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Highlights 

• Changes in δ13C values following lipid removal depend on bulk C:N ratio and species 

• Corrected δ13C values from linear and mass balance models were similar 

• Linear lipid correction model can be applied at the Clupeiforme order level 

• Clupeiforme order has an average lipid-free C:N ratio of 3.1 

Abstract  

The interpretation of δ13C values in trophic ecology requires standardization of the lipid content 

of organisms estimated through their C:N ratio. To avoid time-consuming lipid extractions, the 

use of mathematical corrections has been developed for many years, and the conclusions 

generally point in the direction of species-specific adjustment of the models. This study aimed 

at defining the maximum taxonomic level required to obtain the best corrected δ13C values in 

small pelagic fish of the order Clupeiformes. δ13C values of six species were analyzed bulk and 

lipid-free, and were used to fit and validate linear and mass-balance models at different 

taxonomic levels. Despite a species effect combined with the C:N ratio effect, the corrected 

δ13C values produced by a global model for the Clupeiformes were as good as or better when 

compared to lipid-free samples than those produced by species-specific models, paving the way 

for possible generalization to other species in this order. At the order level, the linear model 

outperformed the mass-balance model. 

 

Keywords: carbon isotope, Clupeiformes, C:N ratio, lipid removal, trophic ecology   
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1. Introduction 

Stable isotopes of carbon and nitrogen have been used for decades in trophic ecology. In the 

marine environment they allow to discriminate the feeding habitats through carbon isotopic 

composition (δ13C values ; France, 1995) and the trophic level of organisms through nitrogen 

isotopic composition (δ15N values ; Minagawa and Wada, 1984). This notably allow clarifying 

habitat uses, feeding migrations and lengths of trophic chains of an ecosystem (Fry, 2002; 

McMahon et al., 2015; Trueman et al., 2012). 

In order to optimize the trophic interpretation of isotopic compositions, it is often necessary to 

standardize δ13C values especially with the lipid content of organisms. Lipids have up to 20 ‰ 

lower δ13C values than other tissue components (notably proteins ; DeNiro and Epstein, 1977) 

and the amount of lipids in tissues can vary with many non-trophic factors (e.g. reproduction, 

season), hence the δ13C values of organisms can vary with their lipid content regardless of their 

trophic ecology. The need to move away from the effect of lipids on δ13C values is left to the 

discretion of scientists, as it depends on the research question (Arostegui et al., 2019). 

Nevertheless, this effect is generally undesirable to reconstruct food webs and different methods 

have been developed to standardize δ13C values for lipid contents. These methods are either (1) 

chemical, i.e. extracting lipids using different solvents - often optimized to avoid changes in 

δ15N values and thus to be able to make a single analysis provide the δ13C and δ15N values 

simultaneously (e.g. Bodin et al., 2009; Chouvelon et al., 2014), or (2) mathematical, i.e. a 

posteriori correcting of the bulk δ13C values based on the (estimated) lipid content: the higher 

the lipid content, the greater the correction of δ13C values. The second method has been more 

widely used as it is faster and avoids time consuming laboratory work (Fry, 2002; Hoffman and 

Sutton, 2010; Logan et al., 2008; McConnaughey and McRoy, 1979; Post et al., 2007). To 

estimate lipid content and the need for correction, the elemental C:N ratio of the bulk tissue is 

generally used, with most studies relying on the recommendations of Post et al. (2007) who 

suggested that correction due to high lipid levels is required when C:N ratios are > 3.5. Once 

the need for correction has been established, mathematical corrections are applied and the 

resulting corrected δ13C values are tested in a first step against chemically treated samples, i.e. 

lipid-free δ13C values (e.g. Clark et al., 2019; Hoffman and Sutton, 2010; Sardenne et al., 2015). 

Several mathematical correction methods have been proposed, generally based on linear 

(Mintenbeck et al., 2008; Post et al., 2007), non-linear (Kiljunen et al., 2006; McConnaughey 

and McRoy, 1979) or mass-balance models (Fry, 2002; Logan et al., 2008; Smyntek et al., 

2007; Sweeting et al., 2006). Mathematical correction methods encompassing many organisms 
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have also been proposed (Hoffman and Sutton, 2010; McConnaughey and McRoy, 1979; Post 

et al., 2007) but it is often recommended to adjust model parameters to the studied species due 

to high inter-specific difference in both lipid content and bulk δ13C values (Cloyed et al., 2020). 

Phylogenetic and ecological proximities between species sometimes allow the use of the same 

parameters but this requires an evaluation of a subsample of the dataset (Cloyed et al., 2020; 

Hoffman and Sutton, 2010; Sardenne et al., 2015; Smyntek et al., 2007).  

Small pelagic fishes (order Clupeiformes) are important ecological, economical and nutritional 

resources, accounting for about 20% of global fish catch (FAO, 2020). They feed on phyto- and 

zooplankton with some disparities in trophic dynamics between coexisting species (Peck et al., 

2021), which are particularly documented for anchovy and sardine (van der Lingen et al., 2009; 

Garrido and van der Lingen, 2014; Saraux et al., 2019). Their lipid content is also highly 

variable between species and seasons for some species (Bertrand et al., 2022; Lloret-Lloret et 

al., 2022; Njinkoué et al., 2002; Pethybridge et al., 2014), with an accumulation of lipids in the 

muscle before reproduction particularly marked in sardines (Albo-Puigserver et al., 2020; 

Garrido et al., 2008).  

The objective of this study is to test the hypothesis that the taxonomic proximity of species 

sharing similar habitat allows the application of a single set of parameters for lipid-correction 

models of δ13C values, and to identify the maximum taxonomic level required to produce 

appropriate corrections. To undertake this study, six species of small pelagic fishes 

(Clupeiformes order) from three distant regions of the eastern Atlantic were considered, 

including two genera of sardine (Sardina and Sardinops), two species of Sardinella, two 

populations of anchovy Engraulis encrasicolus, and one species of round herring (Etrumeus). 

The isotopic compositions of each species were analyzed in bulk and lipid-free samples of 

muscle and used to test for the influence of taxonomic levels on the fit of linear and mass-

balance models for the lipid correction of bulk δ13C values.  

 

2. Material & methods 

2.1. Fish and tissue collection 

A total of 149 individuals from six small pelagic fish species with slightly different trophic 

levels (Engraulis encrasicolus, Etrumeus whiteheadi, Sardina pilchardus, Sardinella aurita, 

Sardinella maderensis and Sardinops sagax) were collected from three world regions during 

scientific surveys (Table 1). These three regions are distributed over a latitudinal gradient along 

the eastern Atlantic and belong to three distinct large marine ecosystems: the Bay of Biscay, 
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France from the Celtic-Biscay shelf ecosystem (EVHOE survey of Ifremer in October 2020, 

EVHOE, 2020), the harbor of Thiarroye-sur-mer, Senegal from the Canary current ecosystem 

(survey of the OMEGA project in January 2022, with fish collected by artisanal fisherman), 

and the south coast of South Africa from the Agulhas current ecosystem (DFFE Pelagic biomass 

and recruit surveys in November 2020 and May 2021, respectively). Fish were dead by the time 

of sampling. They were sorted and total length (in cm), weight (in g) and sex (indeterminate 

when the gonads were underdeveloped, male or female otherwise) were estimated when 

possible (Table 1). A piece of white dorsal muscle was collected from each individual shortly 

after sampling and subsequently stored frozen at -80°C. Muscle samples were then freeze-dried 

for 72 h and ground to a homogeneous powder with a ball mill. 

 

Table 1. Sampling design with the number of samples analyzed for each species and sampling 

regions (n total = 149), with N the number of samples detailed by gender in brackets 

(Male/Female/Indeterminate), as well as length and weight (mean ± standard deviation). 

Species (FAO code) 
Trophic 

level* 

Countries (FAO 

code) 

N total 

(M/F/IND) 

Total length 

(cm) 

Total weight 

(g) 

Engraulis encrasicolus 

(ANE) 
3.1 ± 0.4 

France (FR) 20 (0/3/17) 9.0 ± 2.0  4.9 ± 4.2 

South Africa (ZA) 18 (7/9/2) 11.7 ± 2.5 10.6 ± 5.1 

Etrumeus whiteheadi 

(WRR) 3.4 ± 0.5 
South Africa (ZA) 22 (2/1/19) 

13.6 ± 2.8 18.2 ± 7.2 

Sardina pilchardus 

(PIL) 3.1 ± 0.1 
France (FR) 22 (9/9/4) 

16.6 ± 3.5 38.8 ± 18.9 

Sardinella aurita 

(SAA) 3.4 ± 0.5 
Senegal (SN) 20 (12/8/0) 

29.7 ± 1.3 224.5 ± 19.7 

Sardinella maderensis 

(SAE) 3.2 ± 0.4 
Senegal (SN) 29 (22/7/0) 

27.8 ± 1.0 190.8 ± 23.0 

Sardinops sagax 

(CHP) 2.8 ± 0.1 
South Africa (ZA) 18 (5/4/9) 

13.6 ± 3.0 19.5 ± 9.9 

* estimation from FishBase, based on diet items 

 

2.2. Lipid extraction 

A subsample of ca. 70 mg of dry powder from each powder sample was lipid-extracted with 3 

rinses of 2 mL of solvent mixture (CHCl3:MeOH, 2:1, v:v) directly added into glass vials and 

sonicated for 10 min according to a modified method of Folch et al. (1957) (Sardenne et al., 

2019). After each rinse, vials were left to settle for 24 h for powder decantation and the lipid-

containing solvent was removed using Pasteur pipettes. After the last rinse, the lipid-free 

powders were left to dry in a fume hood for 72 h. 
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2.3. Carbon and nitrogen stable isotope analysis 

Bulk and lipid-free powders were weighed into tin capsules (8x5 mm, Microanalysis) and 

analyzed by continuous flow on a Flash EA2000 elemental analyzer coupled to a Delta V Plus 

isotope ratio mass spectrometer (Thermo Fisher scientific) at the Pôle Spectrométrie Océan, 

University of Brest, France. Calibrations were based on reference materials (IAEA-600, IAEA-

CH-6, IAEA-N1 and IAEA-N2). Results were reported in the δ unit notation and expressed as 

parts per thousand (‰) relative to the international standards (atmospheric N2 for nitrogen and 

Vienna- Pee Dee Belemnite for carbon). Analytical precision based on replicate measurements 

(after every 6 samples) of a Thermo-Acetanilide standard was < 0.15 ‰ for both δ13C and δ15N 

values. C:N ratios were determined from % element weight. 

 

2.4.Data analysis  

Type III ANOVAs were used to determine if the difference between bulk and lipid-free δ13C 

values (Δδ13C, log transformed) depends on bulk C:N ratio and different taxonomic levels, i.e. 

if it depends on bulk C:N and the population origin (E. encrasicolus only), on bulk C:N and the 

species (six species), and on bulk C:N and the genus (Sardinella spp. only). For each analysis 

the homogeneity and normality of residuals were tested with Levene and Shapiro tests, 

respectively. Proportions of explained variance were reported as ω².  

Once the highest taxonomic level required to establish the best correction model was 

determined (i.e. species, see results section 3.1.), parameters of linear model and mass-balance 

models were fitted to predict corrected δ13C values. They were also fitted to the whole dataset 

for comparison (Clupeiformes models). The linear (equation 1) and mass-balance (equation 2) 

models followed the general structure proposed by Post et al. (2007) and Fry (2002), 

respectively:  

 

(1) 𝛿13𝐶𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 𝛿13𝐶𝑏𝑢𝑙𝑘 + 𝑎 × 𝐶: 𝑁𝑏𝑢𝑙𝑘 + 𝑏 , with a and b adjusted to the dataset. 

 

(2) 𝛿13𝐶𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 𝛿13𝐶𝑏𝑢𝑙𝑘 + 𝐷 − (
𝐷×𝐶:𝑁𝑝𝑢𝑟𝑒 𝑝𝑟𝑜𝑡𝑒𝑖𝑛𝑠

𝐶:𝑁𝑏𝑢𝑙𝑘
), with D (the protein-lipid 

discrimination factor) adjusted to the dataset and C:N of pure proteins set to the average 

value of lipid-free C:N. 
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A cross-validation procedure was used to assess the predictive performance of these models 

and quantify the stability of their parameters (i.e. whether a, b and D were highly dependent on 

the dataset used for model fitting or not). To this end, models were trained with a random subset 

of the dataset (i.e. 2/3 of the dataset) and validated based on the predictive quality of the unused 

data (validation dataset). This process of cross-validation on random subsets was repeated 100 

times. Prediction quality is the best when the difference between lipid-free and corrected δ13C 

values is the smallest possible and insignificant. This was tested for each of the 100 validation 

steps using a Wilcoxon test for paired samples. 

All statistical analyses and graphics were performed with R, with packages effectsize (Ben-

Shachar et al., 2020), ggplot2 (Wickham, 2016) and stats (R Core Team, 2020). 

 

3. Results 

3.1. Changes in C:N ratio and δ13C after chemical lipid extraction 

Bulk C:N ratio values were highly variable among groups, with an average C:N of 3.6 ± 0.9, 

and with 91% of samples above 3.5 for PIL and 41% for WRR but only few individuals for the 

other groups (Fig. 1A ; Table S1). After lipid removal, the average C:N was 3.1 ± 0.1 for all 

groups (Fig. 1A). Bulk δ13C values were also variable among groups, with an average of -

17.8 ± 1.8 ‰ which slightly increased after lipid removal to -17.0 ± 1.4 ‰ (Fig. 1B). 

The Δδ13C (i.e. the difference between bulk and lipid-free δ13C values) was also highly variable 

among groups. At the population level (ANE only), bulk C:N explained 70% of the Δδ13C 

variability (ANOVA, df = 1, F = 90.0, p < 0.001) while the population origin (France FR vs 

South Africa ZA) explained 7% of this variability (df=1, F=4.0, p = 0.06) with no effect of the 

interaction term (df = 1, F = 3.1, p = 0.09). 

At the species level (six species), the interaction between bulk C:N and species explained 39% 

of the Δδ13C variability and was significant, indicating that the effect of bulk C:N on Δδ13C 

variability was specie-dependent (ANOVA, df = 5, F = 23.7, p < 0.001). The main effects of 

this model suggested that bulk C:N explained 18% of the Δδ13C variability (df = 1, F = 34.4, 

p < 0.001) and the species explained 43% of this variability (df = 5, F =23.7, p < 0.001). 

At the genus level (Sardinella only, SAA and SAE species), the interaction between bulk C:N 

and species explained 11% of the Δδ13C variability and was significant, indicating that the effect 

of bulk C:N on Δδ13C variability was stronger in SAA than in SAE (ANOVA, df = 1, F = 7.3, 

p < 0.01). The main effects of this model suggested that bulk C:N explained 0% of the Δδ13C 
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variability (df = 1, F = 0.5, p = 0.467) and the species explained 14% of this variability (df = 1, 

F = 8.8, p < 0.01). 

 

Fig.1. Distributions of (A) C:N ratio and (B) δ13C values for all groups of small pelagic fish 

considered (see table 1 for species codes) before (bulk samples, grey color) and after chemical 

lipid extraction (lipid-free samples, white color). The horizontal line in panel A is the limit 

generally used to decide to standardize δ13C values for lipids (C:N above 3.5). 

 

3.2. Lipid correction models for δ13C values 
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Since Δδ13C (i.e. the difference between bulk and lipid-free δ13C values) varied between species 

of the same genus (SAA and SAE) but not between populations of the same species (ANE, see 

section 3.1.), the most relevant taxonomic level for fitting δ13C correction models is the species.  

Estimated parameters of species-specific models were particularly variable (Table 2) and the 

most difficult adjustment was for SAA, regardless of model type (with coefficients of variation 

of parameters a, b, and D of 125 %, 161 % and 57 %, respectively). This is reflected in the 

prediction errors for corrected δ13C values for this species: the corrected δ13C values were 

significantly different from those lipid-free in 29% and 69% of the random subsets for the linear 

and mass-balance models, respectively (Paired Wilcoxon tests, p < 0.05 with maximum errors 

of 1.69 ‰ and 3.66 ‰, respectively; Fig. 2D). For the other five species, the prediction errors 

were smaller and corrected and lipid-free δ13C values were significantly different in 7–4% of 

cases and 2–8% of cases for the linear and mass-balance models, respectively (Fig. 2A, B, C, 

E, F).  

The predictions of the linear model for the Clupeiformes order (all species) were as good as 

those from the species-specific models, with only 13% of predictions significantly different 

from the lipid-free values (Paired Wilcoxon tests, p < 0.05; mean error of 0.01 ± 0.07 ‰ and a 

maximum error of 1.89 ‰). In contrast, the mass-balance model for all the studied clupeiformes 

underestimated the corrected δ13C values in 80% of cases, but with less variability (Paired 

Wilcoxon tests, p < 0.05; mean error -0.14 ± 0.05 ‰ and maximum error of 1.61‰) (Fig. 2G). 
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Table 2. Adjusted parameters for linear and mass-balance models (see section 2.4. for the 

equations) for six species of small pelagic fish and for all species together (Clupeiforme order), 

estimated during a cross validation procedure repeated 100 times. Values are mean ± standard 

deviation. 

 

Species (FAO code) Linear model Mass-balance 

model 

a b D 

Engraulis encrasicolus (ANE) 1.898 ± 1.283 -5.777 ± 0.912 8.044 ± 0.347 

Etrumeus whiteheadi (WRR) 2.050 ± 0.137 -6.226 ± 0.513 8.763 ± 0.218 

Sardina pilchardus (PIL) 0.681 ± 0.023 -1.114 ± 0.122 6.651 ± 0.128 

Sardinella aurita (SAA) 0.741 ± 0.927 -1.791 ± 2.882 6.942 ± 3.978 

Sardinella maderensis (SAE) 1.477 ± 0.089 -4.539 ± 0.292 5.648 ± 0.229 

Sardinops sagax (CHP) 0.627 ± 0.376 -1.264 ± 1.229 13.073 ± 1.342 

Clupeiformes order 0.894 ± 0.046 -2.377 ± 0.158 6.970 ± 0.123 
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Fig. 2. Distributions of the errors for corrected δ13C values for each species (A to F) and the Clupleiformes order (G), i.e. the difference between 

the lipid-free and corrected δ13C values from the lipid-correction models (linear and mass-balance models), obtained during a cross validation 

procedure repeated 100 times (see table 1 for species codes). Colors displayed model types (orange = linear model and blue = mass-balance model). 
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4. Discussion 

In order to correct the bulk δ13C values for the non-trophic influence of lipid quantity, linear 

correction and mass balance models were fitted at different taxonomic levels for small pelagic 

fish (population, species, genus, order) using lipid-free δ13C values as reference. Our data 

indicate that there was no need for population-specific adjustments but that the quality of 

predictions varied with species. The fit of models with all individuals greatly benefited from 

the large number of samples available, which means that the quality of prediction at the order 

level was in fine as good as that at the species level. In this case, the linear model was better 

than the mass-balance model, as shown by the lower mean error in δ13C prediction. 

 

4.1. Fitting a linear δ13C correction model for the Clupleiformes: the best compromise 

The main limitation to obtaining quality corrected δ13C data is most probably the number of 

samples used for parameter fitting, whatever the type of model. For example, the linear model 

for the Clupleiformes order managed to compensate for the species-specific effects thanks to 

this large number of samples, and produced corrected δ13C values of at least equivalent quality 

to those from species-specific models. Conversely, the poorest fits were obtained with both 

types of model for SAA, possibly due to the low number of samples available (n=20, i.e. 13 

individuals used to fit the parameters and seven to validate them in the cross-validation 

procedure used in our study). However, this low number does not entirely explain these poor 

predictions, since for some species a similar number of individuals resulted in better fits (e.g. 

PIL, CHP and WRR). As SAA is migratory, it is also possible that these poor fits result from 

the interaction between lipid content (C:N) and the recent change in δ13C isoscapes of some 

individuals. Thus, for the four species with a number of individuals ≤ 22 (WRR, PIL, SAA, 

CHP), the use of the linear model for the Clupleiformes order provided better predictions than 

the mass balance model and species-specific linear models: these species can then benefit from 

the data available for the other two species (i.e. ANE and SAE). Furthermore, it is interesting 

to note that the parameters of this model (a = 0.89 and b = -2.38) are particularly close to those 

obtained by Svensson et al. (2014) on the muscle of 27 fish species, including Clupleidae (a = 

0.82 and b = -2.21). As many Clupeiformes also have bulk C:N of muscle equivalent to those 

obtained here (e.g. average values of 3.5 for Ethmalosa fimbriata (Faye et al., 2011), 4.3 for 

Etrumeus wongratanai (Vorsatz et al., 2019), 3.6 for Clupea harengus and 3.3 for Sprattus 

sprattus (Svensson et al., 2014)), these parameters may be common to Clupeiformes other than 

those considered here. 
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It should nevertheless be noted that the maximum prediction error of the linear model for the 

Clupleiformes order can reach 1.89 ‰ which is ecologically significant, especially for small 

pelagic fishes (e.g. Brosset et al., 2016). This maximum error is nevertheless close to those 

obtained when fitting linear or mass-balance models in other fish species: 1.5 ‰ for deep-sea 

fishes (Hoffman & Sutton 2010), 0.5-1.6 ‰ for four tissues of tropical tunas (Sardenne et al 

2015), and 0.3-1.6 ‰ for brook trout muscle (Skinner et al., 2016). 

For species-specific model fitting, the mass-balance model produced data with less error than 

that of linear models, except for the SAA species (underestimation of corrected δ13C values by 

an average of 0.5 ‰). This quality deteriorates sharply when scaling up to the Clupleiformes 

order, with an average underestimation of corrected δ13C values of -0.14 ‰ in 80% of cases. 

 

4.2. A C:N threshold for lipid correction? 

Lipid-free C:N was 3.1 ± 0.1 for the six studied species, which is close to the value reported for 

Atlantic herring Clupea harengus (Logan and Lutcavage, 2008). This could indicate a property 

of the Clupleiformes order, possibly related to the amino acid composition of their proteins. 

Amino acid composition seems however to vary between species and seasons: for instance, the 

main amino acids of sardine and anchovy in % weight are aspartic acid (C4H7NO4) and glutamic 

acid (C5H9NO4), or histidine (C6H9N3O2) and arginine (C6H14N4O2) (Öğretmen, 2022; Šimat et 

al., 2020), with C:N ratio of 4, 5, 2 and 1.5, respectively. 

Nevertheless, this lipid-free C:N value has a notable implication in the case of correction 

equations: the application of a correction equation must be applied to the whole dataset, and not 

only to individuals whose bulk C:N is above the generally used limit of 3.5. Indeed, the 

correction equations will correct the bulk δ13C to a δ13C value for a “theorical” lipid-free 

sample, i.e. a sample with a C:N of 3.1 (and not 3.5). As a consequence, correction models are 

highly dependent on the lipid removal method used to produce the reference lipid-free δ13C 

values. The use of solvents other than the Folch mixture for lipid removal would have led to 

different C:N value (Logan and Lutcavage, 2008). For instance, the Folch mixture is among the 

strongest lipid extraction (it extracts both apolar and polar lipids, including lipoproteins), and 

the use of apolar solvents such as cyclohexane or dichloromethane leave some polar lipids in 

the tissue and would therefore provide slightly a higher lipid-free C:N ratio (Bodin et al., 2009). 

Correction models based on such lipid-free samples will therefore correct the δ13C values more 

moderately than correction models adjusted on lipid-free samples obtained from the Folch 

mixture. 
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Conclusion 

To correct the bulk δ13C values for a species in the Clupleiformes order for which no lipid-free 

data are available, the following equation can be used, although a species-specific adjustment 

based on at least 30 individuals would be preferable: 𝛿13𝐶𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 𝛿13𝐶𝑏𝑢𝑙𝑘 +

0.894 × 𝐶: 𝑁𝑏𝑢𝑙𝑘 − 2.377. If a lipid correction is applied, then this equation must be applied to 

the entire dataset (including individuals with bulk C:N < 3.5), the equation producing a 

correction proportional to the bulk C:N. 
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Table S1. Bulk isotopic compositions and elemental carbon to nitrogen ratio of the six Clupeiformes 

species studied here (see Material & Methods for details on sampling design). 

Species (FAO code) Countries (FAO code) 
Bulk δ13C 

(‰) 
Bulk δ15N 

(‰) 
Bulk C:N 

Engraulis encrasicolus (ANE) 
France (FR) -19.6 ± 0.3  8.8 ± 0.7 3.2 ± 0.1 

South Africa (ZA) -17.2 ± 0.6 11.7 ± 1.0 3.3 ± 0.2 

Etrumeus whiteheadi (WRR) South Africa (ZA) -17.7 ± 1.2 12.4 ± 1.0 3.5 ± 0.3 

Sardina pilchardus (PIL) France (FR) -20.8 ± 1.2 10.8 ± 0.9 5.2 ± 1.6 

Sardinella aurita (SAA) Senegal (SN) -15.7 ± 0.4 10.8 ± 0.6 3.2 ± 0.1 

Sardinella maderensis (SAE) Senegal (SN) -16.4 ± 0.4 10.9 ± 0.5 3.2 ± 0.2 

Sardinops sagax (CHP) South Africa (ZA) -17.4 ± 0.7 10.9 ± 0.3 3.3 ± 0.1 
 


