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Anthropogenic activities are one of the major drivers of envi-
ronmental change, often with critical impacts on ecosys-
tem health1,2. Environmental degradation caused by human 

disturbance can be extremely challenging for organisms, resulting 
in rapid evolutionary and ecosystem changes3, interbreeding and 
hybridization, extirpation, or even extinction2,4–6. For example, 
hybridization across closely related species can result in a loss of 
species richness (‘speciation reversal’) and associated functional 
diversity in adaptive traits4,5,7. In some cases, polluted environ-
ments can be improved by remediation efforts, but the potential 
for diversity to re-emerge following ecosystem restoration remains 
a major unanswered issue in evolutionary and conservation biol-
ogy, with important implications for policy and practical efforts8,9. 
Theoretical models have predicted that diversity can recover but 
only under particular genetic, ecological and evolutionary circum-
stances10. These models suggest that the probability of functional 
diversity re-emerging from a collapsed species group (for example, 
a ‘hybrid swarm’) is higher when environmental disturbance is 
temporary (as longer-lasting disturbances, even weak ones, risk the 
loss of adaptive genetic diversity) and when functional trait diver-
sity has a simple genetic basis and is linked to assortative mating or 
mating-related traits10,11. For example, it has been shown that fish 
often mate with individuals that are similar12,13; thus, if functional 
traits are linked to, for example, body shape, divergence in a func-
tional trait can lead to morphological divergence and further on to 
genetic divergence via trait-based assortative mating10. However, re-
emergence of functional diversity following a species collapse has 
not been observed nor empirically tested to date.

In many aquatic ecosystems, high levels of nutrient pollution 
from agriculture and sewage during the mid-twentieth century 
caused cultural eutrophication. The algae blooms and consequent 
negative impacts on water quality caused the collapse of natural tro-
phic and habitat gradients in many freshwater lakes. In the Alpine 
lakes, this resulted in the dramatic loss of whitefish ecological and 

functional diversity, highlighted by the average reduction in the 
range of gill raker numbers (GRNs) by 14% across lakes4. For exam-
ple, in one of the largest lakes, Lake Constance, the benthic special-
ists (kilch and sandfelchen) went extinct or collapsed, with extensive 
hybridization among these and the remaining pelagic (blaufelchen 
and gangfisch) and littoral–benthic (weissfelchen) subspecies4. 
This depleted functional diversity is evidenced as a 28% reduc-
tion in the range of GRNs across whitefish species4,14 (Fig. 1a and 
Supplementary Table 1). As a result, individuals with low GRNs dis-
appeared from Lake Constance during and after eutrophication4,15. 
However, concerted effort from the 1980s to reduce polluting nutri-
ent inputs enabled Lake Constance to revert rapidly to its pristine 
oligotrophic state16 (Fig. 1a). This provides an excellent system for 
the study of biodiversity recovery after ecosystem remediation, as 
long-term data are available for the fish and lake conditions, natural 
recolonization from other whitefish populations is unlikely, and, in 
contrast with other alpine lakes, Constance has not been subjected 
to external stocking15,17. Here, we explore the variation in ecologi-
cal, morphological, genomic and gene expression traits to assess the 
material underpinning a rapid re-emergence of functional diversity 
in whitefish.

Results and discussion
Functional and eco-morphological divergence. To examine con-
temporary phenotypic diversity and its relationship with habitat 
use and trophic niche in whitefish, we focused on the gangfisch, 
because it is the only subspecies that has modified its spawning 
depth since ecosystem recovery12. Research proposed that gangfisch 
may be ecologically expanding because spawning depth is strongly 
associated with trophic ecology in European whitefish15,18. Thus, we 
assessed gill rakers and body shape across spawning depths (shal-
low: 2–5 m; intermediate: 20–25 m; and deep: below 50 m) at mul-
tiple sites in the lake (Supplementary Figs. 1 and 2a). Gill rakers 
are important trophic traits in many postglacial fish species; many, 
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dense and long rakers are used to filter-feed zooplankton, while few, 
sparse and short rakers are associated with benthos feeding, and 
GRN is well documented to be genetically based4,19,20. Indeed, in 
line with expectations, we found GRN to be significantly structured 
by depth (Fig. 1b; F2,260 =  17.27, P <  0.001), with shallow-spawning 
individuals having fewer gill rakers (GRNshallow =  33.9 ±  4.7 s.e.m.)  
than deep-spawning individuals (GRNdeep =  37.0 ±  2.8 s.e.m.). In 
addition, we detected a significant effect of depth on gill raker 
length (Supplementary Fig. 2; GRL: F2,265 =  4.824, P =  0.0088), and 
number and length were positively correlated, with individuals with 
fewer gill rakers also having shorter gill rakers (Supplementary  
Fig. 3a; GRL: effect size (R2) =  0.028, F1,267 =  8.76, P =  0.0034).

Individuals spawning at different depths also differed in body 
shape (multivariate analysis of covariance, Pillai’s tracedepth =  0.722, 
d.f. =  (1,66), P <  0.001)—an important eco-morphological trait 
(Supplementary Fig. 2); shallow spawners were deeper bodied and 
had a sub-terminal mouth compared with deep-spawning individu-
als, which had more slender bodies and terminal mouths (Fig. 1d 
and Supplementary Fig. 2b,c). Body shape divergence with depth 
was mostly explained by principal component 2 (PC2; hereafter,  

referred to as BS-PC2) (Supplementary Fig. 2c) and variation in 
body shape was correlated with GRN (Fig. 1f; BS-PC2: R2 =  0.056, 
F1,266 =  16.76, P <  0.001; Supplementary Fig. 3b,c), suggesting 
its association with trophic ecology in gangfisch. Additionally, 
shallow-spawning gangfisch were longer (standard lengthshallow  
=  28.6 ±  0.7 cm versus standard lengthdeep =  25.7 ±  0.6 cm) and 
heavier (body weightshallow =  327.5 ±  12.9 g versus body weightdeep =   
225.2 ±  5.6 g) than deep-spawning individuals (standard length: 
F2,261 =  34.69, P <  0.001; body weight: F2,261 =  38.49, P <  0.001) 
(Supplementary Fig. 2d), providing evidence that multiple pheno-
typic traits contribute to the gradient along the depth axis. Although 
divergence in body shape and standard length were correlated with 
GRN (Fig. 1 and Supplementary Fig. 3), body length was only 
(negatively) correlated with GRN from age three onwards (back-
calculated from scales; Supplementary Fig. 3e), indicating increased 
growth of putatively benthic whitefish later in ontogeny. However, 
the observed patterns were heterogeneous across sampling sites, 
as indicated by the effect of site and depth by site interaction on 
variation in body shape (multivariate analysis of covariance, Pillai’s 
tracesite =  1.243, d.f. =  (2,132), P <  0.001; Pillai’s tracesite×depth =  1.054, 
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Fig. 1 | Phenotypic and ecological diversity.  a, Historical environmental and gill raker data during eutrophication and re-oligotrophication of Lake 
Constance from 1961 until 2015. The red and green curves show historical fluctuations in total phosphorus (annual mean; µ l−1) and total zooplankton 
abundance ((individuals!m−2!× !104)/105), respectively. The bar plots show the annual catch composition of whitefish in Lake Constance by subspecies (as 
a percentage of the total catch) over the same time period. The ranges in GRNs for gangfisch (grey), blaufelchen (blue), sandfelchen (orange) and kilch 
(black) are shown for the years 1967, 1990 and 2014. Note that data for kilch and sandfelchen were only available for the year 1967, as they went extinct 
or were very rare following eutrophication. Illustrations of gill raker arches next to the plot illustrate the two extremes (nlow!= !24; nhigh!= !44) of the gill raker 
spectrum in contemporary gangfisch. b, Boxplots (bar!= !median; box range!= !range between third and first quartile (interquartile range); whiskers!= !extend 
to furthest point (highest or lowest) no further than 1.5 times the interquartile range; points!= !outliers) showing the distribution of GRNs by subspecies, 
and by sampling site and depth for gangfisch (n!= !309). BF, blaufelchen; Bod, gangfisch from Bodman; Egg, gangfisch from Egg; Imm, gangfisch from 
Immenstaad; WF, weissfelchen. c, Difference between the GRNs (mean!± !s.e.m.) of gangfisch infected and not infected with Diplostomum species 
(Wilcoxon rank sum test, P!< !0.001; n!= !269). d, Canonical variant plot showing the variation in body shape between whitefish, with individuals grouped by 
subspecies, and gangfisch individuals further split by spawning depth. Wireframes depict body shapes at the outermost points of canonical variant 1 (CV1; 
40.6%). e,f, Correlation of GRN with carbon stable isotope signatures (e; linear model: F1,146!= !13.35, P!< !0.001) and BS-PC2 (f; linear model: F1,266!= !16.76, 
P!< !0.001) in gangfisch. Grey areas depict the standard error around the regression line.
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d.f. =  (2,132), P <  0.001). Individuals from Immenstaad showed, in 
general, less divergence along the depth gradient (Supplementary 
Results). Compared with the other extant whitefish subspecies, 
gangfisch were intermediate in body shape to weissfelchen and 
blaufelchen, with shallow-spawning gangfisch being more similar 
to benthic–littoral weissfelchen and deep-spawning gangfisch being 
similar to pelagic blaufelchen (Fig. 1d).

To test whether phenotypic diversity is correlated with trophic 
and habitat diversity in gangfisch, and therefore reflects functional 
utility, we assessed the correlation of GRN with ecological indica-
tors: stable isotope signature and parasite infection. We found that 
the diversity associated with spawning depth was related to trophic 
and ecological differences (Fig. 1 and Supplementary Figs. 2 and 3). 
Specifically, GRN was correlated with carbon stable isotope signa-
tures (Fig. 1e; R2 =  0.07751, P <  0.001, d.f. =  147), indicating a more 
littoral–benthic diet in individuals with fewer gill rakers21. Fewer gill 
rakers were also associated with higher infection by Diplostomum 
eye flukes (Fig. 1c; Wilcoxon rank sum test, P <  0.001)—trematode 
parasites that infect snails in the shallow zone of the lake. Fish-
infective stages hatch from the snails and therefore indicate lit-
toral–benthic habitat use22. Overall, these observed differences in 
morphology and functional traits with spawning depth are typical 
of benthic–pelagic divergence in European whitefish trophic spe-
cialists along the depth gradient19,23. Thus, we focused on variation 
in the key functional trait of GRN as a proxy of overall trophic and 
eco-morphological diversity.

Rapid trait expansion. Identifying how functional diversity 
changes in response to rapid environmental change is important 
for understanding its drivers. We compared GRNs between the 
samples collected in 2014 for this study and samples collected in 
199024. This demonstrated that the functional trait diversity arose 
rapidly, as it was not present in gangfisch at the end of the eutrophic 
era in 1990 (Figs. 1a and 2a; ranges in GRNs: 1990 =  30–42 (ref. 24); 
2014 =  24–44). The range in GRNs increased drastically over this 
24-year period (corresponding to about 8 whitefish generations), 
with a notable decrease in the minimum number from 30 to 24. 
The mean GRN decreased by 0.3423 s.d. (haldane numerator) over 
this period, equivalent to an evolutionary rate of − 0.0428 haldanes 
(Fig. 2)25. This is comparable to rates of phenotypic evolution in 
several examples of rapid evolution, such as changes in GRN in 
marine–freshwater sticklebacks or hindlimb length in anole liz-
ards, and lies within the top 12% of reported rates of rapid phe-
notypic evolution6 (Fig. 2b). The shift in functional phenotypic 
diversity coincides temporally with the re-oligotrophication of 
Lake Constance. Thus, we propose that restored habitat gradients 
drove the emergence of functional diversity (GRN) in gangfisch 
by selection. This rapid expansion in gangfisch partially, but not 
completely, recovers the historical functional diversity that existed 
across the whitefish species complex in Lake Constance (pre-
eutrophication GRN range across species: 17–43)14,15 (Fig. 1a and 
Supplementary Table 1).

Evolutionary history of introgression. To examine the evolution-
ary genetic changes underlying the observed rapid diversification, 
we analysed 13,589 genome-wide single nucleotide polymorphisms 
(SNPs) within and across whitefish subspecies in Lake Constance. 
We found two genetic clusters, with blaufelchen and weissfelchen 
at extremes, and gangfisch showing an intermediate gradient of 
ancestry (Fig. 3b and Supplementary Fig. 4a,b), suggesting strong 
historic admixture and recent segregation in gangfisch4. Indeed, 
we detected multiple signals consistent with historical genetic 
introgression from blaufelchen and weissfelchen into gangfisch, 
including the intermediacy of gangfisch in genetic ordination plots 
(Supplementary Fig. 4a–d), divergence of gangfisch along the eigen-
vector distinguishing subspecies (Supplementary Fig. 4c,d) and 

support from introgression tests (Fig. 3a; f3 statistic =  − 0.00108362,  
z score =  − 7.967).

To reconstruct the history of divergence and introgression 
between all extant subspecies, we used a demographic modelling 
approach based on the joint site frequency spectrum, built from the 
full SNP dataset and a dataset excluding differentiated SNPs (that is, 
putatively neutral; Supplementary Fig. 4b). Based on the full dataset, 
we found the most likely demographic history to be one of strong 
and recent introgression from blaufelchen (mean admixture propor-
tion =  0.78) and weissfelchen (mean admixture proportion =  0.45) 
into gangfisch (Fig. 3b and Supplementary Table 3), leading to 
the formation of a gangfisch hybrid swarm4. Demographic analy-
sis based on the neutral SNP dataset suggested a simple isolation-
with-migration model to be more likely, although models including 
introgression were also highly supported (Supplementary Table 4). 
The weaker signal of introgression in the neutral SNP dataset sug-
gests that loci that introgressed into gangfisch from other sympatric 
whitefish species are associated with its diversification. Thus, intro-
gressive hybridization across species in Lake Constance, including 
those that are now extinct4, potentially provided the genetic mate-
rial needed for the rapid eco-morphological diversification in gang-
fisch after ecosystem recovery26.

Genetic basis of functional and eco-morphological traits. To 
assess the genetic underpinnings of eco-morphological changes, 
we first tested the correlation between functional diversity and 
genetic ancestry. GRN in gangfisch was highly correlated with 
genetic ancestry (Fig. 4a; Spearman’s rank correlation coefficient, 
rGRN =  − 0.6007, P <  0.001), suggesting genetic isolation by ecological 
adaptation27. Sparsely rakered gangfisch (benthic gangfisch) were, 
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points. b, Evolutionary rates of phenotypic change plotted in (absolute) 
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species (red, n!= !132), as well as for different taxa (white, n!= !2,224)6. 
Absolute values of haldanes and generations were log-transformed.
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in general, genetically more similar to the benthic–littoral weiss-
felchen, whereas densely rakered gangfisch (pelagic gangfisch) were 
genetically closer to pelagic blaufelchen (Fig. 4a and Supplementary 
Fig. 4a–d).

To further assess the genetic basis of functional diversity (varia-
tion in GRN) in gangfisch, we investigated its genetic architecture. 
Polygenic models suggested that GRN is controlled by a sparse 
genetic architecture, with most of the phenotypic variance (pheno-
typic variance explained by all SNPs (PVE); here, PVEGRN =  0.9991) 
being explained by a small expected number (predicted to be 91 
(68,117) mean (upper and lower bound of 95% credible interval)) 
of large-effect loci (phenotypic variance explained by large-effect 
loci (PGE); here, PGEGRN =  0.9718) (Supplementary Table 5). In 
comparison, we found that body shape—a highly polygenic trait in 
fishes28 that was also correlated with genetic ancestry (rBS-PC2 =  0.334, 
P <  0.001)—had a more polygenic architecture, with only a small 
proportion of PVE explained by large-effect loci (Supplementary 
Table 5; PVEBS-PC2 =  0.8636; PGEBS-PC2 =  0.2296). These results sug-
gest differences in the underlying architecture of these traits, with 
the large proportion of PVE explained probably reflecting the high 
heritability of these traits and the sparse genetic architecture in the 
case of GRN (PGEGRN >  0.9), with similarly high values reported for 
beak size in Darwin’s finches (PVE =  0.947; PGE =  0.775)29 and dor-
sal brightness in deer mice (PVE =  0.69; PGE =  0.83)30. Statistical 
difficulties involved in estimating trait architectures or correlations 
with population structure could inflate these values. However, for 

this study, the large difference in PGE for GRN compared with body 
shape (97 versus 23%) is particularly informative and highlights the 
different architectures underlying these traits. Such a simple genetic 
architecture may facilitate the rapid expansion in GRN11.

Next, we used genome-wide approaches to identify the loci 
underlying phenotypic variation. Association analyses using linear 
mixed models (GEMMA) identified six SNPs associated with varia-
tion in GRN, whereas a latent-factor linear mixed model (LFMM) 
identified a set of 99 associated SNPs (Fig. 4 and Supplementary 
Table 6). All SNPs identified using GEMMA were also identified 
by the LFMM. Individuals homozygous for these shared loci were 
on opposite ends of the gill raker spectrum, and heterozygous indi-
viduals were intermediate (Fig. 4d and Supplementary Fig. 5a). 
Blaufelchen and weissfelchen were at either extreme of ‘pelagic’ 
allele frequencies (the allele associated with higher GRN), which 
in gangfisch varied with spawning depth (Fig. 4b). Thus, GRN 
is probably controlled by a common genetic basis across species. 
Furthermore, using the same approaches, we identified 56 SNPs 
(two using GEMMA and 54 by the LFMM) associated with body 
shape in gangfisch (Fig. 4c and Supplementary Table 6). Although 
these SNPs did not overlap across analyses, one SNP located in the 
MTHFD1L gene associated with body shape was also strongly asso-
ciated with GRN (locus 56834; Fig. 4c,e and Supplementary Table 6).

Thus, we suggest that a sparse genetic architecture shared across 
ecologically distinct whitefish subspecies underlies the rapid expan-
sion in GRN. Genetic linkage or pleiotropy are potential mecha-
nisms for explaining this rapid and correlated diversification of 
body shape and GRN.

Genetic differentiation. To understand whether GRN expansion 
was driven by natural selection, we tested patterns of differentia-
tion and diversity across the genome. Using pcadapt, we found sig-
natures of selection at 19 SNPs, including 2 of the 6 shared SNPs 
that had been associated with GRN (Fig. 4f, Supplementary Fig. 5b 
and Supplementary Table 6). Of the 99 SNPs associated with GRN 
in both genome-wide association analyses, including those identi-
fied with pcadapt, 40 were genetically differentiated (Z-transformed 
standardized degree of genetic variation (ZFst) >  4; Supplementary 
Fig. 6a) between benthic and pelagic genetic clusters in gangfisch 
(Fig. 4a) and showed reduced diversity in 1 of the 2 genetic clus-
ters (Supplementary Fig. 6b,c and Supplementary Table 6). This is 
reflective of a response to positive selection31, as genetic differen-
tiation is less affected by genomic features, such as low recombina-
tion regions, at early stages of divergence32,33, and supports a role 
of selection driving diversification in GRN. Only 3 of the 56 body-
shape-associated SNPs were significantly differentiated between the 
genetic clusters in gangfisch, suggesting that selection is acting less 
dramatically on body shape (Supplementary Fig. 5c). However, the 
shared SNP associated with GRN and body shape (locus 56834) 
showed strong differentiation. Patterns of genetic differentiation 
were correlated across subspecies comparisons (r =  0.11, P <  0.001; 
Methods), with 20 out of 165 SNPs differentiated in gangfisch also 
differentiated (ZFst >  4) between blaufelchen and weissfelchen 
(Supplementary Fig. 6f). This suggests that genetically differenti-
ated regions, including those associated with phenotypic divergence 
(for example, shared locus 56834) in gangfisch, are also involved in 
the divergence between weissfelchen and blaufelchen, either due to 
adaptive introgression or shared responses to selection. However, 
the majority of outlier SNPs were private to gangfisch, indicating a 
unique response to selection.

Furthermore, at early stages of diversification, we would expect 
small clustered, rather than widespread, regions of differentiation 
across the genome. Indeed, signatures of selection were restricted to 
few regions. Notably, one region on linkage group 38 was particu-
larly strongly diverged (Fig. 4g), and two outlier regions (linkage 
groups 8 (65.239 cM) and 21 (9.24 cM)) overlapped with previously 

WFBF GF

A
nc

es
tr

y

0
0.2
0.4
0.6
0.8
1.0

F
oc

al
 p

op

GF

BF

WF

a

b

0

Migration

Introgression

0.002 0.004

18,450

0.78

0.45

531

417

0.006

f3 statistic

Fig. 3 | Evolutionary history of introgression. a, The f3 statistic revealed 
significant signatures of introgressive hybridization from weissfelchen 
(WF) and blaufelchen (BF) into gangfisch (GF) (f3!= !− 0.0011!± !0.00014 
s.e.m, z score!= !− 7.97). b, Most likely demographic model for the 
evolutionary history of whitefish in Lake Constance based on the full SNP 
dataset. Mean divergence times are shown to the right in years, and the 
mean proportions of admixture between subspecies are given above or 
below the solid black arrows (see Supplementary Table 3 for 95% CI). 
The proportion of admixture describes the proportion of the gene pool 
in GF that was replaced by either WF or BF. Detailed parameter values 
for migration rates (grey arrows) and effective population sizes are given 
in Supplementary Table 3. The proportions of genetic ancestry for each 
individual by subspecies are given below.

NATURE ECOLOGY & EVOLUTION | VOL 3 | JANUARY 2019 | 77–86 | www.nature.com/natecolevol80

http://www.nature.com/natecolevol


ARTICLESNATURE ECOLOGY & EVOLUTION

identified quantitative trait loci for variation in GRN and differen-
tial depth selection in lake whitefish, respectively34,35, suggesting 
a direct link between genetic divergence, genetic architecture and 
phenotypic trait variation.

Thus, we conclude that these signals of selection and genetic 
divergence in genomic regions associated with functional traits dem-
onstrate that the expansion of GRNs was driven by natural selection.

Gene regulatory and functional basis of rapid divergence. 
To investigate the functional molecular bases of trophic niche  

expansion in the ecological context, we conducted a transcriptome-
wide analysis of gene expression in gangfisch. While we observed 
a degree of divergence by depth across 31,872 genes (principal 
component analysis (PCA)), the separation was strongest by GRN 
(Fig. 5a and Supplementary Fig. 7a). To quantitatively assess the 
relative contributions of site, depth, sex, GRN and body shape on 
gene expression divergence, we used a linear mixed model. GRN 
explained the greatest proportion of overall gene expression varia-
tion with an average of 5.7%, followed by body shape (explained 
2.9%). Only negligible amounts of variation were explained by site 
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Fig. 4 | Genotype–phenotype associations and signatures of selection. a, Correlation between the GAC and GRN in gangfisch (r!= !− 0.6007, P!< !0.001, 
n!= !153). Histograms and density lines show the parameter distributions. Individuals with an ancestry coefficient above 0.75 were defined as ‘benthic’ 
and individuals with an ancestry coefficient below 0.25 were defined as ‘pelagic’, as these are more similar to weissfelchen and blaufelchen, respectively. 
b, Frequencies of pelagic alleles (means!± !s.d.) at loci strongly associated with GRN (nloci!= !6), by subspecies (weissfelchen (WF) or blaufelchen (BF)) 
and spawning depth in gangfisch (GF). We defined the allele with a higher frequency in BF compared with WF as the ‘pelagic’ allele. c, Correlation 
between genotype association with GRN as determined by the LFMM (LFMM-GRN) and genotype association with BS-PC2 as determined by the LFMM 
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homozygous or heterozygous for the benthic (B) or pelagic (P) alleles on locus 56834 (analysis of variance for GRN: F2,126!= !29.82, P!< !0.001; analysis of 
variance for body shape: F2,127!= !7.97, P!< !0.001). Dot plots show the distribution of values and means!± !s.d. f, Correlation between the linear mixed model 
for GRN (GRN-LMM) and signal of selection (pcadapt) for 12,976 SNPs in GF. Dashed lines show the applied significance thresholds for each analysis.  
The sizes of the dots indicate the effect size of each SNP on the variation in GRN, and the colour gradient shows ZFst between benthic and pelagic GF.  
g, Manhattan plot showing the distribution of genetic differentiation between benthic and pelagic GF along the lake whitefish linkage map for a subset of 
3,350 loci. Significantly differentiated SNPs (ZFst!> !4; dashed line) are highlighted in red.
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(1.3%), depth (1.8%) and sex (0.7%) (Supplementary Fig. 7b). The 
majority of gene expression variation was attributed to residual fac-
tors (86.9%), as expected given levels of individual variation and 
background differences in natural environments36,37. Overall, this 
analysis identified a critical set of genes associated with two key tro-
phic traits, which are important candidates for identifying ecologi-
cally relevant biological functions of adaptation and diversification 
in gangfisch.

A single co-expression network was constructed based on 5,438 
candidate genes (those within the 90th percentile of expression 
variation explained by GRN and/or body shape; Supplementary 
Fig. 7c), which clustered into 14 modules (Fig. 5b). Five modules 
were significantly correlated with GRN, one of which (brown) was 
also correlated with genetic ancestry (Fig. 5c and Supplementary 

Fig. 7e). A further four modules were significantly correlated with 
body shape, with one module (blue) also correlated with genetic 
ancestry (Fig. 5d and Supplementary Fig. 7f). Co-expression mod-
ules that were correlated with GRN and body shape were signifi-
cantly enriched for 39 pathways (Supplementary Table 7). Modules 
associated with higher GRN (that is, pelagic adaptation) showed 
significant over-representation of pathways (as assessed by protein 
analysis through evolutionary relationships (PANTHER)) involved 
in immune response, metabolism, vasodilation and muscle con-
traction, including integrin signalling (P00042 (PANTHER acces-
sion); P =  4.12 ×  10−3), metabotropic glutamate receptor (P00041; 
P =  4.56 ×  10−2) and haem biosynthesis (P02746; P =  4.43 ×  10−2) 
(Supplementary Table 7). In contrast, lower GRN and deeper 
head and body shape (that is, benthic adaptation) showed  
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significant over-representation of pathways involved in growth and 
morphogenesis, including transforming growth factor-β  (TGF-β )  
signalling (P00052; P =  1.10 ×  10−2), integrin signalling (P00034; 
P =  5.96 ×  10−6), and bone morphogenetic protein and activin sig-
nalling (P06211; P =  4.41 ×  10−2) (Supplementary Table 7). In gen-
eral, many pathways and processes associated with co-expressed 
gene modules have been linked to trophic and habitat divergence 
in other fish species38–40, indicating a crucial and conserved role in 
niche expansion and ecological adaptation.

Of these 39 expression-associated pathways, 9 were also found 
to be associated with candidate loci putatively under selection and/
or associated with GRN and body shape (n =  179 genes), includ-
ing the TGF-β  receptor signalling (P00052) and integrin signal-
ling (P00034) pathways (Supplementary Table 8). In particular, 
the TGF-β  pathway has previously been associated with benthic–
pelagic divergence in other salmonids41, as well as trophic cranio-
facial development and diversification (for example, in cichlids and 
zebrafish)42. Although none of the candidate loci-associated path-
ways were significantly enriched, the overlap across analyses sug-
gests that genetic and expression changes affect similar biological 
functions. The extent to which the observed divergence in gene 
expression in gangfisch is driven by an environmental (that is, plas-
tic response) versus genetic basis is not determined. However, the 
significant correlation of two co-expression modules (brown and 
blue; Fig. 5c,d) with the genetic ancestry coefficient (GAC), and  
the overlap with candidate loci pathways, strongly suggest 
that expression divergence is, at least in part, associated with  
genomic divergence.

Overall, we conclude that the rapid evolution of functional 
diversity in gangfisch is based on functional molecular changes that  
play a recognized role in development and ecological specialization 
in fishes.

Conclusions
By studying the functional phenotypic and genomic diversity of 
whitefish in Lake Constance, we demonstrate the ability of bio-
diversity to re-emerge following ecosystem restoration. First, we 
showed that gangfisch diversified in a functional trait (GRN) linked 
to ecological and morphological diversity, and this occurred rap-
idly, within only a few generations following re-oligotrophication. 
This new diversity is intraspecific and does not redress—eco-
logically or genetically—the recognized loss of species richness 
caused by eutrophication3,12. Second, we showed that this pheno-
typic change has a sparse underlying genetic architecture and that 
genetic and regulatory changes in recognized adaptive pathways 
are significantly associated with GRN. The phenotypic and genetic 
correlation of functional diversity (GRN) and eco-morphology 
(body shape) might explain the rapid diversification in both traits. 
Phenotypic plasticity could facilitate this rapid change, although 
the presence of genetic divergence and selection at phenotype-
associated loci strongly suggests that genetic changes underlie, at 
least partially, this diversification. Third, we suggest that this rapid 
niche expansion was possible due to the genetic diversity created 
through introgression and ‘speciation reversal’ during eutrophica-
tion, in agreement with previous research using microsatellite loci4. 
The introgression of alleles associated with low GRNs from extinct 
benthic species (kilch or sandfelchen) could have contributed to the 
emergence of lower GRNs in gangfisch. Overall, our results indicate 
that ecological diversity can start to re-emerge rapidly following 
species collapse with hybridization if few adaptive alleles with large 
effects underlie functional traits, eco-morphology and potentially 
reproductive isolation11. Thus, our findings are consistent with 
the hypothesis that, while ecosystem remediation can have almost 
immediate benefits for biodiversity, the potential for recovery is 
probably contingent on genetic architecture, ecological context and 
evolutionary history.

Methods
Sampling of European whitefish. Gangfisch (Coregonus lavaretus 
macrophthalmus) were sampled in Lake Constance during spawning season in 
December 2014. Fish were collected using gill nets at three different spawning  
sites within the upper lake basin, and three depths per site (Supplementary Fig. 1  
and Supplementary Table 2). Three gill nets with different mesh sizes (32, 42 
and 44 mm knot-to-knot mesh sizes) were set at each depth to sample as much 
diversity in body size as possible. All fish, with the exception of those to be used 
for transcriptomic analyses, were immediately euthanized and stored on ice. 
Specimens to be used for gene expression analyses were held in aerated containers 
during transportation to ensure that fish did not die before the collection of tissues 
for RNA extractions. Even though this procedure may introduce stress-related gene 
expression changes, this did not affect comparisons across depths and sites as all 
individuals were treated equally. Tissue samples for RNA extractions were collected 
within 5 min of euthanasia by cutting a 1 cm-thick area of white muscle from above 
the lateral line, posterior to the operculum, and stored in RNAlater. A total of  
30 individuals per site and depth, including fish sampled for transcriptomics, were 
selected for phenotypic analysis and tissue collection for genetic analysis (n =  270). 
We sampled 20 individuals from each of the other 2 extant subspecies in Lake 
Constance—the pelagic blaufelchen (Coregonus lavaretus wartmanni) from the 
upper lake, and the benthic lower lake weissfelchen (Coregonus lavaretus fera)—in 
October/November 2015 (Supplementary Fig. 1 and Supplementary Table 2). For 
all individuals, muscle tissue and fin clips were taken and stored in absolute ethanol 
for subsequent genetic analysis. Scientific fish collections in Lake Constance were 
carried out under a permit from the Regierungspräsidium Tübingen (Aktenzeichen 
33-4/9220.51-3).

Collection of eco-morphological data. Several morphological and ecological 
measurements were taken to determine the breadth of phenotypic and ecological 
diversity across species, sites and depths. Individuals were weighed, and standard 
length was measured (to the nearest milligram and millimetre, respectively). 
They were then photographed on their left side for morphometric analyses 
(see Supplementary Methods for details). Scales were taken from underneath 
the ventral fins for ageing and back calculation of growth rates based on three 
scales per fish (see Supplementary Methods for details). The first left branchial 
gill arch was removed and gill rakers (including rudiments) were counted under 
a dissecting microscope. Furthermore, the length of the central gill raker was 
measured under a dissecting microscope to the nearest 0.01 mm.

We also collected 1 mg of white muscle tissue from the left side of the fish, 
posterior to the operculum, below the lateral line, for stable isotope analyses in 
gangfisch (n =  111; approximately 10 individuals per site and depth), to infer 
trophic differences in the weeks of feeding before spawning. Lipids were removed 
before the stable isotope analysis. Methods followed ref. 43. Internal laboratory 
standards indicated measurement errors (s.d.) of ± 0.03 and 0.05‰ for δ 13C and  
δ 15N, respectively.

In addition to stable isotope signatures, we analysed the presence of 
Diplostomum species (eye fluke parasites), as more long-term indicators of 
littoral–benthic habitat use of gangfisch (see Supplementary Methods and ref. 22 
for details). To determine Diplostomum infection, both left and right eyes were 
removed and dissected under a dissecting microscope. The lens and vitreous 
humour were examined and infection was recorded as present or absent for all 
individuals (n =  270).

Head and body-shape analysis. A geometric morphometric approach was used 
to assess diversity in head and body shape among subspecies (n =  269 gangfisch; 
n =  20 weissfelchen; and n =  20 blaufelchen). Landmarks were chosen based on 
previous studies in European whitefish15,44 (Supplementary Fig. 2a) and digitized 
using tpsDig 2.30 (ref. 45). Before shape analyses, we used the ‘unbend’ function 
in tpsUtil version 1.74 to control for the effect of body arching on standing 
and semi-landmark positions. Procrustes superimposition was conducted in 
MorphoJ version 1.06b (ref. 46) to standardize landmark configurations. Procrustes 
coordinates were subjected to a multivariate, pooled within-group regression 
against the log-transformed centroid size to remove shape change associated 
with body size47. Residuals derived from the regression analysis were used as 
shape variables for all subsequent analyses. To visualize morphological variation, 
we conducted a canonical variance analysis, discriminating by subspecies and 
depth. To examine differences in morphology and assess the degree of phenotypic 
variation in the context of sampling depths without predefining groups, we 
performed a single PCA on gangfisch from all depths and sites. We first performed 
a multivariate analysis using the complete set of principal components (n =  66) and 
multivariate analysis of variance. Furthermore, we performed univariate three-way 
analyses of variance on the first three principal components (explaining > 68% of 
the total variation) to determine the effect of depth on shape, including site, sex 
and their interactions as fixed effects.

Analyses of ecological and morphological traits. We estimated correlations 
of stable isotope values for carbon and nitrogen (δ 13C and δ 15N) and trophic 
morphology (GRN) using linear models in R. We tested the leverage of potential 
outliers based on Cook’s distance. As none of the potential outliers had significant 
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effects on the regression curves, we retained the full dataset. To further test the 
effect of diet on GRN, we compared the GRN between individuals that were 
infected or not infected by Diplostomum species parasites (an indicator of long-
term littoral–benthic habitat use22), using a Wilcoxon rank sum test in R.

To estimate the correlation of a range of morphological traits (major axes of 
body shape (principal components 1, 2 and 3), standard length and back-calculated 
total length at ages 1, 2 and 3, and size-corrected gill raker length), and because we 
were interested in the individual correlations with GRN, we performed individual 
linear regressions for each morphological trait, with GRN as the response variable, 
using the lm function in R (for example, GRN ~ BS-PC2). We also tested the effect 
of sex on GRN by running a linear model of all traits against GRN, with sex as 
a co-variable. As sex did not have an effect on GRN, we did not include it in the 
final models. P values of all linear regressions were corrected together for multiple 
testing using Benjamini–Hochberg48 correction with the p.adjust R package.

To estimate the evolutionary rate of shifts in GRN, we calculated the absolute 
change in the mean GRN as standard deviations per generation, referred to 
as haldanes25,49, using historical gill raker data for gangfisch collected along a 
similar depth gradient in 199024 and gill raker data from this study in 2014 (see 
Supplementary Methods for sampling details). Haldanes were calculated as follows: 
((ln[x2]/s.d.ln[x]) −  (ln[x1]/s.d.ln[x]))/t, where ln[x1] and ln[x2] are means of natural 
log-transformed GRNs at each time point, t is the interval between sampling times 
(number of generations) and s.d.ln[x] is the pooled standard deviation of ln[x2] and 
ln[x1]6,25,49. We used a generation time of three years, based on the age distribution 
in our dataset at spawning time.

Genotyping, bioinformatic processing and summary statistics. DNA was 
extracted from fin clips and muscle tissue using the NucleoSpin Tissue kit 
(Macherey-Nagel), and double-digest restriction site-associated DNA libraries were 
prepared for 170 individuals using MspI and PstI-HF restriction enzymes, following 
the methods in ref. 50 with modified adapters for Illumina sequencing platforms. 
Each library was sequenced on a single NextSeq 500 lane (75-base pair (bp) paired-
end sequencing) including ~10% PhiX at Glasgow Polyomics. We checked the 
quality of raw reads for each library using FastQC version 0.11.3 (ref. 51).

Stacks version 1.46 (ref. 52) was used for demultiplexing, SNP calling and 
filtering. First, we processed the raw reads and trimmed reads to 60 bp using 
process_radtags. The denovo_map.pl pipeline was used for the de novo assembly 
of restriction site associated DNA (RAD) loci. We used the rxstacks module for 
genotype correction and haplotype pruning, applying the default settings. The 
populations module was used for calling, extracting and filtering genotypes using 
the filtering criteria as described in the Supplementary Methods. The filtering 
and conversion of datasets was performed using Stacks, VCFtools version 0.1.15 
(ref. 53), PLINK version 1.90 (ref. 54 and www.cog-genomics.org/plink/1.9/) and 
PGDSpider version 2.11.2 (ref. 55).

Population structure and admixture. We used several approaches to resolve 
population structure, including all three subspecies, within Lake Constance. First, 
we used ADMIXTURE version 1.3.0 (ref. 56) to detect the most likely number of 
genetic clusters, testing K =  1 to K =  12. Furthermore, we performed a PCA using 
the adegenet package in R57,58. To improve visualization of population structuring 
in the multidimensional space, we performed discriminant analyses of principal 
components using adegenet, clustering gangfisch individuals by site and depth. 
GenoDive version 2.0b27 (ref. 59) was used to calculate the pairwise standardized 
degree of genetic variation (Fst)60 among all subspecies and populations, with 
gangfisch clustered by sampling depth and site (10,000 permutations).

Evolutionary history of genetic divergence and introgression. We analysed 
the evolutionary history of divergence and introgression in Lake Constance 
whitefish using two different approaches. First, we used f3 statistics implemented 
in the TreeMix version 1.13 (ref. 61) threepop function to test for introgressive 
hybridization in a three-population comparison. The dataset contained all 
gangfisch as one focal population, and weissfelchen and blaufelchen as two separate 
reference populations using the global SNP dataset.

Furthermore, we used a coalescence modelling approach implemented 
in fastsimcoal2 version 2.5.2.3 (ref. 62) based on the information contained in 
multidimensional site frequency spectra to determine the history of gene flow, 
divergence times, and timing and strength of introgression in whitefish from 
Lake Constance. Three-population site frequency spectra were created using δ aδ i 
version 1.6.3 (ref. 63) based on a specifically filtered SNP dataset (n =  22,196 SNPs). 
The minor folded site frequency spectrum was used for the analysis, as no 
trinucleotide substitution matrix is available for salmonids, and no outgroup 
species was sequenced for ancestral state reconstruction and correction. To 
determine absolute values for divergence times and other parameters, we corrected 
the number of monomorphic sites as outlined in ref. 64. A mutation rate of 1 ×  10−8 
was used65. Based on the genetic population structure, we used a model in which 
blaufelchen split first from the ancestor of weissfelchen and gangfisch, followed 
by a subsequent split of weissfelchen and gangfisch (Supplementary Fig. 4e). We 
compared a total of seven different demographic models with different histories 
and combinations of gene flow and introgression, ranging from strict isolation to a 
complete isolation-with-migration model with or without introgression  

(see Supplementary Methods and Supplementary Fig. 4e). We ran 30 iterations for 
each model, each consisting of 40 rounds of parameter estimation with 100,000 
coalescence simulations. We inferred the best-fitting model based on the Akaike 
information criterion62, ran it for an additional 45 iterations and used the top 10 
iterations (based on highest estimated maximum likelihood) for non-parametric 
bootstrap resampling (bootstrap R package) to estimate means and 95% CIs for 
each parameter66. In addition to testing the potential effect of selection on the 
demographic inference, we performed the same analysis using a SNP dataset 
without sites potentially under selection and differentiated among genetic clusters 
(see below) (n =  22,100 SNPs).

Correlation of genetic ancestry and eco-morphology in gangfisch. To assess how 
morphology correlates with genetic ancestry in gangfisch, we calculated values 
of r for BS-PC2 and GRN with the proportion of genetic ancestry inferred by 
ADMIXTURE. BS-PC2 was used for this (and all subsequent analyses) as it depicts 
the main body shape variation along the depth gradient (Supplementary Fig. 2c). 
P values were adjusted for multiple testing using Benjamini–Hochberg correction 
with the p.adjust R package.

Genome-wide scans for selection. To detect loci that were differentiated between 
genetic clusters, we combined two approaches to identify and narrow down 
candidate loci. First, we calculated the per-site pairwise Fst

60 and nucleotide 
diversity between and within gangfisch without significant admixture (pure 
genetic clusters: GAC > 0.75 or < 0.25 in the ADMIXTURE analysis; n =  135) 
using VCFtools. To determine whether the basis of eco-morphological variation is 
similar across subspecies, we compared genetic differentiation between benthic and 
pelagic gangfisch with that of pelagic blaufelchen and benthic–littoral weissfelchen. 
We estimated per-site pairwise Fst between weissfelchen and blaufelchen, and 
calculated the r values of these Fst values, with Fst values calculated between genetic 
clusters in gangfisch using the cor.test function in R. To analyse the distribution 
of differentiated loci across the genome, we anchored the anonymous RAD loci 
to the available RAD-sequencing-based lake whitefish (Coregonus clupeaformis) 
linkage map34 using the MapComp software package67 and the previously described 
approach67,68 using the Atlantic salmon reference genome (ICSASG_v2)69.  
The maximum distance for pairing was set to two megabases and conducted  
in ten iterations.

As the Fst-based analysis ignores the more gradual nature of genetic 
differentiation along the depth gradient, we also used a (genetic) PCA-based 
approach for detecting loci under selection that does not require the grouping 
of individuals. We used the pcadapt R package70 to identify loci that differentiate 
along the first principal component, as this axis differentiates gangfisch from 
different spawning depths, and therefore different phenotypes. We corrected  
for multiple testing using a false discovery rate cut-off of 1% using the  
qvalue R package.

Association analysis with eco-morphology. To identify variants associated with 
GRN and BS-PC2, we used three approaches: a linear mixed model and a Bayesian 
sparse linear mixed model implemented in GEMMA71, and a LFMM approach 
implemented in LFMM (n =  153 individuals)72. The analyses for GRN and body 
shape were performed separately but using the same settings.

We imputed missing genotypes using a random forest approach implemented 
in the radiator R package, using 150 trees. We first estimated phenotype–genotype 
association for each SNP using a univariate linear mixed model and the Wald test,  
with α =  0.0001 (− log10[α] =  4) as a significance threshold. Second, we used 
a Bayesian sparse linear mixed model to estimate SNP effect sizes (posterior 
inclusion probability) on phenotype and further estimate hyperparameters 
quantitatively describing the genetic architecture underlying trait variation (see 
Supplementary Methods for details). For both analyses in GEMMA, we corrected 
for relatedness and population structure using a centred relatedness matrix, which 
we calculated using GEMMA. Lastly, we used LFMM, specifying two latent factors 
to correct for population structure, and averaged the results across ten independent 
runs using default settings. Candidate loci associated with body shape or GRN 
were detected as SNPs with a false discovery rate (FDR) <  0.01. Post hoc, we 
checked for overlap of phenotype-associated loci across analyses.

Annotation of candidate loci. We identified genes associated with candidate 
loci (significantly diverged, associated with GRN or body shape, genetically 
diverged and under selection; n =  177) by blasting RAD loci sequences against the 
Atlantic salmon reference genome (ICSASG_v2)69 using blastn in BLAST+ 73 and 
identifying genes containing candidate loci or within 50 kilobases of a candidate 
locus. We only kept loci with an E value below 1 ×  10−13 and the best (or equally 
good if a locus blasted to different locations) blast results. We used the PANTHER 
classification tool74 to identify functional pathways associated with candidate loci 
and over-represented biological process gene ontology terms, using the human 
gene ontology set as background.

Transcriptomics. Total RNA was extracted from white muscle tissue from 27 
individuals (three per site and depth), and RNA sequencing libraries were prepared 
and sequenced at the Glasgow Polyomics research facility (University of Glasgow) 
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(see Supplementary Methods for details). Individual complementary DNA libraries 
were synthesized for all 27 samples using the TruSeq Stranded mRNA Sample 
Prep Kit (Illumina), with a poly-A selection step. Libraries were sequenced on the 
NextSeq 500 system (Illumina) using paired-end sequencing (75 bp from each end) 
at a sequencing depth of 25–35 million reads per library, yielding approximately 
822 million reads in total.

Raw reads were processed before alignment by removing adapter sequences 
with Scythe version 0.9944 BETA and trimming low-quality reads with 
Trimmomatic version 0.36 (ref. 75). FastQC version 0.11.2 (ref. 51) was used to 
assess read quality before and after pre-processing. The resulting reads were 
aligned to a transcriptome assembly for European whitefish76, consisting of 33,697 
annotated transcripts. Reads were aligned using Bowtie2 (--all, --local, --no-mixed, 
--no-discordant)77, and transcript abundance was quantified with eXpress version 
1.5.1 (ref. 78). Count data were processed using DESeq2 version 3.5 (ref. 79), 
transcripts with < 20 reads across all samples were removed (yielding a final dataset 
of 31,872 transcripts) and count data were log2 transformed. Transcriptional 
profiles were visualized by PCA on the full dataset using the plotPCA function in 
DESeq2, and plots were generated using ggplot2 version 2.2.1.9000.

We used a linear mixed model implemented in the R package variancePartition 
version 3.6 (ref. 80) to identify genes associated with GRN and BS-PC2 as fixed 
variables, including site, depth and sex as random effects (see Supplementary 
Methods for details). We retained genes for a subsequent network analysis based on 
the amount of expression variation explained by either GRN or BS-PC2; namely, if 
the expression variation explained by GRN or BS-PC2 was above the 90th quantile 
of the variation distribution for all genes associated with the respective trait.

Subsequently, a weighted gene co-expression network analysis (WGCNA) 
approach81 using the WGCNA R package82 was used to identify co-expression 
modules associated with trophic divergence based on the pre-filtered gene set  
(see Supplementary Methods for details). Network modules were defined using 
the dynamic treecut algorithm, with a minimum module size of 30 genes and a cut 
height of 0.981. The module eigengene distance threshold was set to 0.25 to merge 
highly similar modules.

To identify genetic pathways associated with trophic niche divergence in 
gangfisch, we performed functional enrichment analyses on co-expressed 
modules. Separate enrichment analyses were performed for each module, using 
the over-representation analysis (ORA) function in PANTHER74. Module genes 
were compared against the background set of 31,872 transcripts to determine 
over-representation of pathways. All functional analyses were conducted using 
gene symbols from the annotated transcriptome assembly, and significance was 
determined using Fisher’s exact test with Bonferroni correction (FDR <  0.05).

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The sequence datasets have been deposited in the National Center for 
Biotechnology Information Sequence Read Archive with the BioProject accession 
code PRJNA497182 (corresponding to BioSample accessions SAMN10250325 to 
SAMN10250521). Phenotype and ecological data are available at the ‘Enlighten: 
Research Data’ repository of the University of Glasgow: https://doi.org/10.5525/gla.
researchdata.680. 
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Data exclusions Data were excluded from analysis if technical reasons existed (e.g. bad data quality of stable isotope data or low sequencing 
coverage). 

Reproducibility Samples from different spawning sites in the lake were analysed and compared to other subspecies to ensure reproducibility. The 
extensive analysis was not repeated in other lakes for reasons mentioned in the ms. 

Randomization Individuals were randomly sampled from gill nets for each site, depth and mesh size. 

Blinding Blinding was not necessary as all statistics were directly computed from phenotypic, ecological, genomic and transcriptomic data.

Did the study involve field work? Yes No

Field work, collection and transport
Field conditions Detailed conditions were not recorded. Air temperature during sampling was below 0 degrees Celsius, and the water 

temperature was around 4 degree Celsius. 

Location Gangfisch were sampled at three different sites (Egg, Immenstaad, Bodman; see Methods) at three different water depths (2m, 
25m, 50m). Blaufelchen were sampled over open water of Romanshorn and weissfelchen in the lower lake. (see methods and 
supplementary data for more detail. 

Access and import/export Scientific fish collections in Lake Constance were carried out under a permit from the Regierungspräsidium Tübingen: 
'Aktenzeichen 33-4/9220.51-3'

Disturbance Disturbances were minimized by localised sampling in the early morning in collaboration with local fishermen. 
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n/a Involved in the study
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Antibodies

Eukaryotic cell lines

Palaeontology

Animals and other organisms

Human research participants

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Unique biological materials
Policy information about availability of materials

Obtaining unique materials Tissues / materials are stored in the collection of K.R.E at the University of Glasgow and can be examined on site on request.

Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Not applicable. 

Wild animals European whitefish were caught using gill nets and either directly euthanised and stored on ice, or transported back to the 
laboratory in aerated containers and euthanised directly before taking tissue samples for gene expression analysis (see Methods 
for details).  

Field-collected samples Not applicable. 
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A. Supplementary methods 

 

Eco-morphological data. 

For geometric morphometric analyses, individuals were photographed on their left side using a Canon 

EOS 7D digital camera and 40 mm lens, using a standardized distance for all individuals and including 

a scale.  

For aging and back calculation of growth rates, scales were cleaned, dry mounted between two 

glass plates and inspected under a microscope. Age was determined from annular marks on scales, and 

their radii (i.e. the distances between the scale centre and each annual mark) were measured from 

digital images to the nearest 0.01mm. Length-at-age was then back-calculated using a regression of 

fish length on scale radius that is based on our unpublished database spanning several years of 

sampling whitefish in Lake Constance. Three scales per fish were analysed, and back-calculated 

lengths were averaged.  

Ecological and trophic niche use of gangfisch was inferred using stable isotope data and 

Diplostomum spp. (eye fluke) infection data. Stable isotope data from muscle tissue give a detailed 

account of trophic niche over the last few weeks before sampling, allowing one to examine differences 

in trophic niche use during the autumn/winter feeding season. In contrast, eye fluke infection data give 

a more long-term view on habitat use during the spring and summer, as fish can only get infected by 

Diplostomum cercariae in that period. These cercariae shed from benthic snails, their first intermediate 

hosts, which live exclusively in shallow water down to a maximum depth of 15m22. Due to the 

location of their host, the low mobility of cercariae and the fact that they have to find a (fish) host 

within 48h, means that they are good indicators for a littoral-benthic habitat use by gangfisch during 

the spring and summer.  

 

Sampling of historical gangfisch samples. 

The historical gangfisch samples from 1990 used for the analysis of gill raker number in Luczynski et 

al.24 were sampled in an almost identical way to the contemporary sample used in this study. First, in 

both sampling campaigns, gangfisch were sampled during spawning time, which is a period of two to 

three weeks during the winter, around November to December. Second, samples were caught at a 

comparable depth gradient ranging from shallow water (2m) to deeper water (40m or 50m). Although 

Luczynski et al.24 only fished to a depth of 40m, this is highly comparapble to the habitat at 50m, due 

to the bathymetry of Lake Constance. From the shore onwards, Lake Constance displays a shallow 

littoral zone reaching water depths of around 2-3m before a steep drop-off. Afterwards, this shallow 

zone is followed by a steep slope, reaching depths of around 20-30m. At this point, the slope becomes 

less steep (moderate slope) and continues to deeper depths or reaches the flat bottom (30m and below) 

(Supplementary Fig. 1). Thus, both sampling campaigns have sampled in similar bathymetric areas: 

2m – shallow littoral zone, 25m – end of the steep slope, 40/50m – moderate slope or flat lake bottom. 
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Third, the range in mesh size used in both sampling campaigns were identical (32 – 48mm), covering 

the size range of adult spawning gangfisch. Thus, we were confident that the methods used in both 

sampling campaigns are similar enough to allow accurate comparisons of gill raker counts for 

gangfisch across sampling times.  

 

Genotyping and bioinformatics. 

Stacks v.1.4652 was used for the assembly of RAD loci and genotype calling. We used the 

following settings. First, the denovo_map.pl pipeline was used for the de novo assembly of RAD loci, 

allowing a maximum of two nucleotide mismatches for primary reads (M=2), a minimum stack depth 

of six (m=6), a maximum of three nucleotide mismatches when aligning secondary reads (N=3), and a 

maximum number of one nucleotide difference when building the catalogue (n=1). The rxstacks 

module was used for genotype correction and haplotype pruning using an upper bound of 0.05 for the 

genotype error rate and a significance threshold of 5%, an overall log-likelihood cut-off of -10 and by 

removing loci that were confounded in more than 25% of individuals and showed excess of haplotypes 

within individuals. The populations module was used for extracting and filtering genotypes. A 

genotype was retained in the population genomic dataset if it fulfilled the following criteria: (i) it was 

present in at least 75% of individuals within a population (subspecies) in at least two out the three 

subspecies, (ii) global minor allele frequency (MAF) of ≥ 0.05 (iii) an observed heterozygosity of < 

0.50, and (iv) a minimum coverage of 6x. Furthermore, only one SNP per locus was retained for 

analyses to reduce the impact of linkage. The filtering criteria for the demographic modelling differed 

slightly from the described filtering in that no MAF filter was applied in order to retain informative 

low frequency SNPs and a genotype had to be present in 90% of individuals within a dataset to reduce 

the impact of missing data on the calculation of site frequency spectrum (see below).  

 

Demographic modelling. 

To investigate the evolutionary history of divergence and introgression of European whitefish in Lake 

Constance, we tested seven different demographic models using two different SNP datasets. First, we 

used a dataset including all SNPs in the dataset (N=22,196 SNPs) and second we used a dataset 

without loci showing signs of differentiation or selection (N=22,100 SNPs).  

 We tested seven different models (Supplementary Fig. 4) describing different combinations of 

gene flow and introgression based on the same species relationship: strict isolation (SI), (SCint) 

secondary contact and introgression; (SC_IM_int) secondary contact and introgression after isolation-

with-migration of weissfelchen (WF) and gangfisch (GF) and introgression; (SCchange_int) ancient 

secondary contact without introgression and isolation with migration followed by introgression; (IM) 

isolation-with-migration; (IMint) isolation-with-migration and introgression; (IM_SC_int) IM with 

secondary contact between WF and GF and introgression. The SI model describes the divergence 

between species without gene flow, whereas IM describes the divergence under ongoing gene flow. 
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Furthermore, we tested an IM model that included a strong admixture event (IMint) from weissfelchen 

(WF) and blaufelchen (BF) into gangfisch (GF). We also tested a variation of this model that did not 

include gene flow between WF and GF after divergence before admixture (IM_SC_int). Additionally, 

we tested three different models describing a secondary contact scenario. First, we tested a model in 

which all species diverged without gene flow and a came into secondary under admixture, at which 

point gene flow started (SCint). Second, The SC_IM_int model is a variation of this model under 

which WF and GF diverged under gene flow. Lastly, the SCchange_int model is a variation of SCint 

model, at which BF and the ancestor of GF and WF diverged without gene flow, but gene flow started 

before the split of GF and WF. Again, this model also included an admixture event from WF and BF 

into GF. All models inferred bi-directional rates of gene flow, as the direction of gene flow cannot be 

inferred using folded site-frequency spectra.  

 

Genome-wide association analyses. 

Genotypes were imputed using a random forest approach implemented in the radiator R-package (150 

trees). To test the genotype imputation accuracy, we calculated Spearman correlations between allele 

frequencies before and after imputation using the cor.test function in R.  

The BSLMM analysis was performed using the following settings: 10 independent BSLMM 

chains for 25 million steps with a burn-in of 5 million steps, recording of parameters every 100 steps 

and writing of results every 10,000 steps. We calculated means and 95% credible intervals [95% CIs] 

for all hyperparameters in R. We averaged PIP (posterior inclusion probability) across all runs and 

used a cut-off of PIP > 0.1 to identify SNPs with significant effect on gill raker number (GRN) or 

body shape29,30.  

   

Transcriptomic analyses.  

Total RNA was extracted from ~30g of white muscle tissue from 27 individuals (three per depth, per 

site), using PureLink RNA Mini kits (Life Technologies, Carlsbad, CA). Extractions were carried out 

following the manufacturer’s instructions, with the exception of an additional homogenisation step 

using a FastPrep-24 (MP Biomedicals) prior to isolation83. RNA was quantified using the HS Assay 

kit for the Qubit 2.0 fluorometer (Life Technologies, Carlsbad, CA) and quality was assessed with a 

2200 Tapestation (Agilent, Santa Clara, CA). High quality RNA was achieved, with A260/280 ratios 

between 1.9 and 2.1 and RNA Integrity Numbers above 8.4. 

Raw reads were processed prior to alignment. Adapter sequences were removed with Scythe 

v0.9944 BETA (https://github.com/vsbuffalo/scythe/)84, and low quality reads were trimmed with 

Trimmomatic v0.3674. Leading and trailing bases with a Phred quality score <20 were removed and 4 

bp sliding window approach was used to trim reads where the average Phred score fell below 20. 

Minimum read length was set to 50 bp. Processing removed a4% of the total reads, resulting in a final 

set of ~790 million cleaned reads.  

https://github.com/vsbuffalo/scythe/)
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We used the R-package variancePartition v3.679 to identify genes associated with trophic 

modality (i.e. GRN and body shape) and pre-filter the gene expression dataset to remove background 

signals. VariancePartition uses a linear mixed model approach to calculate the percentage of 

expression variation explained by multiple traits of interest (site, depth, sex, GRN, and body shape), 

with all remaining expression variation not attributable to the specified traits termed residual variation. 

Batch effects were removed using an initial LMM, with ‘batch’ as a ‘random’ effect, as per the 

varianceParition pipeline79. The residuals from the initial model then formed the response for a 

second LMM, with site, depth, sex, GRN, and body shape PC2 as explanatory variables. Categorical 

variables (site, depth and sex) were set as random effects and continuous variables (GRN, body shape 

PC2) as fixed effects.  

 A Weighted Gene Co-expression Network Analysis (WGCNA) approach was used to conduct 

a meta-analysis of gene expression divergence between gangfisch inhabiting different trophic niches 

within Lake Constance. A single gene co-expression network was constructed for all 27 samples, from 

the log2 scaled count data, using the WGCNA R package81 following the standard procedure. Briefly, 

WGCNA generated pair-wise Pearson’s correlations for all genes, and for all samples, which acts as a 

measure of gene co-expression. Gene co-expression measures were then raised to a chosen power 

(β=9); soft-thresholding power was chosen based on the biologically motivated criterion of scale free 

topology (Supplementary Fig. 7d;80), selecting the lowest integers above the model fit of R2=0.9. Next 

the topological overlap matrix (TOM) was calculated from the adjacency matrix to measure network 

interconnectedness (the strength of a co-expression relationship between any two genes with respect to 

all other genes in the network)85. Genes with highly similar co-expression relationships were clustered 

using average linkage hierarchical clustering of the topological overlap dissimilarity measure (1-

TOM). Finally, network modules were defined using the dynamic treecut algorithm, with a minimum 

module size of 30 genes and a cut height of 0.992. The module eigengene distance threshold was set to 

0.25 to merge highly similar modules.  
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B. Supplementary results. 

 

Heterogeneity across sampling sites. 

While patterns of phenotypic divergence along the depth gradient were largely consistent across all 

three sites, we found that individuals from the sampling site Immenstaad consistently showed less 

divergence along the depth gradient compared to individuals from either Bodman or Egg and also 

differed in body shape compared to the other two sampling locations (Supplementary Fig. 2; BS-PC1: 

53.4% of total variation). Furthermore, individuals from Immenstaad showed a lower degree of 

divergence in gill raker number across spawning depths (Fig. 1b). These patterns may partially be 

explained by the difference in environmental pressures experienced at Immenstaad, such as increased 

wind and wave exposure86, compared to both Bodman and Egg. Additionally, it was found that spatio-

temporal differences in zooplankton population dynamics exist between different parts of Lake 

Constance16, namely differences between the Überlingersee (where Bodman and Egg are situated) and 

the main body of the upper lake (where Immenstaad is situated). Differences in the availability and 

abundance of pelagic food resources at different locations within the lake may influence the extent of 

phenotypic divergence between gangfisch inhabiting different parts of the lake, by altering the 

selection pressures associated within resource acquisition. Differences in body shape in individuals 

from Immenstaad may be a plastic response due to the different environmental pressures in that part of 

the lake, as no consistent genetic differences were observed between this and the other sites 

(Supplementary Fig. 6e). The lower degree of phenotypic divergence along the depth gradient in some 

traits could be potentially explained by the lower degree of genetic admixture in gangfisch from 

Immenstaad (Supplementary Fig. 4a,b). However, the heterogeneity in the extent of divergence across 

sampling sites did not affect the overall contemporary phenotypic diversity observed in gangfisch, and 

overall there was consistent divergence across depths and sites for a range of traits. 
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Supplementary Figure 1 | Summary of sampling sites and datasets. a, Map of central Europe 

showing the location of Lake Constance. b, A close-up view of Lake Constance showing the location 

of sampling sites for gangfisch (red circles) and blaufelchen (blue circle) within Upper Lake 

Constance, and weissfelchen (grey circle) within Lower Lake Constance. Gangfisch from all three 

sites (Bodman, Egg and Immenstaad) were sampled at three different spawning depths; shallow: 2m, 

intermediate/steep slope: 25m, and deep/bottom or gentle slope: 50m.   
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Supplementary Figure 2 | Phenotypic variation across spawning depths. a, Positions of landmarks 

used for geometric morphometric analysis. Red dots = standing landmarks, grey dots = sliding semi-

landmarks, orange dots = ‘helper’ landmarks used for bending correction (not included in shape 

analyses). Landmark descriptions: 1) tip of the snout, 2) end of the maxilla, 3 - 6) most posterior, 

anterior, ventral and dorsal parts of the eye, 7) edge of cranium directly above the eye, 8) posterior 

edge of the cranium, 9) fusion point of pre-operculum and operculum, 10) ventral end of operculum, 

11) posterior end of pre-operculum, 12) posterior end of operculum, 13) anterior base of the dorsal fin, 

14) anterior base of the adipose fin, 15) anterior edge of the most dorsal caudal fin spine, 16) posterior 

end of lateral line, 17) anterior end of the most ventral caudal fin spine, 18) anterior base of the anal 

fin, 19) dorsal insertion point of pectoral fin, 20) posterior tip of pectoral fin, 21 - 32) ventral curve of 

body shape, 33 - 36) curve of anterior head shape, 37) point on lateral line below anterior base of 

dorsal fin, 38) point on lateral line below anterior end of adipose fin. b, Canonical variate analysis 

(CVA) showing variation in body shape between gangfisch caught at three different spawning depths 

(shallow in orange, intermediate in yellow and deep in blue) from Bodman (circles), Egg (triangles) 

and Immenstaad (squares) (N=270, 30 per depth, per site), and the extant benthic ecotype, 

weissfelchen (light grey diamonds, N=20) and extant pelagic ecotype, blaufelchen (dark grey 

diamonds, N=20). The top figure in b represents shape change along CV1 on the x-axis and CV2 on 

the y-axis (explaining 40.6% and 38.4% of the total variation, respectively), and the bottom figure in b 

represents shape change along CV1 on the x-axis and CV3 on the y-axis (explaining 40.6% and 12.7% 

of the total variation, respectively). Wireframes depict body shape at outer most point of each axis. c, 

Principal component analysis (PCA) showing variation in body shape in gangfisch (N=270, 30 per 

depth, per site). Gangfisch caught at shallow spawning depths are shown in orange, intermediate in 

yellow and deep in blue, for all the three sites (Bodman, Egg and Immenstaad). Data are shown as 
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mean (± SEM) for each of the nine sampling locations; the top figure in c shows shape variation along 

the first principal component (PC1), explaining 53.4% of the total variation, and the bottom figure in c 

shows shape variation along the second principal component (PC2), explaining 8.1% of the total 

variation. Wireframes depict body shape at outer most point of each axis. d, Variation of eco-

morphological traits across samplings sites, depths and subspecies for standard length (cm), weight (g) 

and Fulton’s condition factor (K) and SL-corrected gill raker length (GR/SL). e, Age distribution of 

gangfisch caught at different sites and spawning depths (shallow in orange, intermediate in yellow, 

and deep in blue; N=270).  
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Supplementary Figure 3 | Testing for correlations of gill raker number with ecological variables 

and morphological traits. Of the additional morphological traits analysed, gill raker length (corrected 

for body length: GR/SL; a; N=269), body shape PC1 (b; N=268) and standard length (d, N=269) were 

significantly correlated with gill raker number (GRN). c, body shape PC3 was not significantly 

correlated with gill raker number. d, The nitrogen stable isotope signature was not correlated with the 

number of gill rakers (N=122) in gangfisch. e, Furthermore, the total length of individuals at age one, 

two and three (N=260), which was back-calculated from scales, was only correlated with gill raker 

number at age three, indicating an increase in growth in gangfisch with lower gill raker numbers at 

this age. R2-values and p-values from individual linear models are given within each plot. R2-values 

and p-values for the correlation of gill raker number and total length at age one and two are: One: R2= 

0.0114, p= 0.055; Two: R2= 0.0022, p= 0.210.  
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Supplementary Figure 4 | Population structure of whitefish in lake Constance. a,b, Genetic 

ancestry of gangfisch by site and spawning depth, weissfelchen (WF) and blaufelchen (BF), 

highlighting the different proportions of genetic ancestry by depth and site, based on the full SNP 

dataset (a) and a ‘neutral’ SNP dataset without differentiated or phenotype-associated SNPs (b). c, 

Linear discriminant plots showing the first three axes of genetic variation, with individuals clustered 

by depth and site, showing the intermediate placement of gangfisch in between blaufelchen and 

weissfelchen. d, Principal component plots for PC1 to PC3 showing the mean ± SEM for individuals 

by sampling site and spawning depth, demonstrating a similar populations structure as in c but without 

prior groupings e, Demographic models compared in fastsimcoal2: (SI) Strict isolation; (SCint) 

secondary contact and introgression; (SC_IM_int) secondary contact and introgression after isolation-

with-migration of weissfelchen (WF) and gangfisch (GF) and introgression; (SCchange_int) ancient 

secondary contact without introgression and isolation with migration followed by introgression; (IM) 

isolation-with-migration; (IMint) isolation-with-migration and introgression; (IM_SC_int) IM with 

secondary contact between WF and GF and introgression. Results of model selection (natural 

logarithm of the maximum estimated likelihood (LnL) and the AIC) based on the full SNP dataset are 

given above each model.  
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Supplementary Figure 5 | Genotype-phenotype association. a, Association of alleles at candidate 

loci with different gill raker numbers in gangfisch. Individuals homozygous for opposite alleles (PP – 

homozygous pelagic allele; BB – Homozygous benthic allele) are on opposite ends of the gill raker 

spectrum, while heterozygous individuals are intermediate. ANOVA results for testing differences in 

gill raker numbers for each locus are shown above each plot. Candidate loci were determined based on 

genome-wide association with gill raker number. b, Signals of selection (as detected using pcadapt [-

log10(q-value)]) and association with gill raker number determined using LFMM and BSLMM in 

GEMMA. Effect sizes of loci are given by circle sizes (see legend) and the standardised Fst (ZFst) 

between benthic and pelagic gangfisch (determined by genetic ancestry) are given by point colour (see 

legend). Significance thresholds for the different approaches are displayed by dashed lines. c, Signals 

of selection and association with body shape (PC2) for all loci.  
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Supplementary Figure 6 | Selection and genome scan results. a, Loci that were detected to be under 

selection (pcadapt) were also strongly differentiated between benthic and pelagic gangfisch 

(highlighted in red). b-d, Genome scan between benthic and pelagic gangfisch (pure genetic ancestry). 

b, Relationship between standardised Fst (ZFst) and delta nucleotide diversity (∆π). ∆π shows the 

difference in nucleotide diversity between benthic and pelagic gangfisch, with negative ∆π meaning 

that nucleotide diversity is reduced at a particular locus in benthic gangfisch and vice versa. Loci 

showing increased differentiation also show mostly reduced diversity in the trophic specialists, 

consistent with recent selective sweeps. c, Patterns of nucleotide diversity are highly correlated 

between benthic and pelagic gangfisch, with most outlier loci (highlighted in red) showing reduced 

diversity in pelagic gangfisch. d, Genome-wide distribution of Fst values, showing a subtle skew in 

the distribution. Overall, these results suggest that parts of the genome are differentiated due to 
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positive selection, mostly acting in pelagic individuals. e, Pairwise genetic differentiation between 

species (weissfelchen – WF; blaufelchen – BF) and gangfisch from different sites and depth (Bod – 

Bodman, Egg, Imm – Immenstaad), with spawning depths given by numbers behind site name.  

Significant Fst values (P < 0.05) are highlighted with an asterisk and comparisons between depths 

within sites are highlighted by black boxes. f, Shared and unique outlier loci between the ‘gangfisch 

benthic vs pelagic genome scan’ and ‘blaufelchen vs weissfelchen genome scan’. 20 of 165 outlier loci 

between pure genetic gangfisch clusters (benthic vs. pelagic) were also differentiated between 

weissfelchen and blaufelchen, suggesting shared selection pressures between the different species or 

differential sorting of shared polymorphisms within gangfisch. Unique outlier loci indicate unique 

responses to selection in the different comparisons.  
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Supplementary Figure 7 | Gene expression variation in gangfisch. a, Transcriptional profiles of 

gangfisch collected from all three sampling sites (Bodman represented as circles, Egg as triangles and 

Immenstaad as squares), and spawning depths in Lake Constance. Gangfisch are coloured by 

spawning depth individuals were caught at (shallow in orange, intermediate in yellow, and deep in 

blue). Each point represents an individual (N=27, three per depth, per site), and the centroids for each 

depth group are plotted and labelled accordingly. Analysis was based on the subset of 31,872 genes 

with >20 read counts across all samples. b, Violin plots of percent expression variation explained by 

each trait specified in the LMM (site, depth, sex, gill raker number and body shape (PC2)) and the 
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residual variation. Gill raker number explained the greatest proportion of the overall gene expression 

variation with an average of 5.7%, followed by body shape (2.9%), with only negligible amounts of 

variation explained by site (1.3%), depth (1.8) and sex (0.7%). The majority of gene expression 

variation was attributed to residual factors (86.9%), as expected given high levels of individual 

variation and background differences present within natural environments, as well as the dynamic 

nature of gene expression (Ranz & Machado 2006; Gibson 2008). c, Distribution of expression 

variation explained by gill raker number (left) and body shape (right). The 90th percentile cut-off of 

expression variation for both traits are given in the corresponding figures. d, Choice of soft power for 

scale free network construction. The soft power was chosen according to the biologically motivated 

scale free topology criterion (Zhang and Horvath 2005): selecting the lowest integer above the model 

fit R2=0.9. e, Association of module eigengene expressions with gill raker number (GRN) for the 

remaining four significant modules (N=27). See also Fig. 5b-c in the main text. R2-values for 

significant module-trait relationships are given in the figures. f, Association of module eigengene 

expressions with body shape (BS-PC2) for the remaining four significant modules (N=27). See also 

Fig. 5b,d in the main text. R2-values for significant module-trait relationships are given in the figures. 
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Supplementary Table 1 | Information on extinct and extant species of whitefish in Upper Lake 
Constance. 
Subspecies Niche Historical 

GRN (mean) 
196714,15 

Contemp. 
GRN (mean) 
2010/201415 

Spawning 
Time 

Spawning Location 

Kilch (C. 
gutturosus) * 

Deep water, benthic 
feeder 

17-25 (21) No record July - 
November 

Deep water, >70m14 

Sandfelchen (C. 
arenicolus) ** 

Shallow water, 
benthic feeder 

25-29 (-) No record Late 
January 

Near shoreline in 
very shallow water14 

Gangfisch (C. 
macrophthalmus) 

Pelagic, near shore, 
mostly zooplankton 

33-43 (38) 24-44 (35) † December 
– January 

Near the shore, close 
to the ground14 

Blaufelchen (C. 
wartmanni) 

Pelagic, open water, 
planktivore 

30-40 (36) 31–36 (33) Beginning 
of 
December 

Middle of lake above 
deep water, 2-20m14 

Note: * Extinct or **very rare benthic species, †This study.  
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Supplementary Table 2 | Sampling sites, depths and sample sizes for different datasets.  

Note: N (phen) gives the number of samples used for the phenotype analysis. N (gen) gives the number of 
samples that were genotypes using ddRADseq. N (GEx) gives the number of samples used for RNAseq.  

Species 
Sampling 

site 

Spawning 

depth 
Lat. (N) 

Lon. 

(E) 
Year 

N 

(phen) 

N 

(gen) 

N 

(GEx) 

Gangfisch 

Bodman 2m 47°49’ 09°02’ 2014 30 17 3 

Bodman 25m   2014 30 16 3 

Bodman 50m   2014 30 17 3 

Egg 2m 47°41’ 09°11' 2014 30 19 3 

Egg 25m   2014 30 18 3 

Egg 50m   2014 30 16 3 

Immenstaad 2m 47°39’ 09°22' 2014 30 17 3 

Immenstaad 25m   2014 30 16 3 

Immenstaad 50m   2014 30 18 3 

Blaufelchen Romanshorn <100m 47°59’ 09°43’ 2015 20 8 - 

Weissfelchen Untersee 10m 47°71’ 09°02’ 2015 20 9 - 
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Supplementary Table 3 | Inferred parameters (mean and 95% CI) of the most likely 

demographic model for the full SNP dataset. 

Parameter mean 2.5% CI 97.5% CI 

Ancestral (Ne) 22452 14362 30814 

BF (Ne) 2028 1768 2293 

GF (Ne) 10968 9632 12189 

WF (Ne) 1674 1491 1847 

Adm (BF-GF) 0.78 0.64 0.90 

Adm (WF - GF) 0.45 0.19 0.72 

mig (BF-WF/GF) 1.18E-03 4.84E-04 2.29E-03 

mig(BF-GF) 7.84E-03 6.63E-03 9.15E-03 

mig(GF-WF) 7.71E-03 6.85E-03 8.73E-03 

mig(BF-WF) 1.59E-05 3.35E-07 4.06E-05 

Tint 139 83 207 

Tdiv1 177 142 226 

Tdiv2 6150 4275 8521 

Note: Means and 95%-CI are given for each inferred model parameter. Ne – effective population size of 
ancestral population, blaufelchen (BF), gangfisch (GF) and weissfelchen (WF). Admixture proportion (Adm) 
from BF into GF and WF into GF. Bi-directional migration rates (mig) from BF into ancestral population of GF 
and WF, and all possible combinations. Tint – Timing of introgression from WF and BF into GF. Tdiv1 – 
Divergence time between GF and WF. Tdiv2 – Divergence time between BF and the common ancestor of GF 
and WF.  
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Supplementary Table 4 | Model selection and inferred mean parameter values of the most likely 

demographic model (Isolation-with-migration) for the filtered SNP dataset. 

a. 

Model ln lhood N 

parameters 

AIC dAIC 

IM -131189.44 10 262398.881 0 

SCchange_int -131188.19 14 262404.38 5.49939259 

IMint -131190.84 13 262407.671 8.79073313 

IM_SC_int -131190.59 16 262413.188 14.3071903 

SC_IM_int -131195.24 12 262414.476 15.5958185 

SC_int -131197.44 12 262418.884 20.0029664 

SI -131256.41 6 262524.813 125.932165 

Note: IM – Isolation-with-migration; Int – Introgression; IMint – IM with introgression, IM_SC_int – IM with 
secondary contact between weissfelchen (WF) and gangfisch (GF) and introgression; SC_IM_int – secondary 
contact and introgression after isolation-with-migration of weissfelchen (WF) and gangfisch (GF) and 
introgression; SC_int – secondary contact and introgression; SI – strict isolation. Illustrations of all tested 
models can be found in Supplementary Fig. 4e.  
 

b. 

Parameter mean 

Ancestral (Ne) 62275 

BF (Ne) 3089 

GF (Ne) 155884 

WF (Ne) 3713 

mig (BF-WF/GF) 2.83E-04 

mig(BF-GF) 1.43E-02 

mig(GF-WF) 8.62E-03 

mig(BF-WF) 2.43E-06 

TDiv(GF-WF) 142 

TDIV(BF-

WF/GF) 
6976 

Note: Means are given for each inferred model parameter. Ne – effective population size of ancestral 
population, blaufelchen (BF), gangfisch (GF) and weissfelchen (WF). Admixture proportion (Adm) from BF into 
GF and WF into GF. Bi-directional migration rates (mig) from BF into ancestral population of GF and WF, and 
all possible combinations. 
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Supplementary Table 5 | Parameters describing the genetic architecture underlying variation in 

gill raker number and body shape.   

Trait h 

(95%-CI) 

PVE 

(95%-CI) 

PGE 

(95%-CI) 

n_gamma 

(95%-CI) 

GRN 0.99915 

(0.9966-1.0) 

0.99913 

(0.9969-1.0) 

0.97176 

(0.9174-0.9995) 

91 

(68-117) 

BS-PC2 0.8688 

(0.4205-0.9999) 

0.8636 

(0.4216-0.9998) 

0.2296 

(0.0-0.8247) 

47 

(0-264) 

Note: Parameters describing the genetic architecture underlying variation in gill raker number (GRN) and body 
shape PC2 (BS-PC2) were estimated using the BSLMM model implemented in GEMMA using a set of 13,589 
SNPs (N=152). PVE – proportion of phenotypic variance explained by genotype; PGE – proportion of genetic 
variance explained by sparse (major) effects; n_gamma – the expected number of sparse (major) effect loci; h – 
approximate parameter used for the prior specification of the expected PVE. 
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Supplementary Table 6 | Summary statistics for loci associated with gill raker number and body 

shape.  

Trait SNP p_wald PIP LFMM pcadapt Fst ZFst π (bn) π (pl) 

GRN 

39045 1.46E-06 0.449 2.13E-04 no 0.221 4.037 0.503 0.250 

56834 4.55E-05 0.148 2.25E-05 yes 0.398 7.685 0.350 0.397 

77679 7.09E-05 0.073 2.13E-04 yes 0.624 12.36 0.391 0.196 

7642 8.39E-05 0.162 8.03E-05 no 0.228 4.194 0.160 0.497 

85946 3.16E-04 0.121 4.45E-03 no 0.207 3.751 0.509 0.294 

46306 3.45E-04 0.109 3.43E-04 no 0.083 1.205 0.475 0.484 

BS 
76778 5.25E-07 0.406 1.51E-01 no 0.0 -0.50 0.246 0.175 

59884 1.98E-05 0.037 1.18E-01 no 0.011 -0.28 0.068 0.167 

Note: Summary statistics for all six loci associated with gill raker number, determined using a LMM (p_wald) 
and BSLMM (PIP) in GEMMA, and LFMM (q-value). Summary statistics for both loci associated with body 
shape (PC2) using a LMM (p_wald) and BSLMM (PIP) in GEMMA. Locus 56834 was also associated with body 
shape using LFMM (q-value). The remaining SNPs only associated with body shape and gill raker number in the 
LFMM analysis are not shown. Strength of association with body shape and GRN in the LFMM are shown in 
Figure 5c. Pcadapt indicates if a locus was found to be differentiate along PC1 in the pcadapt analysis. ZFst is 
the standardised Fst (Weir and Cockerham), π the nucleotide diversity of benthic (bn) and pelagic (pl) 
gangfisch. 
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Supplementary Table 7 | Summary of significantly over-represented pathways identified for the 

nine modules in the WGCNA generated network that were significantly correlated with one or 

more of the measured traits (site, depth, genetic ancestry coefficient (GAC), gill raker number 

(GRN) and body shape (BS-PC2)). No significantly enriched pathways were identified for gene 

set comprising the black module. All P-values are Bonferroni corrected (FDR < 0.05). Asterisks 

indicate PANTHER pathways that were also associated with candidate loci (see Supplementary 

Table 8). 

 

WGCNA 
Module 

Significantly 
associated 
trait 

Ecotype 
associated 
with 

PANTHER Pathway Pathway ID P-value  
(FDR < 
0.05) 

Red GRN Pelagic General transcription by RNA 
polymerase I 

P00022 3.28E-02 

Red GRN Pelagic Heme biosynthesis P02746 4.43E-02 
Yellow GRN Pelagic Cysteine biosynthesis P02737 3.40E-02 
Yellow GRN Pelagic 5HT3 type receptor mediated 

signaling pathway 
P04375 3.18E-02 

Yellow GRN Pelagic 5HT4 type receptor mediated 
signaling pathway 

P04376 1.87E-02 

Yellow GRN Pelagic B cell activation* P00010 3.71E-03 
Yellow GRN Pelagic T cell activation* P00053 6.92E-03 
Yellow GRN Pelagic Apoptosis signaling pathway P00006 3.16E-02 
Yellow GRN Pelagic CCKR signaling map* P06959 9.56E-03 
Brown GAC, GRN Pelagic Integrin signalling pathway* P00034 4.12E-03 
MidnightBlue GRN Pelagic Metabotropic glutamate receptor 

group I pathway 
P00041 4.56E-02 

MidnightBlue GRN Pelagic Histamine H1 receptor mediated 
signaling pathway 

P04385 5.41E-03 

MidnightBlue GRN Pelagic Thyrotropin-releasing hormone 
receptor signaling pathway 

P04394 7.43E-03 

MidnightBlue GRN Pelagic Oxytocin receptor mediated 
signaling pathway* 

P04391 7.43E-03 

MidnightBlue GRN Pelagic 5HT2 type receptor mediated 
signaling pathway 

P04374 8.78E-03 

MidnightBlue GRN Pelagic Endothelin signaling pathway* P00019 2.74E-02 
MidnightBlue GRN Pelagic Apoptosis signaling pathway P00006 4.43E-02 
Turquoise GRN Benthic Gonadotropin-releasing hormone 

receptor pathway* 
P06664 1.25E-04 

Turquoise GRN Benthic TGF-beta signaling pathway* P00052 1.10E-02 
Turquoise GRN Benthic SCW signaling pathway P06216 1.46E-02 
Turquoise GRN Benthic GBB signaling pathway P06214 1.46E-02 
Turquoise GRN Benthic DPP-SCW signaling pathway P06212 1.46E-02 
Tan BS-PC2 Benthic MYO signaling pathway P06215 8.98E-03 
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Tan BS-PC2 Benthic ALP23B signaling pathway P06209 1.79E-02 
Tan BS-PC2 Benthic Activin beta signaling pathway P06210 2.67E-02 
Tan BS-PC2 Benthic SCW signaling pathway P06216 3.54E-02 
Tan BS-PC2 Benthic GBB signaling pathway P06214 3.54E-02 
Tan BS-PC2 Benthic DPP-SCW signaling pathway P06212 3.54E-02 
Tan BS-PC2 Benthic DPP signaling pathway P06213 4.41E-02 
Tan BS-PC2 Benthic BMP/activin signaling pathway P06211 4.41E-02 
Tan BS-PC2 Benthic Coenzyme A biosynthesis P02736 4.41E-02 
Tan BS-PC2 Benthic Cholesterol biosynthesis P00014 5.41E-03 
Tan BS-PC2 Benthic FAS signaling pathway P00020 3.04E-02 
LightCyan BS-PC2 Benthic T cell activation* P00053 3.07E-02 
LightCyan BS-PC2 Benthic Angiogenesis P00005 2.96E-03 
LightCyan BS-PC2 Benthic Integrin signalling pathway* P00034 4.37E-03 
Blue GAC, BS-

PC2 
Benthic P53 pathway feedback loops 1 P04392 4.18E-02 

Blue GAC, BS-
PC2 

Benthic General transcription regulation P00023 3.40E-02 

Blue GAC, BS-
PC2 

Benthic EGF receptor signaling pathway* P00018 2.24E-02 
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Supplementary Table 8 | Functional pathways (PANTHER) associated with candidate genes. 

None of the pathways were significantly enriched.  

PANTHER pathways associated with candidate loci N.genes p-value 
Gonadotropin-releasing hormone receptor pathway 4 0.17 
Heterotrimeric G-protein signaling pathway-Gi alpha and Gs alpha mediated pathway 4 0.06 
PDGF signaling pathway 4 0.05 
Wnt signaling pathway 4 0.37 
Alzheimer disease-amyloid secretase pathway 3 0.03 
Cadherin signaling pathway 3 0.18 
Heterotrimeric G-protein signaling pathway-Gq alpha and Go alpha mediated pathway 3 0.11 
Inflammation mediated by chemokine and cytokine signaling pathway 3 0.50 
Nicotinic acetylcholine receptor signaling pathway 3 0.07 
EGF receptor signaling pathway 2 0.36 
FGF signaling pathway 2 0.31 
Integrin signalling pathway 2 0.69 
Interleukin signaling pathway 2 0.20 
TGF-beta signaling pathway 2 0.22 
Alpha adrenergic receptor signaling pathway 1 0.21 
Alzheimer disease-presenilin pathway 1 1.00 
Axon guidance mediated by netrin 1 0.28 
Axon guidance mediated by Slit/Robo 1 0.21 
B cell activation 1 0.47 
CCKR signaling map 1 1.00 
De novo purine biosynthesis 1 0.25 
DNA replication 1 0.23 
Endothelin signaling pathway 1 0.54 
Formyltetrahydroformate biosynthesis 1 0.08 
Insulin/IGF pathway-protein kinase B signaling cascade 1 0.32 
Metabotropic glutamate receptor group III pathway 1 0.47 
Muscarinic acetylcholine receptor 1 and 3 signaling pathway 1 0.43 
Notch signaling pathway 1 0.32 
Oxytocin receptor mediated signaling pathway 1 0.41 
p53 pathway 1 0.56 
p53 pathway feedback loops 2 1 0.37 
PI3 kinase pathway 1 0.40 
Pyruvate metabolism 1 0.10 
Ras Pathway 1 0.49 
Salvage pyrimidine ribonucleotides 1 0.12 
T cell activation 1 0.56 
Note: candidate genes were selected based on gill raker number and/or body shape associated loci (N=117), 
detected to be under selection in PCAdapt analysis (N=19) and/or being significantly differentiated (N=171). 
Pathways were inferred using Panther. Pathways that were identified as over-represented in co-expression 
modules are in bold. N.genes – Number of genes from the respective pathway. Raw uncorrected p-value. 
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