4), indicat-
ing close to complete recovery from the low levels in
period B. For total waterfowl, there was no significant
difference between numbers on Lake Borrie lagoon
in period C compared with period A, with both being
higher than in period B (Fig. 4). At the guild level,
dabbling ducks, diving ducks, grazers and grebes
were all more numerous on Lake Borrie lagoon in
period C than they had been in period A. The same
applied to ten of the 19 species analysed (Table S2).
Numbers of filter-feeding ducks did not differ signifi-
cantly between periods A and C (both being higher

@ Springer



4136

Hydrobiologia (2023) 850:4127-4147

Fig. 3 Numbers of water-
fowl counted at the WTP
2000-2020, on Lake Borrie
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than in period B), and the same applied to two of its
constituent species (Pink-eared Duck and Freckled
Duck). The third species in the guild (Australasian
Shoveler) had also increased from levels observed in
period B, but they were still not as numerous as they
had been in period A.

Among the diving ducks, the two most numerous
species (Hardhead and Blue-billed Duck Oxyura aus-
tralis Gould, 1837) followed the same pattern as the
guild, declining on Lake Borrie lagoon in period B
and then increasing to mean levels in period C that
exceeded those observed in period A (Table S2).
However, the third species in the guild (Musk Duck
Biziura lobata [Shaw, 1796]) declined in period
B and showed no significant recovery in period C
(Table S2).

@ Springer

Relationships between effluent chemistry and
waterfowl on Lake Borrie lagoon

Over the 20 years, numbers of total waterfowl and
various guilds and species on Lake Borrie lagoon
(as a percentage of those on the entire WTP) were
positively correlated with ammonia, nitrite, organic
nitrogen, CBOD5 and phosphorus as measured at
the Borrie outlet (Table S1), whereas nitrate and
TSS appeared to be less influential. Correlations with
nitrate tended to be small or sometimes negative, and
TSS was correlated with numbers of just two species
(Hoary-headed Grebe Poliocephalus poliocepha-
lus [Jardine & Selby, 1827] and Pacific Black Duck,
both positively) and no guilds (Table S1). The best
regression models are shown in Table 2 (for guilds
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Waterfowl at Lake Borrie lagoon by period
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Fig. 4 Mean numbers of waterfowl and waterfowl guilds on Lake Borrie lagoon (left) and Other lagoons (right) at WTP in three
periods (A-C) 2000-2020. The interaction between pond group and period was significant for filter-feeding ducks, diving ducks,
grebes, grazers and 12 individual species (Table S2), with all except grazers and Australian Shelduck increasing more in the Borrie
lagoon after reconnection than on Other lagoons. Error bars show Standard Errors

and total waterfowl) and Table 3 (for individual spe-
cies). Quadratic relationships were found for nitrite
(with total waterfowl, diving ducks, grebes, Freckled
Duck and Hardhead), ammonia (for Musk Duck, Aus-
tralian Shelduck, Australasian Shoveler and Chestnut
Teal), organic nitrogen (for Australasian Shoveler)
and phosphorus (for Blue-billed Duck and Hoary-
headed Grebe) (Tables 2, 3), implying that there were
optimum levels (turning points) for those nutrients
(Table 4).

The best combined model for total waterfowl
included positive terms for nitrite, CBODS and
phosphorus, and a negative term for nitrite squared
(Table 2), with a turning point for nitrite at 0.7 mg N/1
(Table 4; Fig. 5). The quadratic relationship for nitrite
implies that waterfowl increase with increasing levels
of nitrite up to the turning point and then decline with
further increases. Models for grebes were similar to
those for total waterfowl (Table 2), with a turning
point for nitrite also at 0.7 mg N/1 (Table 4; Fig. 5).
CBODS did not emerge as a significant variable in

models for any waterfowl guild or species other than
total waterfowl, grebes and the most numerous grebe
species (Hoary-headed Grebe).

Models for diving ducks included positive
terms for ammonia as well as nitrite, and nega-
tive terms for ammonia squared as well as nitrite
squared (Table 2), with turning points for ammonia
at 27.5 mg N/1 and nitrite at 0.7 mg N/I (Table 4;
Fig. 5). They also included negative terms for nitrate
(Table 2). All these models explained > 30% of vari-
ance in numbers of the respective guilds as a per-
centage of numbers over the entire WTP (Table 2).
Models for other guilds were much weaker, explain-
ing < 10% of variance (Table 2). No useful models
were found for dabbling ducks or coot in relation to
effluent discharge.

At the species level, models explaining >30% of
variance were found for Hoary-headed Grebe (similar
to grebes as a guild) and two species of diving ducks
(Blue-billed Duck and Hardhead) (Table 3). The latter
models were similar to the models for diving ducks
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Table 2 Models of abundance of waterfowl guilds in Lake Borrie lagoon (as % of totals in whole WTP) in relation to water chemis-

try assessed at the Borrie outlet, 2000-2020 (N=112)

Guild (dependent variable); % vari-  Nutrient (explanatory variable) Estimate SE t P

ance explained (adjusted R?)

Waterfowl (all species) Constant
28.6% Nitrite
CBOD5
Phosphorus
Waterfowl (all species) Constant
30.1% Nitrite
Nitrite 2
CBOD5
Phosphorus
Diving ducks Constant
37.9% Ammonia
Nitrite
Nitrate
Diving ducks Constant
41.1% Ammonia
Nitrite
Nitrite?
Nitrate
Filter-feeding ducks® Constant
7.4% Nitrite
Nitrate
Grazers Constant
3.6% Organic nitrogen
Total Suspended Solids
Grazers (no Shelduck) Constant
4.0% Nitrate
Total Suspended Solids
Grebes Constant
39.8% Nitrite
Nitrite 2
Nitrate
CBODS5
Phosphorus
Marsh terns Constant
4.5% Organic nitrogen

6.12 3.47 1.76 0.081
14.28 3.75 3.81 <0.001
0.74 0.236 3.14 0.002
0.84 0.338 247 0.015
7.24 3.49 2.07 0.041
30.09 9.82 3.06 0.003
—-17.70 10.2 -1.74 0.085
0.64 0.24 2.68 0.009
0.64 0.353 1.81 0.073
9.69 1.45 6.68 <0.001
0.67 0.14 4.79 <0.001
18.26 5.27 3.46 <0.001
-1.37 0.641 —2.13 0.036
7.78 1.61 4.83 <0.001
0.57 0.144 3.94 <0.001
45.40 12.1 3.74 <0.001
—30.10 12.2 —-247 0.015
-1.25 0.626 -2.00 0.048
30.44 3.65 8.34 <0.001
21.90 11.8 1.85 0.068
2.96 1.61 1.84 0.069
14.62 1.91 7.68 <0.001
0.94 0.503 1.87 0.064
-0.09 0.0388 -2.21 0.029
20.94 2.3 9.10 <0.001
-1.39 0.659 -2.11 0.038
-0.07 0.0391 -1.76 0.081
4.01 4.64 0.86 0.390
38.90 12.2 3.18 0.002
—20.90 12.4 —1.68 0.095
-2.08 0.66 -3.15 0.002
0.91 0.308 2.94 0.004
0.93 0.436 2.13 0.036
18.21 6.79 2.68 0.009
3.78 1.63 232 0.023

Adjusted R? values were approximately 2 percentage points less than raw R? values in all cases

*When filter-feeding ducks were regressed against nitrite and nitrate separately, significant positive relationships were found for both

of them (P=0.014 for each)

as a guild, but the best model for Blue-billed Duck
also included a positive term for phosphorus and a
negative term for phosphorus squared, with a turning
point at 18 mg/l (Table 4). An alternative model for
Hoary-headed Grebe also included a negative term
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for phosphorus squared, with an even higher turn-
ing point of 40.9 mg/l (Table 4). Howeyver, the curves
against phosphorus were almost linear, suggesting
that the effect of phosphorus was positive over a wide
range of concentrations.
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Table 3 Models of abundance of waterfowl species in Lake Borrie lagoon (as % of totals in whole WTP) in relation to water chem-
istry assessed at the Borrie outlet, 2000-2020 (N=112)

Species (dependent variable); % Guild Nutrient (explanatory variable) Estimate SE P
variance explained (adjusted R?)
Musk Duck Diving duck Constant 2.66 1.02 0.011
16.1% Ammonia 0.71 0.2 <0.001
Ammonia squared —0.01693 0.00562 0.003
Organic nitrogen 0.386 0.261 0.142
Freckled Duck Filter-feeding duck Constant 27.65 5.64 <0.001
9.0% Nitrite 105.2 40.7 0.012
Nitrite squared -72 43.1 0.099
Black Swan Grazer Constant 0.1 3.73 0.980
17.9% Organic nitrogen 1.636 0.415 <0.001
Phosphorus 0.74 0.36 0.043
Australian Shelduck Grazer Constant 25.21 7.37 <0.001
6.7% Ammonia 1.517 0.647 0.021
Ammonia squared —0.0268 0.0175 0.129
Phosphorus —1.617 0.76 0.036
Pink-eared Duck Filter-feeding duck ~ Constant 40.43 4.36 <0.001
3.5% Nitrate 4.01 1.91 0.039
Australasian Shoveler Filter-feeding duck ~ Constant -5.92 6.83 0.388
17.7% Ammonia 2.489 0.707 <0.001
Ammonia squared —0.0541 0.0198 0.008
Organic nitrogen 8.4 3.18 0.010
Organic nitrogen squared -0.709 0.304 0.022
Grey Teal Dabbling duck Constant 7.1 1.17 <.0.001
5.8% Nitrite 11.26 4.25 0.009
Chestnut Teal Dabbling duck Constant 22.23 223 <0.001
10.9% Ammonia 2.429 0.683 <0.001
Ammonia squared —0.058 0.0191 0.003
Pacific Black Duck Dabbling duck Constant 20.5 1.7 <0.001
8.9% Ammonia —0.442 0.164 0.008
Nitrite 15.97 6.17 0.011
Nitrate —1.507 0.75 0.047
Hardhead Diving duck Constant 6.01 1.34 <0.001
39.4% Ammonia 0.733 0.13 <0.001
Nitrite 13.14 4.87 0.008
Nitrate -1.136 0.592 0.058
Hardhead Diving duck Constant 4.84 1.51 0.002
40.4% Ammonia 0.667 0.135 <0.001
Nitrite 29.8 114 0.010
Nitrite squared —18.5 11.5 0.110
Nitrate —1.068 0.588 0.073
Blue-billed Duck Diving duck Constant —-142 14.9 0.344
56.8% Ammonia 1.322 0.188 <.0.001
Nitrite 38.18 6.74 < 0.001
Nitrate -2.231 0.846 0.010
Phosphorus 6.51 2.85 0.025
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Table 3 (continued)

Species (dependent variable); % Guild Nutrient (explanatory variable) Estimate SE P
variance explained (adjusted R?)
Phosphorus squared —-0.375 0.133 0.006
Australasian Grebe Grebe Constant 12.52 9.54 0.193
8.6% Ammonia —0.588 0.278 0.037
Organic nitrogen -3.03 1.09 0.007
Phosphorus 1.768 0.961 0.069
Hoary-headed Grebe Grebe Constant —-16.5 12.7 0.197
35.1% Nitrite 20.53 542 <0.001
Nitrate -2.34 0.737 0.002
CBODS5 1.058 0.328 0.002
Phosphorus 5.1 2.38 0.035
Phosphorus squared —0.185 0.11 0.096
Australian Pelican Pelican Constant 31.33 5.22 <0.001
5.9% Organic nitrogen —3.38 1.27 0.009
Whiskered Tern Marsh tern Constant 18.57 7.01 0.010
4.3% TSS 0.343 0.157 0.032

Adjusted R? values were approximately 2 percentage points less than raw R? values in all cases

Table 4 Turning points (i.e. optimum levels) and maximum tolerable levels of nutrients for waterfowl species and guilds based
on quadratic models for waterfowl numbers in Lake Borrie lagoon (as % of those in the whole WTP) in relation to water chemistry

(assessed at the Borrie outlet)

Dependent variable Explanatory variable R* (%) Turning point (mg N/1  Max (mgN/I or P for quad-
or mg/l) mg/l) ratic term
Diving ducks Ammonia 38.8 29.1 62 0.020
Australasian Shoveler Ammonia 14.9 20.9 46 0.009
Chestnut Teal Ammonia 12.3 20.9 50 0.003
Musk Duck Ammonia 16.8 20.4 45 0.003
Diving ducks Nitrite 323 0.72 1.5 0.015
Grebes Nitrite 222 0.69 1.6 0.095
Waterfowl Nitrite 26.0 0.74 1.8 0.085
Freckled Duck Nitrite 11.3 0.73 1.7 0.099
Australasian Shoveler Organic Nitrogen 8.0 7.4 15 0.026
Blue-billed Duck Phosphorus 2.3 18.2 37 0.006
Hoary-headed Grebe Phosphorus 11.6 40.9 83 0.096

Minimum tolerable values were close to zero in all cases (0 to—8, data not shown). Observed means and ranges at the outlet were
3.7 mgN/1 for ammonia (0—46); 0.2 mgN/1 for nitrite (0-1.2); 3.5 mgN/1 for organic nitrogen (0-11.4); and 10.0 mg/1 for phosphorus

(3.6-18.0)

Models explaining 10-20% of variance were also
found for the third species of diving duck (Musk
Duck), the most common species of dabbling duck
(Chestnut Teal), the second commonest filter-feed-
ing duck (Australasian Shoveler) and the second
commonest grazing waterbird (Black Swan Cygnus
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atratus [Latham, 1790]) (Table 3). The best mod-
els for Musk Duck, Chestnut Teal and Australasian
Shoveler included positive terms for ammonia and
ammonia squared with turning points of 20-22 mg
N/1in all cases (Table 4; Fig. 5). The model for Musk
Duck also included a non-significant positive term
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Fig. 5 Quadratic models of waterfowl abundance on Lake Borrie lagoon (as % of WTP totals) in relation to nutrient levels in the
Borrie outlet, 2000-2020 (n=112). NH3 ammonia (mostly as ammonium ions NH,+), NO2 nitrite NO,-, OrgN organic nitrogen

for organic nitrogen, and the model for Australasian
Shoveler included a positive term for organic nitro-
gen and a negative term for organic nitrogen squared
(Table 3), with a turning point of 7.4 mg N/l for
organic nitrogen (Table 4; Fig. 5). The best model for

Black Swan was quite different, with positive terms
for organic nitrogen and phosphorus but not ammonia
(Table 3).

Weaker models explaining less than 10% of vari-
ance were found for most of the remaining species
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analysed, and they included positive terms for ammo-
nia or nitrite (at least up to a certain turning point),
and various relationships with other nutrients (gener-
ally positive with organic nitrogen and negative with
nitrate) (Table 3). No significant models were found
for Eurasian Coot Fulica atra Linnaeus, 1758. Two
species (Australasian Grebe and Pacific Black Duck)
showed negative relationships with ammonia, and
they were the only species to do so. In addition, Aus-
tralasian Grebes showed a weak negative relationship
with organic nitrogen.

Quadratic relationships between effluent chemistry
and waterfowl

When waterfowl species or guilds were examined in
relation to single physical or chemical variables, quad-
ratic relationships were revealed in 11 cases (Fig. 5).
These implied optimum levels of nutrients (measured
at the Borrie outlet) of 20-30 mg N/I for ammonia,
0.7 mg N/1 for nitrite, 7.4 mg N/1 for organic nitrogen,
and 18—41 mg/l for phosphorus (Table 4). The values
for ammonia and nitrite were remarkably consistent
between species and guilds. The models implied that
these species and guilds could tolerate a wide range
of nutrient levels (up to 45-62 mg N/I for ammo-
nia, 1.5-1.8 mg N/I for nitrite, 15 mg N/I for organic
nitrogen and 37-83 mg/l for phosphorus). The mini-
mum levels of these nutrients were close to zero in all
cases, implying that pure water would support negli-
gible densities of these birds.

Discussion
Effects of sewage management on waterfowl numbers

The EIP caused a redistribution of waterfowl at the
WTP, with increases in ponds that received partially
treated sewage (vs raw sewage) and decreases in
ponds that were decommissioned from the treatment
process (Loyn et al., 2014a). Many ponds would have
received high levels of various chemicals including
ammonia and sulphides before the EIP when they
received raw sewage, reducing biological productiv-
ity. This accords with observations on smaller treat-
ment plants in north-east Victoria, where the high-
est bird densities were found on winter-storage and
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maturation ponds at later stages in the treatment pro-
cess (Murray et al., 2014). The observed decrease in
the decommissioned Lake Borrie lagoon accords with
the common observation that waterbird densities are
higher on treatment plants than on many other wet-
lands (e.g. Murray et al., 2013; Breed et al., 2020),
presumably because high nutrient levels increase
productivity and provide a rich food resource for
waterfowl.

This view was reinforced when partly treated sew-
age was restored to Lake Borrie lagoon and water-
fowl numbers increased to levels comparable with
the period before the EIP (Fig. 4). Feeding rates of
waterfowl on Lake Borrie lagoon were also found to
increase (Loyn et al., 2017). Two guilds (dabbling
ducks and grazers) also increased in number on Other
lagoons, and both these guilds included species that
feed extensively away from ponds (Chestnut Teal
from tidal mudflats; Pacific Black Duck and Austral-
ian Shelduck in nearby farmland). For most species
(including all those that feed primarily from the treat-
ment ponds), the increases on Lake Borrie lagoon
were greater than changes observed on Other lagoons,
in accord with our expectations. This hypothesis was
strongly supported for total waterfowl, filter-feeding
ducks, diving ducks, grebes and ten of 17 individual
species, and similar patterns were observed for marsh
terns. Hence it seems that the investment in the new
pipeline to deliver carefully planned, moderate, nutri-
ent concentrations achieved its objective for water-
fowl habitat restoration. It also delivered the desired
improvements to sewage treatment capacity, and it is
an excellent example of integrated water management
delivering multiple benefits.

Roles of nutrients

Studies of natural wetlands have shown variable
results for the effects of nutrients and other variables
on waterfowl numbers. Salinity was a key variable
affecting waterfowl in 95 wetlands in southern West-
ern Australia (Halse et al., 1993), and phosphorus
had little effect; nitrogen was not assessed in that
study. Murphy et al. (1984) found positive relation-
ships between duck numbers and both phosphorus
and nitrite in taiga ponds in central Alaska. Hans-
son et al. (2005) found that wetland birds were posi-
tively related to wetland surface area (up to~5 ha) on
32 small recently constructed wetlands in southern
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Sweden, showing no clear relationship with nutrient
status. Hamilton et al. (2005) and Murray et al. (2014)
showed that waterfowl favoured intermediate levels of
nutrients at wastewater treatment plants. Our results
support that finding and provide a unique demonstra-
tion that major changes in nutrient status (reduction
and subsequent restoration) can have direct effects
on waterfowl abundance. Hence interventions of that
sort can be highly effective in improving the habitat
value of wastewater treatment plants (or potentially
other artificial wetlands) for waterfowl by providing
appropriate levels of nitrogen and phosphorus.

Sewage contains a cocktail of chemicals, including
some that are beneficial for aquatic biota and others
that are toxic. Some may be beneficial at low concen-
trations but toxic at high concentrations. Concentra-
tions of chemical constituents are often correlated
with each other (as observed in this study), adding
to the difficulty of identifying which ones may have
most influence on the biota of interest. As with all
observational studies, influence in a statistical model
does not necessarily imply causal effects.

The chemical measurements used in this study
were made at the Borrie outlet, and can be expected to
differ in some respects from those that applied in the
treatment ponds at the time (probably with lower con-
centrations of total nitrogen, and higher concentra-
tions of nitrate as the most oxidised form of nitrogen,
as a result of the longer retention time). So, while the
models show positive responses of waterfowl on Lake
Borrie lagoon to ammonia or nitrite at the outlet, the
chemistry driving the waterfowl response will be
somewhat different in the ponds from that observed
at the outlet.

Ammonia and nitrite both featured strongly in our
models, showing positive responses up to turning
points of ~20-29 mgN/l for ammonia or 0.7 mgN/l
for nitrite (as measured at the outlet). These levels are
higher than those generally tolerated by freshwater
fish. Phosphorus and CBODS featured less often, also
positively with a weak turning point identified for
phosphorus at~ 18 mg/l. Those turning points are all
at the high end of the observed scale of concentrations
at the outlet, so the general effects of those nutrients
can be viewed as positive for waterfowl within the
common prevailing range. The prominence of nitrite
is somewhat surprising, as it is generally found at low
concentrations, occurring as an intermediate product
in the oxidation of ammonia or organic nitrogen to

nitrate. However, previous modelling at the WTP also
found that nitrite featured prominently, especially in
models for diving ducks (Loyn et al., 2002). A pos-
sible explanation is that the level of nitrite reflects
the productivity or turnover of biota such as algae,
and the rate at which ammonia is oxidised to nitrate
in the system. In view of the low concentrations, it
is unlikely that nitrite per se has especially beneficial
properties for waterfowl or their food supplies.

In terms of practical advice to managers, our mod-
els suggest that waterfowl will benefit from running
the system to deliver high rather than low levels of
ammonia, nitrite, phosphorus and CBODS5. Although
optimum levels (turning points) were identified for
these nutrients, they were found to be at the upper
range of recorded levels and do not appear to be
sharp, so for most species there is a wide range of
nutrient levels that can provide good conditions, vary-
ing along the sequence of treatment ponds. Previous
modelling also recognised the value of intermediate
nutrient levels (Loyn et al., 2002, 2014c; Hamilton
et al., 2005; Murray et al., 2014).

Possible mechanisms

Further work is needed to identify the chemical and
biological pathways that may be involved. Inver-
tebrates are a dominant food source for most ducks
(including all the duck species that declined on Lake
Borrie lagoon in Period B and increased again in
Period C) as well as other waterbirds that showed that
pattern (Hoary-headed Grebe and Whiskered Tern).
Hence it is likely that the effects of nutrients were
mediated through their effects on invertebrate abun-
dance. Chironomid midges were often visibly abun-
dant at Lake Borrie lagoon and other treatment ponds
in summer and autumn (when adults emerged from
aquatic larvae), though no quantitative surveys were
undertaken. Oligochaete worms have been found to
be abundant in the sludge in these ponds (Hamilton
et al., 2005; Rogers et al., 2010).

Parallel studies to this have provided evidence that
waterfowl may reduce populations of phytoplank-
ton in Lake Borrie lagoon (unpublished data), per-
haps contributing to rapid turnover and production
of nitrite. It is likely that waterfowl play an active
role along with other biota in the chemical processes
of sewage treatment, with different guilds such as
filter-feeders or diving ducks and grebes consuming
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phytoplankton or benthic invertebrates and stirring
the surface waters or benthic sludge respectively.

Fish are generally considered scarce in treatment
ponds, but some are known to have entered Lake
Borrie lagoon and Other lagoons in 2005, when the
adjacent Little River overflowed its banks (McGu-
ckin, 2008, 2009). The comparatively low nutrient
status of Lake Borrie lagoon at that time may have
helped these fish populations thrive, perhaps reducing
food supplies for birds through competition (Bouffard
& Hanson, 1997; Potthoff et al., 2008; Stamation &
Loyn, 2009). Reintroduction of treated effluent from
2015 may have reversed that process, to the detriment
of fish but with positive benefits for waterbirds. Fish
may be more sensitive to nutrients than waterbirds
because they depend on the aquatic system for respi-
ration as well as nutrition. Specialist fish-eating birds
generally made little use of the WTP ponds for feed-
ing (assuming that Hoary-headed Grebes were mainly
taking invertebrate prey), though many cormorants
(five species), Australian Darters Anhinga novaehol-
landiae (Gould, 1847), Australian Pelicans Pelecanus
conspicillatus Temminck, 1824 and coastal species of
tern feed commonly in tidal waters nearby, and cor-
morants, darters and pelicans use some of the ponds
for roosting or nesting in dead trees (Loyn et al.,
2014a).

Managers of wastewater treatment plants (and
other wetlands) devote much effort to reducing lev-
els of nitrogen in the outlets, as excessive amounts
of nitrogen, phosphorus or other nutrients can cause
serious pollution in freshwater or coastal ecosys-
tems, with eutrophication producing algal blooms
and reduced biodiversity (e.g. Smith & Schindler,
2009; Chislock et al., 2013; Dodds & Smith, 2016).
However, this study confirms results of previous
work showing that, within limits, nutrients including
nitrogen enhance habitat for waterfowl on treatment
plants, and this should be considered in managing
those plants and fine-tuning requirements for dis-
charge licences. If licence requirements are too oner-
ous (demanding unnecessarily low levels of nutrients
in the discharge), the negative effects on waterfowl
may outweigh any benefits to the health of recipient
waters. In the case of the WTP, this is not a trivial
matter as the numbers of waterfowl involved are
consistently large (up to 185,000) and include listed
threatened species and Australian endemic waterfowl.

@ Springer

Conclusions

The study shows that replacing sewage effluent with
treated water reduced the value of a major habitat and
treatment lagoon for waterfowl (presumably by reduc-
ing invertebrate food), and returning partially treated
sewage saw a corresponding resurgence of waterfowl
to previous numbers. These effects were most marked
for filter-feeding ducks, diving ducks, Hoary-headed
Grebe and marsh terns (Chlidonias spp.), which feed
largely on invertebrates. Models showed that suit-
able levels of nutrients such as nitrogen from sewage
effluent can have a positive influence on waterfowl
numbers and diversity at wastewater treatment plants.
This is a rare demonstration of these effects (in both
directions) at an operational scale.
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