Rapid
Communicationsin
L8 Mass Spectrometry

Published online in Wiley Online Library

Research Article

Received: 5 June 2015 Revised: 10 September 2015 Accepted: 22 September 2015

Rapid Commun. Mass Spectrom. 2016, 30, 29-44
(wileyonlinelibrary.com) DOI: 10.1002/rcm.7406

Diet-tissue discrimination factors and turnover of carbon and
nitrogen stable isotopes in tissues of an adult predatory coral reef
fish, Plectropomus leopardus

J. K. Matley', A. T. Fisk?, A. J. Tobin', M. R. Heupel' and C. A. Simpfendorfer’

"Centre for Sustainable Tropical Fisheries and Aquaculture & College of Marine and Environmental Sciences, James Cook
University, Townsville, Qld 4811, Australia

2Great Lakes Institute for Environmental Research, University of Windsor, Windsor, ON, Canada, N9B 3P4

3Australian Institute of Marine Science, PMB No 3, Townsville, Qld 4810, Australia

RATIONALE: Stable isotope ratios (3'°C and 3'°N values) provide a unique perspective into the ecology of animals
because the isotope ratio values of consumers reflect the values in food. Despite the value of stable isotopes in ecological
studies, the lack of species-specific experimentally derived diet-tissue discrimination factors (DTDFs) and turnover rates
limits their application at a broad scale. Furthermore, most aquatic feeding experiments use temperate, fast-growing fish
species and few have considered medium- to large-sized adults with low growth rates from tropical ecosystems.
METHODS: A controlled-diet stable isotope feeding trial was conducted over a 196-day period for the adult predatory
reef fish leopard coralgrouper (Plectropomus leopardus). This study calculated 3'*C and 3'°N DTDFs and turnover rates
in five tissues (liver, plasma, red blood cells (RBC), fin, and muscle) using a continuous flow isotope ratio mass
spectrometer equipped with an elemental analyzer. In addition, the effect of chemical lipid extraction (LE) on stable
isotope values was examined for each tissue.

RESULTS: Turnover was mainly influenced by metabolism (as opposed to growth) with LE §'°N half-life values lowest
in fin (37 days) and plasma (66 days), and highest in RBC (88 days) and muscle (126 days). The diet-tissue discrimination
factors for 3'°N values in all tissues (A"°N: —0.15 to 1.84%.) were typically lower than commonly reported literature
values. Lipid extraction altered both §"°N and §'°C values compared with untreated samples; however, for the §'"°N
values, the differences were small (mean 8NLEpuk <0.46%o in all tissues).

CONCLUSIONS: This study informs future interpretation of stable isotope data for medium- to large-sized fish and
demonstrates that DTDFs developed for temperate fish species, particularly for §'°N values, may not apply to tropical
species. Sampling of muscle and/or RBC is recommended for a relatively long-term representation of feeding habits,
while plasma and/or fin should be used for a more recent indication of diet. Copyright © 2015 John Wiley & Sons, Ltd.

The application of stable isotope analysis (SIA) in ecosystem
studies is a powerful tool that uses biogeochemical markers
to explore the relationship between animals, their diet, and
their environment. The use of carbon (3'°C values) and
nitrogen (3'°N values) stable isotope ratios in ecological
research has increased significantly over the last 25 years.*?!

SIA has been used to track the bioaccumulation of
contaminants in Arctic marine megafauna,[4'5] determine
residency and movement patterns of tropical fish,!®”! identify
ontogenetic niche shifts of Antarctic organisms,®’ and
quantify the dietary/energetic pathways in food webs of
whole ecosystems. %]

Despite its widespread application, there are a number of
caveats that must be considered to properly interpret and
apply stable isotopes in ecology (see Gannes et al.'?! and

* Correspondence to: ]. K. Matley, College of Marine and
Environmental Sciences, James Cook University, Building
34 - 164, Townsville, Qld 4811, Australia.

E-mail: Jordan.matley@my.jcu.edu.au

Post!’® for reviews). For example, one of the main
applications of 3'°C and §'°N values is to calculate the trophic
position of organisms as a quantitative tool to measure the
hierarchical role that each organism has in a food web.3**!
In addition, "3C and 8'°N values are often used to infer the
proportional contribution of different pre?f items in the diet,
typically via statistical mixing models. 31 However, both
applications are heavily biased by a user-defined input
parameter, the diet-tissue discrimination factor (DTDE).
Diet-tissue discrimination factors represent the difference in
313C (or 8'°N) values between the consumer and its food
(AlSC = 613Ccor\sumer - Blscfood; AlSN = 6151\Iconsurner - 615Nfood)~
This metric is informative because it is a quantitative tool to
estimate trophic pathways via mixing models, which can
account for variation in parameter estimates. Most studies rely
on experimentally derived DTDFs found in the literature, and
often use values that have been determined from species with
different life history traits or that inhabit dissimilar
environments.!'>! However, there can be considerable inter-
and intra-specific variability in DTDFs caused by a number
of factors such as diet quality'®"”! tissue type,'®'"!
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growth/size, and temperature and feeding rates.
Furthermore, applying fixed DTDFs based on constant '°N
enrichment at each trophic level (e.g., 3.4%o is commonly
used) may bias top predator trophic position/DTDF estimates
because the dietary &N value is inversely related to
APN.#1523248 - Therefore, instead of using potentially
inaccurate and inappropriate values, DTDFs characterized
by relevant trophic interactions (including meaningful
variation associated with estimates) to interpret isotopic data
are necessary./*>?¢!

There are several advantages to using SIA to study trophic
dynamics over traditional techniques such as gut content
analysis, which only provides a short-term snapshot of
often highly degraded prey. First, because different tissues
metabolize proteins and carbohydrates at different rates,
food is incorporated into consumer tissues at rates (and
DTDFs) specific to each tissue-turnover rate. By sampling
multiple tissues, it is possible to obtain dietary information
over a range of time periods.!"®! Second, in addition to §"*C
and §"°N values providing information on trophic structure
(described above), they also indicate the baseline source of
carbon or nitrogen in a particular food chain, after
accounting for DTDFs at each trophic exchange.””**! For
example, in aquatic environments, consumers that feed on
benthically linked dietary pathways often have higher
3"°C values than those using pelagic pathways.!*?"!
Another advantage of SIA is that non-lethal approaches
can be used.*"

As part of SIA, there are several considerations regarding
tissue preparation (see Newsome et al.l?! for review); one of
the most influential is the decision whether to extract lipids
prior to analysis. The common basis for this decision is that
lipids are depleted in '°C (lower §'°C values) compared with
proteins and carbohydrates and that there is inherent lipid
variability among individuals and species, as well as among
tissue types within an individual.****! This can lead to bias
when comparing the same tissues of different individuals,
and different tissues from the same individual. Removing
lipids chemically to reduce this bias is not always feasible
because it is expensive and time-consuming, and can
influence 3'°N values of a sample by preferentially removing
isotopically lighter nitrogenous compounds.”* Adjusting
stable isotope values using mathematical normalizations is
an alternative method to account for lipids but remains
largely untested across ecosystems. Therefore, standardized
protocols to deal with bias associated with lipids are
encouraged at a species and tissue level.

The goal of this study was to determine DTDFs and
turnover rates for several tissues of an economically and
ecologically important coral reef fish, the leopard
coralgrouper (Plectropomus leopardus), in a captive feeding
trial. The leopard coralgrouper is a large (up to ~65 cm;
4 kg) predatory epinephelid with broad distribution on the
Great Barrier Reef, Australia and throughout the Indo-Pacific
region.[35’36] Recently, its future role in fisheries has received
increased attention due to concerns relating to climate change
(e.g., reduced habitat, altered prey distribution, and
metabolic costs due to warmer temperatures).[37] As a result,
a few pilot studies have used §°C and §'°N values to begin
to understand their trophic relationships in the reef
environment.’®**!  However, no study has determined
DTDFs or turnover rates for the leopard coralgrouper or

any other coral reef fish species, notwithstanding a
preliminary study using four individual gag grouper
(Mycteroperca microlepis).[4O] Given concerns about coral reef
food webs and the role of key predators such as the leopard
coralgrouper, there is need to understand stable isotope
dynamics for predatory coral reef fish species. The explicit
aims of this study were to (1) quantify accurate DTDFs and
turnover rates in a predatory reef fish and reveal the best
tissues for inclusion in ecological studies using stable
isotopes, (2) investigate the utility of non-lethal sampling,
and (3) evaluate the need for lipid correction approaches for
specific tissues.

EXPERIMENTAL

Fish collection

Forty-seven leopard coralgrouper were collected from John
Brewer Reef, Australia (18°37’52.05"S, 147° 3'21.40"E), during
19-20 August 2013. Individuals were captured using barbless
hook (10/0) and line, and immediately placed in a ~50 L
container filled with fresh seawater. Each individual was
unhooked, vented to avoid barotrauma, and externally
tagged (PDS; Hallprint®; Hindmarsh Valley, South Australia,
Australia) in the dorsal musculature for identification.
Following this, fish were moved to a live well (~350 L) with
continuous seawater flow. All fish were transported to the
Marine and Aquaculture Research Facilities Unit (MARFU)
at James Cook University (<48 h from initial capture).
Individual fish were measured (fork length, mm) and
weighed (total mass, g), then placed in one of four 2000-L
holding tanks. These tanks constantly received re-circulated
filtered seawater, and were aerated by at least one air stone
per tank. The study was conducted under Ethics Approval
Number A1933 (Animal Ethics Committee, James Cook
University).

Feeding trial

Fish were left for 2 days to acclimate to the holding tanks
prior to commencing the feeding trial. Initially, 10 of the 47
individuals were sacrificed and their tissues sampled to
provide a baseline for 313C and §'°N values (Day 0). Ideally,
DTDFs are calculated by measuring the isotope change
between two distinct end-members (food items) when both
are at equilibrium with consumer tissues.*!! However, due
to anticipated difficulties keeping this large predatory reef
fish alive for enough time for two end-members to reach
equilibrium, Day 0 samples were used as the initial end-
member.* The ten Day 0 individuals were sampled to
account for potential variation in feeding in the wild.
Moreover, to reduce isotopic variation among individuals,
leopard coralgrouper were only captured from one reef over
a short period. The remaining leopard coralgrouper were
fed only one food item (Nemipterus theodorei) for the duration
of the trial and turnover rates were calculated by comparing
Day 0 samples with subsequent sampling periods. After the
initial sampling (Day 0), tissues were lethally and non-
lethally sampled intermittently over a 196-day period (see
Table 1 for sampling schedule and sample sizes). Due to the
relatively small number of individuals obtained for this
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a piece of dorsal muscle (no skin/scales attached) was
removed and placed into a vial. Liver and muscle tissues
were then frozen.

Stable isotope analysis

The tissues were freeze-dried for 48 h, and ground into a fine
powder with a mortar and pestle, except for fin tissues, which
were cut into small pieces with scissors. To compare the
influence of lipid extraction on §°C and &N values, SIA
was performed for untreated (bulk) tissues and the same
tissues after lipid extraction (LE). For LE tissues, lipids were
removed following McMeans et al 14! by adding 5 mL 2:1
chloroform/methanol to a <1 g subsample, vortexed for
30 s, and left for 24 h in a 30 °C water bath. Afterwards,
another 5 mL of solvent was added, vortexed, then poured
out, and the tissue was left to dry for 24 h. Bulk and LE tissues
(400-800 pg) were weighed into tin capsules, and §'°C and
3'°N values were determined using a continuous flow isotope
ratio mass spectrometer (Finnigan MAT Deltaplus,
ThermoFinnigan, San Jose, CA, USA) equipped with an
elemental analyzer (Costech Analytical Technologies Inc.,
Valencia, CA, USA). Stable isotope ratio values are expressed
following the equation:

8X = [(Rsample/Rstandara) = 1] 1)

where X is ¥C or °N, Rsample is the ratio (**C/*C or
I5N/MN) in the sample, and Rgiandara is the ratio in the
standard. The standard reference material was PeeDee
Belemnite carbonate and atmospheric N, for carbon and
nitrogen samples, respectively. Every 12th sample was run
in triplicate to assess precision, where the standard
deviations (SD) of the §'C and 5'°N values were generally
<0.2 and <0.1 %o, respectively. Further, laboratory and
National Institute of Standards and Technology (NIST;
Gaithersburg, MD, USA) standards were analyzed every 12
samples. The analytical precision (standard deviation) for
NIST standard 8414 (bovine liver, n=130) and an internal
laboratory standard (tilapia muscle, n=130) for 313C values
was 0.05 and 0.07 %o, respectively, and for 5'°N values was
0.16 and 0.13 %o, respectively. The accuracy was checked
monthly using certified urea (n=120) and was within 0.16
and 0.05 %o of the mean calculated values for §'°C and §'°N
values.

Statistical analysis

For tissues that demonstrated a transition in isotope values
toward equilibrium during the feeding trial (i.e., 8"°N values),
turnover rates were estimated for LE and bulk tissues by
fitting a nonlinear least-squares regression model using the
following equation:*#!

& = &+ (5~ d)e™ @)

where &, is the stable isotope (8'°N) value at time £ dr is the
asymptotic stable isotope value at equilibrium with the new
diet; §; is the initial value for that tissue (Day 0), v is the
fractional rate of isotopic incorporation into the tissue, or
turnover rate;*”! and t is the sampling day. The primary
influences of tissue turnover rates are growth and

metabolism.**! Thus, the parameter v was further defined
as the sum of tissue net growth (k) and tissue catabolic
turnover (m):*!

v=ks+m 3)

The parameter k, was estimated by fitting nonlinear least
squares to an exponential growth model:*¢!

Wy =W; ¢ (4)

where Wy is the final wet mass of an individual at time of
sampling; W; is the initial mass; and k, and t are defined as
before.

Therefore, m was the unknown solved with this approach
providing tissue turnover rates (dayfl) independent of
growth.

The turnover rate for both growth and metabolism (v) was
also presented as a half-life (Ty5) to assist interpreting wild
tissue samples in future studies:*”}

Ty = In(l —0)/-v ®)
where T, is the length of time (in days) needed to achieve a
target transition state o (e.g., 50%) from initial stable isotope
values (Day 0) to equilibrium values. Similarly, 95% (T .95)
transition periods were calculated for each tissue.

Diet-tissue discrimination factors were calculated as:*®!

AS = Sf—Sd (6)

where & is the tissue-specific stable isotope value of P.
leopardus at equilibrium with the new diet; and §, is the
mean value of the N. theodorei diet. Standard errors (SE) for
the DTDFs were calculated using the SE associated with

model estimate 3 and the SE of N. theodorei values:*”!

SEas = \/SEs” + SEss” (7)

For those tissues whose turnover/equilibrium could not be
estimated (i.e., unable to fit with Eqn. (2) - §'°C values), mean
DTDFs were estimated by subtracting the mean N. theodorei
stable isotope values (5;) from the leopard coralgrouper
values (5;) sampled between Days 98 and 196. This approach
was selected because the 8°C values were relatively
consistent throughout the feeding trial for each tissue,
especially after Day 98, indicating that the consumer values
had reached equilibrium with the prey.

The effect of lipid extraction on the 513C, 35N, %C, %N,
and C:N (%C/%N) values was evaluated in the different
tissues by examining differences between the LE and the bulk
values. Paired t-tests were then performed to determine if the
LE values differed from the bulk values for each tissue
sampled. The effectiveness of using lipid-normalizing models
for bulk §"°C values was examined by comparing observed
LE values with corresponding predicted values from three
correction models.®>***!) The accuracy of these models was
determined by calculating the percentage of estimates that fell
within 0.1%o (Pg.1) and 0.5%o0 (Pgs) of LE values. In addition,
r* and Akaike’s Information Criterion corrected for small
sample sizes (AIC.) were determined to evaluate the
precision and fit of correction models.”?! The resultant linear
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model was used to re-estimate the model values in order to
standardize them, and adjusted Py; and Pys were
determined.

All the modelling and data analyses were conducted in the
R environment'® and results were considered significant
when p <0.05. Assumptions relating to normality of
dependent variables and homogeneity of variances were
verified using Q-Q plots and visual inspection of residual
plots, respectively.

RESULTS

The feeding trial lasted 196 days, during which lethal and
non-lethal sampling of muscle, liver, fin, plasma, and RBC
was conducted at designated intervals (Table 1;
Supplementary Table S1, Supporting Information). After an
initial acclimation period of a few days, all individuals began
feeding and displayed limited signs of stress. Three
individuals died during the experiment: one after 10 days,
and the other two after more than a month. The first may
have been stress-induced, while the two latter died after
propelling themselves out of the tank through a mesh cover.
On a few occasions, an individual became externally infected
with bacterial/fungal growth. Infected individuals were
bathed in freshwater <2 min and Betadine® was applied to
the infected area, after which they recovered fully. One of
the larger individuals (sampled on Days 42, 63, 77, and 98)
fed less than all others and decreased in mass by ~15%
compared with initial measurements. Consequently, data
from this individual were removed from all analyses to avoid
bias associated with fasting/nutritional stress.!®* In addition,
examination of Cook’s D (identifies outliers) was used to
remove four 3'°C values (in plasma, RBC, and fin tissues)
and three 8'°N values (in plasma and RBC). The mean fork
length and mass of leopard coralgrouper at each sampling
period ranged between 402 and 449 mm, and 1049 and
1634 g, respectively (Table 1). The general health of
individuals throughout the experiment was good, and most
demonstrated increased mass and liver condition (HSI)
(Table 1).

Tissue turnover for '°N and 6'3C values

Lipid-extracted and bulk fin, liver, plasma, muscle, and RBC
stable isotope parameters were estimated for the time-based
5'°N model (Eqn. (2)) (Fig. 1; Table 2). For muscle 5'°N, the
initial values were elevated and could not be fitted to the
model above. Under the assumption that prey tissues take
>15 days to be incorporated into consumer muscle
tissues, ! and acknowledging inherent isotopic variability
in wild-caught fish, the model was adapted to only
incorporate sampling periods between Days 21 and 196
(Fig. 1). The nonlinear model described changes in §°N
values over time relatively well for muscle and RBC
(r*=0.70-0.76; Table 2). Tissue-specific metabolic turnover
rates (v) were calculated after the exponential growth model
estimated the net growth constant (k;) to be 0.00084 day !
(Table 2; individuals ranged between -0.00786 and
0.00906 dayfl). The half-lives (T 5) for LE and the bulk §*°N
values of liver, fin, plasma, RBC, and muscle ranged between
10 and 126 days, and 95% incorporation rates (Tjo9s5) were

between 43 and 543 days (Table 2). None of the 313C tissue
values could be fitted to the time-based nonlinear model to
estimate turnover rates.

Diet-tissue discrimination factors for 8'°N and 8">C values

The food (N. theodorei) 8'°N values varied slightly for LE
(n: 15; mean+SE: 10.9%0 +0.1; range: 9.8 to 11.7 %.) and
untreated (n: 15; mean +SE: 10.3%o +0.1; range: 9.5 to 11.1
%0) samples. The range in mean DTDFs for LE and bulk
5'°N values among tissues was 0.0-1.8 and -0.2-1.7,
respectively (Table 2).

The LE §'°C values of food (n: 15; mean + SE: =16.5%0 +0.1;
range: —17.1 to 15.7 %o) were less variable than those of the
untreated samples (n: 15; mean=SE: -17.8%0 =0.3; range:
—-20.3 to —16.0%0). The range in mean DTDFs among tissues
for LE and bulk 8%C values was 0.1-3.2 and 0.4-3.9,
respectively (Table 2).

Bulk vs lipid-extracted tissues

The t-tests comparing LE and bulk values of §"°C, §"°N, %C,
%N, and C:N showed that lipid extraction produced
generally different outputs from untreated/bulk samples.
Only the 3N values of RBC (t=0.34, df=71, p=0.73) and
%C in fin (t=-1.34, df=61, p=0.19) were similar for both
LE and bulk. Differences between LE and bulk parameters
also showed marked differences (Fig. 2(a)), although the
values were consistent for some tissues, particularly
81Ny g-puik (mean +SD) for muscle (0.5+0.1), plasma (0.1+0.2),
and RBC (0.0 +£0.2); and 8'3Cy gpux (mean+SD) for muscle
tissue (-0.1+0.2) (Fig. 2(b)). Lipid extraction reduced C:N for
all tissues and food; however, the C:N in LE liver tissue
remained relatively high (mean+SD: 6.9 +1.7; Table 3) even
after multiple extractions. The lipid-normalizing models that
were examined produced relatively similar outputs (Table 4).
Based on r?, the AAIC (values <2 show strongest support for
model ﬁtting)m] and adjusted Py; and Py, the best models
varied for each tissue (indicated in Table 4). Overall, muscle
and RBC were the tissues best described by the correction
models (Table 4).

DISCUSSION

The 196-day feeding trial that consisted of sampling five
tissues lethally and non-lethally from 43 individual leopard
coralgrouper revealed expected variation in stable isotope
dynamics and associated metrics, which have implications
for their use in studies with this species. Overall, RBC and
muscle tissues produced the least variable and most reliable
estimates of DTDFs and turnover rates associated with the
captive diet, as well as comparisons between LE and bulk
C:N, and accounting for lipid-related bias. By contrast, stable
isotope trends in lipid-rich liver were variable independent of
lipid extraction suggesting caution is needed when used in
future work with this species, and others like it. Stable isotope
values in plasma and fin, both non-lethal sampling methods,
reflected short-term dietary patterns (half-life <70 days),
while diet-assimilation was slowest in muscle and RBC
(half-life >80 days). Diet-tissue discrimination factors for
8N values were <2 %o for all tissues — lower than values
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Figure 1. Mean (+SE) 3'°N and 6"C estimates for lipid-extracted tissues
during feeding trial. Plots for 5'°N values (left) contain the least-squares
regression from the time-based isotope models for liver, fin, plasma, RBC,
and muscle tissues. Solid horizontal lines in 3'°C plots (right) represent the
mean 3"°C values of Plectropomus leopardus tissues between Days 98 and 196.

The dotted horizontal lines on each

plot represent the mean value of

Nemipterus theodorei (8°N'=10.9%0; 8'3C=-16.5 %0).

commonly reported in the literature (e.g., ~3.4 %0)."*! By
contrast, DTDFs for §'°C values ranged between 0 and 4 %o,
demonstrating that stepwise enrichment in 13C was not
negligible for some tissues.

Tissue turnover for $'°N and 6°C values

As expected, given that the leopard coralgrouper in this study
were medium- to large-sized adults (mature at ~36 cm)P!
with slow growth rates compared with juveniles,[56] most

>N incorporation was driven by metabolism, as opposed to
growth. Growth contributed <10% of turnover in the
metabolically slower tissues such as muscle and RBC, and
~1% in tissues with fast turnover such as liver. A few studies
have examined the contribution of growth to isotope
incorporation in larger slow-growing species and also found
that metabolic processes such as tissue catabolism and
protein synthesis were the main drivers of turnover
rates.[40°7581 By contrast, growth contributed more to
turnover rates in smaller juveniles with faster relative
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Table 2. Parameter estimates from nonlinear least-squares time-based lipid-extracted (LE) and untreated (Bulk) 5'°N models
for liver, fin, plasma, RBC, and muscle tissues, including the initial 51°N value for that tissue (i.e., Day 0; 9;, %o), equilibrium
value (35 %o), turnover rate constant (v; day_l), tissue catabolic turnover (11; day‘l), proxy to model fit (r%), tissue half-life and
95% incorporation time (Tys, Toos; days), and mean diet-tissue discrimination factor (DTDF or Ague; %o; + SE, SD¥; also
estimated for LE and bulk §°C)

Stable isotope discrimination and turnover in reef fish

Isotope Type Tissue o; & v m 72 Tos To.95 Atissue
51N LE Liver 10.2 10.9 0.034 0.033 0.27 21 89 0.0+0.2,0.4
Fin 11.3 11.8 0.019 0.018 0.17 37 158 0.9+0.2,0.2
Plasma 11.4 11.8 0.011 0.010 0.20 66 283 09+0.2,0.1
RBC 9.9 12.0 0.008 0.007 0.70 88 380 1.1+0.5,0.2
Muscle 10.3 12.7 0.006 0.005 0.74 126 543 1.8+1.5,0.2
Bulk Liver 10.1 10.2 0.069 0.068 0.01 10 43 -0.2+0.2,0.2
Fin 11.3 11.5 0.016 0.015 0.05 44 191 1.2+0.2,03
Plasma 11.3 11.7 0.018 0.017 0.18 39 170 1.3+0.2,0.1
RBC 10.0 12.0 0.008 0.007 0.74 90 388 1.7+04,0.1
Muscle 9.8 11.8 0.008 0.007 0.76 83 360 1.5+0.6,0.2
813C LE Liver 1.5+0.1,0.3
Fin 3.2+0.1,04
Plasma 1.2+0.1,0.2
RBC 0.1+0.1,04
Muscle 1.1+0.2,0.5
Bulk Liver 0.4+0.2,0.6
Fin 39+0.1,04
Plasma 1.0+0.1,04
RBC 1.6+0.1,0.3
Muscle 23+0.2,05

Note: Tissue catabolic turnover (m) was estimated by subtracting a tissue net growth (k) value of 0.00084 day” from the
turnover rate constant (v). To calculate Aygye the mean stable isotope values of Nemipterus theodorei (LE: 315N =10.9%o;
313C =-16.5%0, Bulk: 5'°N =10.3%o; 8'>C =-17.8%0) were subtracted from equilibrium (3,) estimates for 81°N and mean §°C
values of Plectropomus leopardus tissues between Days 98 and 196. 3N values from Days 0, 7, and 15 were not included in
muscle estimates. *For 8'°N Ajeuer SE was calculated using Eqn.(7); SD (and SE for 313C Ayssue) Was calculated by
subtracting N. theodorei 5'3C /8N values from P, leopardus values (between Days 98 and 196 for 13C; Day 196 for 815N)
for use in isotopic mixing models.

1 . (a) ™ (b)
-

< i & * Fin ™
a & a4 z o © Muscle =
8 ol ° o Psma 2 - . o 8¢
W a *| & rec s 1 5N
= o | i i

T o —— % 5

@ - -

%C WM BVC BUH G Liver Fin Plasma RBC Muscle

Figure 2. Comparison of mean %C, %N, 3'°N, 8'3C, and C:N values of several
tissues after subtracting untreated (Bulk) values from lipid-extracted (LE)
values (a). Mean (+SD) 8"°N and 5'°C values are plotted again at a finer scale (b).

growth.1*>*%1 For example, in hatchery-reared juvenile
summer flounder (Paralichthys dentatus) with growth rates of
0.00816 day ' (compared with 0.00084 day ' in this study),
growth contributed ~11% in liver and >50% in blood and
muscle.*”! Since leopard coralgrouper have a minimum
retain size of 38 cm in commercial and recreational fisheries,
only adults were examined to address stable isotope ecology
in the context of fisheries management.

In LE tissues, the "N turnover rates from quickest to
slowest were liver, fin, plasma, RBC, and muscle with half-
lives between 21 and 126 days. In bulk tissues, the order

was liver, plasma, fin, muscle, and RBC, with half-lives
between 10 and 90 days. The differences in turnover rates
and estimated half-lives between tissues, independent of
tissue treatment approach, match relatively well with the
few studies using medium- to large-sized fish (Table 5). For
example, the half-lives of 3'°N in plasma and fin were
relatively short in the adult -catfish Pterygoplichthys
disjunctivus (<35 days)® and similar rates have been
determined in liver for juvenile species of goby
(Pomatoschistus ~ minutus) and flounder  (Paralichthys
dentatus).**°! Plasma and liver are hypothesized to have
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Table 3. Mean (+SD) ratio of %Carbon to %Nitrogen (C:N)
from stable isotope analysis conducted for lipid-extracted
(LE) and untreated tissues (Bulk)

Tissue n CN(LE) &N (Bulk) p

Liver 44 69+17 9.3+28 <0.001
Fin 62 29+0.1 32+0.1 <0.001
Plasma 69 3.6+01 41+03 <0.001
RBC 72 34+0.1 35+0.1 <0.001
Muscle 45 32+0.1 33+0.1 <0.001
Food 15 32+0.1 4.0+0.7 <0.001

(Nemipterus theodorei)

Note: p-values were calculated from paired t-tests between
LE and Bulk samples

similar turnover rates because plasma proteins are mainly
synthesized in the liver.[*>02%31 However, in this study, for
LE and bulk treatments 3'°N turnover in liver was quicker
than in plasma (i.e., half-life up to 45 days earlier in liver),
and may indicate different catabolic processes involved,
although the large amount of liver 3N variation
throughout the feeding trial may have confounded the
estimate. Muscle and RBC §"°N values fitted the turnover
rate models best for both LE and bulk tissues. Not
surprisingly, estimates of RBC §'°N turnover in this study
(half-life ~90 days) were considerably higher than
determined for smaller and faster growing adult P. disjunctious

(half-life ~10 days, k,=0.0017 day ').”® Nevertheless, 5'°N
incorporation rates in RBC are commonly slower than in
plasma solutes and faster than (or similar to) in
muscle."®**%%! Turnover rates of §'°N in muscle vary between
studies but are slower than in other tissues because protein
synthesis and degradation rates are slow (Table 5).°¢8] For
example, the estimated §'°N half-life in the muscle of leopard
shark (Triakis semifasciata) is ~225 days whereas those for
RBC and plasma are ~100 and 40 days, respectively.*"!
Muscle is also the tissue commonly sampled for isotopic
studies because values are less variable within and between
individuals.®””?! A longer sampling period would have
improved turnover estimates, particularly for tissues with
slower turnover such as muscle but logistically this was not
possible.

Tissue turnover for '°C values could not be determined
due to the lack of consistent temporal trends in these values.
There are a few reasons why this may have been the case.
First, variation in dietary N. theodorei §°C values may have
resulted in a variable exposure to 'C in leopard
coralgrouper. Second, there appeared to be more inherent
8'°C variability in tissues than for §'°N values, particularly
in plasma, RBC, and muscle, which made fitting models
more difficult (see also Post™ and Pinnegar and Polunin(®!).
Finally, the most likely reason that turnover could not be
calculated was because the 3'°C value of N. theodorei was
similar to the 8'°C values of prey consumed on the reef in
the wild. Hence no significant isotopic change was found
over time because the §'°C values in the wild did not vary
sufficiently from aquarium values.

Table 4. Linear relationship between LE §'°C and lipid-normalized §'°C values from three predictive models for each tissue.
Output includes the following metrics to interpret the best fitting models: the percent of predicted 5'°C values that fall within
0.1%o (Pg1) and 0.5%o (Pys) of LE 8'*C values (%); the linear model equation comparing LE 3'%C and lipid-normalized 31%C
values; 7* of the linear model; and AIC, and AAIC. for model selection
Pos Pos
Tissue Lipid correction approach Po1  Pos Equation e AIC. AAIC. (adjusted) (adjusted)
Muscle — Post et al.l3k 55.6 97.8 y=0.984x-0270 0943 -328 0 57.8 100
McConnaughey & McRoy®™ 0 22 y=0992x+0.757 0941 -31.0 1.8 51.1 100
Kiljunen et al.1""! 444 978 y=0994x-0.148 0939 —-29.7 3.1 51.1 100
This stud?/ SLE vs bulk) 444 978 y=0971x-0541 0946 -32.2 0.6 51.1 100
Fin Post et al.**k 48 290 y=0722x-3.121 0.692 47.6 1.7 17.7 88.7
McConnaughey & McRoy®™™ 0 0 y=0738x-2.145 0699 460 0.1 16.1 88.7
Kiljunen et al.1"'}* 32 145 y=0742x-2775 0700 459 0 14.5 88.7
This stud?f SLE vs bulk) 6.5 435 y=0.686x-3.736 0.664 529 7 27.4 87.1
Plasma  Post et al.l? 275 71.0 y=0.569x-6.505 0.375  65.8 5.9 232 89.9
McConnaugheQ/ & McRoy™"! 29 58 y=0595x-5707 0399 63.1 3.2 24.6 89.9
Kiljunen et al.1"'} 21.7 855 y=0.624x-5934 0426 599 0 24.6 89.9
This stud?r SLE vs bulk) 14 217 y=0.341x-9.836 0200 828 229 24.6 87.0
RBC Post et al.*3k 28 59.7 y=0974x-0.888 0.841 154 0 23.6 97.2
McConnaughey & McRoy®?™ 153 653 y=0974x-0.077 0839 166 1.2 25.0 97.2
Kiljunen et al.1""! 0 347 y=0973x-1.057 0.837 17.5 2.1 27.8 95.8
This stud?/ SLE vs bulk) 83 722 y=0967x-0902 0.840 16.1 0.5 20.8 95.8
Liver Post et al.1 0 6.8 y=0.153x-13.816 0370 740 10 11.4 63.6
McConnaughey & McRoy®™™™ 68 364 y=0485x-8.347 0498 640 0 18.2 72.7
Kiljunen et al.1"'}* 0 23 y=0449x-9.564 0488 649 0.9 18.2 727
This study (LE vs bulk) 0 23 y=0.39%x-8750 0249 817 17.7 13.6 63.6
Note: adjusted Py, and P 5 are taken after the linear equation was used to standardize lipid-normalized 313C values.
*represent best models for each tissue. Results for “this study” are based on regressions between LE §'°C and bulk §'°C values
for comparison.
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Although equilibrium values could not be confirmed for
3'3C in different tissues, the mean values throughout the trial
remained similar across sampling dates, especially after Day
98 of the experiment; thus A'°C values appear to be suitable
for most tissues. Furthermore, 8'>C turnover is commonly
faster than §'°N turnover in fish tissues,>¢001711 suggesting
that the elapsed time before calculating A'C was more than
adequate to represent equilibrium values.

Diet-tissue discrimination factors for $'°N and 8'3C values

Diet-tissue discrimination factors of 3'°N values varied
between tissues. Muscle and RBC had the highest DTDFs,
followed by plasma and fin, and liver had the lowest AN
values — between —0.2 and 0.0 %0 — indicating relatively little
change in §'°N values between consumer and prey. This
order in tissue AN matches well with other studies (Table 5).
For example, previous work has found that liver 5'°N and
AN values are usually lower than in muscle for fish.['?4972]
Pinnegar and Polunin'®’ hypothesized that fish muscle is
typically more ""N-enriched because of the high abundance
of the non-essential amino acid taurine. By contrast, fish
liver contains less taurine and more essential amino acids,
which fractionate less during tissue catabolism.*7374]
Similarly, the order of AN values in liver, fin, and
muscle of juvenile bass (Lateolabrax japonicas)® followed
the present study (i.e., APNjiver < APNgin < APNpuscte)-
Although few studies have compared DTDFs in blood
components with other tissues in fish, variation in
biochemical composition, specifically the relative abundance
of amino acids, appears to be the main factor responsible for
different DTDFs among tissues.!®””!

In general, the §"°N DTDFs in this study were lower (range:
-0.2 to 1.8%o) than commonly used or reported values in fish,
particularly for muscle (~2-5%) (Table 5; see also Sweeting
et al.”®"). Muscle A™N values had reduced precision in DTDF
estimates due to the relatively large standard errors
associated with the consumer §'°N values not being
equilibrated to the diet (see also Buchheister and Latour®).
Consequently, DTDFs for muscle may have been
underestimated, as demonstrated by predicted AN values
(2.1-2.8%0! and 3.0%"*)) from linear relationships with
dietary 3'°N for muscle/whole fish tissue in the literature.
A longer sampling period would have increased the precision
of muscle 3'°N equilibrium estimates but that was beyond the
scope of this study. Plasma and RBC A'N values from this
study were within the lower range estimated by Buchheister
and Latour®! for whole blood in P. dentatus (1.1-2.8%o) and
lower than the plasma (4.4%) and RBC (5.2%0) values
determined for the herbivore P. disjunctivus. Fin AN values
of leopard coralgrouper were also lower than those of
juvenile bass (Lateolabrax japonicas; 2.2-2.5%0).°"! Despite
these differences, variation in AN is common within the
same tissues of different fish species (see Appendix A in
Sweeting et al7ely, largely because dietary protein content
and quality affect A®N."'®771 Also, most DTDF estimates
are based on temperate species, and several studies have
found a significant relationship between decreasing A'°N
and increasing water temperature.?'7#7°! Therefore, DTDFs
of tropical species may not be readily comparable with those
in temperate ecosystems.

Diet-tissue discrimination factors for LE and bulk §C
values were between 0 and 4% among tissues. Removing
lipids chemically altered the 5'°C and A'°C values compared
with untreated samples (see below). Lipid extraction also
changed the order of enrichment between tissues, probably
in response to the adjusted lipid content in relation to other
biochemical fractions.!®”! Similar to the AN tissue order
determined for L. japonicas),'®*! A**C also matched this study
(ABChiyer < APCuscte < ABChip) for untreated samples. The
high lipid content in liver resulted in lower '°C values and
hence lower A'®C than in other tissues. By contrast, fin tissue,
which consists of mainly Collagen,[go] had the highest ABC
for both LE and bulk samples. Fin tissue is often 13C-enriched
because of its protein content,®! and this is unrelated to lipid
effects — C:N ratios were low for LE and bulk samples (see
Post et al.®® and Hanisch et al.l1).

Commonly, 513C DTDFs are assumed to be <1%. because
of limited fractionation between diet and consumer.!'>?"32!
However, Sweeting et al.®? found that A'C values in fish
tissues such as liver, muscle, heart, and whole body are often
between 1%o and 2%o. (see also Table 5). Based on the negative
linear relationship between A™C and dietary §°C values,”
the A™C values for all LE tissues in this study were predicted
to be ~0.7%o; however, this estimate is based only on liver,
muscle and whole body tissues. Nevertheless, only a few
tissues had A™C values larger than 2%. (i.e., LE and bulk
fin and bulk muscle) in this study, demonstrating that the
A™3C estimates were consistent with other studies. Compared
with A'™C values in fin of L. japonicas (bulk: 3.1-3.7%o), the
findings of this study (LE: 3.2%.; bulk: 3.9%.) were similar.
The sampling of fin membranes resulted in relatively
consistent 5'°C values and improves on other studies where
fin tissues were composed of varying tissue elements (e.g.,
bone, hard spines, and soft rays) which differ in
fractionation.®»*”! Plasma (LE: 1.2%o0; bulk: 1.0%.) and RBC
(LE: 0.1%0; bulk: 1.6%.) A'C estimates were lower than the
values in leopard sharks (Triakis semifasciata) (plasma: 2.8—
3.7%o, RBC: 2.3-2.8%0),1°>#%! and whole blood A*C values
in P. dentatus (bulk: 2.3—3.3%0),[49] yet were similar to
published values in marine mammals (see Caut et al 184y,
Further studies are necessary to understand these contrasts;
however, they may be related to how differences in amino
acids affect 3'°C values in different blood components and
organisms.[84'85]

Bulk vs lipid-extracted tissues

Tissues that are rich in lipids are often '*C-depleted, resulting
in lower 5'°C estimates than in tissues high in proteins or
carbohydrates.[50’86] In addition, there can be considerable
heterogeneity in lipid content among species, individuals,
and tissues.”*! To reduce bias associated with tissue lipid
content, chemical removal of lipids is common; however, this
may cause fractionation in >N/**N and it is more laborious
to process tissues.[”®?! In this study, it was evident that
removing lipids affected both 3'°C and §'°N values (i.e., only
RBC "N values did not significantly change). This was
surprising because the bulk C:N of three of the five tissues
was <3.5, an amount which is considered to produce
negligible lipid bias for 813C values.® Other studies have
also detected higher muscle 3N values after removing
lipids,[%’go’gl] and proposed that leaching of nitrogenous
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metabolites or waste occurs during lipid extraction.**#]

Yurkowski et al.”?! found that lipid extracts contained small
amounts of '"N-depleted nitrogen compounds in liver and
muscle tissues of Arctic marine mammals, correlating to
higher 8'°N values after chemical lipid extraction.
Nevertheless, for §'°N values, the difference between LE
and bulk samples was small (mean SN Epuk <0.5%0 in all
tissues) and often varied little (e.g., muscle, plasma, and
RBC), signifying limited influence of lipid extraction on
515N values in these tissues; lipid extraction should still be
considered depending on the specific study. The large change
in liver %C, §"°C, and C:N values indicated a high amount of
lipids in liver, and this tissue should be treated with caution
(see below); while lipid extraction may not be necessary for
RBC and fin which had low lipid content based on small
5'3C and C:N differences, consistent with other studies.[?*?%!

Lipid-normalizing models for 313C values, specifically
those proposed by Post et al.®®! and McConnaughey and
McRoy,®" were useful at predicting LE §'°C values in muscle
in leopard coralgrouper. All three models are derived from
various temperate and sub-arctic aquatic invertebrate and
vertebrate organisms.*****! To a large extent, these models
are based on measurements from fish muscle tissue, which
provides reasoning for the strong correlation with LE muscle
3'C values in this study. It also explains why other lean
tissues such as RBC and fin were well supported by models
due to the small variation in lipid-free C:N ratios in these
tissues.””! For most tissues, corrections using regression
models from this study were as informative as other models.
Also, muscle tissue does not necessarily require lipid
correction as bulk and LE §'3C values were relatively similar,
although the accuracy was marginally better using the
correction model suggested by Post et al.l*)

CONCLUSIONS

The main purpose of this experiment was to better
understand species- and tissue-specific §'"°N and §"°C values
and patterns of tropical coral reef fish so that future ecological
studies can interpret isotopic data meaningfully. In general,
decisions relating to tissue preparation (e.g., lipid extraction)
and tissue selection should be based on the specific goals of
the study. For example, if research questions are addressing
a particular time period or season, sampling must account
for temporal variation in tissue turnover. Also, the feasibility
of lethal/non-lethal sampling needs to be considered,
especially for species that are facing or are at risk of
population declines. Muscle and RBC provided the most
reliable "N turnover estimates and represented similar
isotopic incorporation periods. In addition, LE §"°N, §'°C,
and C:N values in muscle and RBC had little variation
compared with bulk values and these tissues worked well
with lipid-normalizing models. Therefore, for a relatively
long-term representation of feeding habits, RBC or muscle
should be used. Both tissues can be sampled non-lethally;
however, if lethal approaches are deemed necessary, muscle
is often more amenable because it can be sampled post-
mortem. Similarly, if chemical lipid extraction is deemed too
expensive or time-consuming, the lipid-normalizing
techniques described here can easily be utilized with
comparable success.

For future work interested in determining short-term
feeding ecology, we suggest using plasma or fin, both
non-lethal approaches. Both performed similarly in non-
linear 3N equilibrium models with relatively quick
turnover periods (half-life <70 days). Also, bulk §"°N and
C:N values changed little when these tissues were lipid
extracted, and correction models predicted LE 3"°C values
adequately. Liver is often used in stable isotope studies
due to its quick turnover;[*>**721 however, this study
demonstrated that, at least for this species, it is not likely
to be a suitable selection for most studies. Its high lipid
content confounded isotopic interpretation, as has been seen
in other marine fish.?®! For example, when C:N values are
>3.5, the presence of lipids will probably bias §2C
estimates.**! Even after chemical lipid extraction, liver C:N
values remained high, suggesting that the lipid extraction
methods used were not effective for high lipid content.
Previous studies have also found high C:N values in fish
liver after chemical lipid extraction and cautioned about
the difficulty in effectively standardizing high lipid content
tissues. 2658711

Estimates of 3'°C and 3'°N DTDFs for many tissues were
within the range of previous studies, despite some variation
within sampling periods. The finding that muscle AN was
less than the commonly used range of 3 to 4%**7% is
important for estimating trophic position and prey
proportions in tropical ecosystems more accurately in the
future. Based on the estimated Ty o5, an experimental period
of at least twice as long as used in this study would have
improved AN estimates. Nevertheless, isotopic mixing
models can account for deviation in parameter estimates to
simply provide more conservative outputs.'**! Tissue-specific
estimates of this kind are not readily available, especially for
tropical species, and are necessary to interpret isotope data
in feeding ecology studies.

There are limited studies that have calculated DTDFs
and turnover rates for medium- to large-sized or adult
fish, particularly for tropical reef fish. Fewer still have
additionally sampled numerous different tissues or
explored the utility of lipid correction techniques. It is
not known how applicable the patterns and estimates from
this study are to wild individuals or other species and
locations. For example, the composition of macromolecules
(i.e., proteins, lipids, carbohydrates) in prey, as well as
prey itself (i.e., multiple diet items), will vary for leopard
coralgrouper in the wild, which could lead to differential
DTDFs.””! Some studies have found differences between
laboratory and field isotopic estimates,?”*°! while other
values appear to be robust and applicable in the field.”*5%!

There is also concern that “unrestricted” laboratory feeding
rates may bias stable isotope signatures because they are not
representative of natural conditions (e.g., reduced prey
availability and increased competition can lead to restricted
feeding and growth rates).”®! However, during this study,
growth was comparable with that of wild individuals;*® they
were fed at similar intervals as in the wild, and wild adult
leopard coralg{{rouper feed almost exclusively on fish (i.e., high
protein diet).”®! This study is one of the first to provide
experimentally derived stable isotope data for an adult
tropical fish and is an important step towards validating
metrics to understand the ecology of this and similar species,
as well as reef trophic structure.
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