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Abstract

:

European eel is thought to be a symbol of the effects of global change on aquatic biodiversity. The species has persisted for millions of years and faced drastic environmental fluctuations thanks to its phenotypic plasticity. However, the species has recently declined to historically low levels under synergistic human pressures. Sublethal chemical contamination has been shown to alter reproductive capacity, but the impacts and required actions are not fully addressed by conservation plans. This paper proposes a modelling approach to quantify the effects of sublethal contamination by anthropogenic pollutants on the expression of life history traits and related fitness of the critically endangered European eel. Material and Methods: We sampled female silver eels from eight different catchments across Europe previously shown to be representative of the spectrum of environmental variability and contamination. We measured 11 fitness-related life history traits within four main categories: fecundity, adaptability and plasticity, migratory readiness, and spawning potential. We used machine learning in models to explore the phenotypic reaction (expression of these life history traits) according to geographical parameters, parasite burdens (the introduced nematode Anguillicoloides crassus) and anthropogenic contaminants (persistent organic pollutants (POPs) in muscular tissue and trace elements (TEs) in gonads, livers and muscles). Finally, we simulated, the effects of two management scenarios—contamination reduction and contamination increase—on the fecundity and recruitment. Results: Contamination in our sampling was shown to have a stronger control on life history traits than do geographic and environmental factors that are currently described in the literature. We modelled different contamination scenarios to assess the benefit of mitigation: these scenarios suggest that reducing pollutants concentrations to the lowest values that occurred in our sampling design would double the fecundity of eels compared to the current situation. Discussion: Remediation of contamination could represent a viable management option for increasing the resilience of eel populations, with much more effects than solely reducing fishing mortality. More broadly, our work provides an innovative way for quantitative assessment of the reaction norms of species’ biological traits and related fecundity to contamination by organic and inorganic pollutions thus opening new management and conservation pathways to revert the erosion of biodiversity.
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1. Introduction


Since their emergence approximately 60–70 million years ago, anguillid eels have outlived the dinosaurs, adapted to continental shifts, survived oceanographic regime shifts and glaciation events [1]. Anguillid eels have successfully colonized all continents except Antarctica but their species diversity remained limited (19 species and subspecies) [2,3]. This Genus’ evolutionary resilience appears due to the adaptability inherent in their unique life-cycle. All eels begin life in the tropical ocean, where eggs hatch into leptocephalus larvae that migrate on currents towards continental shelves [4]. Leptocephali metamorphose into glass eels [4], and then migrate to coastal, brackish and inland waters where they grow as yellow eels for up to several decades [5]. Finally, they metamorphose into silver eels and become sexually mature as they migrate back to the oceanic spawning areas to breed and die [5]. A critical element is that the silvering is delayed if eels have not reached a minimum size and fat content, which is dependent upon conditions experienced during the growth phase [6,7,8,9]. This phenotypic plasticity optimizes the trade-off for individuals between fecundity and mortality, and may be an evolutionary response to environmental heterogeneity [10,11].



Despite their individual adaptive resilience, populations of eels worldwide have drastically declined since the 1980s, and 13 species are classified by IUCN as ‘near threatened’ or above [12]. Declines have been attributed to a broad cumulative range of anthropogenic activities [13,14,15]. Globally, shifts of oceanographic regime and food webs due to the ocean warming may affect the survival and migration of eel larvae and glass eels [14]. Regionally and locally, impacts on freshwater ecosystems through hydrological modification and exploitation reduces habitat quality [15,16], while the accelerating development of dams and weirs since the 1950s has created barriers to migration that reduce habitat quantity [17]. Direct reduction in population size occurs through fishing, hydroelectric turbines and accidental spills of toxic contaminants [14,18]. Indirect mortality, or physiological impairments, have been demonstrated for some species due to introduced pathogens [19] or through chronic contamination by organic and trace elements [18,20,21,22,23,24,25,26].



The European eel (Anguilla anguilla) is the only anguillid eel species classified as ‘critically endangered’ [12]. Glass eel recruitment in the early part of the 21st century was 5% of the levels reported from the 1970s [27]. Therefore, the European Union implemented a long-term management plan in 2007 to restore the biomass of silver eels that escape to spawn to at least 40% of the biomass that would have been produced under pristine conditions. Subsequently, efforts have focused on reducing fisheries mortality, increasing recruitment through restocking and improving population productivity through habitat restoration [28]. However, there are no clear signs of eel stocks recovery [27], and stronger management measures may be required [12,29]. One aspect yet unexplored is accounting for, or the mitigation of, chronic and sublethal contamination. Many laboratory studies demonstrated the impacts of pollution on eel physiology [18,20,21,22,23,24,25,26], but the consequences on population level remain poorly understood because many of these effects occur during sexual maturation and spawning migration, when eels are inaccessible to researchers [29].



At present, the most effective way to assess impacts of contamination on the reproductive stage is to sample female silver eels at the start of their spawning migration [30]. Females are significantly larger than males, and represent the majority of the spawning biomass [5]. During sexual maturation, contaminants appear to be transferred from somatic cells to oocytes [31,32], which represents a threat to egg and embryo development [21].



The aim of our research is to propose an innovative method to quantify the effect of contamination cocktails on the fitness of an endangered species that is submitted to an important fishery. In order to achieve this, we modelled the effects of contamination on various life history traits, including fecundity of females and resulting production of glass eels, thus enabling to compare a loss off glass eel recruitment due to contamination and fisheries.



To this end, we tested the effects of contamination on life history traits of silver eel females from eight different catchments across Europe previously shown to be representative of the spectrum of environmental variability and contamination [33]. We used machine learning in models to explore the expression of 11 life history traits (LHTs) according to geographical parameters, parasite burdens and anthropogenic contaminants (persistent organic pollutants (POPs) in muscular tissue and trace elements (TEs) in gonads, livers and muscles). Finally, we developed a simple model to estimate the effects of fecundity surrogate traits on the production of young recruits, the so called glass eels to compare the effects of “quality improvement” with “fishery control” management measures. To finish we discuss on the transferability of such life history based approach conducted on an iconic largely spread species to estimate the effects of sublethal contamination on the erosion of biodiversity.




2. Methods


2.1. Data Origin


Most data were collected within the national Belgian and European (EELIAD) eel sampling programs [34]. The data in the present study are a subsample of a dataset already used to map the silver eels quality (i.e., lipid content, muscular contaminations and A. crassus abundance) [33]. The dataset demonstrated the character and pattern of eel quality in each studied catchment using a representative sample of eels. We have supplemented these data in the current analysis through the collection of new data on contaminations and life history traits (LHTs) from a subset of the eels described in Bourillon et al. [33]. In doing so, we assume that the eel samples used in our new study are representative of their catchment and of the broad spectrum of quality that exists in rivers across Europe.




2.2. Eel Sampling


We captured 331 silver eels at the start of their migration in 2009–2010 from eight catchments across Europe between 43° and 58° north (Figure 1, Table 1). We used a length stratified sampling protocol to catch eels of at least 45 cm in length with a set of passive gears and electrofishing. For the quality analysis we subsampled 75 female silver eels, on average, 9–10 eels per catchment that were representative of the size spectrum of each site.




2.3. Biometry and Dissection


Each institution involved in the sampling anesthetized and euthanized the eels according to their national ethical standards [33]. We anaesthetized eels and measured their total length (TL, mm), total weight (TW, g), and the horizontal (A, mm) and vertical (B, mm) eyes diameters were measured with a slide caliper. After euthanasia and decapitation, blood was immediately sampled (1 mL) from 62 eels with needle from the aorta for 11-ketotestosterone assay. The blood was directly centrifuged at 5000 rotation per minutes for three minutes to separate the plasma, which was then frozen at −80 °C. We dissected the individuals and collected the gonads, samples of dorso-ventral muscles, swimbladder, digestive tract and liver, weighed (in g) and froze all the samples at −20 ° C except the swimbladder.




2.4. Lipids, Contaminants and Parasitism


The experimental protocols were published in a previous article [33] and summarised in Supplementary Table S1. Briefly, muscle samples were used for assaying the concentration of lipid (expressed in %) by gravimetric methods, the concentration of mercury by atomic absorption spectrophotometer, and the concentrations of a further 12 trace elements (TEs, with As, Cd, Co, Cr, Cu, Fe, Hg, Mn, Ni, Pb, Se, and Zn, expressed as µg·g−1 dry weight) and a suite of persistent organic pollutants (POPS, expressed as ng·g−1 wet weight) by mass spectrometry. We also measured trace elements in the gonads and livers. A total of 63 POPs were analysed and classed into six groups: DDTs (including five dichlorodiphenyltrichloroethane isomers and metabolites: p,p′-DDT, o,p′-DDT, p,p′-DDD, o,p′-DDD, and p,p′-DDE), the HCB (hexachlorobenzene), the BTBPE [1,2-bis (2,4,6-tribromophenoxy)ethane], three HBCDs isomers (α-, β-, and γ-hexabromocyclododecanes), 13 PBDEs (polybromodiphenyls, #IUPAC (International Union of Pure and Applied Chemistry): 28, 47, 49, 66, 85, 99, 100, 153, 154, 183, 196, 197, and 203) and 40 PCBs congeners (polychlorinated biphenyls, #IUPAC: 18, 28, 31, 44, 47, 49, 52, 66, 74, 87, 95, 99, 101, 105, 110, 118, 128, 132, 138, 146, 149, 151, 153, 156, 157, 170, 171, 172, 174, 177, 180, 183, 187, 194, 195, 196, 199, 203, 206, and 209). We opened the swimbladder lumen, made observations using an optical stereomicroscope and counted the abundance of the A. crassus nematode.




2.5. Life History Traits


We selected 11 life history traits (LHTs) that, together, integrate the probability and success of eel reproduction [30,35,36,37,38,39,40,41,42,43,44] (Table 2). The measurement of fitness-related traits was based on both morphometric data and laboratory analyses: TL (mm), TW (g), continental growth rate (GR, mm·year−1), residence time (AGE, in year), body condition (K), 11-ketotestoterone concentration in plasma (P11KT, pg·mL−1), ocular index (OI, %), digestive tract index (DTI, %), gonado-somatic index (GSI, %), muscular lipid reserves (LIPIDS, %) and the reproductive potential index (RP, g of eggs).



We estimated the age with a sagittal otolith. Otoliths were cleaned, held in a longitudinal plane (Crystal Bond 509TM thermal glue), embedded in epoxy resin (Araldite ® 2020, Hunstman), sanded longitudinally from the dorsal face, and observed by four independent observers with a binocular microscope to count the continental growth annuli [45]. The GR represents the ratio between the growth in size during the continental phase (in mm) [46] and the continental age: GR = (TL − 65)/AGE. The K Fulton’s body condition factor is computed as TW/TL3 × 105 ratio [47]. The P11KT concentration was measured in plasma with the 11-KT Elisa Kit (Cayman Chemical Company, Ann Arbor, MI, USA) [48]. The Pankhurst’s ocular index [35] is given by OI = [((A + B/4)2 × π)/TL] × 100 with A and B the horizontal and vertical eyes diameters (mm), respectively. The digestive tract index is given by DTI = IWDFT/TW × 100 (with IWDFT the individual weight in g of full digestive tract) [37] and the gonado-somatic index is given by GSI = GW/TW × 100 (with GW the gonad weight in g) [37]. The reproductive potential index [49] is the potential mass of egg produced by an eel: RP = [(TW × LIPIDS /100) − (TW × 0.0000145 × DSS)] × 1.72. The DSS is the distance in km from the sampling site to the spawning area estimated with 2.14.20 QGIS software [50]. The virtual migration corridor starts between the sampling site and the Azores inspired from previous studies [51] and continues to an average point of 27° N latitude and 55° W longitude (as the center of a 22–32° N latitude and 50–60° W longitude square; [52]).



LHTs were separated into four groups. Group 1 represents fecundity traits and includes the TL and TW both of which are positively correlated with the oocyte number [40,44]. Group 2 reflects the adaptability and plasticity abilities towards environmental heterogeneity, habitat types, carrying capacities and inter-intraspecific competitions, including the growth rate, the residence time and the body condition [42,43,53,54]. Group 3 represents the downstream migration readiness (P11KT, OI and DTI). The androgen 11-ketotestosterone is involved in triggering downstream migration and in the silvering process, during which OI and the degeneration of digestive tract increase [35,36,39,41]. Group 4 refers to the spawning potential, which depends in part on the maturation and silvering progress (GSI), muscular lipid reserves and the reproductive potential index.




2.6. Statistics


All coding, analysis and graphic representations were conducted in R software v. 4.0.2 under the tidyverse v. 1.3.0 environment [55,56].




2.7. Geographic Features


We selected four geographic predictors for each catchment: latitude and longitude of the sampling site (decimal degrees), salinity (freshwater and brackish water, classified by local expert statements) and catchment (drainage) area (km²) from the European River and Catchment Database [57]. Eels were sampled in catchments with contamination and LHTs that were related to catchment identity. Thus, we implemented a factorial catchment effect (i.e., the ID of catchments, Table 1) as a local predictor in order to remove the effects of this catchment effect dependence.




2.8. Correlation between Predictors


We excluded all predictors with a Spearman correlation coefficient cutoff ± 0.7 {caret package, v. 6.0–86} [58]. The Spearman’s correlation was important (coefficient ≥ 0.7) for seven of the 48 predictors: migration distance (DSS, correlated with longitude, r = 0.86), PBDEs (with HCB, r = 0.74), HBCDs (with HCB, r = 0.73), muscular Co (with Co in livers, r = 0.88), hepatic Hg (correlated with Hg in muscles, r = 0.87), gonadic Co (with Co in livers, r = 0.77) and gonadic Hg (with Hg in muscles, r = 0.86). After this step, the 41 predictors used in models included four geographic predictors, one catchment effect predictor, 35 predictors of chemical contamination (four groups of organic pollutants and 31 trace elements in different organs) and the A. crassus abundance.




2.9. Non-Parametric Models


For each LHT, we implemented one model with geographic predictors and a local (catchment) effect (GLP model) and second coupling geographic, contaminations (chemical and parasitism) and a local effect (GCP model). The GLP and GCP models were built with the no prior assumptions from a random forest RF algorithm {randomForest package, v. 4.6–14} [59] which is efficient for low-sample-size high-dimensional data [60]. The concept and step by step operation of the random forest RF are extensively described in previous articles [59,61,62].



For each t life history trait and p predictor, we computed a pseudo-R² as a partition of the total variance value by each predictor importance: pseudo R² = (Rt² × Itp)/∑p′ Itp′, with Rt² the total variance (%) for a t life trait, Itp the importance (as the increase of mean squared error of prediction) of a p predictor for the t life trait and ∑p′ Itp′ the importance sum of all p′ predictors [63]. Negative values of pseudo-R² were replaced by zero values.




2.10. Model Tuning


The construction of random forest models requires a number of independent regression trees in the forest (ntree), a number of predictors randomly selected at each node among whole predictors (mtry) and a maximum number of nodes (tree complexity) (Supplementary Table S2). We optimized the mtry value with tuneRF function {randomForest package} [59] that builds a multitude of trained RF from different mtry values and identifies the RF with the lowest out-of-bag error estimate. For the ntree and maxnodes optimization, we used multiple tree construction loops (train function with “rf” method, {caret package} [58]) with a tree number between 250 and 2000, and a node number between 2 and 50 and we conserved the values that produced RF optimizing the pseudo-R².




2.11. Significance Tests


We used permutation tests to identify predictors that provided significant information in tree construction {rfPermute package, v. 2.1–81} [64]. These tests compare the distribution of importance scores between random forests with nrep permutations of a predictor observations (here, nrep = 500) and random forests without permutations.




2.12. Contribution Ratios


We computed the local (catchment) effect contribution compared to the geographic predictors in GLP models as the Ca/(Ca + G) × 100 ratio (noted Ca/G) between the pseudo-R² of the catchment effect (Ca) and those of the geographic predictors (G). Similarly, we computed in the GCP model the C/G ratio as the relative contribution of contaminants (C: sum of R² of significant contaminants) compared to the geographic predictors (G, without the catchment effect) and the TEs/POPs ratio as the relative contribution of trace elements compared to organic pollutants. For the contribution of gonadic trace elements (TE_gon) compared to all trace elements (TEs), we computed TE_gon/TEs × 100.




2.13. Trend Extraction


We extracted the trend of the marginal effect between a significant predictor and its associated LHT with the partial dependence plot (PDP, partialPlot function, {randomForest package} [59]) of the random forest’s outputs. We performed an automatic trend extraction by applying a gaussian’s generalized additive model (GAM, {mgcv package, v. 1.8–33} [65]). In each GAM, the partial dependant curve was cut in k partitions and a cubic regression spline was used to penalize the computed smooth coefficient at each k partition. Finally, we calculated the average of the k smoothed coefficients to automatically extract the positive or negative trends of PDP correlation for each predictor. A positive average coefficient indicated an averaged positive marginal effect of a significant predictor on the LHT response.




2.14. Contamination Scenarios


We designed two virtual and conceptual bioaccumulation scenarios from the observed contamination data (Supplementary Table S3). The optimistic scenario (low bioaccumulation) includes 100 virtual eels with randomly simulated contaminant values according to a uniform distribution between the minimum and maximum values of the observed quartile 0–25% (runif function, {stats package, v. 4.1.0} [56]). The pessimistic scenario (high bioaccumulation) is based on the 75–100% quartile. We assigned this virtual batch of 100 slightly or strongly contaminated eels to each studied catchment (i.e., 800 eels for the eight catchments and each scenario), taking care to preserve the observed values of the geographic predictors. The A. crassus abundance simulations were performed between the minimum and maximum values of all observed data for each catchment.




2.15. Prediction of Phenotypic Reaction


We predicted LHTs for optimistic and pessimistic scenarios from observed data (GCP models) using the rfinterval package (v. 1.0.0) that produces a 95% confidence interval of prediction based on the empirical distribution of OOB observations [66,67]. We averaged the prediction of each trait and scenarios in order to measure the average phenotypic reaction (ωt) throughout an increasing gradient of bioaccumulation as the proportional difference (in %) from optimistic to pessimistic scenarios: ωt = (    t ^   p e s s i m i s t i c     −     t ^   o p t i m i s t i c    /    t ^   p e s s i m i s t i c     +       t ^   o p t i m i s t i c    ) × 100, with   t ^   the predicted average of the t life trait under pessimistic or optimistic virtual conditions. Similarly, we calculated the proportional difference between the observed situation and the optimistic scenario [ωt = (    t ^   o p t i m i s t i c     −     t ^   o b s e r v e d    /    t ^   o p t i m i s t i c     +       t ^   o b s e r v e d    ) × 100], and the observed situation and the pessimistic scenario [ωt = (    t ^   o b s e r v e d     −     t ^   p e s s i m i s t i c    /    t ^   o b s e r v e d     +       t ^   p e s s i m i s t i c    ) × 100]. We compared the mean of traits between each condition (optimistic, pessimistic and observed) with two-sided Dunn’s tests (Bonferroni correction, α = 5%, {FSA package, v. 0.8.30} [68]) because the normality of residues and homoscedasticity were not maintained.



We estimated the mean absolute fecundity in the optimistic, observed and pessimistic conditions from the back-calculated estimation of four regression equations between the TL (mm) and the number of oocytes per European eel (in millions):
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with     T L  ^    the predicted or observed values of the total length [40,44,69,70].





3. Results


In the model using just ‘GLp′, the overall explained variance in LHTs was relatively low (42.4% to 9.3%, Figure 2a) and the local effect was usually the strongest predictor of variance, contributing between 23% to 99.5% (Table 3). The remaining GLP predictors alone explained a relatively low proportion of the significant variance (0.2% to 29.7%). This was inconsistent with previous studies suggesting that length, growth rate and age of silver eels are all strongly related to latitude, temperature and primary productivity [7,71,72,73]. In our analysis, the strongest relationships between GLP (including the local effect) and LHTs were obtained for lipids (42.4%—although this falls to 29.7% if the local effect is ignored) and the RP (35.3%–26% without local effect), together with two migratory readiness traits, 11-ketotestosterone (37.2%–0.2% without local effect) and ocular index (39.6%–26% without local effect) (Table 3). The GLP models explained a smaller proportion of the variance of adaptability traits, with 23.1% for age (17.9% without local effect), 24.8% for the growth rate (17.8% without local effect), and 30% for body condition (13.6% without local effect). Finally, the maturity indices (DTI and GSI) and fecundity traits (TL and TW) were predicted most poorly, with explained variance ranging between 9.3% and 18.3%. Although the relationships were weaker than expected [7], latitude and longitude positively correlated with almost all LHTs (Figure 3). Eels in northern and eastern Europe were older, larger, fatter and with greater reproductive potential than eels from the south and west of Europe. Exceptions to this general trend were growth rate (negative correlation with latitude), physical condition and GSI (negative correlations with longitude) and non-significant relationships for GSI (with latitude and salinity) and 11-ketotestosterone (with latitude and longitude). Catchment area explained 1.2% to 6% of variances and was not significant for weight and 11-ketotestosterone. Salinity had a negative but weak correlation with most LHTs, accounting for 0.2% to 5.5% of the variance, excepting for DTI and age (positive correlations). Overall, the results suggest that LHTs variation is influenced most strongly by local factors, i.e., those intrinsic to each catchment, with geographic factors having a significant but weak influence.



The inclusion of contamination predictors, which are suspected to reduce the fitness of eels [18,20,21,22,23,24,25,26], improved the explanatory power of the models (hereafter ‘GCp′) for most LHTs, and reduced the proportion of the variance explained by ‘GLp′ (Figure 2b). The four best fits were obtained for traits related to fecundity (TW: 45.8%, a difference of 27.5% with the GLP model; and TL: 45.1%, up by 31.2%) and those related to migratory readiness (RP index: 54.4%, up by 19.1%; and lipid content: 48.7%, up by 6.3%). Surprisingly, A. crassus infection did not have significant explanatory power for LHTs (included in the non-significant proportion of variance in Figure 2b), even though the infection is known to affect eel physiology [19]. In contrast to GLP models, the proportion of variability explained by the local effect in GCP models was generally much lower, indicating that contaminants had a significant impact on LHTs relative to geographical predictors. The proportion of variability associated with contaminants in GCP models exceeded 70% for seven of 11 traits (ratio C/G, Table 4), particularly for TL (97.1%) and DTI (100%). However, the local effect remained high for 11-ketotestosterone (21.3%), and was slightly increased for lipid contents (+8.1%) and ocular index (+2.5%) compared to GLP models. Of the contaminants, trace elements explained more variance in LHTs compared to organic pollutants (DDTs, HCB and PCBs), and in some cases explained 100% of variance (TL, TW, PIIKT, GSI and RP) (Table 4). The effect of trace elements was particularly strong in gonadal tissue, accounting for >70% of variation in the TL, TW, growth rate, age and RP index (ratio TE_gon/TEs, Table 4).
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Figure 3. Marginal effect of geographic and local predictors (GLP models) on silver eel traits. Related to Figure 4. Plots show the partial dependence of significant GLP predictors after permutation test (n = 75 silver eels, 62 for P11KT trait). TL: total length at silvering (mm), TW: total weight (g), GR: growth rate (mm·year−1), AGE: estimated age (year), K: Fulton condition index (%), P11KT: plasma 11-ketotestoterone (pg·mL−1), OI: Pankhurst’s ocular index (no unit), DTI: digestive tract index (%), GSI: gonado-somatic index (%), LIPIDS: muscular lipid content (%), RP: reproductive potential index (g of eggs). Empty cells correspond to non-significant predictors. 
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In general, the GCP models showed negative trends between trace elements and fecundity (TL and TW), adaptability (K) and reproductive success traits (lipid content and RP) (Figure 3). For these traits, the trends of individual contaminants were usually in the opposite direction to those of geographic and local factors (except salinity). Overall, Ni and Mn concentrations in gonads explained a large variance for TL (23.8%), TW (17%) and RP index (12.7%), whereas Mn in livers and gonads influenced lipid content (2.1% and 1.3% respectively). Se explained some of the variability of the TL (gonads: 3.1%, muscles: 3.5%), TW (gonads: 1.7%, muscles: 6.4%), RP (muscles: 8%) and lipid content (muscles: 2.5%). Cr and Zn also influenced these traits (Figure 4 and Supplementary Figure S1). Body condition (K) was negatively influenced by contaminants in muscles (Cd, HCB, DDT and PCBs), gonads (Cd, Cr and Zn) and livers (Cd and Pb). However, several contaminants were positively correlated with some LHTs (Figure 4). For example, although HCB and gonadic Cd negatively influenced growth rate, they were positively related to age. Muscular and gonadic As concentrations were positively related to growth rate. Overall, contaminants were positively related to silvering processes and migration readiness: various contaminants in muscles (As, Cd, HCB, Hg, Pb, PCBs and Se) and livers (Mn and Fe) influenced positively 11-ketotestosterone, OI, DTI and GSI traits. These results underline the ecotoxicity of trace elements, such as Ni or Se [74], and POPs which negatively influenced a number of important LHTs.



To assess the cumulative impact of contaminants on the expression of LHTs and eel reproductive potential, we compared the mean phenotypic reaction (ω) under pristine and pessimistic contamination scenarios (i.e., at the lower and upper end of the contamination levels observed in our samples; see methods section). The contamination is divided by five between observed and optimistic situations, and multiplied by four between observed and pessimistic situations, resulting in an average level of 29 times between the pessimistic and the optimistic scenarios (see Supplementary Table S3).



The results show that female silver eels in heavily contaminated catchments would be significantly smaller (ωTL = −15.9%, z = −35.0, p = 2.1 × 10−268), lighter (ωTW = −40.0%, z = −34.4, p = 7.0 × 10−259) with a reduced body condition (ωK = +15.6%, z = −35.3, p = 1.8 × 10−272) compared to eels from pristine catchments (Figure 5, Supplementary Figure S2). Interestingly, compared to the initial situation, the age increased more under a highly degraded scenario than under an improved scenario, and might be a consequence. Conversely, all the other LHT showed contrasted responses to the scenarios with a decrease (6 LHT) or an increase (3 LHT) under the pessimistic and an opposite either increase (6 LHT) or decrease (3 LHT) under the optimistic scenario. The integration of these impacts is a direct effect on individual fecundity, equivalent to a reduction of 3.1 times compared to the pristine situation (ωfecundity = −51.3%, z = −105.2, p < 0.05) (Figure 6). Between observed LHTs and pessimistic scenario, the negative effect of contamination was low (ωTL = −6.1%, ωTW = −9.9%, ωGR = −0.6%, ωK = −10.2%, ωLIPIDS = −1.8% and ωRP = −7.9%) (Figure 5), but the combined effect on LHTs had a 1.8 times reduction in fecundity (Figure 6). This suggests that low levels of contamination can have a significant effect on reproductive potential and that remediation of contamination may be a viable management option for increasing the resilience of eel populations. For example, the current recruitment of glass eels in Europe (c.a. 440 tons, [75]) would reach 792 tons if contamination could be reduced to low levels. This increase represents 6.2 times the annual mean glass eel catches range between 2013 and 2017 in Europe (56.5 tons) [27]. The reduction and remediation of pollution may therefore be an efficient, but currently underestimated, way to improve the reproductive potential and the resilience of this critically endangered species.




4. Discussion


Overall, our results suggest that the effect of contamination by trace elements and organic pollutants significantly over-rides the biogeographical impacts of LHTs across our sampling from the European eel’s area distribution, and undermines the phenotypic response of eels to their environment. We propose this impact is the consequence of the displacement of energy from growth and physiological processes to detoxification [20,23,76]. The excretion of excess trace elements would reduce growth rate, lipid storage and reducing reproductive investment between optimistic and pessimistic scenarios (ωGR = −9.6 %, z = −31.3, p = 4.2 × 10−215; ωLIPIDS = −7.7%, z = −23.0, p = 7.0 × 10−117 and ωRP = −42.7%, z = 34.1, p = 6.6 × 10−255). The eels would presumably compensate for this fitness deficit by residing longer in catchments (+1.8 years, ωAGE = +6.6%, z = 30.5, p = 1.4 × 10−203). Consequently, eels will be more exposed to lipophilic contaminants such as POPs and some trace elements (As, Hg, Pb and Cd) (Figure 2). These contaminants appear likely to lead to precocious downstream migration before physiological thresholds are met. High levels of contamination are linked to an increase of 11-ketotestosterone concentration and ocular and digestive tract indices that indicate readiness to migrate (ωP11KT = +23.8%, z = 33.7, p = 5.4 × 10−248; ωOI = +11.4%, z = 34.2, p = 4.5 × 10−256 and ωDTI = +23.8%, z = 34.1, p = 1.0 × 10−254). The impacts of contaminants likely continue into the reproductive phase because eels also appear to mitigate toxic effects by transferring contaminants to gonad tissue [31,32,77]. Whilst partitioning contamination to a non-somatic tissue reduces immediate impacts, effects on life-time fitness may be very significant when coupled with effects on growth and fat content, with for example a direct reduction on maturation (ωGSI = −4.1%, z = −33.8, p = 1.5 × 10−249). Furthermore, during the transoceanic migration of fasting eels, released contaminants likely provoke secondary toxicity [18,24,77,78] and contaminants can be transferred to the developing eggs [31,32], which might hinder egg and embryo survival [21]. The cumulative impact of contamination therefore seems to hamper, at an individual level, egg production and the likelihood of migration to the remote spawning areas [38,79]. This strongly supports the idea that overfishing is not the only dominant cause of the eel’s decline. Adverse sublethal impacts of pollutants have been described on many marine species’ physiology, reproductive success, survival and population dynamics [80,81,82,83].



In conclusion, our study demonstrates an innovative approach to quantify the effects of contamination on European eel life history traits, an indicator of the global biodiversity crisis [15]. Although further validation is necessary, using a more extensive sample that would include a wider range of environmental situations, our results provide evidence that contaminants in sampled female silver eels skew the expression of traits and reduce the phenotypic resilience of individuals to environmental variability [84], which in turn could have potential effects at the population level. We speculate that contamination of animals by anthropogenic compounds is probably a fundamental contributor to biodiversity loss. Understanding the effects of pollution on phenotypic responses could help conservation strategies to limit biodiversity loss and to reduce the cumulative pressures on endangered species. Acting on the contamination is undoubtly a major conservation issue, that would have a highly significant political, sociological and economic cost. However, how much this is an option is a crucial question for the future, in the frame of the necessary ecological transition.
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Figure 1. Sampling sites throughout Europe. For each catchment, the identifier (related to Table 1), the full name, the number of eels (in brackets: number of eels for the 11-ketotestoterone trait, if different) and the boxplots of total length (TL, mm), age (year) and growth rate (GR, mm·year−1) are displayed. Catchment area is displayed by blue shading. 
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Figure 2. The explanatory power of environmental factors on the life history traits of 75 female silver eels. Stacked bars show how much each factor contributed to explaining the total and partial pseudo-variances (R², %) of each life history trait using a model with (a) geographic and local predictors [GLP models including catchment area, salinity, latitude, longitude and catchment (local) effect] and (b) contamination, geographic and local predictors [GCP models with additional contamination predictors: muscular POPs (persistent organic pollutants) and gonadic, hepatic and muscular TEs (trace elements)]. 
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Figure 4. Trends between life history traits of 75 female silver eels and the geographic and contaminants predictors (GCP models). The significant predictors (POPs: persistent organic pollutants, TEs: trace elements) were distributed throughout their explained pseudo-variance gradients (R², %), that signs were assigned by tendencies of the marginal effect of each predictor on traits. The name of the significant contaminant predictor is displayed at each point. The local (catchment) effect was not reported. 
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Figure 5. Average phenotypic reaction of female silver eel traits along a simulated gradient of contamination. The phenotypic reaction (ω) was computed as the proportional variation between the average of observed life history traits (centred and dashed line) and the average of predicted traits in the optimistic (low bioaccumulation) or pessimistic (high bioaccumulation) scenarios. 
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Figure 6. Impact of an increasing bioaccumulation gradient on European eel fecundity. Violin plot and averages (black dots, ± standard deviation SD) of the absolute fecundity (million oocytes per eel) estimated from the length of sampled eels and simulated eels in optimistic (low bioaccumulation) and pessimistic (high bioaccumulation) scenarios according GCP models (geographic, local and contamination predictors). 
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Table 1. Details of sampling sites.
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	ID
	Country
	Sampling Site
	Latitude
	Longitude
	Area

(km²)
	Waterbody

Type
	Salinity
	Sampling

Gear
	Sampling

Date (m/d/y)





	swSTO
	Sweden
	Stockholm archipelago
	58°57′30.82″
	18°02′05.09″
	467
	S
	BW
	A
	10/12/2009



	deGUD
	Denmark
	Gudenå
	55°58′01.31″
	09°42′16.64″
	2684
	R
	FW
	B
	11/12 to 12/14/2009



	irCOR
	Ireland
	Corrib
	53°16′32.05″
	09°03′21.71″
	3167
	Cr + L
	FW
	C
	11/16/2009



	ukWAR
	U.K.
	Warwickshire Avon
	52°10′00.46″
	01°47′27.39″
	4588
	R
	FW
	B
	11/05/2009



	beSCH
	Belgium
	Scheldt
	51°03′58.53″
	04°23′19.97″
	20,282
	R + Cp
	FW
	D + E
	10/19 to 10/27/2009



	frFRE
	France
	Frémur
	48°34′39.80″
	02°06′13.1″
	60
	Cr
	FW
	B
	01/19 to 03/01/2010



	frLOI
	France
	Loire
	47°22′59.80″
	00°50′07.1″
	116,962
	R
	FW
	F
	12/09 to 12/26/2009



	frBAG
	France
	Bages-Sigean
	43°03′39.61″
	02°59′38.06″
	411
	Lg
	BW
	D
	11/08 to 12/16/2009







Waterbody type: Cp = canals and ponds, Cr = coastal river, L = lake system, Lg = lagoon, R = river, S = Baltic sea. Salinity: BW = brackish water, FW = freshwater. Sampling gear: A = pound net, B = eel trap, C = Coghill net, D = fyke net, E = electrofishing, F = trap net leaders.
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Table 2. Distribution of fitness-related traits of female silver eels by sampled catchments.
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Traits Groups

	
Traits

	
Catchments




	
swSTO

	
deGUD

	
irCOR

	
ukWAR

	
beSCH

	
frFRE

	
frLOI

	
frBAG




	
n = 9 (0)

	
n = 10 (8)

	
n = 10 (9)

	
n = 9

	
n = 9

	
n = 10

	
n = 9 (8)

	
n = 9






	
Fecundity

	
TL

	
843.6 (51.1)

	
628.2 (91.4)

	
700.9 (133.9)

	
667.0 (94.5)

	
719.1 (75.9)

	
614.8 (88.4)

	
698.3 (150.9)

	
710.4 (137.5)




	
754.0–929.0

	
486.0–787.0

	
482.0–970.0

	
538.0–833.0

	
616.0–837.0

	
495.0–763.0

	
522.0–1005.0

	
470.0–875.0




	
TW

	
1221.6 (167.4)

	
488.0 (193.4)

	
689.1 (401.9)

	
575.6 (290.7)

	
533.6 (169.0)

	
437.0 (217.9)

	
736.0 (686.0)

	
712.4 (438.2)




	
1001.8–1541.2

	
222.0–849

	
174.0–1627.0

	
279.8–1204.3

	
343.2–924.7

	
208.9–929.2

	
195.0–2420.0

	
164.8–1381.7




	
Adaptability and plasticity

	
GR

	
62.7 (16.9)

	
51.2 (19.4)

	
50.6 (20.4)

	
43.9 (13.5)

	
44.3 (8.3)

	
49.1 (9.4)

	
69.6 (20.2)

	
82.9 (22.5)




	
36.1–86.1

	
30.0–89.4

	
30.4–89.7

	
26.3–69.1

	
32.0–54.3

	
40.9–69.8

	
38.1–99.6

	
57.9–133.2




	
AGE

	
13.4 (4.4)

	
11.9 (3.0)

	
14.4 (6.1)

	
14.6 (3.8)

	
15.4 (4.4)

	
11.3 (1.3)

	
9.4 (1.9)

	
8.0 (1.8)




	
8.0–22.0

	
7.0–17.0

	
7.0–24.0

	
9.0–20.0

	
11.0–23.0

	
9.0–13.0

	
7.0–12.0

	
6.0–12.0




	
K

	
0.2 (0.02)

	
0.2 (0.0)

	
0.2 (0.0)

	
0.2 (0.0)

	
0.1 (0.0)

	
0.2 (0.0)

	
0.2 (0.0)

	
0.2 (0.0)




	
0.2–0.2

	
0.2–0.2

	
0.2–0.2

	
0.2–0.2

	
0.1–0.2

	
0.2–0.2

	
0.1–0.2

	
0.1–0.2




	
Migratory readiness

	
P11KT

	
-

	
79.0 (24.3)

	
203.8 (82.0)

	
71.5 (46.7)

	
74.7 (35.0)

	
74.0 (38.3)

	
218.2 (62.9)

	
190.0 (130.0)




	
-

	
47.0–114.1

	
82.6–318.0

	
13.1–157.4

	
16.1–123.5

	
20.3–157.4

	
157.6–364.7

	
46.6–353.6




	
OI

	
7.3 (0.8)

	
9.0 (1.2)

	
6.4 (1.2)

	
9.1 (1.0)

	
9.3 (2.2)

	
10.0 (1.3)

	
10.4 (1.5)

	
11.1 (2.2)




	
6.4–8.2

	
7.1–10.9

	
5.2–8.9

	
7.9–10.4

	
6.1–12.6

	
8.2–12.4

	
8.6–12.7

	
6.1–13.8




	
DTI

	
1.7 (0.3)

	
1.5 (0.4)

	
1.0 (0.2)

	
1.4 (0.4)

	
2.0 (1.2)

	
1.5 (0.5)

	
1.4 (0.3)

	
1.0 (0.2)




	
1.3–2.2

	
0.6–2.1

	
0.7–1.4

	
0.9–1.9

	
0.9–4.6

	
0.9–2.5

	
1.1–2.0

	
0.9–1.4




	
Spawning potential

	
GSI

	
1.7 (0.3)

	
1.7 (0.2)

	
2.0 (0.2)

	
1.8 (0.2)

	
1.5 (0.3)

	
1.9 (0.2)

	
1.7 (0.1)

	
1.9 (0.2)




	
1.4–2.1

	
1.4–2.0

	
1.6–2.4

	
1.6–2.0

	
1.1–2.1

	
1.7–2.2

	
1.4–1.9

	
1.4–2.1




	
LIPIDS

	
26.2 (4.0)

	
17.8 (2.6)

	
20.3 (2.6)

	
25.2 (4.3)

	
18.1 (5.8)

	
16.3 (1.5)

	
16.6 (2.8)

	
16.5 (3.2)




	
20.2–31.8

	
13.3–21.7

	
16.7–24.6

	
19.0–31.1

	
12.5–28.6

	
14.0–19.3

	
11.1–21.0

	
12.5–22.4




	
RP

	
321.5 (78.1)

	
84.0 (28.4)

	
145.9 (103.3)

	
148.2 (85.4)

	
100.3 (59.3)

	
70.8 (35.0)

	
127.5 (129.7)

	
119.3 (83.9)




	
241.0–490.1

	
48.0–122.4

	
29.1–400.2

	
60.7–338.1

	
55.2–234.8

	
31.6–151.7

	
26.9–445.9

	
36.9–257.6








The data for each life history trait show the mean (μ) ± standard deviation, and the minimum and maximum (min–max). The numbers of eels per catchment (n) sampled for the P11KT analysis are shown in brackets. TL: total length at silvering (mm), TW: total weight (g), GR: growth rate (mm·year−1), AGE: estimated age (year), K: Fulton condition index (no unit), P11KT: plasma 11-ketotestoterone (pg·mL−1), OI: Pankhurst’s ocular index (%), DTI: digestive tract index (%), GSI: gonado-somatic index (%), LIPIDS: muscular lipid content (%), RP: reproductive potential index (g of eggs). Empty cells correspond to non-significant predictors.
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Table 3. Geographic and local models outputs. Related to Figure 2 and Figure 3.
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Geographic Predictors (G)

	

	
Ca

	
Ratio (%)




	
Traits

	
Total

	
Area

	
Lat

	
Long

	
Sal

	
Total G

	
Ca/G






	
TL

	
13.9

	
1.9 ( [image: Fishes 07 00274 i001])

	
3.5 ( [image: Fishes 07 00274 i001])

	
3.0 ( [image: Fishes 07 00274 i001])

	
2.3 ( [image: Fishes 07 00274 i002])

	
10.7

	
3.2

	
23.0




	
TW

	
18.3

	

	
5.3 ( [image: Fishes 07 00274 i001])

	
5.3 ( [image: Fishes 07 00274 i001])

	
3.7 ( [image: Fishes 07 00274 i002])

	
14.3

	
4.0

	
21.9




	
GR

	
24.8

	
3.5 ( [image: Fishes 07 00274 i002])

	
6.3 ( [image: Fishes 07 00274 i002])

	
3.2 ( [image: Fishes 07 00274 i001])

	
4.8 ( [image: Fishes 07 00274 i002])

	
17.9

	
7.0

	
28.1




	
AGE

	
23.1

	
4.0 ( [image: Fishes 07 00274 i001])

	
8.1 ( [image: Fishes 07 00274 i001])

	
4.4 ( [image: Fishes 07 00274 i001])

	
1.4 ( [image: Fishes 07 00274 i001])

	
17.9

	
5.2

	
22.5




	
K

	
30.0

	
1.2 ( [image: Fishes 07 00274 i002])

	
5.4 ( [image: Fishes 07 00274 i001])

	
6.7 ( [image: Fishes 07 00274 i002])

	
0.3 ( [image: Fishes 07 00274 i002])

	
13.6

	
16.4

	
54.7




	
P11KT

	
37.2

	

	

	

	
0.2 ( [image: Fishes 07 00274 i002])

	
0.2

	
36.9

	
99.5




	
OI

	
39.6

	
6.0 ( [image: Fishes 07 00274 i002])

	
8.7 ( [image: Fishes 07 00274 i001])

	
8.2 ( [image: Fishes 07 00274 i001])

	
3.2 ( [image: Fishes 07 00274 i002])

	
26

	
13.6

	
34.3




	
DTI

	
9.3

	
1.4 ( [image: Fishes 07 00274 i001])

	
2.3 ( [image: Fishes 07 00274 i001])

	
2.7 ( [image: Fishes 07 00274 i001])

	
0.7 ( [image: Fishes 07 00274 i001])

	
7.1

	
2.2

	
23.7




	
GSI

	
9.9

	
2.5 ( [image: Fishes 07 00274 i002])

	

	
3.3 ( [image: Fishes 07 00274 i002])

	

	
5.8

	
4.1

	
41.4




	
LIPIDS

	
42.4

	
5.4 ( [image: Fishes 07 00274 i001])

	
10.2 ( [image: Fishes 07 00274 i001])

	
9.3 ( [image: Fishes 07 00274 i001])

	
4.7 ( [image: Fishes 07 00274 i002])

	
29.7

	
12.7

	
30.0




	
RP

	
35.3

	
3.8 ( [image: Fishes 07 00274 i001])

	
8.6 ( [image: Fishes 07 00274 i001])

	
7.9 ( [image: Fishes 07 00274 i001])

	
5.5 ( [image: Fishes 07 00274 i002])

	
25.8

	
9.5

	
26.9








Pseudo-variance (R², %) of significant geographic and local predictors (GLP) that explain the variation in the fitness-related traits of female silver eels. Empty cells correspond to non-significant predictors and arrows in parentheses indicate the correlation trends between significant GLP and traits. The Ca/G ratio measures the relative importance of the local (catchment) effect (Ca) compared to the geographic and environmental predictors (G). Lat: latitude; Long: longitude; Sal: salinity; Total G: Area + Lat + Long + Sal; Ca: catchment effect. All models have 75 eels except P11KT (n = 62).
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Table 4. | Geographic, local and contamination models outputs. Related to Figure 2 and Figure 4.






Table 4. | Geographic, local and contamination models outputs. Related to Figure 2 and Figure 4.





	

	

	
Geographic Predictors (G)

	
Ca

	
Contamination Predictors (C)

	
Ratio (%)




	
Trace Elements

	
Persistent Organic Pollutants

	
Total C

	
C/G

	
TEs/POPs

	
TE_Gon/TEs




	
Traits

	
Total

	
Area

	
Lat

	
Long

	
Sal

	
Total

	
TE_Gon

	
TE_Liv

	
TE_Musc

	
Total

	
DDTs

	
HCB

	
PCBs

	
Total






	
TL

	
39

	

	

	
0.7 ( [image: Fishes 07 00274 i001])

	
0.3 ( [image: Fishes 07 00274 i002])

	
1.0

	
2.6

	
32.0

	

	
3.5

	
35.0

	

	

	

	

	
35.0

	
97

	
100

	
90




	
TW

	
39

	
0.6 ( [image: Fishes 07 00274 i001])

	
2.7 ( [image: Fishes 07 00274 i001])

	
2.1 ( [image: Fishes 07 00274 i001])

	
0.6 ( [image: Fishes 07 00274 i002])

	
5.9

	
2.3

	
23.0

	

	
7.5

	
30.0

	

	

	

	

	
30.0

	
84

	
100

	
75




	
GR

	
25

	

	
3.6 ( [image: Fishes 07 00274 i002])

	

	
0.9 ( [image: Fishes 07 00274 i002])

	
4.5

	
6.4

	
10.0

	

	
1.9

	
12.0

	

	
1.7

	

	
1.7

	
14.0

	
76

	
88

	
84




	
AGE

	
24

	

	
5.8 ( [image: Fishes 07 00274 i001])

	

	

	
5.8

	
4.5

	
9.3

	

	

	
9.3.0

	

	
4.9

	

	
4.9

	
14.0

	
71

	
65

	
100




	
K

	
26

	
0.9 ( [image: Fishes 07 00274 i002])

	
0.9 ( [image: Fishes 07 00274 i001])

	
0.9 ( [image: Fishes 07 00274 i001])

	

	
2.7

	
3.1

	
4.1

	
2.7

	
6.4

	
13.0

	
1.1

	
1.3

	
4.4

	
6.9

	
20.0

	
88

	
66

	
31




	
P11KT

	
34

	
1.8 ( [image: Fishes 07 00274 i001])

	
2.7 ( [image: Fishes 07 00274 i002])

	
1.0 ( [image: Fishes 07 00274 i002])

	

	
5.5

	
21

	
2.1

	
1.5

	
4.0

	
7.6

	

	

	

	

	
7.6

	
58

	
100

	
28




	
OI

	
35

	
0.6 ( [image: Fishes 07 00274 i002])

	
6.7 ( [image: Fishes 07 00274 i002])

	
2.0 ( [image: Fishes 07 00274 i002])

	

	
9.3

	
16

	

	
2.3

	
6.0

	
8.3

	

	

	
1.2

	
1.2

	
9.5

	
51

	
88

	
0




	
DTI

	
15

	

	

	

	

	
0

	
5.0

	

	

	
5.0

	
5.0

	

	
1.3

	
3.5

	
4.8

	
9.8

	
100

	
51

	
0




	
GSI

	
11

	
0.9 ( [image: Fishes 07 00274 i002])

	
1.0 ( [image: Fishes 07 00274 i002])

	
1.0 ( [image: Fishes 07 00274 i002])

	

	
3.0

	
3.0

	
1.3

	

	
4.0

	
5.3

	

	

	

	

	
5.3

	
64

	
100

	
25




	
LIPIDS

	
40

	

	
7.6 ( [image: Fishes 07 00274 i001])

	
0.9 ( [image: Fishes 07 00274 i001])

	

	
8.5

	
21

	
1.3

	
2.1

	
2.5

	
5.9

	

	
4.6

	

	
4.6

	
11.0

	
55

	
56

	
22




	
RP

	
45

	

	
4.6 ( [image: Fishes 07 00274 i001])

	
5.9 ( [image: Fishes 07 00274 i001])

	

	
11.0

	
6.7

	
20.0

	

	
7.9

	
28.0

	

	

	

	

	
28.0

	
73

	
100

	
72








Model performance is expressed as pseudo-variance (R², %) scores that explain the variation in the fitness-related traits of female silver eels given for significant geographic (G; Lat: latitude; Long: longitude; Sal: salinity), local (catchment effect Ca) and contamination (C) predictors. Different ratios were calculated: C/G (relative importance of the contaminants compared to the geographic predictors), TEs/POPs (trace elements (TEs) compared to muscular persistent organic pollutants (POPs)) and TE_gon/TEs (gonadic TEs compared to all TEs). The total variance represents the variance for all significant predictors, G predictors, TEs and POPs predictors and all C predictors. Empty cells correspond to non-significant predictors and arrows in parentheses indicate the correlation trends between significant G predictors and traits. All models have 75 eels except P11KT (n = 62).



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
Latitude

65°N -

B60°N -

55°N -

S0°N -

45°N -

40°N -

35°N -

irCOR Corrib 10 (9)

ukWAR Warwickshire 9

frBAG Bages - Sigean 9

]

S

= ]

0 250 500km

deGUD Gudena 10 (8) {“swSTO Stockhol

[ ——

5
o

=

& b

/beSCH Scheldt9

- o
= <
y
== 1.~

m 9(0)

&y o LN
5 _

1

__fLOl Loire 9.(8)

TL  AGE GR

20°W

10°W

00
Longitude





nav.xhtml


  fishes-07-00274


  
    		
      fishes-07-00274
    


  




  





media/file2.png
Fitness-related traits

K AGE GR T™W Tk
>
[:U
+
&
<
*
O

P11KT

GSI DTI Ol
>
O
B>

_|_

®

q

O

LIPIDS

RP

Latitude Longitude Area Salinity Catchments

745 1
705 1
665 -

B
o =
V_/\’/_ / 'y ) o 7 =

780 1
730 -
680 1
630 -

B
O iﬁ *

65.0 1
7.9 1
50.0 -

13 ;
127
-

0.19
QA7

0.15-

215
140 -
65 -

9.65 -
8.90 1
8.15 -

1.5

1.2-

1.85 1
1.80 1
1.75 1
1.70 -

22.0 1
19.5 1

190 1
165 1
140 1

115~

_/’\
Jr
N N O&WLE?*D
—/
]

L

45 -
50
55

o o O
T O <«

0x 10°
5x 10*
1x10°

Significant predictors (GLP models)

Predictors Catchments and salinity keys:

- Biogeography o frBAG + frFRE v ukWAR 0 deGUD = Brackish
- Catchment effect 2 frLOl ® beSCH * irCOR X swSTO 4 Freshwater






media/file5.jpg
AoAPTABLITY
‘spusTiary

wGRATION
ReAomESS

wox NN |
s |

wox N | o< | RE mex
won N | oc | I s ek,
e e
2% 1o | N P
ses 1 N | o | B ws |
e
osx (| on | W 2 e
I ™ e
on 10 N [ os | LI wrs
e | | o | O s
St e aBmi SRERG8E

o R





media/file3.jpg
Latitude

= =]
65°N 4 (=
deGUD Gudena 10 (8) " SWSTO Stockholm 9 (0)
== ] p L
60°N T—— \ 'y
—=] ¥
itCOR Corrib 10 (9)
55N 730 o, !
oo ) beSCH Scheldt 9
== =]
= ==

50°N -{ ukWAR Warwickshire 9

t’ rLO Loire 9 (s)
45N

irFRE Frémur 10
-
40°N Slmﬂlni Mchmeng
llEAG Bages - Sigean 9 T AGE GR
s 6 gaeg e RaRg
20°W 10°W 0° 10"E 20°E

Longitude





media/file1.jpg
e Sl

o

n

K oaE e

prkr

wos G on

9

s

0

&0
s
500
P
n

o

o

o1
215

965
8%
s

i

20

0.
s
o
s

pve- T e e
)| | P | | W
r=llee Fll—| « s ||t
A Ty | P | I | BN
i i
[
“Bogopapty < IBAGTIFRE o AR S seGUD® Bcksh






media/file7.jpg





media/file10.png
| | T | | T
15 20 25 30 35

10

5
w (%)

I 1 | | l
=25 -20 =15 -10 -5 O

TL -
TW -

GR

AGE -
P11KT -
Ol 1
DTI

Sliel] poje|al-ssaullq

GSI -

LIPIDS -
RP -





media/file15.png





media/file12.png
Absolute fecundity (millions oocytes, + SD)

g -
7.5
7
6.5
6 -
5.5
5 -
4.5
4-
3.5
3 -
2.5
5 -
1.5 1
1
0.5
0-

519+0.58

1.67 £ 0.56

|
Optimistic

I
Observed

Scenarios

|
Pessimistic





media/file9.jpg
L]
{ ]
{ ]
°
{ ]
{ ]
°
L]
{ ]
()
— 7T
5 10 15 20 25 30 35

i
T™w
GR
AGE
P11KT
ol
DTl
Gs|
LIPIDS
RP

siies} pajejes-ssouyy

w (%)





media/file0.png





media/file14.png





media/file8.png
Fitness-related traits

|
Tk o ® ékoo o X O
i (Mn] |
TW - @ X & @ X ; + O A
(ND () |
GR A e A ._;-_;. l = *_ @
Pb) |
|
AGE - , oA\ @
: HCB
e
K - % e ' & + Area
P11KT - A v | X1+ /\ Latitude
I .
PCBs Ho) <> Longitude
| & —|— : v O v %. ' POPs
I L @ TE_gonads
DTI A | — o % O " TE._livers
: (PCBs] -~ TE_muscles
A r 0 4
GSl - %o : 9|<
l HCB
LIPIDS - v e il l O 0 AN
: dad
o m® G @ @ |
| | 1 I | | I | | | I |
-20 -10 -5 -2.5 -1 =05 0 05 1 2.5 5 10

Trends + R? (%)





media/file11.jpg
Absolute fecundity (millions oocytes, + SD)

T T T
Optimistic Observed Pessimistic

Scenarios





media/file6.png
FECUNDITY

ADAPTABILITY
& PLASTICITY

MIGRATION
READINESS

SPAWNING
POTENTIAL

13.9%
18.3 %

248 %
231 %
30 %
37.2%
39.6 %
9.3 %
9.9%
42.4 %
35.3%

|

50 40 30 20
R2 (%)

O -

TL

TW

GR

AGE

P11KT -

Ol
DTI

GSI

LIPIDS

RP

Not significant
Catchment effect
Area

Salinity

Latitude
Longitude

POPs
TE_gonads
TE_livers
TE_muscles





