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1.  INTRODUCTION

The impacts of anthropogenic activities have be -
come increasingly evident in both coastal and open
ocean environments, with consequences for the
structure and function of marine ecosystems (Harley
et al. 2006, Shackell et al. 2010). By reconstructing
and characterizing food webs through time, it is pos-
sible to better understand the modifications forced
upon our modern ecosystems and predict their reac-
tions to ongoing anthropogenic activities, as well as

the legacy effects of past changes to biogeochemical
cycles.

Stable isotopes have proven to be an effective tool
to shed light on food web position and/or movement
of a given population (Fry 2006). While bulk stable
isotopes have their advantages and limitations, com-
pound-specific stable isotope analysis of amino acids
(CSIA-AA) can provide a valuable complementary
approach to fine-tune our understanding of an eco-
system and its history. As the building blocks of pro-
teins, amino acids (AAs) play a fundamental role in
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all metabolic processes (O’Connell 2017) and their
stable isotopes of carbon and nitrogen (δ13CAA and
δ15NAA, respectively) represent a powerful tool that
has been widely applied to disentangle past (Pomer-
leau et al. 2017, Zupcic-Moore et al. 2017, Vokh -
shoori et al. 2019) and present (McMahon et al. 2016,
Sabadel et al. 2016, Hetherington et al. 2017) food
web structure. Indeed, some δ15NAA values (e.g. glu-
tamic acid, δ15NGlx) fractionate substantially be tween
trophic levels while others (e.g. phenylalanine,
δ15NPhe) undergo very little fractionation (Popp et al.
2007), enabling precise calculation of the tro phic
position (TP) of an organism (Chikaraishi et al. 2009).
Moreover, δ15NPhe, as well as the δ13C of essential
AAs (δ13CEAA) of primary producers can record envi-
ronmental variations, such as changes in tempera-
ture, CO2, and/or nutrient concentration (Yama guchi
& McCarthy 2018, Sabadel et al. 2019), thus repre-
senting a solid baseline to track changes in the iso-
topic composition at the base of a food web through
time. This ability is particularly valuable in situations
where isotopic information on the position of the
base of the food web is lacking, such as in archaeo-
logical and paleontological studies. Recent studies
have indicated that it is possible to use fixed/
preserved museum specimens to reconstruct past
trends in food web structure (Hannides et al. 2009,
Hetherington et al. 2019). Indeed, δ13CAA used to
track organic matter sources are not affected by fixa-
tives or time under fixation (Chua et al. 2020, Du -
rante et al. 2020b). Conversely, while δ15NAA values
tend to vary between treatments, the authors found
that for most fish, this variation is largely within the
precision of the measurements and related to time
between specimen collection and fixation. Moreover,
the homogeneity of change of all individual AA val-
ues still allows for precise measurements of TP for
historic samples (Durante et al. 2020b).

Since the industrial revolution, the decreasing
amount of atmospheric 13CO2 has changed the over-
all ratio of 13C/12C in natural systems. This phenome-
non, termed the ‘13C Suess effect’ (Keeling 1979) also
af fects the isotopic ratio of the C diffused into the
oceans and can vary from region to region (Gruber et
al. 1999). The Suess effect has not yet been fully
studied as it is resolved by δ13CAA, but the few studies
that have mentioned it, such as those in deep-sea
coral tissues or historic samples from whales, found
that the δ13CEAA values precisely recorded changes in
inorganic C flux and changes in δ13C values (Ruiz-
Cooley et al. 2014, Schiff et al. 2014, McMahon et al.
2015a, Zupcic-Moore et al. 2017). Additionally, mar-
ine coastal ecosystems have also seen an increasing

and continuous amount of artificial N added to their
environment via the use of synthetic fertilizers ap -
plied to intensified farming, along with other animal
manure, human sewage, and industrial sources.
These anthropogenic inputs of NOx into the environ-
ment have been shown to affect the δ15NBulk baseline,
as recorded in ice cores (Felix & Elliott 2013), lake
sediments (Hundey et al. 2016), and coastal marine
environments (Marion et al. 2005, Baker et al. 2010);
but to our knowledge, the impact of artificial N on
δ15NAA values in marine environments has, to date,
not been investigated.

Therefore, the goal of the present study was to ap -
ply bulk isotopic analysis and CSIA-AA to investi-
gate how C and N isotopic baselines have changed
over time in a coastal region (Otago, New Zealand)
due to anthropogenic activities, using fish muscle tis-
sue samples. Indeed, between 1990 and 2001, New
Zealand expanded the use of inorganic fertilizers for
agriculture, with an increase of more than 450% on
the land-based input of N through fertilizer applica-
tion in the Otago region, reaching 530% by 2010
(Parfitt et al. 2012). In addition, the offshore subtrop-
ical waters on the shelf of the Otago region, which
are typically depleted in N-containing nutrients (Van
Hale & Frew 2010), have seen the N loading of estu-
arine and coastal environments increase markedly in
recent years (Thrush et al. 2013). In this context,
anthropogenic N depleted in the heavy isotope 15N is
added into the soils and leaches to the oceans, which
is then used by primary producers and enters the
local food web. Consequently, N isotope baselines of
coastal waters may have changed over the past de -
cades, especially where land use practices have
shifted to intensified agriculture and where catch-
ments have carried the excess N into coastal marine
systems.

We used museum samples to reconstruct the iso-
topic compositions of 3 coastal fish species across 7
decades (1950−present). These 3 exclusively marine
species occupy different TPs, habitats, and have dis-
tinct dietary niches. In order to separate isotopic shifts
caused by (1) anthropogenic inputs or (2) natural envi-
ronmental and ecological changes, we focused on a
primary consumer ‘baseline fish’, the butterfish Odax
pullus. O. pullus is an herbivorous fish from the Odaci-
dae family found in kelp forests, usually shallower
than 20 m (Roberts et al. 2015). It feeds mainly on kelp
of the genera Durvillaea, Macro cystis, Ecklonia, Les -
sonia, and Carpophyllum (Russell 1983, Trip et al.
2014) and thus provides a valuable reference for
resolving shifts in δ13C and δ15N baselines in primary
producers. In contrast, tarakihi Nemadactylus macro -
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pterus (Cheilodactylidae) and blue cod Parapercis
colias (Pinguipedidae) have broad-spectrum diets,
which allow them to ad just to changes in the compo-
sition and abundance of the prey field (Wing et al.
2012). While both are omni  vores, P. colias can exploit
higher trophic level prey such as fish, and N. macro -
pterus feeds on a broad range of benthic and pelagic
invertebrates including gastropods, bivalves, iso -
pods, amphipods, polychaetes, crabs, echinoderms,
and cephalochordates (Graham 1939, Russell 1983);
this is reflected in its relatively lower TP. O. pullus,
N. macropterus, and P. colias are common fish spe-
cies that inhabit the Otago coast. Their importance is
reflected in the recent creation of conservation plans
(Nash 2018) and petitions (www.legasea. co. nz/
TARAKIHI) with the goals of maintaining and
enhancing stocks and understanding their feeding
ecology.

We used isotope baseline proxies to follow the
fishes’ δ13C and δ15N baselines between the 1950s
and 2018 and calculate δ15NAA-based TP estimations
to understand whether observed shifts were caused
by a baseline shift or a change in the fishes’ trophic
ecology. We hypothesized that (1) the Suess effect
will shift δ13C values of all species of fish, and that it
is possible to disentangle this effect on the δ13C base-
line from natural changes in the food web using
analysis of δ13CEAA; (2) the anthropogenic N inputs
into coastal marine habitats will mostly affect the
δ15N baseline of O. pullus as a direct feeder of kelp,
but less so the other 2 fish species with their omnivo-
rous diets and wider niche.

2.  MATERIALS AND METHODS

2.1.  Experimental design and sample collection

All specimens of Odax pullus, Nemadactylus macro -
pterus, and Parapercis colias used in the present
study were collected from the Otago coast, a 480 km
coastline on the south east of New Zealand’s South
Island. Past specimens, caught between the 1950s
and 1990s, were acquired from Te Papa — National
Museum of New Zealand (Wellington) and Otago
Museum (Dunedin) collections (Table S1 in Supple-
ment 1 at www. int-res. com/ articles/ suppl/  m647 p149_
supp1. xlsx) and represent all available museum spec-
imens from the Otago region. ‘Present’ samples,
caught between 2017 and 2018, were provided by lo-
cal anglers. In total, we collected 5 ‘past’ and 5 ‘pre-
sent’ samples of O. pullus, 14 and 5 samples, re -
spectively of N. macropterus and 6 and 11 samples,

respectively, of P. colias. The size of a specimen is
known to affect the isotopic values of muscle tissue
(Dalponti et al. 2018, Ladds et al. 2020), and museum
collections tend to be biased towards small specimens
due to sampling and space limitations. In the present
study, the distribution of the specimens’ total length
between past and present samples did not vary for O.
pullus (279.8 ± 27.7 and 362 ± 27.7 mm) and P. colias
(271.9 ± 35.4 and 344.9 ± 26.1) at a p < 0.05 level (Wil -
coxon’s non-parametric test). On the other hand,
specimens of N. macropterus were significantly larger
in the present (354.9 ± 16) than in past samples (208.2
± 9.6). Muscle tissues (1 cm3) from the dorsal muscula-
ture were collected from each fish for analysis. Prior to
further preparation, muscle tissues sampled from mu-
seum collections were left in deionized water for 1 wk
to allow excess preservatives to be washed out of the
samples (Durante et al. 2020b). Fish muscle tissues
were then oven-dried (60°C for 72 h) and subse-
quently ground with a mortar and pestle until
yielding a fine and homogenous powder.

2.2.  Bulk stable isotope analysis

A mass of 0.8−1.2 mg of dried fish muscle tissue
was packed in tin capsules. All samples were ana-
lyzed in triplicate on a Europa 20-20 update stable
isotope mass spectrometer (Europa Scientific) inter-
faced to a Carlo Erba elemental analyzer (NA1500;
Carlo Erba) in continuous flow mode (precision:
0.2‰ for δ13C, 0.3‰ for δ15N) at the Iso-trace Re -
search Lab in the Department of Chemistry, Univer-
sity of Otago. Results were calibrated using USG40
and USG41 reference materials (−26.24 and 37.76‰,
respectively for C and −4.52 and 47.57‰, respec-
tively for N) and EDTA standard (Elemental Micro-
analysis). Values were calculated and reported with
respect to atmospheric N2 (for δ15N values) and
Vienna Pee Dee Belemnite (VPDB) (for δ13C values)
international reference standards and reported in the
standard delta notation (Fry 2006). Replicate samples
were added between each 10 samples and among
trays, to check for machine precision and accuracy.

Isotope results from preserved specimens were
corrected for the effects of fixation, preservation, and
differences in lipid content (for δ13C) using the equa-
tions from Durante et al. (2020b). These equations
can be used for specimens fixed in formalin and pre-
served in ethanol or isopropanol for long periods of
time and take into account the lipid content (param-
etrized by the C:N ratio) and proportion of N in the
fish muscle tissue:
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δ15N = 11.25 + 0.71 × δ15Npreserved + 0.27 
× δ13Cpreserved − 0.21 proportion of Npreserved

    (1)

δ13Clipid free = −8.42 + 0.07 × δ15Npreserved + 0.76 
× δ13Cpreserved + 0.97 × preserved C:Npreserved

   (2)

where δ15N and δ13Clipid free represent corrected val-
ues using δ15N, δ13C, proportion of N, and the C:N
ratio from preserved specimens.

2.3.  AA stable isotope analyses

AA stable isotope analyses were carried out in the
Iso-trace Lab at the University of Otago. AAs were
extracted by hydrolyzing 2.5 g of each sample with 2
ml 6 M HCl at 110°C for 24 h in a N2 atmosphere. An
internal standard, norleucine (50 μl of 1 mg ml−1 solu-
tion), was added to monitor the wet chemistry and
AA stable isotope values. Solutes were then dried
 under a gentle flow of N2 at 60°C and subsequently
converted into N-Acety lisopropyl (NAIP, Fig. S1 in
Supplement 2 at www. int-res. com/ articles/ suppl/
m647 p149 _ supp2. pdf) ester derivatives following the
protocol described in (Sabadel et al. 2016), modified
from (Styr ing et al. 2012). Details of the derivatization
procedure can be found in Text S1 in Supplement 2.
The δ13CAA and δ15NAA values were measured by a
gas chromatography/  combustion/ isotope ratio mass
spectrometer (GC-IRMS), using a Thermo Trace gas
chromatograph, a GC combustion III interface, and a
Deltaplus XP isotope ratio mass spectrometer (Thermo
Fisher Scientific) (Text S2 in Supplement 2). Aliquots
(200 nl) of derivatized AAs were injected, inlet at
270°C in splitless mode, carried by helium at 1.4 ml
min−1 and separated on a VF-35ms column (0.32 mm
i.d. and a 1.0 μm film thickness). The GC program
can be found in Table S2 in Supplement 2. For δ13CAA

measurements, the oxidation reactor was set at 950°C
and the reduction reactor was left at room tempera-
ture; for δ15NAA measurements, the oxidation rector
was set at 980°C, the reduction reactor at 650°C, and a
liquid N2 cold trap employed after the reduction reac-
tor. Samples were analyzed in duplicates or triplicates
(depending on sample reproducibility) along with AA
standards of known isotopic composition (measured
by elemental analyzer-IRMS). A total of 11 AAs from
each sample were measured with no peak co-elutions,
listed below. In order of elution: alanine (Ala), glycine
(Gly), valine (Val), leucine (Leu), iso leu cine (Ile),
Threo  nine (Thr), serine (Ser), proline (Pro), aspar gine
+ aspartic acid (Asx), glutamate + glutamic acid (Glx)
and phenylalanine (Phe) (see Fig. S2 in Supplement 2
for a typical chromatogram). Note that during the hy-

drolysis step, asparagine is converted to aspartic acid
(hence the notation Asx) and glutamate is converted
to glutamic acid (hence the notation Glx). Raw δ13CAA

was individually corrected relative to the AA δ13CAA of
the standards to account for the added C and kinetic
fractionation introduced during the derivatization
procedure (Text S3 in Supplement 2). The δ values
were reported following the conventional method of
expressing δ at natural abundance, in per mil (‰), rel-
ative to an international standard: VPDB for δ13CAA

and atmospheric N2 for δ15NAA (Fig. S3 in Supplement
2). Precision (±1 SD) of corrected δ13CAA ranged from
0−1.7‰ with a mean of 0.4‰, while the precision for
δ15NAA ranged from 0−1.7‰ with a mean of 0.4‰.

2.4.  Trophic level estimations

TP based on AA isotope values were calculated
using the δ15NGlx and δ15NPhe relationship (TPGlx−Phe,
Eq. 3) described in Chikaraishi et al. (2009):

                                     (3)

where β is the isotopic difference between Glx and
Phe in the primary producers: δ15NGlx − δ15NPhe =
3.4‰ for aquatic cyanobacteria and algae (Chika -
raishi et al. 2009). The trophic discrimination factor,
representing the difference in fractionation per TP of
δ15NGlx and δ15NPhe (TDFGlx−Phe), was chosen accord-
ing to the fish species’ diet (McMahon et al. 2015b).
In their feeding experiment study, McMahon et al.
(2015b) found that fishes fed on high protein diets,
where the AA composition was similar to the fishes’
muscle tissue, presented a smaller TDFGlx−Phe than
fishes feeding on an herbivorous diet. Consequently,
in the present study a TDFGlx−Phe value of 10.4‰ was
used for the calculation of TPGlx−Phe of herbivores and
of 7.2‰ for omnivores, respectively, matching the
plant-based and omnivore diet from McMahon et al.
(2015b). Uncertainties associated with the TP calcu-
lation using Eq. (3) were calculated by the propaga-
tion of errors following Dale et al. (2011) (Text S4 in
Supplement 2).

2.5.  Data treatment and statistical framework

For δ13CEAA, data interpretation represented the
δ13C values of the following EAAs: Leu, Ile, Phe,
Thr, and Val. For δ15NAA data interpretation, we
only looked at a trophic AA (Glx) and a source AA
(Phe).

TP
N N

TDFGlx Phe
Glx Phe

Glx Phe
−

−
=

− +( )
+

δ δ β15 15

1
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To investigate trends of isotope values along the
years, linear models were fitted to the data, and the
slopes of the regression equations were compared be-
tween species and studies on the Suess effect. Linear
models were run using JMP v.14 (SAS institute). Al-
though our sample size was small and had a
clustering nature, it met all the assumptions required
to run linear regressions: normality (Q−Q plot of
residuals), independence (residual by row number
plot), and constant variance (re sidual plot) for most
variables, ex cept for δ13CEAA and δ15NPhe of N. macro -
pterus. This sug gested that a lin-
ear model did not fit this spe -
cific data very well, again due to
the small sample size, and there-
fore some care had to be taken
to avoid a biased re sult in any
 predictions or inferences made.
Pairwise permutational ANOVA
(PERM ANOVA) tests were ap -
plied to the data to investigate dif-
ferences in isotope values and TP
estimates for each species be fore
the peak of regional  fertilizer use
(1990) and present (2017 and 2018).
PERM ANOVA is an ANOVA that
uses permutation to compute sta-
tistical tests instead of statistical ta-
bles, and does not assume linearity
or normality (Anderson et al. 2008).
Euclidian distances between sam-
ples of each species were used to
compute resemblance matrices
used in the PERMANOVA tests,
which was run with unrestricted
permutation of the raw data.
PERM ANOVAs were run on
PRIMER v.6.1.2 (Clarke &  Gorley
2006).

3.  RESULTS

3.1.  Bulk and AA C stable isotopes

The δ13CBulk values of Odax pullus have significantly
increased over time, from an average of −17.78‰ for
past specimens to an average of −16.03‰ for muscle
tissue samples collected in 2017− 2018 (Table 1,
Fig. 1), with an associated positive slope of 0.030 ±
0.011‰ (Table 2). On the other hand, δ13CBulk values
of our 2 omnivorous species have decreased over
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Analysis    Species                                        Historical           Present           t

δ13CBulk      Odax pullus                            −17.78 ± 0.34   −16.03 ± 0.45   3.084*
                  Nemadactylus macropterus   −17.96 ± 0.24   −19.20 ± 0.19   2.924**
                  Parapercis colias                     −18.43 ± 0.22   −19.27 ± 0.35   1.671

δ13CEAA      O. pullus                                  −19.79 ± 0.48   −20.41 ± 0.34   0.989
                  N. macropterus                       −19.46 ± 0.25   −22.79 ± 0.37   7.633***
                  P. colias                                    −21.70 ± 0.17   −21.71 ± 0.55   4.38E−03

δ15NBulk      O. pullus                                    13.17 ± 0.44     12.24 ± 0.19   1.955
                  N. macropterus                         14.19 ± 0.23     13.39 ± 0.41   1.782
                  P. colias                                      14.22 ± 0.19     14.01 ± 0.19   0.717

δ15NPhe       O. pullus                                    10.47 ± 0.33       9.25 ± 0.37   2.492*
                  N. macropterus                           8.31 ± 0.48       5.69 ± 0.50   3.39**
                  P. colias                                        7.31 ± 0.41       6.57 ± 0.85   0.735

TPGlx−Phe    O. pullus                                      1.75 ± 0.07       1.70 ± 0.12   0.375
                  N. macropterus                           3.24 ± 0.05       3.67 ± 0.03   5.741***
                  P. colias                                        3.67 ± 0.12       3.63 ± 0.09   0.274

Macro%    N. macropterus                           0.56 ± 0.03       0.41 ± 0.03   2.946*
                  P. colias                                        0.50 ± 0.03       0.40 ± 0.04   1.691

Table 1. Mean (±SE) stable isotope values of carbon (bulk [δ13CBulk] and essential
amino acids [δ13CEAA]) and nitrogen (δ15NBulk, phenylalanine [δ15NPhe]), and glutamic
acid−amino acid-based estimated trophic position (TPGlx−Phe), as well as the propor-
tion of the omnivorous fish’s diet supported by macroalgae (Macro%) from samples
of historical and present material. Macro% was calculated based on δ15N and δ13C
endmember values of macroalgae (8.42 and −15.50‰, respectively) and particulate
organic matter (3.23 and −24.25‰, respectively) (L. M. Durante et al. unpubl. data).
t-statistics from pairwise PERMANOVA tests are shown with their respective signi-

ficance values (*p < 0.05; **p < 0.005; ***p < 0.0005)
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Fig. 1. Bulk and essential amino acid (EAA) δ13C values for 3 coastal fish: (A) Odax pullus, (B) Nemadactylus macropterus, and 
(C) Parapercis colias. Triangle on the x-axis in (B) indicates the year of overfishing
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time, from an average of −17.96‰ to an average of
−19.20‰ for Nemadactylus macropterus (p < 0.005)
and for Parapercis colias, from an average of −18.43‰
to an average of −19.27‰, although these differences
were not significant in the later (Table 1, Fig. 1). Addi-
tionally, the slope of the linear regressions calculated
for N. macropterus and P. colias, −0.018 ± 0.010 and
−0.015 ± 0.010‰, respectively (Table 2), indicated
that their change in δ13CBulk values over time followed
the Suess effect trend calculated for the ventilated
South Pacific Ocean, which predicts a decrease of on
average 0.011‰ yr−1 (−0.014 ± 0.001 [SD] to −0.006 ±
0.001‰) in δ13CBulk (Eide et al. 2017).

To disentangle the factors likely responsible for the
observed changes in δ13CBulk values, we analyzed indi-
vidual AA isotope values. As they are only synthesized
in primary producers, EAAs can solely be acquired by
higher trophic level species (TP = 2 and above) via
their diets. Thus, δ13CEAA has often been used to track
δ13C baseline changes (Whiteman et al. 2019). In our
data set, δ13CEAA were de pleted relative to δ13CBulk val-
ues, with differences ranging from 0.7−3.5‰ across
the 3 species (Tables 1 & S3, the latter in Supplement 1;
Fig. 1). For O. pullus, δ13CEAA values de creased over
the past 7 decades from −19.79 to −20.41‰; and al-
though the linear regression model between δ13CEAA

and time was not significant, the value of the slope was
found to be within that of the predicted Suess effect for
the South Pacific region (−0.014 ± 0.010‰; Table 2).
Similarly, N. macro pterus presented a significant
change in δ13CEAA values (from −19.46 to −22.79‰)
and a much steeper and significant slope than the pre-
dicted bulk Suess effect (−0.054 ± 0.015‰). For both
O. pullus and N. macro pterus, the general trend was

negative and in line with the decrease of environmen-
tal 13C. However, for P. colias there were no significant
changes in the δ13CEAA values (from −21.70 to
−21.71‰), and the linear regression slope was flat
(0.0002 ± 0.012‰; Table 2).

3.2.  Bulk and AA N stable isotopes

δ15NBulk values decreased over time for all 3 fish
species studied as per their averaged values and cal-
culated linear regression slopes, with differences that
were significant for N. macropterus, but not for O.
pullus and P. colias (Tables 1 & 2, Fig. 2). Additionally,
significant temporal variation in the AA baseline
δ15NPhe was observed for both O. pullus and N.
macropterus (Fig. 3), where the N isotope baseline
values dropped from an average of 10.47−9.25‰ and
from 8.31−5.69‰, respectively (Table 1, Fig. 1); and
although they decreased from an average of 7.31−
6.57‰, variations of δ15NPhe in P. colias were not sig-
nificant. Calculated coefficients from the linear re -
gressions gave a slope of −0.023 ± 0.009‰ for O. pul-
lus, meaning a change in the δ15Nphe of O. pullus with
time at a rate of 0.023‰ yr−1. Similarly, linear regres-
sions on δ15NPhe values with time showed a  sig nificant
temporal trend for N. macropterus (−0.046 ± 0.018‰)
and a non-significant but still negative trend in P. col-
ias (−0.011 ± 0.019‰). Finally, N. macro pterus had a
distinct peak in δ15NBulk as well as δ15NPhe values be-
tween 1970 and 1990 (Table S4 in Supplement 1,
Fig. 3), followed by a significant de crease in present
samples (Wilcoxon Z = −1.84, p = 0.066 for δ15N and
Z = −2.76, p = 0.006 for δ15NPhe).
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Factor                     Species                                              r2                     Intercept ± SE                Slope ± SE                      p

δ13CBulk                   Odax pullus                                      0.5                   −77.09 ± 21.12               0.030 ± 0.011                0.022*
                               Nemadactylus macropterus          0.18                   18.20 ± 19.20             −0.018 ± 0.010                0.074
                               Parapercis colias                            0.13                   10.95 ± 19.58             −0.015 ± 0.010                0.147

δ13CEAA                   O. pullus                                           0.2                       7.81 ± 21.2               −0.014 ± 0.010                0.23
                               N. macropterus                              0.49                   86.71 ± 30.42             −0.054 ± 0.015                0.004**
                               P. colias                                         2.2E−05               −22.06 ± 24.74             0.0002 ± 0.012                0.989

δ15NBulk                   O. pullus                                         0.31                   45.67 ± 17.28             −0.017 ± 0.009                0.093
                               N. macropterus                              0.22                   52.11 ± 17.62             −0.019 ± 0.009                0.045*
                               P. colias                                           0.05                   24.39 ± 11.29             −0.005 ± 0.006                0.375

δ15NPhe                   O. pullus                                         0.48                   55.94 ± 16.9               −0.023 ± 0.009                0.026*
                               N. macropterus                              0.33                   99.60 ± 36.04             −0.046 ± 0.018                0.024*
                               P. colias                                             0.4                     29.72 ± 37.48             −0.011 ± 0.019                0.558

Suess effect                                                                       −                                −                         0.011 ± 0.001                    −

Table 2. Linear regressions of C stable isotopes values for bulk (δ13CBulk) and averaged essential amino acids (δ13CEAA), as well
as δ15N bulk values (δ15NBulk) and phenylalanine (δ15NPhe) along with values for the predicted Suess effect in the ventilated 

South Pacific Ocean according to Eide et al. (2017). *p < 0.05; **p < 0.005
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3.3.  Trophic structure estimates

Results from TPGlx−Phe of all samples were plotted as
δ15NGlx against δ15Nphe in Fig. 3, along with the trophic
isoclines representing the different TPs calculated for
herbivorous and omnivorous species ac cording to
their specific TDFGlx−Phe as discussed above. O. pullus
data, past and present, were scattered around the
herbivory trophic isocline (TP = 2), while past and
present samples of N. macropterus and P. colias fitted
as omnivorous, in between TP = 3 and 4. Average val-
ues of calculated TPGlx−Phe are displayed in Table 1.
TPGlx−Phe indicated that both O. pullus and P. colias

had no significant differences in their TPGlx−Phe, from
1.75−1.70 and from 3.67−3.63, respectively. The re-
verse was observed for N. macro pterus, where
TPGlx−Phe had a significant increase be tween past and
present periods, from 3.24−3.67 (Table 1).

4.  DISCUSSION

4.1.  Suess effect in reef fish as reflected in 
C stable isotopes

Because Odax pullus is a primary consumer with a
narrow diet niche mainly consisting of macroalgae, its
isotope chemistry represents an interesting proxy for
tracking the isotopic baseline changes in organic
 matter source through time. However, in our study
δ13CBulk and δ13CEAA values of O. pullus samples indi-
cated contrasting trends, with δ13CBulk values going
against the Suess effect. This interesting contradiction
challenges the chemical preservation correction equa-
tions that were used in our study, but more broadly,
the general use of bulk isotopes from preserved sam-
ples. Here, we can anticipate some variation in accu-
racy using the correction Eqs. (1) and (2) on samples
of O. pullus, as (1) chemical preservation effects are
dependent on lipid concentrations and compositions,
and thus the C:N ratio of the samples (Kelly et al.
2006); (2) herbivorous fish have higher C:N ratio than
omnivorous or carnivorous fishes (Mill et al. 2007);
and (3) the equation from Durante et al. (2020b) was
not developed using herbivorous fishes. Conse-
quently, it is likely that the increase in δ13CBulk values
observed for O. pullus were directly linked to the non-
adapted corrections made to the values. Therefore,
narrowing on the isotopic values of specific com-
pounds that are not affected by chemical preservation
can help resolve shifts in C baselines more precisely.
Focusing on δ13CEAA values of our herbi vorous fish,

155

10.0

15.0

20.0

25.0

30.0

35.0

0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0

δ15NPhe (‰)

δ1
5 N

G
lx
 (‰

)

Butterfish - Historical Tarakihi - Historical

TP = 4 (Omnivory)

TP = 3 (Omnivory)

TP = 2 (Herbivory)

TP = 1 (Primary producers)

Blue Cod - Historical
Butterfish - Present Tarakihi - Present Blue cod - Present

Fig. 3. Historical and present δ15N values of the 2 canonical
trophic and source amino acids: glutamic acid (Glx) and
phenyl alanine (Phe), respectively, from 3 coastal fish: Odax
pullus (orange), Nemadactylus macropterus (green) and
Para percis colias (blue). Empty green triangles: samples of N.
macropterus during a year of recorded high landings. Trophic
position (TP) isoclines with a slope of 1.0 and y-intercept
 intervals corresponding to the appropriate trophic discrimina-
tion factor representing the difference in fractionation per TP
of δ15NGlx and δ15NPhe of 10.4‰ for herbivores and 7.2‰
for omnivores following McMahon et al. (2015b), represent
different TPs for fish species according to the equation by 

Chikaraishi et al. (2009)

0

5

10

15

20

25

30

35

1940 1960 1980 2000 2020 2040
0

5

10

15

20

25

30

35

1940 1960 1980 2000 2020 2040
0

5

10

15

20

25

30
35

1940 1960 1980 2000 2020 2040
Time (yr) Time (yr) Time (yr)

δ1
5 N

 (‰
)

A B C

Bulk Glutamic acid Phenylalanine Bulk Glutamic acid Phenylalanine Bulk Glutamic acid Phenylalanine

Fig. 2. Corrected δ15N bulk , gluta mic acid, and phenylalanine values for (A) Odax pullus, (B) Nema dactylus macropterus, and 
(C) Parapercis colias. Triangle on the x-axis in (B) indicates the year of overfishing



Mar Ecol Prog Ser 647: 149–160, 2020

the slope of the regression equation indicates that
macro algae has undergone a change in isotopic com-
position with the same direction and amplitude esti-
mated for the Suess effect on δ13CBulk values for the
Southern Pacific Ocean (Eide et al. 2017). The Suess
effect on δ13CEAA in the Otago coastal environment, as
observed in samples of O. pullus, decreased on aver-
age by 0.014‰ yr−1 between 1950 and 2018.

While both omnivorous species’ δ13CBulk values
followed the predicted Suess effect, it was not as
clearly reflected in their δ13CEAA values. Indeed, the
Suess effect is likely to be masked by the complex-
ity of the fishes’ movements and diets. For P. colias,
no significant shifts in the C isotopic baseline were
found, suggesting no significant change at the base
of the food web supporting this species. N. macro -
pterus underwent large shifts in δ13CEAA through
time, indicating a likely change in both food web
baseline and species resource use. The δ13CEAA val-
ues were much lower than δ13CBulk, indicating that
the δ13CBulk values were influenced by other mole-
cules contained in the fish tissues, such as non-
essential AAs which can be synthesized de novo by
the fish and therefore are not representative of the
C isotopic baseline.

4.2.  Anthropogenic influence of the N isotopic
baseline or regional N enrichment effect

The N isotopic baseline values of O. pullus, both
δ15NBulk and δ15NPhe, also decreased over time. How-
ever, the difference in significance of the linear re -
gressions between δ15NBulk and δ15NPhe values sug-
gested that by looking at the molecular level, i.e.
using Phe as an isotopic baseline, we can acquire
more precise results that are not affected by other
metabolic processes and biases when compared to
bulk analysis. Moreover, δ15NPhe has been previously
shown to not be affected by the fish’s diet (herbivo-
rous vs. omnivorous/carnivorous) (McMahon et al.
2015b). Additionally, calculated coefficients from the
linear regressions indicated that the δ15Nphe of O.
pullus changed at a rate of 0.023‰ yr−1 between
1950 and 2018. Given that O. pullus is known to be
exclusively herbivorous, mainly feeding on kelp, and
that its calculated TPGlx−Phe has remained unchanged
over the last 7 decades (~1.70−1.75), the observed
shifts in its δ15Nphe over time indicate that the δ15N at
the base of the local food web has changed. A shift in
δ15Nphe can be linked to a wide range of phenomena
occurring in the local environment and mechanisms
for lowering baseline δ15N values. For example, an

increasing rate of N2-fixation; relative decrease in
denitrification rates; increases in nutrient availability
leading to greater expression of isotopic fractionation
by primary producers; changes in N biogeochemical
cycling (e.g. availability of ammonium vs. nitrate) or
atmospheric N deposition (Montoya et al. 2002,
Mom peán et al. 2013, 2016, Loick-Wilde et al. 2019).
However, in our local ecosystem, the change in the N
isotopic baseline was likely related to increases in
nutrient inputs from anthropogenic sources includ-
ing synthetic fertilizers, and increases in turbidity
from inputting particulate organic N along the Otago
coast over the past decades (Vander Zanden et al.
2005, Parfitt et al. 2012, Schallenberg et al. 2017).
Indeed, the expanded use of agricultural inorganic
fertilizer in New Zealand led to an increase of N
inputs in the Otago region by 450% between 1990
and 2001, reaching 530% by 2010 (Parfitt et al. 2012).
Further, a study by Heggie & Savage (2009) in the
Otago region modeled the different N contributions
into coastal water and found a significant contribu-
tion of fertilizers used by nearby agricultural land.
Inorganic fertilizers are depleted in δ15N (Heaton
1986, Valiela et al. 2000) and they leach into the
oceans and are incorporated into marine food webs
through primary consumers (Vander Zanden et al.
2005), creating a regional N enrichment effect.

While both species that were sampled from the
Otago coast were omnivorous, the effect of local inor-
ganic N inputs on N. macropterus and P. colias base-
line δ15N values was different through time. On one
hand, nothing seems to have significantly affected
the δ15N (bulk and AA) isotopic composition of P. col-
ias. However, decreased values of δ13CBulk from this
species’ muscle tissue indicate a smaller reliance on
macroalgal productivity to its food web compared to
O. pullus. P. colias is a large coastal demersal fish
species with a broad omnivorous diet and a limited
home range (Russell 1983, Carbines & Beentjes 2003,
Rodgers & Wing 2008, Roberts et al. 2015). Its broad
diet allows this species to adapt to different prey
fields and organic matter baselines, filling the role of
a multichannel omnivore in coastal reef communities
(Wing et al. 2012). However adaptive, its TPGlx−Phe

remained constant through time, with a TP of ~3.6
(omnivore). On the other hand, N. macropterus has
shown dramatic changes in both bulk and AA iso-
tope signatures over time, with contrasting trends
when compared to the other 2 species. Furthermore,
a general linear model based on a large data set (en -
compassing the present data set) showed that length
has a significant negative effect on δ15NBulk, whether
including or excluding museum specimens (L. M.
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Durante et al. unpubl. data). This is likely caused by
the life movements of N. macropterus. N. macro -
pterus is a demersal fish that inhabits waters from
surface to almost 500 m depth (McKenzie et al. 2017),
feeding on a broad range of infaunal and epifaunal
invertebrates by ingestion of sediment (Godfriaux
1974). As it gets older, N. macropterus tends to for-
age in deeper water, moving along a δ15NBulk de -
creasing gradient. Be cause of its dietary niche, i.e.
dependency on infaunal invertebrate prey, N.
macropterus is highly susceptible to habitat degrada-
tion from trawling activities and overfishing. In fact,
isotope values and TP results are consistent with the
effects of increased fishing pressure as indicated by
fish landing data for this species (Fisheries New
Zealand 2019, Durante et al. 2020a). During a period
of large fisheries landings in the 1970s, the δ13C and
δ15N values of N. macro pterus increased, while its TP
decreased. The ob served pattern is consistent with a
change in habitat, with higher δ13C and δ15N values
indicating a larger reliance on macroalgae basal pro-
duction with a drop in the TP towards TP ~ 3. Follow-
ing the observed peak in reliance on organic matter
derived from macro algae, there was a significant
decrease in δ15NPhe values and an increase in
TPGlx−Phe, which indicates a shift towards relying on a
more pelagic-based food web, with increased TP
along with its δ13C and δ15N values. Therefore,
changes in isotope values of N. macropterus were
likely to have been influenced by other factors, such
as the direct (e.g. specimen removal) and indirect
(e.g. habitat degradation) effects of fishing (Hinz et
al. 2017). Although outside the scope of the present
study, these considerations corroborate the most
recent stock assessment for the species, which
demonstrated that N. macropterus stocks were over-
fished inside the east coast of the South Island in
recent years with a biomass significantly below the
soft limit (Fisheries New Zealand 2019).

4.3.  Caveats and future studies

In the present study, we found that (1) the Suess
effect, a decrease in the value of the δ13C isotopic
baseline — whether bulk or AA — has impacted the
δ13C of the 3 species of fish considered in our study.
Further, it was possible to disentangle this effect
from natural changes in food web position using val-
ues of δ13CAA. In addition, (2) the regional N-enrich-
ment ef fect, a change in the value of N isotopic base-
line, was highlighted and calculated to be 0.023‰
yr−1 for our specific coastal region over the last 7

decades, evident from analysis of the herbivorous
species O. pullus. These findings highlight the neces-
sity of considering temporal shifts in isotopic base-
lines in coastal systems affected by anthropogenic
activities when undertaking studies of trophic eco -
logy. Below are a few issues that require considera-
tion in the context of resolving changes to C and N
isotopic baselines.

First, because museums prefer to preserve smaller
specimens for easy keeping, samples representing
past time periods used in the present study are
biased towards smaller individuals compared to
present-day specimens. Although this could have
influenced our TP estimates, since larger specimens
tend to feed on larger prey and therefore occupy a
higher TP, our results do not corroborate that idea.
Moreover, studies have demonstrated that although
body size is a good predictor of TP at a community
level, there is no clear trend within species (Jennings
et al. 2001), and those relationships are more related
to ontogenetic shifts and size of niche breadth dis-
played by each species (Dalponti et al. 2018, Ladds et
al. 2020). Nevertheless, including size in statistical
models provides a test of this potential bias.

Second, Durante et al. (2020b) demonstrated that
preservation followed by fixation has a significant ef -
fect of increasing δ15NAA values of fish muscle tissue.
Although the shifts in δ15NAA followed the same trend
among different AAs (which allows researchers to
accurately calculate TPGlx−Phe using the relationship
be tween δ15NGlx and δ15NPhe), the analysis of a single
AA could incur bias. In that work, Durante et al.
(2020b) discussed the possibility that changes in
δ15NAA were caused by bacterial attack due to poor
sample storage prior to fixation. In their study, 2 spe-
cies were analyzed for δ15NAA: P. colias was collected
on a research cruise and rapidly processed; Seriolella
brama was acquired from local commercial fishers.
The time between catching and processing S. brama
in the lab could have caused the discrepancies
between species reported in Durante et al. (2020b).
Since the museum specimens in our study were usu-
ally collected close to shore by researchers, or during
research cruises and processed immediately after
collection, either frozen or fixed, we can assume
those samples did not have time to undergo the bac-
terial attack that was previously reported to cause
changes in δ15NAA (Durante et al. 2020b).

Finally, although the sample sizes of the present
study can be considered small for each time period
(n = 5−10), these samples comprise all the available
museum specimens from the Otago region and
therefore provide unique and novel insights about
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bio chemical cycles and food web structure in past
environments that we no longer can sample. Al -
though there was variation among samples, all spe-
cies showed a clear general trend in isotopic shifts
with time, which can help inform our understanding
of legacy effects in marine coastal environments.
These observations are key to determining how past
environments have changed as a result of anthro-
pogenic influences on food web structures and bio-
geochemical cycles of C and N in coastal marine eco-
systems.
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