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Abstract 13 
Estimating the complex relationship between fitness and genotype or phenotype (i.e. the adaptive 14 
landscape) is one of the central goals of evolutionary biology. Empirical fitness landscapes have now 15 
been estimated for numerous systems, from phage to proteins to finches. However, the nature of adaptive 16 
walks connecting genotypes to organismal fitness, speciation, and novel ecological niches are still poorly 17 
understood. One outstanding system for addressing these connections is a recent adaptive radiation of 18 
ecologically and morphologically distinct pupfishes (a generalist, molluscivore, and scale-eater) endemic 19 
to San Salvador Island, Bahamas. Here, we leveraged whole-genome sequencing of 139 hybrids from two 20 
independent field fitness experiments to identify the genomic basis of fitness, visualize the first genotypic 21 
fitness networks in a vertebrate system, and infer the contributions of different sources of genetic 22 
variation to the accessibility of the fitness landscape. We identified 132 SNPs that were significantly 23 
associated with fitness in field enclosures, including six associated genes that were differentially 24 
expressed between specialists, and one gene (protein-lysine methyltransferase: METTL21E) 25 
misexpressed in hybrids, suggesting a potential intrinsic genetic incompatibility. We then constructed 26 
genotypic fitness networks from adaptive alleles and show that only introgressed and de novo variants, 27 
not standing genetic variation, increased the accessibility of genotypic fitness paths from generalist to 28 
specialists. Our results suggest that adaptive introgression and de novo variants provided key connections 29 
in adaptive walks necessary for crossing fitness valleys and triggering the evolution of novelty during 30 
adaptive radiation. 31 
 32 
Significance 33 
The fitness landscape describes the complex relationship between genotype or phenotype and fitness and 34 
is the conceptual bridge between micro- and macro-evolution. There are many studies of the phenotypic 35 
fitness landscapes across a range of systems from microbes to vertebrates, but studies of the genotypic 36 
fitness landscape remain limited to microbial systems and the fitness of individual proteins. Here, we 37 
conduct the first study investigating the genotypic fitness landscape for organismal fitness in an 38 
exceptionally young vertebrate adaptive radiation including a generalist algivore, molluscivore, and 39 
scale-eating pupfish. We show that genetic variation originating from adaptive introgression and de novo 40 
mutations exert a disproportionate influence on the fitness landscape, enabling the crossing of adaptive 41 
valleys and the evolution of novelty.42 
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Introduction 

First conceptualized by Sewell Wright in 1932, the adaptive landscape describes the complex 

relationship between genotype or phenotype and fitness (1). The landscape is a concept, 

metaphor, and an empirical measurement that exerts substantial influence over all evolutionary 

dynamics (2–6). Fitness landscapes were originally depicted as high-dimensional networks 

spanning genotypic space in which each genotype is associated with fitness (1). Simpson (7) 

later described the phenotypic evolution of populations through time on a rugged landscape, in 

which isolated clusters of fitness peaks represent ‘adaptive zones’ to which populations evolve 

from adjacent regions of low fitness (8). Lande and Arnold formalized the analysis of selection 

and estimation of phenotypic fitness landscapes (9–11), leading to empirical studies of fitness 

landscapes in numerous empirical systems (12–18). Fitness surfaces also provide a central 

component of speciation models and theory (19–21). Populations may speciate through a process 

of divergent selection (22), either on static landscapes or negative frequency-dependent 

disruptive selection (23–28). 

A fundamental concept in fitness landscape theory is that not all genotypic trajectories 

are accessible (5, 29, 30); only those paths that monotonically increase in fitness at each 

mutational step are evolutionarily accessible, an expectation stemming from Fisher’s 

fundamental theorem (31). These accessible genotypic trajectories can thus be considered 

potential adaptive walks under Fisher’s geometric model (31, 32). Experimental studies of 

adaptive walks in nature are increasingly common, including the evolution of toxin resistance in 

monarch butterflies (33), metabolism and citrate exploitation in E. coli (34) (35), and host-shift 

in aphids (36).  
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Likewise, the accessibility of genotypic fitness networks has now been explored in 

numerous microbial systems, including the evolution of antibiotic resistance in E. coli (29), 

sensitivity to salinity in yeast (37), and Lenski’s long-term evolution experiment (38). However, 

such studies are still limited to the investigation of the fitness of individual proteins in microbial 

systems well suited for experimental manipulation. Perhaps the closest study to a genotypic 

fitness landscape for a wild organism is that of Nosil et al. (39) who estimated fitness landscapes 

for Timema stick insects based on a field experiment. However, this study still focused it’s 

investigation of the fitness landscape for a single gene underlying differential coloration between 

morphs. To our knowledge, no study has estimated genotypic fitness landscapes in a vertebrate 

system among multiple species as originally envisioned by Wright (1) despite the clear utility 

such a framework has in bridging micro- and macroevolutionary dynamics.  

 One promising system for estimating fitness landscapes is a recent adaptive radiation of 

Cyprinodon pupfishes (17, 18, 40, 41). This radiation is comprised of two endemic specialists, a 

molluscivore (durophage: Cyprinodon brontotheroides) and a scale-eater (lepidophage: C. 

desquamator), derived from a Caribbean-wide generalist ancestor (C. variegatus). These species 

all occur in sympatry in the hypersaline lakes of San Salvador Island, Bahamas (Fig 1A). 

Originating less than 10,000 years ago (based on geological age estimates for the lakes: (42)), the 

functional and trophic novelty harbored within this radiation is the product of exceptional rates 

of craniofacial morphological evolution (43–47). Furthermore, species boundaries appear to 

persist across multiple lake populations, despite persistent admixture among species (48, 49). We 

previously estimated fitness landscapes in these hypersaline lakes from two independent field 

experiments measuring the growth and survival of hybrids placed in field enclosures. Selection 

analyses revealed a temporally stable, multi-peaked adaptive landscape across lake populations, 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 1, 2021. ; https://doi.org/10.1101/2021.07.01.450666doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.01.450666
http://creativecommons.org/licenses/by/4.0/


Accessibility on the fitness landscape 
 

4 
 

year of study, and frequency or density manipulations (Fig. 1B: (17, 18, 41)). One of the 

strongest and most persistent trends across studies and treatments was the apparent isolation of 

hybrid phenotypes resembling the scale-eater by a large fitness valley from the other two species 

(17, 18). Hybrids resembling the generalist occupied a fitness peak and were isolated by a 

smaller fitness valley from hybrids resembling the molluscivore on a second region of high 

fitness. Understanding how an ancestral generalist population crossed these fitness valleys is key 

to understanding the origins of novelty in this system, particularly given the rare evolution of 

lepidophagy (scale-eating), a niche occupied by less than 0.3% of all fishes (50, 51).  

 
Figure 1. San Salvador Island Pupfish and their hybrids. a. From top to bottom: the generalist, 
Cyprinodon variegatus, the molluscivore C. brontotheroides, and the scale-eater C. desquamator. b. 
Representative images of experimental field enclosures. c. Principal component analysis of 1,129,771 
SNPs genotyped in hybrids and the three parental species. d. ADMIXTURE analyses for Crescent Pond 
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(top) and Little Lake (bottom). G, M and S indicate individual samples of Generalists (G), Molluscivores 
(M), and Scale-eaters (S), respectively. Colors correspond to probability of assignment to one of three 
assumed populations/species (K = 3 in this analysis).  
 

 The relative contributions of standing genetic variation, de novo mutation, and 

introgression to the tempo and mode of adaptive radiation are now of central interest to the field 

of speciation genomics (52–57). Yet to date, no study has investigated the relative influence of 

each on the accessibility of the fitness landscape, a critical determinant of the dynamics of 

speciation. San Salvador Island pupfishes, like many others (58–62), appears to have benefitted 

from a complex interplay of abundant standing genetic variation, adaptive introgression from 

neighboring islands (Fig. 1: (49, 63)), and rare de novo mutations found only in the scale-eater. 

We have now identified many adaptive alleles showing evidence of hard selective sweeps in the 

two specialists, and these come from each of the three aforementioned sources of variation (49). 

Notably, both specialists harbor numerous introgressed loci that include genes of known 

craniofacial effects, implicating a role in adaptive divergence of the specialists (49, 63). Unlike 

adaptive introgression, hard selective sweeps on de novo mutation appear to have only taken 

place in the scale-eaters. Here, we leverage whole genome sequencing of 139 hybrids used in 

these field experiments to identify the genomic basis of fitness differences, infer genotypic 

fitness networks, and quantify the influence of each source of genetic variation on the 

accessibility of novel fitness peaks. 

 

Results and Discussion 

Population structure and ancestry association with fitness 

We resequenced 139 hybrids (86 survivors, 56 deaths (Table S1)) from two independent field 

experiments across a total of six field enclosures and two lake populations (2011: two high-
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density 4m diameter enclosures for three months: Crescent Pond n = 796; Little Lake = 875; 

2014/2015; four high-density 3 m diameter enclosures: three months in Crescent Pond n = 923; 

eleven months in Little Lake = 842). We then characterized patterns of genetic variation among 

parental populations in each lake and their hybrids. Using 1,129,771 SNPs with an average 

coverage of 9.79X, we find that principal components analysis (PCA) of genetic variation 

strongly differentiated pupfishes sampled from Little Lake/Osprey Lake and Crescent Pond 

(PC1: 22.7% variance explained), as well as substantial differentiation among species within lake 

(PC2: 15.9% variance explained: Fig. 1D; Fig. S1-S2). These results are supported by 

ADMIXTURE analyses (64, 65) (Fig. 1E).  

Figure 2. The genetic basis of fitness variation and improved inference of adaptive landscapes. a) 
Per-SNP -log10 p-values from a genome-wide association test with GEMMA for composite fitness 
(survival x growth). Lake and experiment were included as covariates in the linear mixed model. SNPs 
that were significant at FDR < 0.05 are indicated in blue; red SNPs above dashed red line cross the 
threshold for Bonferroni significance at α = 0.05. First twenty-four scaffolds are sorted from largest to 
smallest and remaining scaffolds were pooled. The six genes associated with composite fitness, strongly 
differentiated (FST > 0.95) and differentially expressed between specialists (66) are annotated. b-c) Best-
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fit adaptive landscape for composite fitness using either morphology alone (b: flat surface with only 
directional selection) or morphology in combination with fitness associated SNPs (c: highly nonlinear 
surface). Best-fit model in C was a GAM including a thin plate spline for both LD axes, fixed effects of 
experiment and lake, and fixed effects of seven SNPs most strongly associated with fitness shown in red. 
c) Three-dimensional view of C with relative positions of the three parental species indicated.  

 

Neither scale-eater nor molluscivore ancestry estimated by ADMIXTURE analysis was 

significantly associated with hybrid composite fitness (Fig. S3A, Table S2: Scale-eater P = 

0.164; molluscivore P = 0.595), survival probability (Fig. S3B: Scale-eater p = 0.804; 

molluscivore P = 0.313), or growth (Fig. S3C: Scale-eater P = 0.283; molluscivore P = 0.328), 

while controlling for effects of lake and experiment. Similarly, neither PC1 nor PC2 was 

associated with composite fitness (Table S2). Furthermore, pairwise genetic distance did not 

predict pairwise morphological distance (Fig. S4). Therefore, in contrast to previous studies (67–

69), in this system genome-wide ancestry is not associated with fitness, highlighting the complex 

nonlinear relationship between genotype, phenotype, and fitness within this nascent adaptive 

radiation. We must look to local ancestry to understand fitness relationships (e.g. (70)). 

 

Genome-wide association mapping of fitness 

From our linkage-thinned dataset we used a linear mixed model in GEMMA to identify 132 

SNPs in regions that were strongly associated with composite fitness, including 13 which 

remained significant at the conservative Bonferroni threshold (Fig. 2A, Table S3: See 

supplement for results pertaining to other fitness measures [Table S4-S5; Figure S5-6]). Gene 

ontologies for these 132 fitness-associated regions were significantly enriched for synaptic 

signaling and chemical synaptic transmission (FDR rate < 0.01; Fig. S7; Table S5). Ontologies 

enriched at an FDR rate < 0.05 were related to signaling and regulation of cell communication. 

We did not identify any enrichment for ontologies related to craniofacial development which 
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have previously been identified to play a significant role in the adaptive divergence of these 

fishes (49, 63, 66, 71, 72). This suggests that fitness-associated regions in our field experiments 

capture other components of fitness in addition to the external phenotypes measured in previous 

studies. Surprisingly, our fitness associated regions did not overlap with regions showing 

significant evidence of a hard selective sweep (49). However, we did find six fitness-associated 

SNPs near genes differentially expressed between specialists in addition to one that was also 

misexpressed in F1 hybrids (66). This is particularly intriguing because misexpression in hybrids 

could indicate an intrinsic genetic incompatibility that would impact their fitness in field 

enclosures (66, 73). 

Having identified fitness-associated regions, and the genes to which they are proximate, 

we then sought to identify whether these genes have been implicated in adaptive divergence of 

the specialists. Of the identified fitness-associated genes, five have previously been shown to 

include fixed divergent SNPs between specialists (csad, glcci1, ino80c, mag, pim2), and one has 

a fixed deletion between specialists (med25) (66). med25 (Mediator Complex Subunit 25) is a 

craniofacial transcription factor associated with cleft palate in humans and zebrafish (74, 75). 

Four of the remaining genes shared across our study and McGirr et al. (66) are associated with 

growth and/or body size measurements in other fishes. For example, csad plays an important role 

in synthesizing taurine which is a rate-limiting enzyme affecting growth rate in parrotfishes (76), 

rainbow trout (77), and Japanese flounder (78). Second, glcci1, is associated with the body 

depth/length ratio in the large yellow croaker (79). Third, ino80c is associated with measures of 

body size in the Nile tilapia (80). The only gene associated with growth but not composite 

fitness, mettl21e, was also misexpressed in F1 hybrids between scale-eaters and molluscivores at 

eight days post-fertilization, and thus is a putative genetic incompatibility in this system (66). 
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Although it has not been associated with growth-related or body-size traits in fishes, it is 

associated with intramuscular fat deposition in cattle (81). Taken together, these findings support 

the interpretation that our fitness-associated SNPs are associated with unmeasured traits, 

particularly physiological growth rates, that affect fitness in our hybrid field experiments.  

 

Fitness-associated SNPs improve inference of the adaptive landscape 

We used linear discriminant axes and generalized additive modelling (GAM) to estimate 

phenotypic fitness landscapes for the sequenced hybrids on a two-dimensional morphospace 

indicating similarity to each of the three parental populations following previous studies (17, 18). 

We then tested whether the inclusion of the 13 genomic regions most strongly associated with 

fitness (red: Fig. 2A) in GAM models improved our inference of the underlying adaptive 

landscape. Models with fitness-associated SNPs were invariably favored over models with 

external morphology alone (ΔAICc > 8.6: Tables S8-S9). Morphology-only models predicted a 

flat linear landscape (Fig. 2B, Fig. S10); whereas including fitness-associated SNPs resulted in 

inferences of increased curvature and complexity of the fitness surface, despite our limited 

dataset of 139 hybrids relative to sample sizes in previous studies around 800 hybrids per 

enclosure.  

To reduce complexity of the full model estimated from 31 morphological traits including 

all 13 fitness associated SNPs, we fit an additional model including only the seven SNPs that 

were significant in this model. This reduced model was the best-fit adaptive landscape, and was 

complex and characterized by a fitness peak near hybrids resembling generalist phenotypes 

separated by a small fitness valley from a second region of high fitness for molluscivore hybrid 

phenotypes. Scale-eater hybrid phenotypes again corresponded to a large fitness valley (Fig. 2B-
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C: For results pertaining to growth or survival see Supplemental Materials – Fig. S10, Table 

S10-12). Compared to previous studies, the highest fitness optimum was shifted from 

molluscivore phenotypes to generalists. This suggests that fitness-associated SNPs increased the 

fitness of hybrids resembling generalists beyond expectations based on their morphology alone, 

consistent with the hypothesis that fitness-associated SNPs are associated with unmeasured traits 

affecting fitness. Indeed, visualization of genotypes on the fitness landscape support this 

interpretation: A common genotype (SNP haplotype of the seven fitness-associated SNPs) 

associated with high fitness was most frequent in hybrids resembling generalists and rare in 

hybrids resembling specialists (Fig. S11). 

 

Trophic novelty is associated with isolation on the genotypic fitness landscape 

We reconstructed genotypic fitness networks from 1,498 adaptive alleles previously identified in 

this system (e.g. Fig. 3). These were regions displaying significant evidence of hard selective 

sweep in both site frequency spectrum and LD-based methods, SweeD (82) and OmegaPlus (83), 

which contained fixed or nearly fixed SNPs (Fst > 0.95) differentiating trophic specialists across 

lakes (49). These fitness networks depict both hybrids and parental species in genotypic space, 

with nodes representing SNP haplotypes and edges connecting mutational neighbors (Fig. 3B). 

Genotype space is immense; using SNPs coded as homozygous reference, heterozygote, or 

homozygous alternate, the number of potential haplotypes is equal to 3# ���� �� �	
���. Thus, 

unlike experimental studies of individual proteins in E. coli (29, 38) or yeast (37), it is not 

possible for us to investigate the full breadth of genotypic space.  
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Figure 3. Genotypic fitness networks connecting San Salvador Island pupfishes. a) The majority of 
nearly fixed or fixed variants (FST > 0.95) experiencing hard selective sweeps (hereafter ‘adaptive alleles’) 
originated as standing genetic variation (SGV: Molluscivores = 96%, Scale-eaters = 92%), followed by 
introgression (Molluscivores = 4%, Scale-eaters = 6%), and lastly de novo mutation (Scale-eaters = 
2%)(49). Pie charts shows adaptive alleles retained in our study for each species. b) Diagram illustrating 
genotypic fitness networks and adaptive walks in a pair of species for two SNPs concatenated into 
haplotypes. Species A and B are separated by four mutational steps. Dashed lines are inaccessible as they 
result in a decrease in fitness; this leaves a single possible accessible evolutionary trajectory between 
species A and B (indicated by bold arrows). Each node is associated with an empirical measure of hybrid 
fitness. Edges are always drawn as directed, from low to high fitness. a) The same network as in B, with 
fitness plotted on the Y-axis and number of mutational steps from species A to B on the X-axis. Dashed 
lines are inaccessible (decreasing in fitness), solid lines are accessible (increasing in fitness), and the only 
accessible path between species A and B is indicated by solid arrows. d) Genotypic network constructed 
using a random sample of ten SNPs, sampled from all SNPs shown in a. Each edge between nodes is up 
to five mutational steps away; edge width is proportional to mutational distance: wider edges connect 
closer haplotypes. Node size (for hybrids) is scaled proportional to mean composite fitness; larger circles 
correspond to fitter haplotypes.  
 

Instead, to understand the distribution of parental species and their hybrids in genotypic 

space, we began by using a random sample of ten SNPs drawn from our set of candidate adaptive 

alleles in this system. Here, we plotted edges between nodes up to five mutational steps away 

and found that generalists and molluscivores are closer in the genotypic fitness network than 

either is to scale-eaters (Fig 4A), as expected based on their genetic distance. Most scale-eaters 
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appear quite isolated in genotypic space, separated from the generalist cluster of nodes by 12.6 ± 

0.091 (mean +/- SE: P < 0.001) mutational steps and from molluscivores by 16.3 ± 0.060 steps 

(P < 0.001). In contrast, molluscivores were separated from generalists by 5.37 ± 0.103 steps (P 

< 0.001). Generalists show the greatest intrapopulation distances, separated from each other by 

6.08 ± 0.088 steps (P < 0.001). In contrast, molluscivores exhibited the smallest intrapopulation 

distances, separated by 1.75 ± 0.021 steps (P < 0.001). Scale-eater intrapopulation distances were 

intermediate (4.71 ± 0.088 steps: P < 0.001). 

 

Adaptive introgression and de novo mutations increase accessibility of novel fitness peaks 

Evolutionary accessibility reflects the probability that one genotypic trajectory will be favored by 

natural selection over another, and thus can be related to the predictability of evolution (5, 29, 

30, 84, 85). Genotypic trajectories with the minimum number of steps between two states that are 

characterized by monotonically increasing fitness at each step are considered to be the most 

accessible (5, 29, 30). That is, each mutational step is favored by natural selection and longer 

paths are less probable (30). This provides two useful metrics of fitness network accessibility: 1) 

The number of accessible paths and 2) the minimum length of accessible paths.  

The adaptive radiation of pupfishes on San Salvador island originated within the last 

10,000 years through a combination of selection on standing genetic variation, adaptive 

introgression, and de novo mutation (49). However, it is unclear how each source of genetic 

variation aided in the traversal of fitness paths or contributed to the colonization of novel fitness 

peaks. To address this question, we constructed genotypic fitness networks composed of each of 

the three main sources of adaptive genetic variation: standing genetic variation, introgression 

from one of four focal Caribbean generalist populations, or de novo mutations unique to San 
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Salvador Island. We also examined combinations of these categories to better reflect the stages 

of adaptive divergence. We compared sets of 1,000 random 5-SNP genotypic networks drawn 

from different sources of adaptive variation and identified and scored the lengths of accessible 

paths (i.e. those monotonically increasing in fitness) from generalist to each specialist. We asked 

whether source of genetic variation affected 1) the number of accessible paths or 2) the shortest 

length of accessible paths.  

We discovered that both scale-eater and molluscivore specialist fitness peaks in 

genotypic networks constructed from introgressed or de novo adaptive mutations were 

significantly more accessible than networks constructed from standing genetic variation (Fig. 4C, 

Table S15). Random networks drawn from these sources of adaptive variation contained more 

accessible fitness paths from generalist to specialists than networks constructed from standing 

genetic variation, while controlling for differences in overall network size (Figs. S12-S13). 

Specifically, networks constructed from adaptive introgression had 126% more accessible paths 

than those constructed from standing variation for molluscivores (median: P < 0.0001: Fig. 4C), 

and 39% more for scale-eaters (P < 0.0001: Fig. 4C). Likewise, networks constructed from de 

novo mutations had 42% more accessible paths (P < 0.0001: Fig. 4C).  

Consistent with past experimental studies in E. coli (29, 38) or yeast (37), accessible 

paths were quite rare; the vast majority of genotypic trajectories were inaccessible, i.e. they 

included one or more mutational steps that decreased in fitness from generalist to specialist. 

Compared to standing variation, accessible paths were also significantly shorter in introgressed 

(mean: 9% shorter in molluscivores, 23% shorter in scale-eaters) and de novo mutation networks 

(14% shorter in scale-eaters: Fig. 4D. Fig S12, Table S16). Thus, introgressed and de novo 

adaptive mutations present more possible trajectories and reduce the number of steps needed to 
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traverse between species and access novel trophic specialist fitness peaks (See Supplemental 

Materials Fig. S14-S15).  

This result, of adaptive introgression and de novo mutation changing the topology of the 

fitness landscape such that novel fitness peaks are more accessible, is striking. Our results are 

consistent with a growing body of evidence that de novo and introgressed variation may 

contribute to rapid speciation (54, 60, 86). Indeed, adaptive introgression appears to be the main 

factor explaining the rarity of adaptive radiation of pupfishes restricted to San Salvador Island 

(49, 63). This finding is not unusual. For instance, hybridization and adaptive introgression has 

now been shown to have facilitated the adaptive radiation of cichlids in Lake Victoria (60) and 

Lake Malawi (87), Heliconius butterflies (88), and Darwin’s finches (89) Likewise, de novo 

mutation (in concert with introgression and standing genetic variation) was involved in the 

adaptive radiation of two clades of wild tomatoes (58, 90). However, de novo mutation is still a 

rate-limiting step in adaptation and speciation (91).  
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Figure 4. Adaptive introgression and de novo mutations increase access to specialist fitness peaks. a) 
Median number of mutational steps within or between species (e.g. Fig. 3C). All pairwise comparisons 
using Tukey’s HSD test (after FDR correction) were significant. b) Example genotypic fitness networks 
constructed from five SNPs randomly drawn from introgressed adaptive loci for molluscivores (left) or 
scale-eaters (right). Edges connect nodes (haplotypes) that are separated by a single mutational step, 
arrows indicate the direction of mutational steps (directed towards higher fitness or parental haplotypes if 
not observed in hybrids), and red arrows indicate an example accessible trajectory. c-d) Accessibility of 
between-species genotypic trajectories in fitness landscapes constructed from adaptive loci originating 
from standing genetic variation (SGV), introgression, de novo mutation, or a combination. Due to the 
highly skewed nature of these distributions, pairwise significance among all network sets was determined 
using a nonparametric Kruskal-Wallis one-way analysis of variance following correction for multiple 
tests using an estimated False Discovery Rate. C) Proportion of accessible (i.e. monotonically increasing 
in fitness) paths per network, scaled by the total size of the network. The dashed line corresponds to the 
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median for SGV). d) Number of mutational steps in the shortest accessible path. Due to the discrete 
nature of these data, means are plotted as large circles, with two standard errors shown.   
 

Conclusion 

Here, we have analyzed the first multi-species genotypic fitness landscape based on hybrid 

fitness across multiple field experiments. We have shown that adaptive introgression and de novo 

mutation increase the accessibility of novel fitness peaks, thus promoting the evolution of 

novelty. Adaptation from standing genetic variation may initially be more rapid due to its higher 

frequency, initial availability, and potentially reduced genetic load within a population (91–93). 

However, our results suggest that once genetic variation arrives from introgression or arises de 

novo in a population, populations may colonize new adaptive zones due to the reduced number 

of mutational steps in accessible paths. Further, de novo mutations that undergo selective sweeps 

are also predicted to have larger effect sizes (94). These findings support an interpretation of 

adaptive radiation unfolding in stages (49, 95), first via standing genetic variation, next 

introgression from across the Caribbean, and finally de novo mutations.  

Alternatively, our findings may help explain the relative isolation of scale-eaters on the 

fitness landscape and the rare evolution of scale-eating specialists despite comparable 

environments across the Caribbean with nearly identical levels of adaptive standing genetic 

variation: adaptive de novo mutations may enable the crossing of a large fitness valley via more 

accessible fitness pathways through genotype space, but it may also trap scale-eater populations 

on this peak through few accessible fitness pathways back to generalist peaks. That is, by 

increasing accessibility of the novel fitness peak, de novo mutations simultaneously reduce the 

accessibility of ‘back-stepping’ in genotypic space, as the population undergoes hill-climbing to 

the new adaptive optimum. Thus, individual specialists dispersing to neighboring islands may 
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rarely found new populations if their complement of de novo and introgressed adaptive loci limit 

viable fitness trajectories in their hybrid offspring.  
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Methods: 

Sampling 

Our final dataset is comprised of 139 hybrid samples used in two separate field experiments (17, 18) on 

San Salvador island. Experiments were conducted in two lakes: Little Lake and Crescent Pond. All 

hybrids were measured for 32 external morphological traits (see below). Additionally, we include 

sequenced parental species of the generalist (N = 17), molluscivores (N = 27) and scale-eaters (N = 25) 
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sampled from these two lakes previously included in Richards et al. (49). Note that we treat samples from 

Little Lake and Osprey Lake as having come from the same population, as these two lakes comprise a 

single ecologically similar body of water, and fish from these populations are genetically undifferentiated 

(48, 49). For morphological analyses, we additionally measured samples of 60 generalists, 38 

molluscivores, and 60 scale-eaters raised in the same laboratory common garden environment. A full list 

of samples are included in the supplement (Table S1).  

 

Sequencing, genotyping and filtering 

Raw reads from a combined set of 396 samples (see supplement) were first mapped to the C. 

brontotheroides reference genome (genome size = 1.16 Gb; scaffold N50 = 32 Mb) (49) using bwa-mem 

(v. 0.7.2). Duplicate reads were identified and reads using MarkDuplicates, and BAM indices were 

subsequently generated using the Picard software package (96). Samples were genotyped following 

Richards et al., (49) according to GATK best practices (97). Specifically, Single Nucleotide 

Polymorphisms (SNPs) were called and filtered using hard-filtering criteria in HaplotypeCaller. We used 

the following criteria in our filtering approach: QD < 2.0; QUAL < 20; FS < 60; MQRankSum < -12.5; 

ReadPosRankSum < -8 (97–99). 

Following initial genotyping with GATK, we subsequently filtered our data further using 

VCFtools (100). Specifically, we filtered using the following flags: --maf 0.05; --min-alleles 2; --max-

alleles 2; --min-meanDP 7; --max-meanDP 100; --max-missing 0.85. Indels were removed. To reduce 

non-independence among sites in our final dataset, we conservatively removed sites in strong linkage 

disequilibrium using plink v1.9 (--indep-pairwise 10['kb'] 50 0.5: (101)). Doing so resulted in the 

retention of 1,129,771 SNPs across 139 hybrid samples and the 69 samples from Richards et al (49). 

Unless other specified, these SNPs were used for all downstream analyses.  

 

Hybrid fitness measures 
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 Herein we use three measures of fitness: survival, growth, or a composite measure of the two. 

Survival was a binary trait indicating whether a fish survived or not during its exposure period in field 

enclosures. Growth was a continuous measure, defined as the proportional increase in Standard Length 

������ ��	�
��
���  ��

�
��
���  ��
�. Lastly, we defined composite fitness as survival * growth, similar to the metric 

used in (102), and analogous to composite fitness in Hereford (103) who used fecundity as their second 

fitness measure, rather than growth. Because composite fitness represents the most information rich 

metric of fitness, we report composite fitness results in the main text; results for growth and survival are 

included in the supplement.  

 

Population genetic variation 

To visualize genetic variation present in hybrids and across lakes (Crescent Pond and Little 

Lake), we first used a Principal Components Analysis (PCA) of genetic variation using plink v1.90 

((101), Fig. 1), plotting the first two principal component axes using R (version 3.6.3 (R Core team 2020). 

We then estimated admixture proportions in hybrids using ADMIXTURE v1.3.0 (64). Parental species 

found on San Salvador Island were substantially differentiated among Crescent Pond and Little Lake (48, 

49); thus, independent ADMIXTURE analyses were conducted for each lake. Because we were primarily 

interested in admixture proportions of hybrids, we set K = 3 in these analyses, corresponding to the three 

parental species used in hybrid crosses. Using admixture proportions of hybrid individuals, we tested the 

hypothesis that ancestry predicts hybrid composite fitness in experimental field enclosures by fitting a 

generalized additive model including either 1) scale-eater ancestry or 2) molluscivore ancestry with fixed 

effects for experiment and lake. This was repeated for survival and growth separately.   

 

Genome-wide association tests 

 To identify SNPs that were most strongly associated with fitness (survival, growth, or composite), 

we implemented the linear mixed model (LMM) approach in GEMMA (v. 0.98.1: (104)). This analysis 
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was repeated using each fitness measure as the response variable. To account for relatedness among 

samples we estimated the kinship matrix among all 139 hybrid samples, which in turn were used in 

downstream LMMs. To account for the potentially confounding effect of year/experiment and lake on 

estimated fitness measures, we included each as covariates in the LMMs. To ensure rare variants were not 

included in these analyses, we only included sites that had a minor allele frequency greater than 5% 

across all hybrids. A total of 933,520 SNPs were analyzed; 196,251 SNPS were excluded due to allele 

frequency change following removal of parental species. SNPs strongly associated with fitness were 

identified as 1) a False Discovery Rate (FDR: Benjamini and Hochberg 1995) less than 0.05, or a 2) P-

value < 0.05 following a Bonferroni correction. We focus primarily on the sites identified by the 

conservative Bonferroni correction, however.  

 

Gene ontology enrichment 

We annotated sites that were significantly associated with fitness using snpEff (105) and the annotated C. 

brontotheroides reference genome (49). That is, we constructed a custom database within snpEff using 

the functional annotations originally produced by Richards et al. (49), and subsequently extracted 

information on the annotations and putative functional consequences of each variant. 

Using genes identified for each SNP that is significantly associated with one of the fitness 

measures, we performed Gene Ontology (GO) enrichment analyses using ShinyGO v0.61 (106). For 

genes identified as being intergenic, we included both flanking genes. As in Richards et al. (2021), the 

gene symbol (abbreviation) database that had the greatest overlap with ours was that of the human 

database; thus, we tested for enrichment of biological process ontologies curated for human gene 

functions, based on annotations from Ensembl. Results are reported for biological processes that were 

significantly enriched with FDR < 0.05. We then compared this list of candidate loci to those identified in 

past studies of San Salvador Island pupfishes (49, 66, 107). 

 

Morphometrics 
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We measured 31 external morphological traits for all 139 hybrids and 69 parental individuals 

from Crescent Pond (30 generalists, 18 molluscivores, and 30 scale-eaters) and 85 from Little Lake (30 

generalists, 25 molluscivores, and 30 scale-eaters). We digitally landmarked dorsal and lateral 

photographs (both sides) of each lab-reared hybrid (pre-release) or parent using DLTdv8 (108). 

Measurements include 27 linear characters and three angles. For nearly all individuals, lateral 

measurements were collected from both lateral photographs and averaged. Morphological variables were 

size-corrected using the residuals of a log10(trait) – log10(standard length) regression standardized for 

selection analyses as outlined in the supplement. We used these 31 morphological traits to estimate two 

linear discriminant (LD) axes that best distinguished the generalist, molluscivore, and scale-eater using 

the LDA function in the mass package in R. We then used the resultant LD model to predict LD-scores 

for the 139 sequenced hybrids for later use in generalized additive models.  

 

Estimation of adaptive landscapes 

We fit generalized additive models (GAMs) using the mgcv package v. 1.8.28 (109) in R to estimate 

fitness landscapes relating the two discriminant axes (LD1-2) to fitness. All models included a thin-plate 

spline fitted for the two linear discriminant axes, and we included both lake and experiment in all models 

as fixed effects. Lake x experiment interaction terms were also included in some models. Models were 

ranked using the corrected Akaike Information Criterion (AICc) and were considered to be a significantly 

worse fit if ΔAICc > 4 from the best-fit model (110). The best-fit model from the above approach was in 

turn used to visualize fitness landscapes, plotting predicted values of fitness measures across LD space in 

R. 

 Using these results, we tested whether inclusion of SNPs that were strongly associated with 

fitness (i.e., those that surpassed the 0.05 Bonferroni threshold) improved estimation of fitness 

landscapes. We first extracted genotypes for the highly significant SNPs identified by GEMMA (13 for 

composite fitness, four for growth: see section Fitness-genotype association test), and coded these as 

either reference, single or double mutants using VCFtools (100). We then used the best-fit models 
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identified above and fit a range of models that included one or all SNPs. Individual fitness-associated 

SNPs were treated as ordered factors (i.e. transition from homozygous reference to heterozygote to 

homozygous alternate) and modeled using a factor-smooth in the generalized additive models. Note that 

factor “smooths” are effectively modeled as step-functions.  

 

Estimation of genotypic fitness networks 

We first estimated genotypic networks using sites previously shown to be highly divergent (FST > 

0.95) and having undergone hard selective sweeps in specialists. To do so, we identified the SNPs in our 

un-thinned dataset overlapping with sites inferred to have undergone selective sweeps (49), resulting in 

380 SNPs for molluscivores and 1,118 SNPs for scale-eaters. We subsequently constructed genotypic 

fitness networks in igraph v. 1.2.4.1 (111) following the procedure outlined in the supplement.  

To visualize the high-dimensional genotypic fitness network, we randomly sampled ten adaptive 

loci 100 times and plotted haplotypes connected by edges if they were within five mutational steps of one 

another (Figure 3C). Then we calculated the mean distance between all species pairs (in number of 

mutational steps). We used pairwise Tukey’s HSD tests to test whether inter-species distances differed.  

 

Estimation of evolutionary accessibility 

We tested whether the evolutionary accessibility of genotypic fitness trajectories through 

observed hybrid genotypes from generalist to each specialist species differed based on the source of 

genetic variation. We restricted our investigation to networks composed of adaptive loci as previously 

described (Figure 3A: Richards et al. 2021). This included a total of 380 SNPs in the molluscivores, and 

1,118 in the scale-eaters. We further partitioned these SNPs by their respective sources: standing genetic 

variation (molluscivore N = 364; scale-eater N = 1,029), de novo mutation (scale-eater N = 24), or 

introgression (molluscivore N = 16; scale-eater N = 65), again using the assignments from Richards et al. 

(49). For analyses of trajectories between generalists and molluscivores, we included only SNPs found to 
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be sweeping in molluscivores; likewise, we included only SNPs sweeping in scale-eaters for analysis of 

trajectories between generalists and scale-eaters.  

The full procedure for constructing genotypic fitness networks, identifying accessible paths, and 

quantifying accessibility is outlined in the supplement. Briefly, we randomly generated 1,000 datasets of 

five SNPs comprised of either 1) standing genetic variation, 2) adaptive introgression, 3) de novo 

mutation, 4) standing genetic variation + adaptive introgression, or 5) standing genetic variation + de 

novo mutation. Because different sets of sites are sweeping in each specialist, we conducted these 

analyses separately for each species. We then constructed genotypic networks, in which nodes are 

haplotypes of SNPs encoded in 012 format (0 = homozygous reference, 1 = heterozygote, 2 = 

homozygous alternate), and edges link mutational neighbors. 

For each random network sample and for each measure of fitness we calculated 1) the minimum 

length of accessible paths between a random generalist and specialist sampled from our sequenced 

individuals, 2) the number of accessible paths between the same generalist and specialist pair, 3) the 

number of nodes and 4) the number of edges in the network. Larger networks will necessarily have a 

greater number of potential paths, including both accessible and inaccessible paths (Fig. S16), and we are 

interested in the relative proportion of accessible pathways, not just the raw number. For this reason and 

because network size differs among permutations, we divided the number of accessible paths in each 

random network sampled by the number of nodes, thus normalizing the counts and making them 

comparable across replicates and sources of variation. We assessed whether differences in these measures 

among the three sources of variation were significant using an ANOVA in R; due to the highly skewed 

nature of these distributions, post-hoc pairwise significance was assessed using a nonparametric Kruskal-

Wallis one way analysis of variance in the agricolae package (112) in R.   
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