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The 13C, 15N and 34S signatures of a rocky reef planktivorous fish
indicate different coastal discharges of sewage
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Abstract. We assessed the effects of primary, secondary and tertiary treated sewage on the stable isotope compo-
sition of the viscera and muscle of the zooplanktivorous eastern hula fish (Plesiopidae: Trachinops taeniatus). Fish
were collected from three regions during three consecutive summer months for 2 years. In comparison to fish from
control sites, the muscle δ15N of fish at outfall sites was significantly enriched by secondary and tertiary treated
effluent. We estimate that 30–50% of nitrogen in hula fish near outfalls may be sewage-derived. The δ34S content of
muscle was similar at all regions and sites (20–21‰), although it was significantly depleted by 1–2‰ at the tertiary
treated outfall site. Detection of a comparatively minor volume of effluent (<6 ML day−1) in fish muscle may be
due to its slower tissue turnover rate and the continuous discharge of effluent at outfall sites, compared to major yet
sporadic rainfall or oceanographic events. The isotopic composition of hula fish from near a large primary treated
sewage outfall off the coast of Sydney was not significantly different from one of the control sites, indicating a
regional effect of four outfalls discharging >1000 ML day−1. With increasing upgrades to sewage treatment, stable
isotopes may become useful tracers of anthropogenic nutrients in an oligotrophic environment.

Extra keywords: food chain dynamics, planktivorous fish, sewage, stable isotope analysis.

Introduction

Sewage nutrients can be distinguished from marine, fresh-
water and terrestrial nutrient sources on the basis of naturally
occurring stable isotope ratios of carbon (13C/12C) and nitro-
gen (15N/14N; Burnett and Schaeffer 1980; Sweeney and
Kaplan 1980; Sweeney et al. 1980; Spies et al. 1989; Hansson
et al. 1997; Gaston and Suthers 2004).The secondary and ter-
tiary treatment of sewage can enrich the concentration of the
heavier isotope (Spies et al. 1989; Hansson et al. 1997; Jones
et al. 2001), providing the potential to differentiate particu-
lar sewage discharges. The stable isotope of sulfur, 34S may
be a better source indicator because the isotopic separation
between terrestrial and marine organic matter is much larger
than it is for carbon and nitrogen. The δ34S values for terres-
trial vegetation is ∼+4‰, whereas marine plant material is
∼+19‰ (Peterson and Fry 1987). In sediments, however, sul-
fate reduction results in a large range of values (Kaplan et al.
1963). Sewage particulate organic matter (SPOM) typically
has sulfur values in the range −1 to +3‰ (Sweeney et al.
1980;Tucker et al. 1999), whereas marine POM (phytoplank-
ton) has more enriched sulfur values of 17–21‰ (Peterson
and Fry 1987; Tucker et al. 1999), thus making it possible
to quantify the relative contribution of sewage particulates in
bivalve diets (Tucker et al. 1999).

The interpretation of stable isotope ratios relies on the
assumption that the isotopic composition of the animal
reflects its diet (Gannes et al. 1997). Trophic enrichment
(or fractionation) is the unequal partitioning of light and
heavy stable isotopes between diet and consumer. Trophic
enrichment factors have been well-established for carbon
and nitrogen, and are typically within the range of 0–2‰
for δ13C and 2–4‰ for δ15N (De Niro and Epstein 1978,
1981; Rau et al. 1983; Minagawa and Wada 1984; Peterson
and Fry 1987). Sulfur is not useful as a trophic level indi-
cator because there is little fractionation of sulfur from prey
to predator (Peterson et al. 1985). The isotopic composition
of animal tissues can differ from that of the diet when the
diet is isotopically homogeneous; hence enrichment factors
are not only species-specific but also possibly tissue-specific
(Macko et al. 1982; Tieszen et al. 1983). Without knowl-
edge of the trophic enrichment factors for an organism and
its tissues, nutrient source identification for the food chain
is not possible (Peterson and Fry 1987). Stable isotope ratios
of different tissue types can provide both short and long-
term nutrient information, as the period of isotope integration
is related to tissue type. Tissues with a fast turnover, such
as liver, provide a short-term integrator of nutrient source
(i.e. weeks), whereas tissues with a slow turnover, such as
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muscle, provide a long-term indicator of nutrient source
(Tieszen et al. 1983; Hesslein et al. 1993). Analysis of the
isotopic composition of muscle tissue can identify fish sup-
ported by different trophic pathways (Sholto-Douglas et al.
1991; Rau et al. 1992; Thomas and Cahoon 1993). Some
authors have used other tissues, most notably fish livers
(Hesslein et al. 1993), bone collagen (Schoeninger and
De Niro 1984; Sholto-Douglas et al. 1991), and fish otoliths
(Radtke et al. 1996), representing different time scales of
nutrient integration.

The ecological effects of sewage discharge have been
detected at the community or trophic level (Grigg 1994),
and at the species level (Smith et al. 1999). In contrast,
other studies from the relatively oligotrophic waters off east-
ern Australia report no significant impact on marine biota
(Smith 1994; Scanes et al. 1995), presumably due to dilution
and temporal variability along the open coast. We exam-
ined this contradiction from a planktotrophic perspective,
in view of the continuous flow of discharge off the coast
of Sydney. The assimilation of anthropogenic nutrients into
the marine pelagic food chain (compared to the benthic food
chain) of any vertebrate, such as a zooplanktivore, is largely
unknown.

First, this study aimed to test if the stable isotope signatures
of comparatively small volumes of sewage discharge were
detectable in the coastal planktonic food chain at three dif-
ferent discharge sites along the NSW coast, using the eastern
hula fish (Plesiopidae: Trachinops taeniatus). If sewage-
derived nutrients do not enter the food chain, the muscle and
viscera of hula fish from within the outfall sites should have
similar carbon, nitrogen and sulfur isotope compositions as
those of hula fish from control sites. Second, the interpre-
tation of stable isotope data requires comparisons between
field data and laboratory experiments (Gannes et al. 1997).
A laboratory feeding study was carried out to quantify trophic
enrichment, to estimate the nutritive contribution of sewage
to the pelagic vertebrate food chain.

Materials and methods

Study area and collections

Three regions along the NSW coast were sampled – Port Stephens (PS),
Sydney (S) and Jervis Bay (JB; Fig. 1).There were three sites within each
region – two controls and one in the vicinity of sewage discharge. Each
outfall site had either primary, secondary or tertiary levels of treatment
and had different volumes of effluent discharge (Table 1). The effluent
is discharged ∼600 m from the shore at Boulder Bay (PS), but from the
shoreline at Potter Point (S) and Plantation Point (JB). All sites within
each region consisted of rocky reef environment with patches of kelp
(Ecklonia radiata).

The eastern hula fish is an abundant rocky reef fish endemic to
eastern Australian waters from southern Queensland to Victoria. It is
a zooplanktivorous species that attains a maximum length of ∼10 cm
(Hutchins and Swainston 1986), forming large schools that appear to
be geographically persistent. The hula fish is also quite sensitive to the
effects of sewage discharge. It is one of just three species of fish, from a
suite of >25 species, that show a significant decline in abundance around

sewage outfalls, particularly near primary treated sewage outfalls (Smith
and Suthers 1999; Smith et al. 1999).

Hula fish were collected from each site by a scuba diver using two
small (30 cm diameter) hand-held nets, over three consecutive months
(February, March andApril) during two replicate years (1999 and 2000).
Fish were placed on ice in the field and stored in a laboratory freezer.
In the laboratory, fish were thawed and wet weight (ww, ± 0.01 g)
and standard length (SL, ± 0.1 mm) were measured (mean ± s.e.m.;
1.06 ± 0.07 g (ww) and 42.4 ± 1.1 mm (SL)). We found no significant
relationship between size and the stable isotope composition.

In the laboratory, adult hula fish were reared on a diet of newly
hatched Artemia spp. with a constant stable carbon and nitrogen isotope
composition of −20.7 ± 0.2‰ and 9.8 ± 0.5‰, respectively. We used
Artemia rather than wild zooplankton because we could not ensure that
wild zooplankton would be isotopically consistent over the 9 months.
For this reason the Artemia were not fed. We assumed that the effects of
fractionation would be similar for Artemia to wild zooplankton as they
have a comparable size range (Frazer et al. 1997). Fish (n = 12) were
reared on this diet for 9 months in 40 L tanks in a recirculating seawater
system of constant temperature (21.5 ± 0.2◦C) and salinity (34.8 ± 0.5,
mean ± s.e.m.). Fish had an initial ww of 0.64 ± 0.06 g and a SL of
39.6 ± 1.2 mm (there was no significant growth during the experimental
period as the fish were adult or near adult size, and thus representative
of our field samples). At the end of this period fish were removed from
their tanks (before their daily feed), killed in ice water and frozen until
analysed.

For stable isotope analysis, fish were thawed and a piece of white
dorsal muscle and the visceral mass were excised from three fish at each
site. Lipids were not extracted as the procedure often results in greater
variance and poorer resolution of dietary relationships (Pinnegar and
Polunin 1999). The liver in hula fish was too small to remove accurately
for stable isotope analysis (<0.001 g), so the entire visceral mass (all
soft parts of the body cavity) was used as the tissue, reflecting higher
metabolic activity. Tissue samples were freeze-dried, ground to a fine
powder and 1.2–1.5 mg of each sample was sealed into a tin capsule
for carbon and nitrogen stable isotope analysis. Each capsule was anal-
ysed with an automated nitrogen and carbon analysis (ANCA) mass
spectrometer (20–20, Europa Scientific, SerCon, Cheshire, UK) system.
Capsules were combusted and the reaction products separated by GC
(gas chromatography) to give pulses of pure CO2 and N2 for analysis of
total C and N, and 13C : 12C and 15N : 14N. Isotope values are expressed
in delta (δ) notation, δ13C and δ15N, relative to international standards
(Pee Dee Belemnite for δ13C and atmospheric nitrogen for δ15N). Sulfur
isotope analysis was conducted in a single batch by the Isotope Science
Laboratory, University of Calgary, Canada. Due to insufficient visceral
mass, muscle tissue only was freeze-dried and 1–5 mg sealed into a tin
capsule. Sulfur isotope ratios were determined using a Carlo Erba NA
1500 elemental analyser interfaced with continuous flow – isotope ratio
mass spectrometry (CF-IRMS; Thermo Electron Corporation, Milan,
Italy). Capsules were combusted at 1020◦C and the reaction products
separated by GC to give a pulse of pure SO2 for analysis of total S and
34S : 32S, relative to an international standard (NBS 127 BaSO4). Delta
values were determined as follows:

δX(‰) =
[

RSample

RStandard

− 1

]
× 1000

where X = 13C, 15N or 34S and R = 13C : 12C, 15N : 14N or 34S : 32S.
Error bars are expressed as the standard error of the three replicates, or
the machine precision of analyses (whichever was greater), which were
±0.2‰ for δ13C and δ15N, and ±0.7‰ for δ34S.

Data were tested for homogeneity of variance, transformed if vari-
ances were heterogeneous, and analysed using analysis of variance
(ANOVA).A four-wayANOVA was used to compare the δ13C, δ15N and
δ34S value of each tissue (only muscle for δ34S) among years (n = 2),
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Fig. 1. Map showing locations of sampling sites within the three regions of Port Stephens
(PS); Sydney (S); and Jervis Bay (JB). *Indicates the location of a sewage outfall.

Table 1. Location of sites within each of the three regions, includ-
ing the treatment level and discharge volume of effluent sewage

treatment plants (STP)

Region Site Site Treatment ADWF Depth (m)
code level (ML day−1)

PS Boulder Bay PS* Secondary 4.3 7–12
Little Island PS1 7–10
Boondelbah PS2 5–10

Island
S Potter Point S* Primary 46 7–12

North Head S1 7–12
Gordons Bay S2 4–12

JB Plantation Point JB* Tertiary 5.8 5–10
Bowen Island JB1 5–7
Dart Point JB2 5–7

ADWF, average dry weather flow; adapted from (MHL 1997); PS, Port
Stephens; S, Sydney; JB, Jervis Bay. *Indicates the location of a sewage
outfall.

months (n = 3), regions (n = 3) and sites (n = 3). Means were com-
pared using Student–Newman–Keuls (SNK) tests for allANOVAs using
GMAV5 for Windows (Underwood et al. 1998).

Results

Stable isotope analysis – muscle

The muscle tissue of fish from the outfall sites in Jervis Bay
and Port Stephens were enriched in 15N relative to the control
sites during both 1999 (Fig. 2a,e) and 2000 (Fig. 2b, f ). In
1999, muscle tissue from the site of the secondary treated
outfall in Port Stephens (PS*) was significantly enriched
(10.7 ± 0.2‰, P < 0.01; Table 2) relative to the control sites
(PS1 and PS2; 10.2 ± 0.2‰; Fig. 2a). In 2000, muscle
tissue from PS* was significantly enriched (P < 0.01) rel-
ative to the control sites, however, muscle tissue from PS2
(9.9 ± 0.2‰; P < 0.05) was significantly enriched relative
to PS1 (9.3 ± 0.2‰; Fig. 2b). In 1999, muscle tissue from
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Fig. 2. Scatterplot of yearly averaged stable carbon (δ13C) and nitrogen (δ15N) isotope ratio of hula fish
(Trachinops taeniatus) muscle from (a,b) Port Stephens (secondary treated discharge at PS*); (c,d) Sydney
(primary treated discharge at S*); and (e, f ) Jervis Bay (tertiary treated discharge at JB*) during (a,c,e)
1999 and (b,d, f ) 2000. Note that the axes are different between years (more depleted in 2000 than 1999).
The outfall site is indicated by the closed circle, control site 1 is indicated by the open square and control
site 2 is indicated by the open diamond, in each region. Values are mean ± s.e.m. (n = 9).

the site of a tertiary treated outfall in Jervis Bay (JB*),
was significantly enriched in 15N (11.8 ± 0.2‰; P < 0.01;
Table 2) relative to the controls, JB1 (10.8 ± 0.2‰) and JB2
(11.1 ± 0.2‰; Fig. 2e). Similarly, in 2000 muscle tissue from
JB* was enriched (11.8 ± 0.2‰; P < 0.01; Table 2) relative
to JB1 (10.8 ± 0.2‰) and JB2 (10.9 ± 0.2‰; Fig. 2f ).

The δ15N and δ13C composition of fish from S2 (control
site off Sydney) were not significantly different to those from
S* (site of a primary treated outfall) for both sampling years

(Fig. 2c,d). However, compared to S* and S2, fish from S1
(control site) were significantly enriched in 15N (P < 0.01;
Table 2) and significantly depleted in 13C (P < 0.01; Table 2)
during 1999 and 2000 (Fig. 2c,d).

As with 15N, fish from the outfall site in Port Stephens were
enriched in 13C relative to the control sites within that region
during both 1999 and 2000 (Fig. 2). Fish from PS* were sig-
nificantly enriched in 13C (−17.7 ± 0.2‰; P < 0.05; Table 2)
relative to PS1 (−18.3 ± 0.2‰) and PS2 (−18.0 ± 0.2‰)
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Fig. 3. Scatterplot of yearly averaged stable isotope composition of hula fish (Trachinops taeniatus)
muscle from Jervis Bay (tertiary treated discharge at JB*, solid circle) for (a) sulfur (δ34S) on carbon
(δ13C); and (b) sulfur (δ34S) on nitrogen (δ15N). Circled values are yearly averaged for 2000 and those
outside the circles are yearly averaged for 1999. Values are mean ± s.e.m. (n = 9).

in 1999. Similarly in 2000, fish from PS* were enriched
(−18.7 ± 0.2‰; P > 0.01) relative to PS1 (−19.8 ± 0.2‰)
and PS2 (−19.4 ± 0.2‰). In 1999, fish from JB* were signif-
icantly enriched (−17.9 ± 0.2‰; P < 0.05; Table 2) relative
to JB1 and JB2 (−18.3 ± 0.2‰; Fig. 2e), however, all sites
were similar in 2000 (Fig. 2f ).

The sulfur isotopic composition of hula fish muscle was
remarkably uniform across all sites in all regions and showed
little significant variation (Fig. 3). The one exception was
JB*, which was significantly depleted by >1‰ in 34S rela-
tive to the control sites in Jervis Bay during both 1999 and
2000 (P < 0.05; Fig. 3a,b; Table 2). There were no significant
differences among sites within the Port Stephens and Sydney
regions for either 1999 or 2000 (P > 0.05).

Stable isotope analysis – viscera

The fish from all sites in Port Stephens had similar δ15N val-
ues for both 1999 and 2000 (Fig. 4a). The viscera of fish
from JB* (9.9 ± 0.2‰) were significantly enriched in 15N
(P < 0.01; Table 2) relative to JB1 (8.8 ± 0.2‰) and JB2
(9.0 ± 0.2‰) in 2000, but similar to JB2 in 1999 (Fig. 4c).

The δ15N and δ13C composition of viscera in fish from
S2 (control site off Sydney) were not significantly different
to those from S* (site of a primary treated outfall) for both
sampling years (Fig. 4b). However, fish from S1 (control site)
were significantly enriched in 15N (P < 0.01, Table 2) and
depleted in 13C (P < 0.01, Table 2) during 1999, yet similar
to the other sites in Sydney in 2000 (Fig. 4b). There was no
significant difference among sites in the δ13C composition
of viscera in fish from Port Stephens and Jervis Bay during
both 1999 and 2000 (Fig. 4).

There was no significant correlation between δ15N and
δ13C for either tissue or either year. Muscle δ34S showed
a weak but significant correlation to muscle carbon and

nitrogen stable isotope ratios, but the sign of the correlation
changed from negative to positive between 1999 and 2000.

Inter-annual variability and diet–viscera–muscle
fractionation

There was a significant shift in δ13C of muscle between 1999
and 2000. Fish sampled in 1999 were significantly enriched
in 13C relative to those sampled in 2000 (Table 2; Fig. 2),
across all sites and regions. A similar increase in δ13C of the
viscera occurred between sampling years but this shift was
not as pronounced (Fig. 4).

In the laboratory, hula fish reared on a diet of constant
stable carbon (−20.7 ± 0.2‰) and nitrogen (9.8 ± 0.5‰)
isotope composition had a different trophic enrichment fac-
tor for muscle and viscera. Muscle was enriched by the diet
(1.9‰ for 13C and 2.3‰ for 15N), whereas in the viscera,
13C was depleted (by 0.5‰) and 15N was enriched (by 0.9‰;
Fig. 5) by the diet.

Discussion

Effects of secondary and tertiary treatment

The δ13C and δ15N isotope composition of hula fish muscle
was significantly different among sites and regions. Fish from
the outfall sites in Port Stephens and Jervis Bay were enriched
in 15N relative to the control sites within each region.The Port
Stephens outfall (Boulder Bay, PS*) is the only large source
of freshwater in the local area, and is the main continuous
source of new N for local hula fish. Jervis Bay also receives
little freshwater input other than from the Plantation Point
(JB*) outfall (Holloway 1996). Secondary (Boulder Bay,
PS*) and especially tertiary (Plantation Point, JB*) treated
effluent is enriched in 15N due to the preferential removal of
14N via ammonia volatilisation during the treatment process
(Heaton 1986; Compton 2000; Lancaster and Waldron 2001).
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Fig. 4. Scatterplot of yearly averaged stable carbon (δ13C) and nitro-
gen (δ15N) isotope ratio of hula fish (Trachinops taeniatus) viscera from
(a) Port Stephens (secondary treated discharge at PS*, solid circle);
(b) Sydney (primary treated discharge at S*, solid circle); and (c) Jervis
Bay (tertiary treated discharge at JB*, solid circle) in 1999 and 2000
(circled). Values are mean ± s.e.m. (n = 9).

Fig. 5. Trophic enrichment (‰) for stable carbon (δ13C) and nitrogen
(δ15N) isotope composition of muscle and viscera of eastern hula fish
(Trachinops taeniatus) reared on a single diet for 9 months. Values are
mean ± s.e.m. (n = 12).

The enrichment of muscle tissue in the vicinity of outfalls
is consistent with sewage effluent as the dominant nutrient
source in these areas. Elevated δ15N signatures of marine
organisms were observed at the site of secondary treated
sewage discharge, however, the amount of effluent discharged
is relatively small (2.3 ML day−1; Jones et al. 2001). This
indicates that municipal discharges can have a significant
impact on receiving waters. Muscle has a comparatively slow
turnover, making it a long-term indicator of dietary sources
of nutrients (Hesslein et al. 1993). The relatively depleted
δ15N composition of muscle tissue in fish from control sites
around Port Stephens and Jervis Bay reflects organic-matter
nitrogen of a marine origin (Rau et al. 1991; Riera 1998).

The muscle tissue of fish near outfall sites in both Port
Stephens and Jervis Bay was also enriched in 13C relative
to the control sites. Tertiary treated sewage effluent of Jervis
Bay is enriched in 13C (Compton 2000) compared to terres-
trial organic matter (−30 to −27‰; Richard et al. 1997) and
compared to the overall average of marine particulate organic
matter (−21‰; Gaston and Suthers 2004). Thus, the enrich-
ment of 13C in muscle tissue in the vicinity of these outfalls
is consistent with sewage effluent being the dominant nutri-
ent source in these areas. The signatures of secondary and
tertiary treated sewage in hula fish are possibly regionally
specific and only indicative of general stable isotope charac-
teristics, as we did not have replicate secondary or tertiary
treatment in each region.

The results from the viscera were less clear, showing
greater variance among replicate fish and between years
(residual in Table 2). The viscera C–N signature showed
less inter-annual difference at the outfall compared to those
fish from control sites (inspection of Fig. 4), consistent with
our finding that sewage provides a constant source of nutri-
ents. We attempted to relate known upwelling events with the
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viscera stable isotope composition but found no consistent
pattern.

A proportion of the viscera consisted of the gut contain-
ing prey items, and hence the viscera’s isotope ratio would be
influenced by the food source and recent feeding history. The
visceral mass also included the liver, which in another zoo-
planktivorous fish (Atypichthys strigatus), can significantly
change isotope composition in 3 days for 13C and in 12 days
for 15N (Gaston 2003). Therefore, the isotope composition of
the visceral mass would be a combination of the most recent
diet (gut contents) and that of only a few days old (due to
the rapid turnover rate of liver tissue). This accounts for the
larger error bars for viscera compared to muscle.

A striking feature of the δ34S values of hula fish muscle
from this study is the relatively uniform, marine nature. Only
the tertiary treated outfall site in Jervis Bay (JB*) was signifi-
cantly depleted in 34S relative to the control sites in both years.
The δ34S values of sewage POM found in this study were
enriched (10‰; Gaston 2003) compared to the reported val-
ues of Sweeney et al. (1980) but remain significantly different
from that of marine POM (Peterson and Fry 1987; Tucker
et al. 1999). Hence, the depleted δ34S value of hula fish mus-
cle at the JB outfall site probably reflects the incorporation of
sewage-derived sulfite into the food chain. It is unclear why
similar depletions were not observed at Port Stephens, other
than a difference in secondary treatment. Our findings may
represent a unique characteristic for the Jervis Bay sewage
treatment plant. These results provide a testable hypothesis
for future studies of replicated secondary or tertiary treated
discharges.

Sulfur isotopes have been used successfully to trace
sewage in estuarine or benthic habitats, but not in pelagic
food webs in coastal areas (Peterson et al. 1985; Moore et al.
1996). The use of nitrogen and sulfur stable isotopes revealed
widespread evidence of sewage-derived particulate and dis-
solved materials in Boston Harbour and Massachusetts Bay
(Tucker et al. 1999). The sulfur stable isotope provided an
unambiguous sewage signal, and the researchers were able to
identify that blue mussels were consuming a food source with
a significant sewage component. δ15N and δ34S isotopic anal-
yses of winter flounder (Pleuronectes sanguinolenta) have
also been used to indicate the influence of sewage dumping
(Moore et al. 1996). Therefore, failure of the sulfur isotope
to show an unambiguous sewage signature in this study is
possibly due to the mixing and dynamics of the open coast
or to some characteristics of the pelagic habitat. This study
suggests that there could be a treatment process peculiar to a
particular treatment plant, thus providing a location-specific
signature.

Effects from primary treatment

The Sydney coast has three deepwater ocean outfalls as well
as the coastal outfall site of this study (Potter Point, S*;
MHL 1997), which together discharge over 1000 ML day−1

of primary treated effluent. Primary treated effluent (SPOM)
is depleted in 15N (∼0.4‰) relative to estuarine (∼7‰)
and marine particulate organic nitrogen (∼8‰; Gaston and
Suthers 2004). The primary treated sewage is enriched in
13C (−25‰) relative to estuarine-derived organic matter
(∼−28‰; Richard et al. 1997; Riera 1998). Consequently
it was surprising that the coastal outfall site near Sydney
(Potters Point, S*) was not significantly different to one of
the control sites (Gordons Bay, S2) in either 13C, or 15N, for
muscle or viscera.The hula fish signature from these two sites
may be due to a large-scale combined effect of the Potters
Point coastal outfall and the three major deep ocean out-
falls (Gaston and Suthers 2004), highlighting the difficulty
of finding genuine control areas near cities.

Another, co-occurring zooplanktivorous fish, Atypichthys
strigatus (the mado), was found to be significantly depleted
in 15N in the Sydney region regardless of the proximity to
Sydney’s outfalls, consistent with a general ‘Sydney impact’
(Gaston and Suthers 2004). The δ15N and δ13C of muscle at
the other control site (North Head, S1), near the mouth of
Sydney Harbour, was enriched in 15N and depleted in 13C
relative to the outfall site (Potters Point, S*) and the coastal
control site (Gordons Bay, S2). Particulate organic matter
along the Sydney coast is depleted in 15N, indicating an influ-
ence of primary treated effluent in the coastal zone, relative
to estuarine-derived material (Gaston 2003). Compared to
marine sources and primary treated effluent, estuarine mate-
rial is depleted in 13C by 2–6‰ (Cloern et al. 2002; Gaston
2003; Darnaude et al. 2004), consistent with the hula’s δ13C
value at this site. Hence, the hula fish also reveal a ‘Sydney
impact’ that is only overridden by fish residing within estuary
mouths.

Inter-annual changes

Changes between years and among months in the C, N and
S isotope signatures of hula fish were evident, reflecting
temporal changes of nutrient inputs. Our analysis of tissues
with differing metabolic rates was essential for determining
the short and long-term nutritive changes in the food chain.
There was a 1‰ decrease in δ13C stable isotope composi-
tion of muscle tissue from 1999 to 2000 among all sites and
across all regions. Such a shift may be indicative of a change
in species composition of phytoplankton communities along
the NSW coast. Laboratory cultures of phytoplankton com-
munities have found flagellates to be more depleted in 13C
than diatoms (Wong and Sackett 1978). This finding has
also been observed in field studies. Enriched 13C content
of phytoplankton on central Georges Bank was consistent
with a diatom-dominated community (Fry 1988). Diatoms in
Narragansett Bay were on average 2‰ enriched in 13C rela-
tive to nanoplankton (Gearing et al. 1984). While the δ13C of
phytoplankton were not measured in this study, a shift in algal
dominance from diatoms to dinoflagellates would account for
the shift in δ13C composition of muscle and viscera to values
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that are more negative. Consistent with this speculation, is
the fact that hula fish had significantly better body condition
(weight/length3) in 1999 than in 2000 (Gaston 2003). The
decrease in body condition of hula fish may account for the
doubling in 15N viscera-to-muscle fractionation from 1999
to 2000 (from 1.2 to 2.2‰). Starvation is typically associ-
ated with increased δ15N (Hesslein et al. 1993). Therefore,
the potential for species-, tissue- and even annually specific
fractionation is probably large. Furthermore, sulfur values
were more depleted in 1999 than 2000 across all regions.

Contribution of sewage nutrients

When sewage enters the marine environment it mixes with
marine nutrients and terrestrially-derived organic matter from
river runoff, causing the sewage signature to be masked
(Thornton and McManus 1994). With the use of mixing mod-
els, the origins of organic matter can be delineated to give
proportions of marine versus terrestrially-derived POM (Fry
and Sherr 1984; Faganeli et al. 1988). Field studies have
shown that changes in δ15N correlate better to food-web struc-
ture than do changes in δ13C, where differences in trophic
fractionation are smaller and often less consistent (Fry 1988;
Hansson et al. 1997; Gaston and Suthers 2004).

Our laboratory study provided the enrichment values for
such an approach. The enrichment values for muscle, +1.9‰
and +2.3‰ for δ13C and δ15N, respectively, fall within the
range reported in the literature (De Niro and Epstein 1978,
1981; Rau et al. 1983; Minagawa and Wada 1984). Also,
the isotopic composition of muscle is enriched in both 13C
and 15N relative to viscera. This difference between tissues is
attributed to the relative biochemical fractions present within
the tissues and is enhanced in this study because a proportion
of the viscera consisted of gut contents (Tieszen et al. 1983;
Hesslein et al. 1993; Pinnegar and Polunin 1999).The viscera
had a positive enrichment for δ15N (+0.9‰), yet a negative
enrichment for δ13C (−0.5‰) over diet (Fig. 5), which could
be due to the lipid content of the liver present in the visceral
mass. Tissues that contain large amounts of lipids, such as
fish liver, tend to be more depleted in 13C than other tissues
(De Niro and Epstein 1977; Tieszen et al. 1983; Hesslein
et al. 1993).

Using the stable isotope signature of sewage, marine POM
and our trophic enrichment value for hula fish muscle over
diet (+2.3‰), an idealised model of the food chain was con-
structed for nitrogen in Jervis Bay (Fig. 6). In order to deter-
mine the per cent (%) contribution of sewage effluent to the
Jervis Bay coastal food chain (Y) a mixing equation was used:

(Y) = (δ15Nm − δ15Nh)

(δ15Nm − δ15Ns)
× 100

For Jervis Bay nitrogen, δ15Nm is the actual average iso-
tope composition of hula fish muscle supported entirely by
marine-derived POM (10.9‰; JB1 and JB2, both years),

Fig. 6. Model of the Jervis Bay coastal planktonic food chain for δ15N.
Values are based on in situ measurements of marine and sewage partic-
ulate organic matter (POM), zooplankton in Jervis Bay (the copepod
Temora turbinata), average δ15N for hula fish (T. taeniatus) muscle tis-
sue at the control sites and the outfall site, and the trophic enrichment
factor (2.3‰) was determined in the laboratory for hula fish (see Table 3
for source of values).Actual measurements are in rectangles. Calculated
values (see text) are in normal font. Fish in an open circle represent a food
chain based entirely on marine POM, and fish in a dashed circle repre-
sent a food chain with some contribution from sewage POM. Arrows in
bold represent the relative contribution from marine and sewage-based
food chains to fish off Plantation Point. Approximately 53% of nitrogen
in the hula fish food chain off Plantation Point (Jervis Bay) could be
derived from tertiary treated sewage effluent.

Table 3. Summary of sources of C and N for the Jervis Bay mixing
model

Trophic level Value (‰) Source

Marine particulate organic matter 8.2 Gaston (2003)
Sewage particulate organic matter 10.3 Compton (2000)
Marine zooplankton 8.2 Compton & Suthers

(unpublished data)
Sewage-supported zooplankton 10.3 Calculated
Fractionation 2.3 This study
Marine hula fish 10.9 This study
Sewage-supported hula fish 11.8 This study
Sewage-supported hula fish (100%) 12.6 Calculated

which is similar to 10.3‰, calculated by adding marine
zooplankton (8‰) to our fractionation value for hula fish
muscle. Marine zooplankton δ15N was determined from sam-
ples of the abundant copepod Temora turbinata made in
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Jervis Bay during the mid-summer of 1999, and exhibited
no enrichment from the marine POM (T. Compton and I.
M. Suthers, unpublished data). δ15Nh is the actual average
isotope composition of hula fish muscle measured at JB*
(11.8‰). δ15Ns is the calculated isotope composition of hula
fish muscle if supported entirely by sewage-derived POM
(12.6‰; Compton 2000; Gaston 2003; Fig. 6). Using our
mixing model, 50% of the nitrogen of the hula fish food
chain around the Jervis Bay outfall may be derived from
tertiary treated sewage effluent. Similarly, using the mixing
model of Phillips and Gregg (2001), 53% of the nitrogen
was derived from the Jervis Bay outfall (39% lower and 67%
upper, 95% confidence interval). Off Port Stephens, δ15Nm

is 9.6‰, δ15Nh is 10.6‰ and δ15Ns is similarly calculated
as 12.6‰ (using bulk zooplankton as 7‰, and sewage POM
10.3‰). As a result, ∼33% of the nitrogen in the hula fish
food chain around the Port Stephens outfall may be derived
from secondary treated sewage effluent. Our estimate of 30–
50% is remarkable considering the potential for dilution in the
coastal ocean, and highlights the nurturing that is provided by
a continuous discharge of sewage effluent, regardless of its
volume. With ongoing upgrades to sewage treatments from
primary to tertiary, 15N and 34S may become useful tracers
of anthropogenic nutrients in an oligotrophic environment.
The shift in stable isotope values of hula fish between years
highlights the importance of a sampling design incorporating
multiple temporal scales.
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