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Abstract

Saltmarsh vegetation, seston and microphytobenthos are all conspicuous components of most
temperate estuaries and they potentially contribute to the estuarine food chain. Y et their
relative contributions are unclear, asis the significance of saltmarsh losses through natural
and human-induced impacts. This study aimed to quantitatively determine the contribution of
various types of primary producersto detritus in the Walpole-Nornalup Estuary and
Leschenault Inlet, two permanently-open estuariesin SW Australia, and, estimate the flow of
different types of detritusto higher trophic levels, using carbon (®C) and nitrogen (*N) stable
isotopes as tracers. Results of the mixing model indicated that seston, microphytobenthos and
to some extent seagrass and fringing saltmarsh were the main contributors to the detrital pool
in both estuaries. However, the relative contribution of different primary producers varied
both within and between estuaries. The contribution of saltmarsh was higher at sites close to
rivers and dense fringing vegetation, while seston, microphytobenthos and seagrass
dominated the detrital material at other sites. Benthic harpacticoid copepods were shown to
feed on detritus though they appeared to actively select for different components of the
detritus depending on site and estuary. | sotopic signatures of other consumers indicated that
fish and invertebrates derived nutrients from MPB and detritus, either directly asfood or
indirectly through feeding on invertebrates. The overall contribution of saltmarsh to detritus
was lower in Leschenault Inlet than in Walpole-Nornalup Estuary, possibly as aresult of
increased clearing of fringing vegetation around Leschenault Inlet. This pattern was however
not reflected in harpacticoid food. Therefore, athough losses of fringing saltmarsh around
estuaries have the potential to significantly affect estuarine food webs, the significance of

such losses will beste- and estuary- dependent.
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I ntroduction

Estuaries worldwide provide afocal point around which many coastal communities develop
and grow. Fisheries, agriculture and other industries prosper in and around estuarine
ecosystems and form a large economic resource for these communities, placing estuarine
environments under increasing pressure from human disturbances. Since ahealthy estuary is
inherent to the ecological, cultural and economic coastal society, it isimportant to find tools

that allow usto evaluate the effect these developments might have on estuarine processes.

Estuarine saltmarsh vegetation is under threat at a global scale through the potential impact of
global sea-level rise (Knogge et al. 2004), and at alocal scale due to losses from natural and
human -induced disturbances (e.g. Pen et al. 2000; Harty and Cheng 2003). Development and
hydrological changes affect the distribution and biomass of fringing vegetation, but the
significance of those changesis unclear. Where estuarine foodwebs are reliant on significant
inputs from fringing saltmarsh and macrophytes, there is the potential for flow-on effects to
higher trophic levels, such aslarge invertebrates and fish (e.g. Loneragan and Bunn 1997;
Kwak & Zedler 1997). However, the literature suggests a varied role for this material in the
diet of estuarine organisms. In some studies, marsh detritus and seagrass have been shown
important as food sources to estuarine invertebrates (Zieman et al. 1984; Thresher 1992; Riera
et al. 1996; Kwak and Zedler 1997; L oneragan and Bunn 1997; Castellanos and Rozas 2001),
while other studies have shown that filamentous algae, microphytobenthos (MPB) and
phytoplankton are the preferred food (e.g. Haines 1976; Kwak and Zedler 1997; Le Point et

al. 2000, Moens et al. 2002; Riera and Hubas 2003).

The trophic transfer of energy from primary producers can involve several possible

mechanisms, but it is clear that meiofaunal assemblages, such as copepods and nematodes,



play an important role in the transfer of nutrients from detritus to higher trophic levels
(Carman and Thistle 1985; Kennish 1990; Cabana and Rasmussen 1996; Rieraet al. 1996;
Coull 1999; Carman and Fry 2002). In turn, meiofauna, which are typically abundant in
estuarine sediments, present afood sourceto larger invertebrates and fish (Coull etal. 1995;
Coull 1999). Invertebrates and fish can also consume detritus directly (Odum 1980; Kennish
1990; Constable 1999), although surface microbes and microphytobenthos may be assimilated

rather than detrital material (Cammen 1980; Ziemanet al. 1984).

In temperate Australian estuaries, thereis limited information on the contribution of primary
producersto food web structure, particul arly quantitative estimates of the relative
contributions of primary producers to detritus and first order consumers (e.g. Cook et al.
2004). Several studies assume contributions of particular primary producers to fish production
without first adequately linking primary p roduction with first-order consumers (e.g. Bulman
et al. 2001; Mazumder et al. 2006). Producing quantitative estimates would add insight into
therole of saltmarsh in the production of detritus and the support of higher trophic levelsin
temperate Australian estuaries, facilitating an evaluation of the potential consequences of
alterationsin the primary producer composition for the tropho -dynamics of these systems.
Saltmarsh in these regions are affected by direct clearing of fringing vegetation for
development and agriculture (e.g. Hodgkin and Clark 1988; Hodgkin 1998), aswell as
management effortsto alter hydrological regimesto promote greater ocean connection

(Hodgkin 1998).

Thefirst aim of this study wasto identify, through the natural abundance of carbon and



nitrogen isotopes, the main primary producers that contribute to detrital material and first
order consumers and to examine the flow of material to higher trophic levelsin two
permanently open estuariesin south-west Australia. The second aim was to evaluate whether

any contribution of those primary producers vary within and between these estuaries.



Methods and M aterials

Study area

Two permanently open estuariesin south-west Australia were selected for the study. The
Walpole-Nornalup estuary consists of two basins and the lower reaches of the Deep,
Frankland and Walpolerivers (Figure 1). Depthsrange from 0to 5 m. Tidal influence and the
level of exposure at the south coast allow marine water to intrude several kilometres up the
Frankland and Deep rivers. The region experiences high annual precipitation rates (» 1400
mm), and low evaporation rates (»600 mm) (Hodgkin and Clark 1988). Heavy rainfall may
stratify the estuary, but the deep waters rarely experience salinities lower than 30%.. Water
temperature changes seasonally (8-24C°), but is hardly ever uniform throughout the water
column (Hodgkin and Clark 1988). Juncus kraussi dominates the fringing macrophytes and
among the seagrass, Halophila sp. and Ruppia megacarpa are common. The Walpole-
Nornalup estuary isprincipally surrounded by conservation estate and has largely intact

fringing vegetation with the exception of some recreational areas.

Leschenault Inlet consists of one large basin with the Collie and Preston rivers discharging
into the estuary near the ocean opening (Figure 1). It covers 27 km? and rarely exceeds 2 min
depth. Annual precipitation and evaporation averages at 875 mm and 1200 mm respectively
(Hillman et al. 2000). Tidal fluctuations and wind keep the water well mixed and L eschenault
remains essentially marine throughout the year except for the northern region, which becomes
hyper-saline during summer (Charteris and Deeley 2000). Temperature varies(4—20C°)
depending on local weather and the intrusion of colder water from the ocean. Juncus kraussi
and to some extent the parkland grass Paspal um vagi natumdominate the fringes, while the
submerged macrophyte species composition is dominated by seagrasses and brown algae,

athough semi attached green algae can contribute to a significant portion of total macrophyte



biomass seasonally (Hillman et al. 2000). In Leschenault Inlet, 50% of an estimated 700ha of
fringing vegetation had been lost through industrial and recreational devel opments between

the 1940s and 1990s (Pen et al. 2000).

Data collection

Three sites were sampled within each estuary. Their location encompassed much of the
known spatial variability of each estuary with respect to the potential influence of saltmarsh,
riverine and marine vegetation. During April 2001, detritus and arange of primary producers

and consumers were sampled at each site in both estuaries. Where possible, three or four

samples of each type of material or taxa were collected from each site. For some small
organisms (phytoplankton, seston and meiofauna), high numbers were required for the stable

isotope analysis and, therefore, one or two pooled samples were collected from each site.

Detritusand primary producers

The upper detrital layer (»10mm) surfacing the bottom sediment was collected at each site
with a 125 pum sweep net until the mesh clogged up. Samples were then filtered through a
series of 500, 63 and 20 um mesh sieves and the 20-63 um size-class of detrital particles was
filtered onto pre-combusted (600°C for 5 h) Glass Fiber /C (GF/C) filters and frozen for

further processing.

Plankton wereisolated by pumping approximately 500 | of estuarine water from a depth of

0.5 m through a 500 pm sieve placed above two cone nets, one of 100 um mesh placed inside
another of 20 um mesh. The 100-500 pm sample was considered to contain zooplankton while
the 20-100 um sample was considered to contain seston (phytoplankton and some detritus).

Seston samples were examined under a microscope to determine the proportions of



phytoplankton and detritus in the sample. Samples were filtered onto precombusted GF/C
filters, packed in a@uminium foil and stored on ice for further processing. Due to the low
abundance of zooplankton, they were regarded as one group and not separated into species or
functional groups. Zooplankton were separated from large debris manually and then put in

GF/C filtered seawater for at least 24 hrsto depurate.

Microphytobenthos (MPB) were sampled from the upper layer (" 2 cm) of sediment from
patches with little visible detritus. The sediment was collected with asmall trowel, placed in a
volumetric flask with distilled water and shaken to separate the algal cells from the sediment
grains (median size™ 1mm). Microscopic analysis confirmed that the suspension contained
mainly MPB and detritus. This solution was filtered through a series of 500, 120 and 63 mm
five times to clean the sample from most fauna and large detritus. The volumetric proportion
of detritusin the ssmples was determined through microscopical analysis of 10 sub-samples

of each sample, prior to packing the samplesin aluminium foil, and freezing.

Leaves, stems and roots from terrestrial plants and seagrasses were collected from abundant
species a each site. For macroalgae, whole thalli were collected. Samples were rinsed in

distilled water and then frozen.

Consumers
Meiofauna (63-500 pum) were collectedby divers using a 125 um sweep net to scoop over
250m of sediment surface. After collection, the material was filtered through 1000 and 500

pm mesh sieves to remove macrofauna and large debris. The sediment was then allowed to



settle and the supernatant water was poured through a 63 um mesh sieve to retain meiofauna
and detrital material of 63-500 um. Amodification of Couch’s (1988, 1989) method was used
to concentrate and isolate debris-free copepods from the filtrate. The method comprised
letting the copepods swim towards an isolated light-source concentrated to asmall holein an
otherwise opague box. By connecting a syringe directly to the hole we could easily extract
vast amounts of debris free copepods. The isolated copepods were left in filtered seawater for
24 hrsto depurate, after which they were poured through a 63 um mesh sieveinto a clean
container and rinsed with Milli Q water. This procedure was repeated four times to clean the
sample from crystallising ions and possi bl e gut-contents. The sample was then sorted into
harpacticoid, calanoid and cyclopoid copepods. Other meiofauna were extracted using the
method explained for extracting MPB. Nematodes and |arvae were then separated manually
from detritus under a high precision dissecting microscope, and kept in separate tanks of
filtered seawater for 24 hrsto depurate their guts. All meiofauna samples were then filtered

onto precombusted GF/C filters, packed in aluminium foil and frozen.

Benthic macrofauna (>500 um) in the sediments were sampled to adepth of 20 cmusing a
10-cm-diameter core. The sediment was then washed through a series of graded sieves.
Invertebrates from the sieved sediment were separated from detritus and sorted into size
classes and broad taxonomic groups, and then kept in filtered seawater for 24 hrsto depurate
their guts. Muscle tissue from gastropods, bivalves and large crustaceans were removed from
their cases or shells. For other organisms, the whole animal was retained, packed in plastic

containers and frozen.
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Fish were caught at each site using a seine net. The seine net was21 m long and 1.5 m high
with 0.6-0.9 cm® woven mesh, while the gill net was 40 m long and 4 m high with 4-8 cm?
mesh. On capture, fish were immediately anaesthetised in a bath of 1% Benzocaine, resulting
in euthanasia. Fish were then placed in ice slurries for muscle dissection in the laboratory. For
large fish, a small sample of muscle from the dorsal flank was collected and then the animal
was released with minimum handling. Samples of muscle tissue were collected from all fish

and stored in ependorf tubes on ice for further processing.

Stableisotopeanalysis

Since muscle tissue comprises a large part of the organism and has been shown to represent
intermediate dC and d™N levels (Wada and Mizutani 1991), muscle tissue was used for the
isotope analyses of most invertebrates and fish. All samples of copepods, amphipods and
other small crustaceans were washed in 1 M HCI to remove inorganic carbon (Bunn and Boon
1993). Because acid-washing can affect the nitrogen stable isotopic content (Rolff 2000,
McCutchan et al. 2003), a separate sub sample was removed prior to acid-washing and
prepared for d*N analysis. Since between 600-1000 copepods were required for stable isotope
analysis, al cyclopoid and some calanoid copepod samples were excluded as they had
insufficient biomass. For nematodes, polychaetes and some crustaceans, samples were pooled
to ensure sufficient biomass for analysis. All samples and filters were dried separately at 70°C
until completely dry, ground in amortar with a pestle to afine powder, re-dried and then

placed in ependorf tubes and stored at —20°C.

Stable isotopic ratios for ®N/*N and “C/*C were determined for all samples using a Europa
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ANCA-GSL (gas/solid/liquid) 20-20 Mass Spectrometer. The precision (internal and
external) of the measurement was 0.3 %o for nitrogen and 0.2 %o for carbon. Reference
samples of 2 mg of flour and 1.5-3 mg of glutamic acid were used for the *N/*N and “*C/**C
analysis, respectively (Barrie and Prosser 1996). Two samples of each species or group were
analysed to correct for measurement error. All results were reported as d*C or d®N relative to
Pee Dee belemnite and atmospheric nitrogen gas, respectively, against which the reference

samples were standardised.

Dataanalysis

The Isosource mixing model (Phillips & Gregg 2003) was used to estimate the potential range
contribution of primary producers, firstly to detritus, and secondly, to harpacticoid copepods,
which are known to feed on detritus (Higgins and Thiel 1988; Couch 1989) and form an
important part of the food chain (Coull 1999). Analyses focused on using average datafor the
major sources of production, detritus and copepods from each site in each estuary to examine
the system-wide and spatial variability of contributions of primary producersto detritus. Even
though replicate samples of some producers (i.e. MPBs and phytoplankton) and harpacticoid
copepods were not available, those single samples were collected over large areas
(approximately 2500m?) containing thousands of individuals and therefore provide a
representative value for each site, capturing variability on the same spatial scale as the other
consumers and primary producers which were analysed. When only one or two stabl e i sotopes
are used, fewer sources add precision to the analysis (Phillips and Gregg 2003). However,
when too many sources are combined the mean becomes indeterminate due to increased

variation. There isthus a trade off between using fewer sources or more accurate means. In



this study, we have chosen to combine plants or algae that comprise the same functional

group if differencesin either stable isotopic signature (i.e. d®N or d®C) were less than 20%.

The frequency and range of the possible contribution (0-100%) of each possible source at
increments of 1% were determined (see Phillips and Gregg 2003 for details) using bothd“C
and d®N values for detritus and only d**C values for copepods since the enrichment of d°N
between trophic levels has been shown to vary considerably for marine invertebrates
(McCutchan et al. 2003; Vanderklift and Ponsard 2003). Includingd®N values would
therefore have added to the uncertainty of the model outputs. Further, since d“C exhibitslittle
or no enrichment between trophic groups (McCutchan et al. 2003; Staddon 2004), d“C values
of consumers were not adjusted for fractionation in the mixing model analyses. Mixing model

analyses were combined with graphical analysesto affirm and validate mixing model outputs.

The d®C and d®N values of higher trophic levelswere only analysed graphically.

13



Results

I sotopic characteristics for primary producers

In Walpole-Nornalup estuary,d*C and d®N values of primary producersvaried greatly, from
-34.4 t0 -9.9%o for d™*C and from 3.1 to 8.6%. for d°N (Table 1). Thed™C values of the
primary producers fell into three groups. The first group consisted of saltmarsh vegetation
and, with the exception of the introduced grass Paspalum vaginatum (d*°C = -13%o), had low
d™C values between -29 and -24%o. The second group comprised seston, MPB and

macroal gae, which had d *C values ranging from -22.0 to-15.7%o (except for the filamentous
red algae Gracilariagracilis which had d®C < -30%o.). However, seston and MPB samples
contained detritus (10, 10 and 20% in seston samples, and, 10, 20 and 20% in MPB samples
for site 1, 2 and 3 respectively). The third group comprised the seagrasses Halophila ovalis
and Zostera tasmanica, with high d”C values between -15.8 and -9.9%.. Mean d*N values of
primary producers were highly variable and the greatest variation was found for saltmarsh

vegetation (3.1 t0 8.6%o).

Mean d”C andd™N vauesfor primary producersin the Leschenault Inlet were comparable to
those in Walpole-Nornalup. Similarly, primary producers could be separated into three groups
of low, intermediate and highd*C values (Table 1). The first group hadd“C values close to -
26%o and constituted saltmarsh vegetation, with the exception of Paspalumvaginatum (d“C =
-13%o). The second group hadd“*C values between -15.4 and -22.2%o. and included seston,
MPB and filamentous algae. Seston and MPB samples contained detritus (10, 20 and 15% in
seston samples, and, 20, 15 and 25% in MPB samplesfor site 1, 2 and 3 respectively). The

third group comprised seagrasses, which had highd*C values ranging from -8.1%o to -8.7%o
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(Table 1). Asfor Walpole-Nornalup, meand®N values of primary producers were highly

variable and the greatest variation was found for saltmarsh vegetation (2.5 to 11.3%o).

The contribution of primary producersto detritus and har pacticoid copepods

There was little spatial variability in thed*C and d"*N values of detritus among sites in
Walpole-Nornalup (Table 1). Mean d”C values of detritus ranged from -19.6 t0-21.7%o while
mean d®N values ranged from 4.6 to 6.0%.. Results from the mixing model demonstrated that
seston, MPB and terrestrial vegetation were potential contributors to detritus at all sitesin the
Walpole-Nornalup estuary (Figure 2a-c). These results seem viable based only on the stable
isotope signatures of these groups (Figure 4). There was generally a higher contribution of
saltmarsh to detritus at sites closer to rivers and dense terrestrial vegetation, such as the
Walpole basin where the median potential contribution was 0.4 (Figure 2c). Seagrasses and
filamentous algae yielded large ranges of contributions to detritus outside the Walpole basin
(Figure 2&ac). Seagrasses were the main contributors to detritus at W2, while filamentous

algae were the dominant contributorsto detritus at W1, closest to the ocean opening.

d™C and d®™N values of harpacticoid copepods varied greatly across sites in the Walpole-
Nornalup Estuary, ranging from -20.2 to -11.3%o0 and 4.4 to 8.8%. respectively (Table 1).
Consequently, the mixing model indicated that the sources of “N and “C to harpacticoid food
were dightly different to those of detritus (Figure 2a-c and 3a-c). The largest differences were
found at W1 where seagrasses contributed more and red algae less to harpacticoid food than
to detritus (Figure 3). Across sites, the overall contribution of saltmarsh to harpacticoids was

dightly lower than it wasto detritus.
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Compared to Walpole-Nornalup Estuary, thed“C values of detritus were on average 3%o
higher in Leschenault Inlet, where they ranged from -16.9 to -14.5%.. However,d™N values
were similar, ranging from 3.7 to 6.9%o in Leschenault Inlet. Results from the mix ing model
indicated that detritus in the Leschenault Inlet comprised a more even mix of potential
contributors than Nornalup-Walpole (Figure 2d f). Seston, MPB, seagrass, saltmarsh and
algae were all contributing to detritus, which appear viable based on the stable isotope
signatures of these groups (Figure 5). However, as for Walpole-Nornalup, the detritus
composition varied across sites. For example, the contribution of saltmarsh vegetation to
detritus was greater at |ocations closer to rivers (Figure 2e) while seagrasses showed high

contributions at al sites (Figure 2d -f).

Compared with Walpole-Nornalup Estuary, d**C and d®N values of harpacticoid copepodsin
Leschenault Inlet were less variable among sites, ranging from-17.6 to -15.0%0 and 4.5 to
7.8%o respectively (Table 1). Thiswas reflected in the mixing model outputs, which indicated
that the contribution of the various primary producersto harpacticoids and detritus were
similar (Figure 2d-f and 3d-f). Aversions from this pattern were a high contribution of the
introduced grass Paspalum vaginatum to detritus at L2 and a high contribution of saltmarsh to

harpacticoids at L 3.

Invertebratesand fish
The increase ind®C and d®N values from detritus to fish was equivalent to three to four

trophic levels (Tables 1 and 2, Figure 4). However, stable isotopic signatures for meiofauna
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and macrofauna overlapped, indicating several possible trophic pathways from detritus to fish

(Figure 4). Zooplankton in Wal pole-Nornalup Estuary were slightly enriched in**C and *N
compared to seston, MPB and detritus (Table 1, Figure 4). Meiofaunagenerally had d**C and
d®N values similar to or dightly higher than did MPB and seagrasses. Nereids and
platyhelminthes varied in their d®C andd™N values, which were similar to seagrasses. Most
crustaceans were slightly enriched in ®*C and *N compared to meiofauna and MPB,
gastropods hadd™C and d**N values similar to MPB and detritus, and bivalves had d“C and
d®N values similar to seston (Table 2, Figure 4). Smaller and medium-sized fish had elevated
d®C and d®N values compared to detritus, meiofauna and smaller invertebrates (Figure 4).
Larger fish, such as sharks and rays, were enriched in both “C and ®N compared to most

species (Figure 4, Table 2).

In Leschenault Inlet, compared to Walpole-Nornalup Estuary, the **C and ™ content of biota
showed a clearer trophic structure from detritus to invertebrates and from invertebrates to fish
(Figure 5). Notableis that many fish species followed the pattern of detritus, and hadd**C
values approximately 3%o higher than their counterparts in Walpole-Nornalup (Table 2).
Overall, assuming an enrichment of 0-1%o. for C and 3-4%. for N per trophic level, there
was an increase in d*C andd™N values from detritus to fish that was equivalent to between
two and three trophic levels (Tables 1 and 2, Figure 5). Zooplankton were slightly enriched
in ®C and N compared to seston (Table 1) and meiofauna had N and “C contents similar to
detritus and MPB. Nereids and platyhel minthes were slightly enriched in **C and N
compared to detritus and meiofauna (Table 2, Figure 5), while small crustaceans hadd*C and

d™N values similar to detritus, meiofauna and MPB. Larger crustaceans had N and “C

17



contents reflecting a varied diet. Gastropods had stable isotopic signatures close to those for
detritus and meiofauna and bivalves had d®C and d”N values similar to green algae and
seston (Figure 5). Smaller fish were dightly enriched in *C and N compared to detritus,

meiofaunaand M FB, while medium-sized fish were enriched in C and ®N compared to

invertebrates (Table 2, Figure 5). Rays had d®C and d™N values that were slightly higher than

other fish species.

18



Discussion

The detritus composition in the two estuaries studied constituted a mix of all primary
producers though the composition varied both within and between estuaries. Furthermore, the
mixing model outputs and graphic analyses provided evidence that living seston and MPB
together with the bulk of estuarine detritus were the main contributors to invertebrate and fish
production in the Walpole-Nornalup and L eschenault estuaries. Since saltmarsh was a
conspicuous component in the detritus, clearing could potentially affect food web structure
and production. However, seston, MPB and seagrass seemed to be the most important

contributors to the food webs in these estuaries, either through the grazing or detrital pathway.

When interpreting the results it must be considered that this study was conducted at asingle
point in time. Seasonal fluctuations in the physical environment, such as temperature, salinity,
light and oxygen concentration, can impinge on the “C/**C ratio of organisms (Troughton and
Card 1975, Smith and McMillan 1976, Guy et al. 1980, Rolff 2000) and also on invertebrate
food consumption (Montagna and Y oon 1991; Carman and Fry 2002). It is therefore possible
that at other times of the year, isotopic analysis could reveal different contributions of primary
producers to detritus and harpacticoids. Furthermore, themicrobial processes during organic
breakdown are poorly investigated and there was a potential for fractionation to have occurred
for both N and *C (Turner et al. 1983; Benner et al. 1984; Zieman et al. 1984, Focken and
Becker 1998). However, until thereis specific knowledge on decomposition processes and its
consequences for stable isotope signatures in the detritus, most studies will have to assume no
fractionation (Phillips and Gregg 2003). It is also important to point out that harpacticoid

copepod samplesin this study comprise severa different species, which may vary
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substantially in their diet (e.g. Carman and Fry 2002). The isotope values for harpacticoids are
therefore overall means, which are useful for ecosystem analysis but provides no evidence of
the specific diet of different species. Ultimately, increasing the number of replicates of
organisms would ensure better means and a greater variability in the stable isotopic

signatures, which would add certainty to both the mixing model and graphical analyses.

Detritus composition

The mixing model consistently identified seston and MPB as mgjor contributors to the bulk of
estuarine detritus, though the detritus composition varied both within and between estuaries.
Obviously these results were clowded by the detritus contamination of MPB samples, but
graphical analysis of the stable isotope signatures of non-MPB sources indicates that mixing
model estimates were redistic. The apparent spatial variability could reflect the variability in
d®C and d®N values of primary producers within and between estuaries (Phillips and Gregg
2003) but also the spatial variability in the abundance of different primary producers. For
example, in Leschenault Inlet where fringing saltmarsh is reduced due to development, the
potential contributions of phytoplankton and MPB were generally higher in comparison with
the Walpole-Nornalup Estuary. Furthermore, relatively large and consistent contributions of
saltmarsh were found close to the mouth of Collie River (L2 and L1) in Leschenault Inlet, and
near the Walpole River (W3) and Frankland River mouth (W2) in Walpole-Nornalup Estuary
where saltmarsh was a conspi cuous component of the fringing vegetation (pers. obs.). This
association between detritus composition and proximity to riversis consistent with earlier
findings (e.g. Haines 1976; Zieman et al. 1984; L oneragan and Bunn 1997). However,

whether detritus at these sites comprises mainly riverine or estuarine vegetation cannot be
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determined, as riparian plantsin freshwater systems have similar d*C to many saltmarsh
species (Bunn and Boon 1993). Conversely, in both estuaries, other primary producers
dominated the contributions to detritus at sites closer to the ocean and in regions with little
fringing saltmarsh. Hence seagrass showed high contributions to detritus at siteswhere living
seagrass was abundant (e.g. W2) and the introduced grass Paspalum vaginatum, which
covered large areas adjacent to the estuaries, contributed substantially to detritus at some sites
inboth estuaries (i.e. W3, L2 and L 3), indicating that human development had impacted

directly on the detritus composition.

Flow of detritusto invertebratesand fish

Benthic copepods are known to feed partially on detritus (David et al. 1985; Higgins and
Thiel 1988; Couch 1989; Carman and Fry 2002) and the relative contribution of different
primary producers to the detritusin these estuaries should to somedegree be reflected in the
harapacticoid food. At most sites, however, the composition of harpacticoid food differed
slightly from that of detritus. This difference could reflect the known ability of benthic
meiofaunato selectively assimilate essential elements from their food (Zieman et al. 1984;
Couch 1989; Riera et al. 1996; Coull 1999), and, in this case, harpacticoids preferentially
assimilating specific components from detritus or grazing on MPB (Montagna 1995, Carman
and Fry 2002). For example, at W1 and W2 in Walpole-Nornalup Estuary, seagrasses were
the most likely sources of C and N for harpacticoid copepods, while detritus at these sites
consisted of amore even mix of primary producers. Furthermore, for some sitesin
Leschenault Inlet, harpacticoid copepods showed a slight preference for the saltmarsh

component in detritus, indicating that the levd of selective assimilation can vary both within
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and between estuaries. Other meiof auna had stabl e isotopic signatures suggesting
microphytobenthic algae (MPB) as the main food, and at least for nematodes, thisis
consistent with earlier findings (Higgins and Thiel 1988; Rieraet al. 1996, Carman and Fry
2002, Moens et al. 2002, 2005). MPB samples were, however, contaminated with detritus and
depending on how the stable isotope values of MPB were affected by the contamination,

detritus could account for up to 20% of its estimated contribution.

The expected enrichment of 0-1%o for **C and 3-4%. for “N per trophic level (DeNiro and
Epstein 1978, 1981) was often not observed between macroinvertebrate consumers and their
potential food sources. For example, Nereids and Plathelminths in Walpole-Nornalup had
very low d®N values for a scavenging behaviour. Furthermore, there was considerable
overlap in stable isotopic signatures, especially in Walpole-Nornalup, indicating alack of
discrete trophic levels. Mainly though, this reflects the high abundance of omnivorous and
generalist feeders among estuarine invertebrates (Shephard and Thomas 1982, 1989). still
there were some indications of trophic enrichment, especially in Leschenault Inlet, and certain
invertebrates constituted the same trophic level in both estuaries. For example, bivalves, i.e.
Tellina 9. andKatelysia sp., had *C and "N contents relatively similar to detritus and
phytoplankton, consistent with afilter-feeding behaviour. M edium-sized crustaceans appeared
to feed on detritus, MPB and meiofauna, consistent with their presumed food preferences
(Robertson 1988; Loneragan and Bunn 1997; Coull 1999). Larger crustaceans generally
constituted a higher trophic level, reflecting a scavenging or predatingbehaviour. These
invertebrates thus consumed MPB and the bulk of estuarine detritus either directly, or

indirectly, through smaller prey.
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Fish collected during this study covered alarge range of feeding groups, which explains the
high degree of variability in d®C and d™N values. This variability, particularly ind®N, partly
reflects the stepwise enrichment inN and **C from mainly detritivorous fish to carnivorous
fish. Overall, the trophic positions of fish speciesin this study, based on their d“C and d*N
values, are consistent with those derived from earlier studies (e.g. Holt 1978; Humphries et al.
1992; Gill and Potter 1993; Humphries and Potter 1993; Last and Stevens 1994 ; Compagno
and Niem 1997; Hyndes et al. 1997; Potter and Hyndes 1999; de Lestang et al. 2000; Sarre et
al. 2000). Larger fish had clearly fed on invertebrates and other fish, which in turn had fed on
grazing and detritivorous invertebrates or directly on detritus. This suggested that al the
major primary producers, including seagrass, were providing fish with nutrientsin these

estuaries.

This study adds further insight into the importance of seston and microphytobenthosin
estuarine food webs, providing quantitative estimates of the relative contributions of these
primary producersto the bulk of estuarine detritus and detritus to first order consumers. In
addition, the study showed that the relative contribution of saltmarsh might vary within and
between estuaries, foremost in relation to the proximity of sitesto rivers and the density of
fringing saltmarsh. Hence, fish consumption of estuarine meio - and macrofaunadoes not
necessarily imply that saltmarsh is contributing to fish production. Connolly (2003) has
shown that many estuarine species are capable of making significant shiftsin their diets
following changesto habitats. In the absence of historical (pre-disturbance) data, it is not
possible to draw conclusions on any shifts in foodweb structure or secondary production that
may have resulted from shiftsin the primary producer base of these two estuaries. However,
although results from this study imply that the loss of fringing saltmarsh from estuaries could

have implications for the entire estuarine food web, generally, the significance of such a
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losses will be site- and estuary -specific, and afunction of the magnitude of loss, the
availability of alternative primary producers that contribute to detrital and grazing food-chains

and the feeding plasticity of the resident fauna.
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Figure legends

Fig. 1. Locations and maps of the two sampled estuaries L eschenault Inlet on the west coast
and Walpole-Nornalup Estuary on the south coast of West Australia and the positions of sites

in each estuary.

Fig. 2. Mixing model outputs showing the range of the potential contribution of different
primary producers to detritus at all sitesin Walpole-Nornalup Estuary and Leschenault Inlet.
Shaded boxes span the 75" (top) to25" (bottom) percentiles with the central lines indicating
the 50" percentile. The vertical lines outside the boxes indicate the 90" (top) and 10" (bottom)

percentiles and the outliers are indicated by dots. MPB = Microphytobenthos.

Fig. 3. Mixing mod el outputs showing the range of the potential contribution of different
primary producers to harpacticoid copepods at al sitesin Walpole-Nornalup Estuary and
Leschenault Inlet. Shaded boxes span the 75™ (top) to 25" (bottom) percentiles with the
centrd linesindicating the 50" percentile. The vertical lines outside the boxes indicate the 90"
(top) and 10" (bottom) percentiles and the outliers are indicated by dots. MPB =

Microphytobenthos.

Fig. 4. Therange of d*C and d*N values for different groups of primary producers, d*C and
d®N values for detritus at each site, and mean d*C andd™N values for invertebrates and fish

across sites in Walpole-Nornalup Estuary:\ = primary producers, ¥ = detritus, * =

meiofauna, ¥ = macrofauna, ? = fish. See Table 2 for full names of species.

Fig. 5. Therange of d*C and d”N values for different groups of primary producers, d*C and

d™N values for detritus at each site, and mean d”C andd™N values for invertebrates and fish

32



across sites in Leschenault Inlet:\ = primary producers, * = detritus, « = meiofauna, =

macrofauna, ? = fish. See Table 2 for full names of species.



Tables

Table 1. Meand®™C and d"N values and standard deviation (sd) for detritus, primary

producers and meiofauna at each site in the Walpole-Nornalup estuary and L eschenault Inlet.

4 replicates (n=4) were used for most floraand fauna. x indicates a pooled estimate.

Functional group Name/Group

Terrestria vegetation Juncus krauss

L ocation

WalpoleNornalup
Detritus
Seagrasses
Aquaticvegetation
Zooplankton
Meiofauna

Leschenault Inlet
Detritus

Terredtria vegetation

Seagrasses

Aquatic vegetation

Zooplankton

Meiofauna

d3c

Wi w2 w3
1956 (0.1) 19.7 (0.1) 21.7 (0.4)
241 (0.6) 25.7 (0.9) 25.7 (0.2)

Paspalum vaginatum -13.1 (0.8)
Halosarcia sp. 28.6 (0.3
Halophila ovalis -10.4 (0.6) 15.8 (1.2
Zosteratasmanica  -9.9(0.1)
Seston 202 (x) 21.6(x) 22.0(x)
Microphytobenthos -15.7 (x) -16.6 (x) -20.8 (x)
Chaetomorpha linum 20.1 (1.3) -21.8 (1.0)
Gracilaria gracilis  -34.4 (0.2)
Zooplankton 476 (x) 223 (x) 221(x)
Nematodes 17.3(x) 142 (X)
Harpacticoid copepods-11.3 (x) -17.4 (x) -20.2 (X)
Calanoid copepods  -12.1 (x) -16.1(x) -20.7 (x)
Insect larvae -16.8 ()

L1 L2 L3

-16.9 (0.5) 14.5 (0.0) -16.7 (0.2)
Juncus krauss 25.1(0.3) 25.3(0.2)

Halosarcia sp.
Paspalum vaginatum

27.3(0.6) 27.6 (0.2) 27.4 (0.1)
435 (0.2) 123 (0.8)

Halophila ovalis 8.2(0.1)
Zogteratasmanica  -8.7(0.4)
Seston -16.6 (x)
Microphytobenthos  -15.4 (x)
Chaetomorpha linum
Polysifonia sp.

Hormophysa triquetra-12.9 (0.1)
Zooplankton 12,5 (x)
Larvae P. pelagicus) -16.1 (x)
Harpacticoid copepods-155 (X)
Cdlanoid copepods  -14.4 (x)

81(02) 84(0.1)

165 (X)

457 (x)

222(02)
193 (02)

471 (X)
4756 ()

45.7 (x)
5.8 (x)
450 (x)
4154 (x)

47.7 (x)
47.3 (x)
47.6 (x)

d°N

w1
46(0)
63(05)

50(02)
50(0.7)
39(x)
47 (X)
41(03)
4.9 (04)
42 (x)
53(x)
44 (x)
7.9 (X)

L1
37(01)
27 (04)
43(08)

2.8(0.)
30(04)
44 (x)
43 (x)

25(11)
24 (x)
35(x)
45 (x)
4.9 (x)

w2
60(03)
86 (0.4)

45(04)

75 (X)
75 ()
54 (02

75 (X)
5.2 (X)
6.5 (X)
6.1 (X)
6.5 (X)
L2
6.1(0.2)

6.7 (03)
6.6 (0.5)
32(0.7)

50 (x)
57 (X)
5.7(0.7)

54 (x)
7.1(x)
6.6 (X)
70 (X)

W 3
52 (0.4)
46(01)
55 (02)
35(06)

6.0 (X)
75 (X)

51 (X)

88 (X)
86 (X)

L3
69 (03)
11.3(10)
104(0.8)
93(03)
50 (05)

88 (X)
59 (x)

70(02)
10.2(x)

74 (X)
78 (X)



Table 2. Meand™C and d”N values and standard deviation (sd) among sites for macrofauna

and fish, sampled in the Walpole-Nornalup estuary and Leschenault Inlet. 9 replicates (three

from each site) (n=9) were used for most fauna. x indicates asingle or pooled estimate.

Location Functional group Name/Group d3*c d°N
Walpole- Worms Nereids -14.0 (6.67) 4.2 (18)
Nornaup Platyhelminthes -12.2 (5.3) 4.4(0.3)
Crustaceans Amphipods -13.9 (5.0) 7.4 (1.8
Tanaidae sp. -14.1 (3.8) 7.95 (1.5)
Palaemon sp. -12.7 (x) 6.6 (x)
Ovalipes augtraliensis -17.9 (x) 10.1 (x)
Panaeus latisculatus -15.3(0.0) 7.1(0.1)
Portunus pelagicus -17.1(0.7) 8.2(0.4)
Gastropods Nassarius sp. -18.4 (2.7) 50(1.7)
Philineangasi -13.0 (0.4) 7.45 (0.1)
Bivalves Katelysa sp. -20.1 (0.9) 51(0.3)
Tellina sp. -20.9 (0.1) 49(25)
Fish Favonigobiuslateralis -14.4 (3.1) 7.3(0.7)
Leptatherina presbyteroides - 17.6 (0.2) 7.9(0.49)
Acanthopagrus butcheri -18.3(0.2) 10.2 (0.6)
Arripisgeorgianus -17.5 (0.4) 13.0(0.6)
Arenigobius bifrenatus -17.4 (0.2) 10.0 (0.0
Cnidoglanus macrocephalus -17.3 (0.0) 9.7(0.1)
Platycephalus sp. -16.3 (0.3) 11.5(0.7)
Pseudocaranx dentex -15.1 (0.7) 11.0(0.4)
Mustelus antarcticus -14.3(1.2) 13.0(0.7)
Aptychotrema vincentiana -14.0 (0.5) 10.5(0.1)
Myliobatisaustralis -13.1(0.2) 11.1(0.2)
Leschenault Worms Nereids -14.7 (2.8) 6.7 (1.1)
Inlet Terebellidae sp. -13.1 (x) 10.4 (x)
Platyhelminthes -14.6 (x) 7.0 (X)
Crustaceans Amphipods -16.9 (1.2) 5.9(0.8)
Tanaidae sp. -19.8 (x) 7.1(x)
Palaemon sp. -13.4 (0.6) 8.95 (0.5)
Macrobrachium intermedium -12.4 (x) 8.0 (x)
Portunus pelagicus -10.8 (0.5) 9.8 (0.4)
Gastropods Nassarius sp. -12.4 (2.0) 73(1.4)
Fish Favonigobiuslateralis -11.0 (0.9) 91(1.8)
Leptatherina presbyteroides -12.4 (1.0) 10.7 (2.7)
Torquigener pleurogramma -13.4 (0.8) 12.6 (0.2)
Engrualis australis -15.7 (0.0) 10.4 (0.3
Pseudocaranx dentex -15.0(0.2) 12.2 (0.0
Hypor hamphus melanchir -14.3 (0.0) 9.4 (0.5)
Pomatomus saltatrix -14.0 (0.2) 13.0(0.7)
Aldrichetta forsteri -13.9(0.1) 11.6 (0.3)
Mugil cephalus -13.8(0.1) 6.1 (1.0
Contusus brevicaudus -13.7 (0.0) 12.0 (0.4)
Rhombosolea tapirina -13.3(0.5) 11.1(0.4)
Pagrusauratus -13.2 (x) 11.5 (x)
Apogon rueppdlii -12.9(0.1) 11.4 (0.2)
Arripisgeorgianus -12.7 (0.2) 12.7(0.2)
Acanthopagrus butcheri -11.9 (0.2) 12.3(0.5)
Sllaginodes punctata (large) -10.6 (0.0) 12.4(0.2)
Myliobatisaustralis -10.5(2.1) 105 (1.3
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