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Abstract. Whitemuscle is the prevalent tissue for C andN stable isotope analysis in fish, requiring the death of the fish or
biopsy procedures that could lead to infections or severe damage. Given that caudal fin-clipping does not seriously affect

growth or condition, the present study assessed the suitability of caudal fin tissue as replacement for muscle tissue in
trophic studies. Clips of caudal fin were a useful non-lethal surrogate ofmuscle samples in four studied reef-fish (Diplodus
argenteus, Pagrus pagrus, Acanthistius patachonicus and Pinguipes brasilianus). Fin clips were easy to collect in

quantities adequate for mass spectrometry analyses and had C :N ratios similar to those of white muscle with low lipid
content. However, results showed that fin-muscle correction models should be specific and sampling design should be
conducted to reduce spatial and temporal variation. Moreover, species-specific correction factors may not be valid for

other populations of the same species if the presumed range of dX values differ from the population used to estimate the
correctionmodels. Results also showed that the fin-muscle relationship could varywith size. Thus, unless a non-ecological
meaningful fin-muscle correlation with body size was previously identified, correction models should be estimated

sampling a representative size range and fin samples should be used with caution to study size-related trophodynamics.
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Introduction

Identifying and quantifying the magnitude of sources of varia-

tion other than strictly feeding-related differences is critical for
the correct interpretation of stable isotope data in trophic stud-
ies. The use of stable isotope data for carbon (C) and nitrogen

(N) in trophic ecology is predicated on the assumption that
stable isotope ratios of consumers’ tissues are similar to that of
the dominant food sources after accounting for discrimination
(DeNiro and Epstein 1976). However, tissue-specific turnover

rates and fractionation (Pinnegar and Polunin 1999) lead to
tissues with varying stable isotopic compositions (Miller 2006)
differing in their capability or usefulness to reflect consumers’

food sources. In contrast, stable isotopic differences between
tissues is a powerful tool for inferring movement patterns and
home-range shifts by comparing tissues that integrate the stable

isotopic composition of the food items consumed over different
periods (e.g. blue cod, Parapercis colias, Rodgers and Wing

2008) or assess nutritional status by comparing tissues with
different metabolic function (e.g. stream fish: Jardine et al.

2005).
A wide variety of fish tissues are used in ecological research,

including bones (Estrada et al. 2005), gonads (Jardine et al.

2005), heart, blood, eyes (Miller 2006), red muscle (Pinnegar
and Polunin 1999) and liver (Hesslein et al. 1993; Perga and
Gerdeaux 2005). However, white muscle has been suggested to
be the best tissue for ecological studies because of its low

variability in d13C and d15N values when compared to other
tissues in individuals with constant diet (Pinnegar and Polunin
1999; Sweeting et al. 2005). In contrast, the common procedure

of obtaining samples of dorsal white muscle typically involves
the death of the fish. Even though muscle biopsy for large fishes
is possible, it could lead to infections or severe damage and thus

it is not recommended for the study of endangered species such
as sturgeons, Scaphirhynchus albu (Andvik et al. 2010). Given
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that fish welfare is of increasing scientific and public concern
(Huntingford et al. 2006), killing or damaging any fish for

scientific purposes should be avoided.
Therefore, clips of caudal or dorsal fin and samples of mucus

have been proposed as possible substitutes forwhitemuscle (e.g.

Church et al. 2009; Valladares and Planas 2012). Fin-clipping is
a desirable non-lethal sampling technique because (1) it requires
minimal equipment, handling time, and training (Sanderson

et al. 2009), (2) fins regenerate fast (clipped fins require
1 month for complete regeneration, German and Miles 2010)
and could regenerate even from complete amputation (Wills
et al. 2008), and (3) caudal fin clipping does not affect growth or

condition factors (Dietrich and Cunjak 2006). In addition,
structural units of radial fins (lepidotrichia, actinotrichia and
tegument) are primarily composed of proteins, mainly collagen,

surrounded, in the case of lepidotrichia, by a fundamental
mineralised matrix of chondroitin sulphate (Böckelmann and
Bechara 2009), assuring low lipid and carbonate content, which

helps to reduce sample treatments such as acidification or lipid
extraction.

Most studies using fin as replacement for muscle in stable
isotope analysis have been conducted on salmonids (McCarthy

and Waldron 2000; Jardine et al. 2005; Sanderson et al. 2009;
Hanisch et al. 2010) or other related freshwater species (Suzuki
et al. 2005; Kelly et al. 2006; Andvik et al. 2010; Jardine et al.

2011; Fincel et al. 2012; Tronquart et al. 2012) and few studies
have been conducted on strictly marine fish such as Hippocam-
pus guttulatus (Valladares and Planas 2012), Parapercis colias

andNotolabrus celidotus (Willis et al. 2013). Overall, results on
fins (caudal, Jardine et al. 2005, 2011; Kelly et al. 2006;
Sanderson et al. 2009; Hanisch et al. 2010; dorsal, Valladares

and Planas 2012;Willis et al. 2013; pectoral, Andvik et al. 2010;
Fincel et al. 2012), excluding adipose fins, as a substitute of
white muscle, could be summarised as: (1) fin tissue correlates
closely with muscle for d13C and d15N; but fin tissue has higher
d13C values than muscle in a predictable amount, whereas the
reported differences between fin d15N andmuscle d15N show no
clear patterns (Jardine et al. 2005, 2011; Tronquart et al. 2012);

(2) determinations of isotope ratios in fin samples have higher
analytical error than in muscle samples and, therefore, a larger
sample size is required (Sanderson et al. 2009; Jardine et al.

2011); (3) some studies pointed out that fin as a substitute of
muscle should be used with caution because size-related trends
need to be checked (Hanisch et al. 2010; Jardine et al. 2011).
There are some cases of correlation between fin–muscle differ-

ences in dX values (DdXf–m, following Willis et al. 2013;
notation where f is fin and m is muscle) and fish size (e.g.
Salmo salar and Salvelinus fontinalis, Jardine et al. 2005;

Oncorhynchus tshawytscha and O. mykiss, Sanderson et al.

2009; Parapercis colias, Willis et al. 2013), but such effects
were considered large enough to be relevant in ecological

studies by some authors (Sanderson et al. 2009; Hanisch et al.

2010).
Fin samples could be used as surrogates formuscle samples if

both tissues reflect the diet of the fish over a similar time period;
otherwise, fin isotope ratios could be directly related to the food
web but those results are not comparable to the results published
in the copious literature based on muscle samples. Although

there are a few studies that estimate fin tissue turnover rates, the

results show that both fin and muscle integrate comparable time
periods (Suzuki et al. 2005; German andMiles 2010; Heady and

Moore 2013) (summarised in Table 1). According to Heady and
Moore (2013) the faster turnover rates for fin tissues was 9 days;
however, it was estimated only on the basis of the distal portion
of the caudal fin of early juvenile O. mykiss (and not homo-

genising the entire fin clip, as it was done in the other studies).
Given that fin-clipping is a non-lethal easy-to-implement

sampling technique, the aim of this study was to assess the

suitability of caudal fin isotopic composition as a replacement
for white muscle isotopic composition in trophic studies by
determining whether the differences between tissues (DdXf–m)

vary with fish size in four species of temperate reef fish. In
investigating the strength of those relationships for different
species, how the size range of fish sampled affects them, and by

simulating scenarios for interpretation of trophic data, this study
also provides guidance for sampling design to other studies
aiming to elucidate trophic relationships using fin dX values.

Materials and methods

Studied species

The four fish species selected for this study were: silver porgy,
Diplodus argenteus (Valenciennes, 1830); red porgy, Pagrus
pagrus Linné, 1758; Argentinean sea bass, Acanthistius pata-

chonicus (Jenyns, 1842) and Brazilian sandperch, Pinguipes
brasilianus Cuvier, 1829. These species are commonly found in
the coastal rocky-reefs of northern Patagonia (40–438S) (Galván
et al. 2005, 2009b).D. argenteus is a sparid that feeds mainly on
benthic invertebrates but also eats macroalgae (Dubiaski-Silva
and Masunari 2006), although its digestibility and contribution

to fish nutrition is doubtful (Dubiaski-Silva andMasunari 2006).
P. pagrus is another sparid that presumably occupies a higher
trophic level than D. argenteus, feeding on mobile macro-
invertebrates such as crabs or large polychaetes and small fish

(Brankevich et al. 1990). A. patachonicus and P. brasilianus are
demersal species associated with structured habitats such as
caves and crevices, and with distinct diets. Whereas the former

feeds mainly in crabs, polychaetes and small fish, the second
feeds principally on grazers (e.g. sea urchins and snails), and on

Table 1. Published carbon and nitrogen turnover rates of fin and

muscle tissues

HL, half-life (days)

Reference Tissue Carbon HL Nitrogen HL

German and Miles (2010)A Fin 14 22

Muscle – –

Suzuki et al. (2005)B Fin 26 21

Muscle 22 19

Heady and Moore (2013)C Fin – 9

Muscle – 28

AHalf-lives were calculated from the equations presented in the fig. S1 of

German and Miles (2010).
BHalf-lives were derived from the equations in figs 2 and 3 of Suzuki et al.

(2005).
CThis reference used only the distal portion of the caudal fin for stable

isotope analysis, instead of the entire clip, as was done in the other two

references.

B Marine and Freshwater Research D. E. Galván et al.



filter feeders, mainly the bivalve Aulacomya atra atra (Galván

et al. 2009a). These fishes also exhibit different size-related
feeding behaviour: whereas A. patachonicus and P. pagrus

increased the trophic level with size, D. argenteus and P. bra-

silianus do not show dietary trends with size (Galván et al.

2009a; Funes et al. 2014).

Sampling

Specimens were collected in shallow reefs (5–15 m) located

near Puerto Lobos beach (San Matı́as Gulf, Argentina, 428040S,
658010W) using spear guns or hook and lines in February 2012
(P. pagrus and P. brasilianus) and April 2012 (D. argenteus and

A. patachonicus). Sampling efforts were directed to cover the
population size range homogeneously, minimising spatial and
temporal variation. Given that mean half-life of both elements

in muscle and fin are ,20 days (Table 1) it was important to
concentrate sampling events and prevent possible diet shifts that
might obscure results. Thus, the whole sample for each species
was obtained in the nearby reefs, on the same day and covering

40–60% (Table 2) of the observed local size range (Irigoyen and
Galván 2009).

Stable isotope analysis

All fish were kept on ice following collection until being pro-
cessed the same day of their capture. Pieces of dorsal white
muscle (Pinnegar and Polunin 1999) and caudal fin clips of the

distal portions (,1 cm2) (Sanderson et al. 2009), including only
soft rays, were cut and oven-dried at 608C for 48 h. Dried
samples were ground to a fine powder using a hand mortar and

pestle before their dispatch for analysis. Using previous results
for the elementary composition of muscle and fin (D. E. Galván,
unpubl. data), the optimal sampleweight to conduct the analyses
were respectively estimated as ,1.2 and ,1.6 mg. In order to

estimate analytical precision eight samples were analysed in

duplicate. Stable isotope analysis was performed by a mass
spectrometer in the stable isotope facility of the University of
California, Davis. The stable isotope ratios are expressed as d
values as per mille (%):

dX ¼ 103ðRsample � RstandardÞRstandard
�1

where X is 13C or 15N and R the corresponding ratio 13C : 12C or
15N : 14N. Standards used were Vienna Peedee belemnite for C
and N2 for N. Laboratory internal standards used were G11
(Nylon), G13 (Bovine Liver), G17 (USGS-41 Glutamic Acid)

and G9 (Glutamic Acid). Analytical precision, as standard
deviations (s.d.), was: for d13C measurements (%), s.d.G11¼
0.08, s.d.G13¼ 0.29, s.d.G17¼ 0.04, and s.d.G9¼ 0.09; and for

d15N measurements, s.d.G1¼ 0.09, s.d.G13¼ 0.01, s.d.G17¼
0.10, and s.d.G9¼ 0.05. Lipid content in muscle samples was
assessed by computing the elemental C to N ratios (C :N).

Sparids had muscle samples with C :N. 3.5 (see Results), thus
lipid-controlled d13C data were derived for both entire muscle
datasets (Sweeting et al. 2006), with the modification proposed
by Greenwood et al. (2010).

Statistical analysis

To test the reliability of fin as a muscle replacement, isotope
ratios of both tissues (hereafter dXfin and dXmus) and C :N
values were compared, for each species, by means of paired

Student’s t-tests (Crawley 2007). In addition, linear regressions
(dXmus¼ a þ bdXfin) were fitted (1) to examine whether the
relationships among tissues were directly proportional; (2) to

check whether slopes (b) differed significantly from 1.0; and
(3) to generate predictive models of muscle isotopic composi-
tion from fin samples (hereafter dXpred). Regressions were fitted

Table 2. Carbon and nitrogen isotopic composition of both tissues, and results of the comparisons between them, in the four species studied

LF, fork length range (for sparids) (cm); LT, total length range (for Pinguipes brasilianus and Acanthistius patachonicus) (cm); Lmax, maximum length;

range, the percentage of the local size spectra that was covered. Maximum length of each species was defined as the maximum length registered in northern

Patagonia following Irigoyen and Galván 2010

Species LT or LF Isotope Tissue Mean (s.d.) Mean DdXf–m (s.d.) t-test

(Range, Lmax)

Diplodus argenteus 13.5–25 d13C Muscle �17.3 (0.5) 1.3 (0.4) t17¼�13.59, P, 0.001

(n¼ 18) (,40%, 30) d13C Fin �15.9 (0.6)

d15N Muscle 18.7 (0.7) �0.2 (0.3) t17¼ 2.81, P, 0.05

d15N Fin 18.5 (0.7)

Pagrus pagrus 10.9–33 d13C Muscle �15.8 (0.4) 1.0 (0.6) t21¼�7.12, P, 0.001

(n¼ 22) (,50%, 45) d13C Fin �14.8 (0.8)

d15N Muscle 19.4 (0.3) �0.4 (0.4) t21¼ 5.47, P, 0.001

d15N Fin 18.9 (0.4)

Pinguipes brasilianus 13.8–36.8 d13C Muscle �17.2 (0.3) 0.5 (0.6) t12¼�2.29, P, 0.05

(n¼ 13) (,60%, 40) d13C Fin �16.7 (0.6)

d15N Muscle 18.4 (0.1) 0.6 (0.4) t12¼�5.19, P, 0.001

d15N Fin 19.0 (0.5)

Acanthistius patachonicus 24–55.7 d13C Muscle �16.2 (0.4) 1.5 (0.3) t15¼�17.23, P, 0.001

(n¼ 16) (,50%, 65) d13C Fin �14.7 (0.5)

d15N Muscle 19.9 (0.5) 0.2 (0.3) t15¼�2.6, P, 0.05

d15N Fin 20.1 (0.5)
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separately for each species. Finally, to test for possible effects of
fish growth on the relationship between dXfin and dXmus values,
which could mislead ecological interpretations of dXfin or

dXpred datasets, DdXf–m offsets were calculated and regressed
against fish size. Assumptions of normality and homocedasticity
and the importance of influential points were verified using

regressing residuals and absolute residuals against fitted values
(Jiao et al. 2004), and then inspecting diagnostic plots and
comparing models with and without possible influential data

(Crawley 2007). In addition, total C and N percentage compo-
sition, as well as C :N ratios, were used to retrocalculate optimal
sample weights. All tests and regression analyses were done

with R software V.2.15. (R Development Core Team 2012).

Data simulation

Simulation was conducted to achieve a better description and
understanding of the implications for sampling design and

posterior ecological interpretation of dX values, derived from
fin samples. The simulation experience consisted of the gener-
ation of five different datasets (hereafter populations A, B, C, D

and E) and the paired comparisons of these populations in order
to represent three commonly found scenarios when predicting
muscle signatures from fin samples. Hence, simulated popula-

tions varied in their size-based feeding behaviour andmagnitude
of the effect on the relationship between muscle and fin tissue
stable isotope values (DdXf–m). Populations A, B and C exhib-
ited no change in dX with size, whereas Populations D and E

exhibited an increase in dXwith size (i.e. change in trophic level
with size, 2% difference between the smaller and larger fish).
Population B had mean dX values 1% bigger than those for

Population A. Populations C and E simulated an effect of size on
DdXf–m of 1% between the smaller and bigger individual (note
that it is smaller than the trophic change simulated) whereas

Populations A, B and D showed no trend (Table 3). Scenario 1
compared and combined Populations A and B to illustrate the
error incorporated when using fish from more than one popu-

lation to predict the isotope composition of muscle from fin
samples. Scenario 2 compared Populations A and C and Sce-
nario 3 compared D and E to illustrate the bias introduced when
applying correction models to populations with size-related

trends on DdXf–m that were generated for species without such
trends.

Each dataset consisted in 10 individuals randomly sampled

from simulated populations with normally distributed dXmus

values (mA,C,D,E¼ 1% and mB¼ 2%; sA,B,C,D,E¼ 0.25%).
In these simulations s represents the variation among indivi-

duals due to physiology plus the analytical error. Similar
analytical errors were assumed for muscle and fin samples, for
simplicity, and sampling of body size was assumed to be

uniform throughout the entire size range. All simulated popula-
tions had the same fin–muscle linear relationship described by
the slope (b¼ 0.7).

Results

Data analyses showed that fin and white muscle dX values were
different for both C and N in all species (Table 2). Muscle

samples showed higher d13C values than fin samples for all four
species whereas d15N values did not show clear trends (Table 2;
Fig. 1). Reinforcing the result that dXfin and dXmus values were

not directly comparable in most cases, only two 95% CI of the
regression slopes included 1.0 as a possible result (Table 4;
Fig. 1e, h), whereas in all other cases estimated slopes were

smaller than 1.0. However, in seven of the eight tested rela-
tionships it was possible to estimate significant parameters to
derive muscle isotopic composition (dXpred) from dXfin values
(Table 4; Fig. 1). Results also showed that fish size influenced

the relationship between fin and muscle isotope ratios in two
species; DdXf–m values displayed a linear and significant rela-
tionship against size in P. brasilianus for both elements and for

C in D. argenteus (Table 4; Fig. 2a, c, g). The estimated mag-
nitude of the offsetDdCf–m, along the size-spectra sampled, was
1.2% forD. argenteus and 1.7% for P. brasilianus; whereas the

estimated offset DdNf–m was 1.1% for P. brasilianus.
The mean difference between duplicated muscle samples

were 0.11% for d15N and 0.12% for d13C, whereas fin had

respective differences of 0.55 and 0.43%. These analytical
errors expressed as a percentage of the trophic fractionation
(D13C¼ 1.5% and D15N¼ 3.2%, following Sweeting et al.

2007a, 2007b) represented ,8 and ,3.5% in muscle samples

but ,29 and ,17% in fin samples.
All muscle C :N ratios ranged between 3.10 and 4.50

whereas fin samples ranged between 3.23 and 4.10 (D. argen-

teus: muscle, from 3.26 to 4.49; fin, from 3.23 to 3.49;P. pagrus:
muscle, from 3.26 to 3.75; fin, from 3.16 to 3.47; P. brasilia-
nus: muscle, from 3.11 to 3.29; fin, from 3.30 to 4.08; and

A. patachonicus: muscle, from 3.15 to 3.29; fin, from 3.34 to
3.61). In muscle samples, total C and N represented between
49 and 67% of the sample mass, whereas in fin samples it

represented between 27 and 50%. These results, although
statistically different (t68¼ 13.2182, P, 0.001), did not repre-
sent a substantial practical difference when the mean optimal
sample weights were retrocalculated (1.12 mg for muscle

samples and 1.75 mg for fin samples). Dry samples of fin clips
weighted, on average, 0.11 g, which is more than 50 times
the amount of sample required for C and N dual stable isotope

analysis.

Data simulation

Scenario 1 showed that pooling individuals from different

populations might lead to errors in predicting muscle–fin
relationship. The combination of the simulated datasets A
and B led to slope estimation closer to 1.00, b¼ 0.945

Table 3. Magnitudes of change of trophic level with fish size (DTL)

and effect of fish size on the relationship between muscle and fin

tissue signatures (offset DdXf–m), between the smaller and the bigger

individual in the five simulated datasets (A, B, C, D and E)

Population DTL DdXf–m

A No No

B No No

C No 1%
D 2% No

E 2% 1%
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(95% CI¼ 0.896–0.993), which was higher than the actual
value, b¼ 0.7 (Fig. 3a). Scenarios 2 and 3 (datasets A and C, and
D andE) showed thatmuscle–fin relationships can vary between

populations just because of the different effect that size has on
DdXf–m. Small size-related trends in DdNf–m (1% between the
smaller and the bigger individual simulated for Population C but

not for Population A) could lead to large differences in correc-
tion models (Fig. 3b, c).

The estimated slopes for Populations C and E were bC¼
0.373 (95% CI¼ 0.012–0.734) and bE¼ 0.563 (95% CI¼
0.516–0.610) instead of b¼ 0.7 for populations A and D. In
addition, variation in the offset DdXf–m with size introduced
an extra source of variation in species that do not exhibit eco-

logically meaningful size-based trophic trends with ontogeny
(rC
2 ¼ 0.34 and rA

2 ¼ 1) (Fig. 3b) because fish of different length

may have similar dXmus values but very different dXfin values
(Fig. 3b).

Discussion

In summary, the main results showed that fin and white muscle

dX values were different for both C and N in all species but had
similar C : N ratios. Muscle samples showed higher d13C values
than fin samples for all four species whereas d15N values did not
show clear trends. In seven of the eight tested relationships it

was possible to estimate models to derive muscle isotopic
composition from fin values and in most cases the estimated
regression slopes were smaller than 1.0. The results also showed

that fin–muscle relationship varied with fish-size in two of four
species.

Table 4. Results of the regression models between dXmus and dXfin values and between fin-muscle offsets (DdXf–m) and fish size

P values indicate the degree to which the estimated regression parameters were significantly different from zero (H0). Slopes that were not significantly

different from 1.0 are shown in bold

Species Isotope Muscle v. fin DdXf–m v. size

Intercept (H0, a¼ 0) Slope (H0, b¼ 0) Slope 95% CI Intercept Slope (H0, b¼ 0)

Diplodus argenteus d13C �7.76 (P, 0.01) 0.596 (P, 0.001) 0.33–0.86 0.66 �0.099 (P, 0.001)

(n¼ 18) d15N 1.07 (P. 0.05) 0.954 (P, 0.001) 0.70–1.20 0.88 �0.033 (P. 0.05)

Pagrus pagrus d13C �10.94 (P, 0.001) 0.329 (P, 0.01) 0.13–0.53 �0.99 0.001 (P. 0.05)

(n¼ 22) d15N 11.82 (P, 0.001) 0.400 (P, 0.01) 0.14–0.65 0.08 0.013 (P. 0.05)

Pinguipes brasilianus d13C �15.22 (P, 0.001) 0.118 (P. 0.05) �0.22–0.45 1.39 �0.073 (P, 0.01)

(n¼ 13) d15N 14.40 (P, 0.001) 0.211 (P, 0.05) 0.02–0.40 �1.88 �0.048 (P, 0.01)

Acanthistius patachonicus d13C �6.09 (P, 0.05) 0.687 (P, 0.001) 0.38–0.99 �1.36 �0.003 (P. 0.05)

(n¼ 16) d15N 4.99 (P. 0.05) 0.740 (P, 0.001) 0.36–1.12 �0.56 0.008 (P. 0.05)
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Fig. 1. Relationships between muscle and fin d13C and d15N values in Diplodus argenteus, Pagrus pagrus, Pinguipes brasilianus and

Acanthistius patachonicus. Dashed lines represent the 1 : 1 relationship between tissues.
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The development of non-lethal techniques to obtain fish

samples for stable isotope analysis is critical to address the
increasing public concern on fish welfare and obviously to study
endangered species (Huntingford et al. 2006). Small clips of the
caudal fin (,1 cm2) were enough to obtain sufficient tissue for

numerous analytical determinations and corroborated the results
of Sanderson et al. (2009), supporting fin clips as a more
practical and non-lethal method for fish bigger than 65 mm. In

addition, the present results partially supported the use of pieces
of fin as a surrogate for white-muscle in stable isotope studies,
showing that although interconversion between dXfin and dXmus

values seems rare, it was possible to build robust models to
estimate dXpred values. However, the relationships between fish

size and DdXf–m values reported here showed that samplings

to estimate correction models should be designed with caution
because size could be a confounding factor on ecological
interpretation of stable isotope signatures of fin tissue.

Only two of the eight tested relationships between dXfin

and dXmus values could be used as direct surrogate for muscle
without applying a correction factor. The rest of the tested
relationships (Fig. 1) were directly proportional with slopes

smaller than most published relationships (Tronquart et al.

2012; Willis et al. 2013). The present study pays special
attention to reduced spatial and temporal variation in the

sampling design, whereas other studies have tried to amplify
that variation (e.g. Jardine et al. 2011; Tronquart et al. 2012),
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attempting to obtain a broad range of stable isotopic values
associated with different source baselines (Jardine et al. 2011).

However, given that the results of this and other studies (e.g.
Hanisch et al. 2010) showed an intrapopulation tendency for a
proportional relationship between dXfin and dXmus with slopes

,1, the estimated regression parameters relating to more than
one population could lead to estimation of erroneous regression
slopes with the tendency to be closer to 1.0 (Fig. 3a). This error

leads researchers to propose erroneous correction factors (Willis
et al. 2013). Although there is consensus about that the formu-
lation of a general model to estimate muscle isotopic composi-
tion from fin values is difficult to achieve; the formulation of

regional models was proposed as an appropriate tool (Jardine
et al. 2011; Tronquart et al. 2012). In particular, Tronquart et al.
(2012) found no differences between species-specific and

regional models, but the species-specific models used fish from
different populations, which biases regression slopes towards
1.0 (Fig. 3a) (Willis et al. 2013). Given that correction models

should be specific, to minimise fish killing it is central to
understand how many fish are necessary in order to estimate
reliable models. To design an appropriate sampling and calcu-
late a minimum sample size with enough power to detect

differences between tissues it is necessary to know the analytical
errors typical for both tissues (present study and Sanderson et al.
2009), the potential spread of intrapopulation differences

(which could be taken from the literature or calculated by a
pilot sampling using only fin clips), and conduct a power
analysis (Galván et al. 2010). Considering that the spread of

intrapopulation differences varies between species and systems
it is not possible to give a generic number and the minimum
sampling size should be calculated for each case.

The results presented here also indicate that size range of fish
sampled to estimate fin–muscle correction models is another
issue that could introduce noise into the ecological interpretation
of stable isotope datasets. As noted in the Introduction, previous

studies have drawn the attention of researchers to possible or
significant size-related trends within DdXf–m values (Sanderson
et al. 2009; Hanisch et al. 2010), although the authors consid-

ered that such trends were not large enough to alter ecological
interpretation of the results. In contrast, it was proposed that,
given that relationship between size and DdXf–m values, fins

are more sensitive than muscle in detecting size-based feeding
changes in some fish species using stable isotopes (Willis et al.
2013); however, this is not supported by actual data. Although
stable isotopic turnover differs between the two tissues (Suzuki

et al. 2005; Watanabe et al. 2005) they are not sufficiently
different to show differences based on feeding history (estimat-
ed half life ranging from 19 to 26 days for both elements and

tissues, Suzuki et al. 2005) when compared with fish life span.
Both studies (the present and Willis et al. 2013) sampled
temperate reef fish (families Pinguipedidae, Sparidae and Lab-

ridae), which have slow growth rates as a feature in common.
Thus, sampling design integratedmore than 3–4 years of feeding
history, which is several times longer than published turnover

rates for muscle or fin (Suzuki et al. 2005; Watanabe et al.

2005). For this reason, it is plausible that the reported differ-
ences are only due to physiological differences between tissues,
like routing of essential amino acids or fatty acids, than size-

related changes in fish diet. If size-related trends in DdXf–m

values do not show feeding differences, it is important to cover a
representative size range in studies aiming to estimate fin–

muscle correction factors; otherwise, an important bias could
be introduced in the dXpred values (Fig. 3b, c) with the subse-
quent erroneous ecological interpretation.

Another important concern, highlighted by the results pre-
sented here, is thatDdXf–m size-related trends introduce an extra
source of variation in species that do not exhibit ecologically

meaningful ontogenetic dietary shifts, as fish of different lengths
may have similar dXmus values but very different dXfin values
(Fig. 3b). The latter, coupled with increased error sources
associated with higher analytical error reported for fin tissues

(Sanderson et al. 2009; present results), makes fin tissue a poor
replacement for muscle to study size-related feeding behaviour
(contrary to Willis et al. 2013) because fin sampling clearly

needs larger sample size than muscle to achieve enough power
to detect size-related feeding behaviour (Galván et al. 2010).
Conversely, DdXf–m values varied around 30% of the mean

trophic fractionation factor for N isotopes. That level of varia-
tion makes fin tissues an acceptable replacement for white
muscle that could be used without corrections for broad inter-
specific trophic comparisons, when the goal is to describe

general patterns or the identification of trophic guilds rather
than to test slight intraspecific differences. In contrast, the
present results support the use of fin clip isotope ratios directly

relative to the other food web components and highlights the
need for experimental work to estimate fin-specific trophic
fractionation factors and to develop a better understanding of

turnover rates.
Summarising, our results support the contention that caudal

fin tissue is a useful non-lethal surrogate for muscle tissue, being

easy to collect in quantities sufficient for mass spectrometry
analyses and with C :N ratios similar to those of white muscle
with low lipid content. However, its usefulness relies on the
following sampling precautions.

� Fin–muscle correction models should be estimated on a
species-by-species basis. Sampling should be conducted in

a way to reduce spatial and temporal variation.
� Species-specific correction factors may not be valid and

applicable to other populations of the same species if the

presumed range of dX values differs from those of the
population used to estimate the correction models.

� Before tracking size-related dietary shifts using fin samples it

is necessary to test whether there are any significant trends
between DdXf–m and body size.

Although the previous recommendations improve the use-
fulness of fin tissue as a non-lethal surrogate for muscle given
that size-related differences reflect possible physiological dif-

ferences between tissues, the understanding of such uncertain-
ties could help to elucidate reliable, powerful and general
models in order to achieve the final goal of reducing lethal

sampling.
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