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INTRODUCTION

Over several decades, studies have used stable iso-
topes to elucidate food web structure, particularly in
aquatic systems where direct observations of feeding
are difficult. The isotopes have advantages of record-

ing time-integrated, assimilated diets, although they
rarely record the taxonomic basis of these diets. The
carbon (C) isotope chemical marker approach is gen-
erally used to investigate organic matter sources sup-
porting fish growth, and fish trophic level is investi-
gated with nitrogen (N) stable isotopes. Combined
use of C and N stable isotopes has been proposed as
a way to measure niche dimensionality (Bearhop et
al. 2004), and routine use of isotope technology is
now growing for measuring changes in food web
dynamics (Layman et al. 2012, Syväranta et al. 2013).

Despite the advances in stable isotope analysis,
several problems have emerged when using stable
isotopes to describe feeding relationships. The most
common difficulty is ‘too many sources and not
enough tracers’, so that multiple food source combi-
nations are possible or feasible for the same meas-
ured isotope niche data (Phillips 2012). A related
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problem is that inconspicuous food sources may be
important but are frequently missed in field sampling
efforts, so that additional sources are possible and
‘final’ food webs are always somewhat uncertain
(Fry 2013a). In addition, a scale for the isotope niche
dimensions is often lacking, so that evaluation of a
niche as ‘large’ or ‘small’ can be subjective (Hoeing-
haus & Zeug 2008). Finally, apparent isotope niche
changes can be due to changes in basal or baseline
shifts in food isotope values, rather than reflecting
true changes in fish feeding behaviour. Thus, several
problems related to food isotope distributions can
make food web interpretations difficult. These
 problems all stem from viewing food webs from the
bottom, trying to estimate which basal plant and
microbial sources are important for higher-level
 consumers.

Here we take an alternative top-down approach to
food webs, and use isotope values of consumers to
estimate food web linkages. The approach does
not estimate basal source contributions, but focuses
on the interactions between consumer species or
 functional groups. We present a standardized way to
measure fish food webs after re-scaling measured
isotope data into modified Z-scores. Use of modified
Z-scores accounts for different baselines and food
resource mixes supporting fish food webs, so that the
isotope dynamics relating to fish species interactions
and behavioural niches are revealed and become the
object of study. Thus, the focus here is on fish species
interactions rather than on the more traditional par -
titioning of food source contributions done with
 isotope tracers.

Our methodology builds on approaches devel-
oped previously (Schmidt et al. 2007, Turner et al.
2010), but with a focus here on using species rather
than feeding guilds (Turner et al. 2010) as the basis
for food web analysis. Example applications are
given comparing estuarine food webs across salinity
gra dients in the USA and inside and outside ‘no-
fishing’ marine reserves in Australia. Simple rescal-
ing steps for means and individual data are
reported in detail here for the first time, and exam-
ples show that using this type of standardized re -
scaled data can be useful in environmental assess-
ments of fish trophodynamics. Our approaches
represent a distillation of previous methods for iso-
tope comparisons of food webs and can be used in
single studies to compare food webs as well as for
comparative meta-analyses. We included a wide
variety of multiple-species fish food webs in this
study to ensure our recommended approaches are
general and widely applicable.

METHODS

Data sources

Species averages and associated errors (standard
deviations, standard errors and 95% confidence lim-
its) were taken from tables and figures in published
studies. In most cases, the data were available only
for selected species in a food web, not for all abun-
dant species. We also used data from fish food webs
that we studied previously.

Data for 3 food webs from Barataria Bay, Louisiana
(USA), were taken from Fry & Chumchal (2011).
These food webs were arranged along a salinity gra-
dient, with average salinities at the times of fish
 collections of 6, 9 and 17 for Fisherman’s Point (FP),
Manilla Village (MV) and Grande Terre (GT), re -
spectively (Fry 2013b); salinity of full-strength sea-
water is 36. Food web comparisons tested for possible
differences in trophic structure at these 3 stations
that represent typical low, medium and high salinity
sites in the Louisiana bay systems.

Fish food webs at several fringing reef sites in east-
central Moreton Bay, Australia, were studied previ-
ously, with fish collected over several different days
at each reef in winter 2012 (Davis et al. 2014). Sites
were all located in higher (>30) salinity zones of east-
ern Moreton Bay within 5 km of one another. The site
at Goat Island (GI) had branching coral, and 3 sites
around nearby Peel Island (PI) had respectively less
(PI1, PI3) and much less coral diversity and comp -
lexity (PI7). The GI and PI sites all had commercial
fishing bans but allowed recreational fishing. Four
sites were located in marine reserves where no fish-
ing was allowed (Myora, PI1, PI5 and PI6), and sev-
eral comparisons were made to test food web similar-
ity between pooled data from these reserve sites
versus non-reserve sites (GI, PI2, PI3 and PI7). Com-
parisons were also made between the pooled reserve
sites and several individual sites. Fish from these
estuarine studies were generally 5 to 50 cm in length
(Fry & Chumchal 2011, Davis et al. 2014).

Sample type and analysis

Fish muscle tissue was used in all studies, and was
analysed for C and N isotopes by elemental analyser
systems linked to isotope ratio mass spectrometers
(Fry 2007). Data are reported as ‰ deviations from
the Vienna PeeDee Belemnite standard for carbon
and from air nitrogen via the δ definition, where δ13C
or δ15N = [(RSAMPLE/RSTANDARD) − 1] × 1000, where R =
13C/12C or 15N/14N.
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Steps in rescaling and comparisons

The detailed steps of rescaling data are introduced
below, but the overall process is designed to overlay
food webs and species in 2D isotope graphs. For
example, original data for 2 of the Barataria food
webs (Fig. 1) seem to indicate separate food webs,
but after rescaling, the 2 food webs can be overlaid
and prove fairly similar (Fig. 2). Details of how to do
the rescaling and how to estimate similarity are given
in 4 steps below, and sample calculations for the
rescaling process are given in Supplement 1 (www.
int-res.com/ articles/ suppl/ m528 p007_ supp.pdf).

Most of this study and Supplement 1 starts with
species averages rather than individual-level data.
We used averages rather than individual data in this
study because of simplicity of calculation and be -
cause the published food web studies that we used in
calibrations reported only means without individual
data. Our average-based methods thus do not em -
ploy multivariate techniques such as  cluster analysis
that require individual-level data to identify similari-
ties and differences between grouped individual
data. Where individual-level data are available, it
can be rescaled (see Supplement 2) to give the same
results as we provide using species averages. Sup-
plement 2 shows that some non-intuitive steps can
apply when rescaling individual data, but future
studies will likely use individual-level data, and may

choose to work with multivariate programs (see Sup-
plement 3) to assess many of the similarities we esti-
mated here with our averages-based approach. We
used the following 4 steps for rescaling and estimat-
ing similarity: (1) calculating Z-scores from the data,
(2) calculating distances and errors for 2 comparative
methods, (3) calculating % similarity for species or
food webs and (4) testing for significance.

Step 1: Calculating Z-scores

Modified Z-scores were calculated from species
averages and standard deviations (SD), for example as:

Zmodified species = SDrescaled × Z-score = SDrescaled × 
(species mean − community mean)/SDcommunity (1)

The usual Z-scores lack the SDrescaled term and give
differences among data in standard deviation units.
Multiplication of the Z-score by SDrescaled puts the data
back into ‰ units of the original measurements, when
SDrescaled is an average ‰ value chosen by the investi-
gator to represent a typical value for the  communities
studied. The SDrescaled values used here were 1.0‰ for
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Fig. 1. Measured isotope values for 2 food webs of Barataria
Bay, Louisiana. Each food web has the same 5 fish species.
Lines connect species in food webs (solid lines: Manilla Vil-
lage, in the fresher, upper bay; dotted lines: Grande Terre, in
the more saline, lower bay). Lines also represent axes of
 potential niche interaction between fish species. Points are
mean values for species and error bars are 95% confidence
limits. Open triangles = gulf menhaden Brevoortia patronus,
closed circles = ladyfish Elops saurus, diamonds = hardhead
catfish Ariopsis felis, squares = spot Leiostomus xanthurus, 

bars = Atlantic croaker Micropogonias undulatus
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Fig. 2. Rescaled isotope values for the 2 food webs of Fig. 1;
confidence intervals have been omitted for clarity. Men-
haden (open triangles) show the most change between the 2
food webs, with ladyfish (closed circles) also showing rela-
tively strong trophic shifts in the 2 food webs. Rescaled fish
data usually fall along a gradient of pelagic and benthic
feeding strategies (Δ13C) and trophic level (Δ15N); the partic-
ular scaling values shown here of 20−40% benthic for Δ13C
and 3‰ = 0.9 trophic level (TL) for Δ15N are based on previ-
ous studies of Louisiana estuary fish (Fry & Chumchal 2012,
Fry 2013b). Dotted lines connect species in the Manilla Vil-
lage food web, solid lines connect species in the Grande 

Terre food web
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δ13C and 1.5‰ for δ15N, with the 1.0 and 1.5‰ values
representing average SD values for the wide range of
fish communities considered in this study. Confidence
limits for the species were similarly re-scaled by
 multiplying measured confidence intervals by (1.0‰/
SDcommunity) for δ13C and by (1.5‰/SDcommunity) for
δ15N. Note that although these 1 and 1.5‰ multipliers
applied generally across this study, they can also be
reset as needed to reflect the average standard devia-
tions in food webs being compared. A simpler default
set of multipliers is to use 1‰ for all Z-scores, so that
the rescaled data have units 1‰ = 1 average standard
deviation. In these rescaling steps, any multipliers
should be applied to errors as well as averages, as de-
tailed in Supplement 1. For fish communities, rescaled
Δ13C usually indicates relative reliance on benthic and
pelagic foods (Vander Zanden & Rasmussen 1999).
But the differences between benthic and pelagic end
members are not constant across systems, so that %
benthic calculations (20−40% in the Fig. 2 example)
typically use system-specific values determined in
each food web study (Mallela & Harrod 2008, Vander
Zanden et al. 2011). The Δ15N scaling of trophic level
is also subject to revision for different fish communi-
ties, with values of 2.2−3.4‰ typically used to indicate
a difference of 1 trophic level (McCutchan et al. 2003,
Fry & Chumchal 2012).

Step 2: Distance and error calculations for 2 methods

We used rescaled species-average isotope data to
make comparisons between paired food webs, with 2
methods: (1) a same-species point comparison method
(Method 1) and (2) a mixed-species line comparison
method (Method 2). Both methods use distances
between points as the simplest way to estimate shape
differences (Osada et al. 2002). Philosophically, sin-
gle-species Method 1 isolates change pertaining to
individual species, while mixed-species Method 2
considers these same species as nodes in a multiple-
connection interaction web.

The 2 methods can also be illustrated with reference
to Fig. 2. Method 1 uses the difference between 2
same-species points such as the diamonds represent-
ing hardhead catfish Ariopsis felis in the 2 food webs
(Fig. 2). These 2 points are close to one another and
will score as highly similar by distance-based meas-
urements. This type of same-species comparison is
possible for all 5 species in the food web of Fig. 2. In
Method 2, lines between species are compared, for in-
stance the dotted and solid lines connecting diamonds
(hardhead catfish) and squares (spot Leiostomus xan-

thurus) can be compared for the 2 food webs (Fig. 2).
These lines are similar in length and orientation and
will score as highly similar. Between-species compar-
isons are possible for all 10 lines connecting species in
the Fig. 2 food webs. Overall, Method 1 gives only as
many similarity  estimates as there are species in the
paired comparisons (5 same-species comparisons for
Fig. 2), while Method 2 is more data-rich (10 between-
species comparisons for the lines of Fig. 2). The meth-
ods are both based on paired comparisons and can be
used to evaluate both similarity of entire food webs
and  similarity of species niches in different food webs.
However, the 2 methods yielded similar though some -
what different answers, so that we present details of
calculations for both methods.

Method 1 used distances between same-species
points to judge similarity. Distances between points
were calculated from the Pythagorean theorem, so
that for 2 points (x1, y1) and (x2, y2) the distance (D) was

D = sqrt[(x1 − x2)2 + (y1 − y2)2] (2)

The error (E) for this distance was calculated from
the errors associated with the points according to the
formula for determining errors for distances meas-
ured in Euclidean space:

E = D−1 · sqrt{(x1 − x2)2 · [(Ex1)2 + (Ex2
2)] 

+ (y1 − y2)2 · [(Ey1)2 + (Ey2)2]} (3)

Method 2 compares between-species lines in 2D
food web diagrams. We considered lines connecting
species in 2D isotope plots to be vectors, and our
detailed calculations compared vector tips in 2 food
webs for the between-species comparisons. For ex -
ample, if species A and B in food web 1 had respec-
tive isotope values of (1,1) and (2,2), the vector tip at
B (xv1, yv1) would have a (1,1) value when recalcu-
lated to A as the local (0,0) value, and if species A
and B in food web 2 had respective isotope values of
(−3, −3) and (−4, −4), then the vector tip at B (xv2,yv2)
would have a (−1, −1) value when recalculated rela-
tive to A as the local (0,0). The information needed to
represent the differences between the 2 lines is given
as the distances between these ‘tip of the vector’
points, (xv1, yv1) for line 1 and (xv2,yv2) for line 2, along
with the propagated errors associated with these
2 points. In essence, we converted a comparison of
lines into a comparison of points in this method, with
the 4 points involved in the start and ends of the vec-
tors collapsed into 2 points that are tips of vectors.
Note that the choice of which points start and end the
vector is arbitrary (vectors could be from A to B or B
to A), but once the vector orientation is chosen in
food web 1, the corresponding vector in the second
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food web should have the same species start and
end. That is, if the vector in food web 1 is from spe-
cies A to species B, then the vector in food web 2
should also be from species A to species B.

The distance between the vector tips was calcu-
lated from the Pythagorean theorem,

D = sqrt[(xv1 − xv2)2 + (yv1 − yv2)2] (4)

Estimating errors for this distance proceeded in 2
steps. First, propagated errors for each of the ‘tip of
the vector’ points were calculated from the errors
associated with the species points at the start and end
of the vectors. Errors associated with the start and
end points in food web 1 were respectively (E1startX,
E1startY) and (E1endX, E1endY), and errors associated with
the start and end points in food web 2 were similarly
(E2startX, E2startY) and (E2endX, E2endY). The propagated
errors (EXv1, EYv1) for the ‘tip of the vector point’ (xv1,
yv1) in food web 1 were:

EXv1 = sqrt[(EX1start)2 + (EX1end)2] 
and EYv1 = sqrt[(EY1start)2 + (EY1end)2] (5)

Similarly the propagated errors (EXv2, EYv2) for the ‘tip
of the vector point’ (xv2,yv2) in food web 2 were:

EXv2 = sqrt[(EX2start)2 + (EX2end)2] 
and EYv2 = sqrt[(EY2start)2 + (EY2end)2)] (6)

Using these propagated errors, the error for the dis-
tance between these ‘tip of the vector’ points is:

E = D−1 · sqrt{(xv1 − xv2)2 · [(EXv1)2 + (EXv2)2] 
(7)

+ (yv1 − yv2)2 · [(EYv1)2 + (EYv2)2)]}

In summary, both the within-species
Method 1 and between-species Method 2
calculated Euclidean distances (D) and
errors (E) from rescaled data. These terms
could be united into a single distance/ error
(D/E) parameter that is also a signal-to-
noise (S:N) ratio defined in this study using
95% confidence limits as errors, so that
S:N = Euclidean distance/95% CL. S:N
ratio values near 0 indicated great similar-
ity, but larger values indicated increasing
dissimilarity. To convert the S:N ratios into
simpler estimates of similarity on a scale of
0 to 100%, we developed an empirical cali -
bra tion between % similarity and S:N
ratios using a broad range of isotope stud-
ies of fish food webs. Calculations in -
dicated that S:N ratios >1 indicated large
differences that were statistically signifi-
cant at approximately p = 0.05 or better
(Supplement 4).

Step 3: Calibrating % similarity with S:N ratios

We used data from several calibration studies that
each had multiple (5 to 10) fish species or groups
sampled at least twice,  allowing 1 or more pairwise
comparisons of species shifts or group shifts. The
studies included (1) 4 east-coast African estuary
food webs where fish functional groups were sam-
pled before and after flooding (Abrantes et al. 2013),
(2) 3 estuarine food webs from turbid, lower salinity
Louisiana systems (Fry & Chumchal 2011), (3) 6 es -
tuarine food webs from higher-salinity and clearer-
water Australian systems (Davis et al. 2014), (4) 3
deep-sea food webs from the eastern, central and
western Tasman Sea (Flynn & Kloser 2012), (5) sea-
sonal studies of the deep-sea fish food webs in the
Mediterranean Sea (Papiol et al. 2013), (6) river food
webs at dredged versus un dredged sites (Freedman
et al. 2013) and (7) 2 freshwater pond food webs rep-
resenting a control food web and a food web after
addition of an invasive fish species (Britton et al.
2010). These diverse food webs showed a wide range
in average S:N ratio estimates, and in each study, we
also counted the proportions of observations that had
S:N <1 and >1 in food web comparisons made over
time or space. In these calculations, if 2 food webs
had 5 species in common but only 1 species had S:N
> 1, there was only a 0.2 or 20% difference in the
food webs, and we counted them 80% similar. We
counted these proportions across all food webs in
each study and compared this to the average S:N
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Fig. 3. Calibrations for 2 methods of calculating similarities across fish
food webs based on S:N ratio measurements of rescaled data: (a) within-
species Method 1, (b) between-species Method 2. Data are averages from
7 studies, A−G, as follows: A = 4 African floodplain estuaries, pre- vs.
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B = Moreton Bay (Australia) estuary, several sites (this study); C =
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F = US dredged vs. undredged river, aggregated sites (Freedman et al.
2013); G = freshwater English ponds, control pond vs. impact pond with 
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ratio for the food webs. This meant that we had 2
types of data for S:N ratios in each study, viz. the
average S:N values and the proportional similarity of
the whole food web based on the S:N values above
and below 1. We  expected these 2 estimates of S:N to
be similar, and regressions across the calibration
studies fit this expectation, with strong (r2 > 0.9) lin-
ear fits resulting between proportionally measured
% similarity and continuously measured S:N values
(Fig. 3).

The regressions of Fig. 3 allowed us to convert our
measured S:N data into % similarity estimates for
Methods 1 and 2. Thus, if point-based (Method 1) S:N
values averaged 0.8 ± 0.3‰ (mean ± 95% CL) in a
comparison between 2 food webs, the food web
 similarity using the equation from the point-based
method shown in Fig. 3a was 66 ± 15%. Continuing
this example, if a line-based (Method 2) comparison
of the food webs gave these same S:N values of 0.8 ±
0.3‰ (mean ± 95% CL), the food web similarity
using the equation from the line-based method
shown in Fig. 3b was 75 ± 12%. The similarity equa-
tions of Fig. 3 are based on a diverse set of food webs,
and should be applicable in future comparative stud-
ies of isotope food webs. A caveat is that the equa-
tions will need adjustment to gradually approach 0 at
high S:N > 2.6. We did not encounter such cases of
average S:N > 2.6 in this overview study, but such
cases could be scored as approximately 0% similar.

Step 4: Evaluating statistical significance with
bimodal S:N ratios

Similarity comparisons for species in paired food
webs or at different sites showed bimodal distribu-
tions, with some species quite similar in all circum-
stances but other species showing much more varia-
tion in time or space. Because of this split into
relatively constant and relatively variable species,
our analysis of significant differences focused on the
variable species, and we considered that differences
were significant when a substantial fraction of the
fish species in food webs showed S:N > 1. The regres-
sions of Fig. 3 indicate that average similarities less
than 66 or 67% correspond to S:N > 1 and statistical
comparisons summarized in Supplement 4 indicated
that S:N values >1 corresponded approximately to
p < 0.05. Using these values, we estimated that sig-
nificant differences near p = 0.05 existed between
paired food webs or for a species across sites when
more than 1/3 of the observations in Method 1 or
Method 2 evaluations showed S:N ≥ 1. In cases

where more than half the observations showed S:N
≥ 1, a stronger level of significance was indicated
with p < 0.05.

RESULTS

The 2 methods gave similar average results for
sites and species in the USA and in Australian estuar-
ine food webs (Fig. 4). For both the USA and Aus-
tralian food webs, 5 species were involved, but there
were 3 sites in the USA, compared to 4 individual
sites and 2 aggregated sites in Australia. Site com-
parisons are presented pairwise in Fig. 4a, and spe-
cies comparisons made across the paired sites of
Fig. 4a are shown in Fig. 4b.

The 2 methods gave broadly similar average re -
sults, although averages in the point-based single-
species Method 1 were almost always lower and
errors always higher than for the line-based mixed-
species Method 2. This difference in errors is mostly
due to the larger number of observations involved for
lines than for points; for example, data for 10 lines
contributed to the Method 2 averages for the 5 spe-
cies food webs of Fig. 4, but only data for 5 species
 contributed to the Method 1 averages. The mixed-
species Method 2 estimates also are generally better
buffered because of these higher numbers of obser-
vations, and in the comparisons shown in Fig. 4, the
Method 2 results had smaller ranges of values than
the Method 1 results. These better-buffered values
of Method 2 also reflect the basic connectedness
assumed between species in this method, with con-
nectedness further averaging the data and contribut-
ing to smaller errors.

Significance testing with S:N ratios showed that
the 2 methods usually gave similar results in the 7
comparisons where significant differences were de -
tected, although the same-species method showed
stronger differences in 3 cases (Fig. 4; R vs. GI,
painted sweetlips Diagramma labiosum, Moses perch
Lutjanus russelli). The stronger differences likely
relate to reduced propagated errors in Method 1 that
relies on 2 points instead of the 4 points involved in
Method 2 calculations. These initial observations
suggest that Method 1 more easily detects significant
differences between sites and species, while Method
2 is the more conservative method for assessing these
differences. In summary, we generally relied more on
between-species Method 2 in our species and site
evaluations because this method conceptually em -
phasized linkages among species, had smaller errors
in % similarity estimates (Fig. 4) and gave more con-
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servative estimates of food web differences using S:N
ratios. However, Method 1 remains useful if species
are more separated than linked in food webs, and
because Method 1 results give a more liberal view of
differences between species and food webs.

The pairwise comparison of food webs showed
average similarities that ranged from nearly identi-
cal (FP vs. MV food webs in the USA, almost 100%
 similar) to quite dissimilar (R vs. GI sites in Aus-
tralia, only 50% similar). Of the 8 food web pairs
shown in Fig. 4a, 5 pairs were considered not signif-
icantly different, but both methods agreed that
there were significant differences in the food webs
of the other 3 pairs (MV vs. GT in the USA, R vs. GI
and R vs. PI3 in Australia). The underlying data
used to make these food web comparisons were col-
lected for fish species, and several species showed
significant differences across the food web pairs of
Fig. 4a. Thus, in the USA, the gulf menhaden Bre -
voortia patronus showed significant differences near
p = 0.05 by both methods, while 4 other species re -

mained relatively constant in their niches (Fig. 4b).
In Australia, 3 fish species (painted sweetlips, Moses
perch and wrasse Pseudolabrus guentheri) showed
significant differences in niches across sites, while
the other 2 species (yellowfin bream Acanthopagrus
australis and rabbitfish Siganus fuscescens) were
relatively constant. Overall, the examples of Fig. 4
that included fished sites (USA) and unfished sites
(Australia, reserve sites) indicate that average simi-
larities near 80% may be typical for both estuarine
food webs and feeding niches of estuarine fish.

The methods also indicated interesting trends
among food webs. The USA site comparisons showed
some differentiation across the salinity gradient, with
the most marine (salinity = 17) food web at GT differ-
ing from the fresher (salinity = 9) upstream MV food
web (Fig. 4a). The MV food web showed near 100%
similarity to the freshest (salinity = 6) FP food web
(Fig. 4a). The dissimilarities were mostly due to 1
species, Gulf menhaden, which had lower N isotope
values at the most marine station, GT (Figs. 1 & 2). A
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Fig. 4. Example pairwise trophic com -
parisons for (a) sites and (b) species using
the 2 methods. Values are means ± 95%
confidence limits, *p = 0.05, **p < 0.05
detected with signal:noise (S:N) ratios
(see ‘Methods’). Bars grouped on the left
are from Barataria Bay, Louisiana (USA),
and those grouped on the right are from
Moreton Bay, Australia. Site comparisons
in Louisiana are between sites in upper
(FP), mid (MV) and lower (GT) bay and
show food web changes along a salinity
gradient. The site comparisons in Aus-
tralia all involve comparisons to sites in a
recently declared no-fishing marine re-
serve (‘R’ sites), with various sites (GI,
PI3, PI1, PI7, aggregated non-reserve sites
= ‘NON’) differing as shown from the re-
serve. Scientific names for Louisiana fish
(left) are given in Fig. 1, scientific names
for Australian fish (right) are painted
sweetlips Diagramma labiosum, Moses
perch Lutjanus russelli, wrasse Pseudo-
labrus guentheri, yellowfin bream Acan-
thopagrus australis, rabbitfish Siganus 
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more phytoplankton-based diet with lower N isotope
values may be indicated at GT, an area with consis-
tently elevated chlorophyll levels (Das et al. 2011).
More zooplanktivory with higher N isotope values
may be indicated for menhaden at the 2 other more
freshwater stations, MV and FP.

In Moreton Bay, Australia, the aggregate food web
in the no-fishing marine reserves had diverged to
varying degrees from other local food webs and
retained only 60 to 90% similarity (Fig. 4a; pairwise
comparisons between aggregated reserve [‘R’] sites
and other sites, including aggregated reserve versus
non-reserve [‘non’] sites; R NON comparison in
Fig. 4). Differences were mostly due to a 1.3‰ higher
average δ15N value for Moses perch (snapper) in the
reserve sites. This species consumes both inverte-
brates and fish, and was the most piscivorous of the 5
local fish species studied. One possible explanation
for the higher δ15N values in the reserve sites is that
Moses perch are feeding more heavily on fish that
are generally observed to be more abundant at the
reserve sites. This hypothesis of increased piscivory
will need further field work to better understand the
Moses perch trophic shift, but this shift possibly pro-
vides a way to monitor divergence of food webs in
reserves versus non-reserves.

The Moreton Bay food web that was most different
from the aggregate marine reserve food web was the
food web at GI (Fig. 4a). This site was also distin-
guished by the presence of branching coral, a habitat
feature not common at other Moreton Bay study sites.

DISCUSSION

The rescaling approaches of this study represent a
distillation and extension of previous isotope meth-
ods used to compare fish food webs. The approaches
outlined in this and 2 previous studies (Schmidt et al.
2007, Turner et al. 2010) all start with C and N iso-
tope biplots, but differ in how they treat isotope shifts
related to baselines and diet strategies of individual
groups or species.

The baseline problems were recognized in the first
of these studies (Schmidt et al. 2007), for example
with eutrophication increasing δ15N values of fish
over time. This increase could be erroneously inter-
preted as a general increase in fish trophic level, and
considerable effort has been made to account for
these vertical δ15N baseline shifts in food web CN
isotope diagrams (Vander Zanden & Rasmussen 1999,
Post 2002). Baseline shifts can also occur in C iso-
topes, and a horizontal baseline δ13C change of this

type is evident in the 2 fish communities of Fig. 1.
The community from the more freshwater site (Fig. 1,
left food web) had lower δ13C values due to lower
inputs of seawater bicarbonate at the base of the food
web, and this type of δ13C baseline change regularly
propagates to phytoplankton and then to consumers
in estuarine food webs (Fry 2002, Wissel et al. 2005).
In summary, both vertical δ15N and horizontal δ13C
baseline changes can occur in the CN isotope plots.
The circular statistics of Schmidt et al. (2007) did not
account explicitly for these baseline shifts that had to
be assessed independently to correctly interpret food
web change.

To account for baseline shifts, Turner et al. (2010)
converted isotope data to Z-scores, and our study
 follows this same approach, with some rescaling of Z-
scores to convert values back to units near those of
the original study. The intent here is to use Z-scores
to separate the baseline geochemical changes from
changes in fish feeding behaviour, but 2 general
caveats can be noted for this use of Z-scores.

First, Z-score methods make average corrections
that apply to all species, rather than more detailed
corrections for individual species. The more detailed
corrections are desirable (Newsome et al. 2007), but
are much more data-intensive and often suffer from
their own problems as outlined in our ‘Introduction’.
Z-score methods can be problematic if foods shift
 isotope values in non-uniform, dynamic ways, as
can occur in estuaries and lakes (Cloern et al. 2002,
O’Reilly & Hecky 2002). In such cases, simple mean-
based corrections will leave some of the food-related
signals in the corrected data where it is then scored
as changes in fish behaviour. Two factors usually
work together to minimize such problems for fish
food webs. Most importantly, the generally high
trophic levels and opportunistic feeding habits of fish
act to integrate and average many basal food web
variations. In addition, including data from multiple
fish species helps ensure that average baseline cor-
rections are reasonably representative for the whole
community. Thus we focused on studies that in -
cluded several (5 to 10) species when making com-
parisons of fish food webs. In contrast, if food webs
are composed of a few specialist species, use of Z-
scores and their under lying average corrections may
underestimate the complexities involved in food web
comparisons, and lead to erroneous results.

A second caveat about the Z-score approach con-
cerns model complexity, and the idea that adding
unneeded corrections can introduce artefacts into the
analysis. For example, Turner et al. (2010) used Z-
scores but then added another step of rotating the
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data before making isotope comparisons. This rota-
tion step is usual in Procrustes analysis of fish
 morphometry (Zelditch et al. 2004), which assumes
 morphometry is organized tightly around axes that
can rotate left or right. However, we observed that
food webs were not so fixed in shape and indeed
were quite flexible. Food web shapes in CN isotope
space changed when a single species moved or when
species exchanged positions; we did not observe all
species rotating in a coordinated manner through
isotope space. Experimentally rotating our own data
to produce minimum differences and best fits of the
Procrustes analysis (Zelditch et al. 2004) gave the
expected result that rotation will generally disperse
and diffuse isotope shifts across all species, while
un-rotated data better localized isotope changes to
individual species. In sum, we did not rotate data
because this rotation step is not widely recognized as
a necessary part of baseline adjustments in food web
isotope studies, and because rotation can introduce
unwanted artefacts into the analysis. Our methods
are thus slightly simpler than steps advocated by
Turner et al. (2010), generally have fewer assump-
tions and are probably more appropriate for food
webs that, according to our observations, do not have
fixed morphometry or shape.

Our Z-score method involves dividing by standard
deviations, and this provides a uniform scale for un-
derstanding and comparing food webs. Several pre -
vious studies have used isotopes to study changes in
food webs (Bearhop et al. 2004, Layman et al. 2007,
2012), but have not used a uniform scale for compar-
isons. This lack of a uniform scale makes comparative
evaluation of food webs difficult (Hoeinghaus & Zeug
2008), and our study shows simple algebraic steps
for the re-scaling process (Supplements 1 & 2), along
with some initial applications. Details of these novel
rescaling calculations for the modified Z-scores are
given in Supplements 1 & 2. Rescaled averages were
used in the rather simple Euclidean distance frame-
work of this study, but re scaled individual-level data
also can be used in  multivariate programs to  detect
food web change (Supplement 3).

Our survey of published food webs included di -
verse examples including ponds with an invasive
species, the deep sea, dredged rivers and estuaries
from the USA, Australia and Africa (Fig. 3). The sur-
vey of food webs was useful for establishing a way to
estimate food web differences, but also showed other
interesting features. First, the food webs with the
strongest  differences were those identified as dis-
turbed by human-mediated species invasion (20%
similar) and by river dredging (48% similar; Fig. 3b).

Second, while invasive species and dredging effects
were strongest, nearly as-strong differences were ob -
served in 2 studies of mid-water deep-sea fish com-
munities in the Mediterranean (64% similar) and
Tasman Seas (72% similar; Fig. 3b). These deep-sea
studies re spectively documented seasonal differ-
ences and spatial differences, with both showing that
these communities are shifting fairly strongly and
presumably naturally along time and space axes. In
contrast, the estuarine food webs in the USA, Aus-
tralia and Africa showed much greater similarities of
respectively 87, 87 and 96%. We do not know the
causes of these differences at this time, but it is pos-
sible that food limitation is important in the overall
degree of similarity in food webs, with deep-sea food
webs diverging because of low food availability
(Watling et al. 2013) but estuarine food webs show-
ing stronger similarity because of greater in situ
 primary productivity and food availability.

A second axis of differentiation in estuarine food
webs may be related to habitat structure, with rela-
tively high fish diversity at the GI site that had
branching coral (J. Davis pers. obs.). Carbon isotope
variability associated with mean isotope values were
lowest at this site among all Australian estuarine sites
 studied, and may reflect higher residency and more
structured food webs at GI. Further studies of coral
reef sites are needed to extend these initial observa-
tions and test possible habitat controls of food web
structure and function.

Our survey of fish food web studies generally
found that samples had not been collected with com-
parisons of whole food webs in mind. Our work in
Moreton Bay involved spear-fishing a few (3 to 5)
individuals per species at multiple sites, in contrast to
a previous estuarine study that recommended typical
monitoring numbers of 30 to 45 fish per species repli-
cate (Fry et al. 2008). These higher numbers are in
line with estimates for lake fish that >30 individuals
may be needed for statistical power when using iso-
topes to study a niche of 1 fish species (Syväranta
et al. 2013). Also in this survey work, we did not
encounter studies that explicitly included replicate
whole food webs, for example collecting the same
species assemblage in 3 nearby areas for replicate
food webs. This could be expanded across seasons to
also address temporal replication. Our initial studies
in USA and Australian estuaries (Fig. 4) generally
had low numbers of individuals and low replication
across time and are presented mostly to show the
potential of the rescaling comparative approach. In -
creased replication is desirable to make more robust
comparisons of food webs.
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Besides increased replication, choice of species may
also be important for comparing food webs. Gener-
ally, more mobile species will have higher variability
estimates and greater final estimated trophic simi -
larity across sites and seasons. Conversely, better-
defined trophic niches for individual species that are
resident should provide higher-resolution opportuni-
ties for distinguishing food web differences. Future
research might also improve the isotope descriptions
of food webs by including more species, and espe-
cially most of the abundant species. It is possible that
food webs seem dissimilar because many of the
important species are lacking, i.e. food webs studied
thus far are only partial representations of field con-
ditions with usually less than 50% of abundant spe-
cies represented in the isotope sampling. The isotope
food web approach elaborated here might work best
in estuarine studies with 20 to 50 cm sized fish that
(1) are large enough to consume a wide variety of
prey and have fairly stable average diets, (2) show
some regular habitat associations with e.g. water
masses or benthic structures and (3) are small
enough to remain fairly local and resident. While
these recommendations arise from our initial work
with species-based fish food webs, we note that there
are many potential related food web comparisons
that could focus on e.g. fish size classes instead of
species (Jennings et al. 2002), invertebrate communi-
ties or mixed invertebrate/fish communities.
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