
8  J u n e  2 0 1 7  |  V O L  5 4 6  |  N A T U R E  |  2 8 5

Letter
doi:10.1038/nature22351

Frequency dependence limits divergent evolution by 
favouring rare immigrants over residents
Daniel I. Bolnick1 & William E. Stutz1†

Two distinct forms of natural selection promote adaptive biological 
diversity. Divergent selection occurs when different environments 
favour different phenotypes, leading to increased differences 
between populations1. Negative frequency-dependent selection 
occurs when rare variants within a population are favoured over 
common ones2, increasing diversity within populations3. These 
two diversifying forces promote genetic variation at different 
spatial scales, and may act in opposition, but their relative effects 
remain unclear because they are rarely measured concurrently. 
Here we show that negative frequency-dependent selection within 
populations can favor rare immigrants over locally adapted 
residents. We reciprocally transplanted lake and stream ecotypes 
of threespine stickleback4 into lake and stream habitats, while 
manipulating the relative abundance of residents versus immigrants. 
We found negative frequency-dependence: survival was highest 
for the locally rare ecotype, rather than natives. Also, individuals 
with locally rare major histocompatibility complex (MHC) class 
IIb genotypes were infected by fewer parasites. This negative 
frequency-dependent selection will tend to favour rare immigrants 
over common residents, amplifying the effect of migration and 
undermining the efficacy of divergent natural selection to drive 
population differences. The only signal of divergent selection 
was a tendency for foreign fish to have higher parasite loads than 
residents, after controlling for MHC genotype rarity. Frequency-
dependent ecological interactions have long been thought to 
promote speciation. Our results suggest a more nuanced view in 
which negative frequency dependence alters the fate of migrants to 
promote or constrain evolutionary divergence between populations.

Divergent selection (DS) is thought to be a nearly ubiquitous evolu-
tionary force5. Geographic variation in biotic and abiotic variables is 
widespread, imposing selection for different traits in different habitats 
and driving rapid genetic divergence between populations6, local 
adaptation7 and speciation8. DS promotes variation among populations 
at the expense of within-population polymorphism. DS may ultimately 
lead to ecological speciation in allopatry or parapatry8. However, this 
evolutionary divergence is often constrained by gene flow among 
populations that homogenizes allele frequencies9. In contrast, negative 
frequency-dependent selection (NFDS) requires very specific types of 
ecological interactions10 and so is widely thought to be less common 
than DS. When NFDS does occur, it promotes polymorphism within 
populations and is essential to most models of sympatric speciation11.

DS and NFDS might act concurrently12. For instance, if the rarity of 
immigrants allows them to exploit locally under-used resources, com-
petitive release may partly compensate for any maladaptation to their 
new habitat. By favouring rare immigrants, NFDS would amplify the 
effective migration rate13. For populations subject to DS, this enhanced 
migration will erode between-population divergence9 and oppose DS 
(Extended Data Fig. 1). Yet we remain largely ignorant of the relative 
effects of DS and NFDS because they act at different geographic scales 
(between and within populations), and so are studied separately using 

different experimental designs. DS is usually measured by reciprocal 
transplant experiments that permute genotypes across environments 
to test for a home-field advantage7. Such transplants typically mix  
genotypes in equal proportions, ignoring the rarity of migrants14. In 
contrast, NFDS is measured by manipulating relative abundance within 
a single habitat, to test whether rarity confers an advantage15,16.

Here, we present the results of a field experiment designed to 
partition the concurrent effects of DS and NFDS acting on adjacent 
populations of lake and stream threespine stickleback (Gasterosteus 
aculeatus). Numerous studies have reported DS acting between 
ecologically disparate populations of stickleback17, including parapatric 
lake and stream populations whose divergence is constrained by 
migration4. Concurrently, NFDS acts within stickleback populations 
because rare variants experience weaker resource competition15,18. We 
therefore hypothesized that the rarity of immigrants might compensate 
for their maladaptation. To test this conjecture, we reciprocally trans-
planted lake and stream stickleback between adjoining habitats, while 
factorially manipulating the relative abundance of migrants (the 
native:migrant ratio per cage was 1:2 or 2:1; Extended Data Fig. 2).

Survival data revealed no evidence of DS (Table 1). By the end of the 
6-week experiment, native survival (58%) was not higher than immi-
grant survival (68%; χ2 =​ 2.57, P =​ 0.109). Instead, directional selection 
favoured stream natives over lake natives in both habitats (80% versus 
46% survival for stream versus lake fish; P <​ 0.0001; statistical results 
in Extended Data Table 1). The advantage of the stream fish may be 
a legacy of developing in the stream, which appears to be the more 
productive habitat; both ecotypes survived at a higher rate (77%) in  
the stream than in the lake (49%; P <​ 0.0001). The origin and desti-
nation effects were additive (interaction P =​ 0.4033), providing no 
evidence for local adaptation and DS. These results are consistent 
with prior studies of lake–stream stickleback, which typically found 
directional selection rather than DS, or no selection despite sometimes 
high mortality19 (reviewed in Supplementary Information section 1). 
Survival was independent of pre-experiment mass (controlling for fish 
origin), and sex (see below). An important caveat is that we measured 
viability selection only on adult fish in only one year; selection may act 
differently on juveniles or in other years.

We observed NFDS within cages: minority ecotypes had 1.25-fold 
higher survival than majority ecotypes (Fig. 1; Extended Data Fig. 3; 
main effect of minority status P =​ 0.013; statistical details in Extended 
Data Table 1). The benefit of rarity was strongest for native stream 
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Table 1 | Survival rates for each combination of stickleback source 
and destination habitat

From To lake cages To stream cages

Lake natives 26.6% 65.0%

Stream natives 71.2% 88.3%

The survival rate is the percentage of 60 fish who survived for each source–destination 
combination. Within each habitat, fish were randomized among 40 cages, with either 1 native  
and 2 immigrants, or 2 natives and 1 immigrant (n =​ 3 fish per cage; n =​ 240 total).
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fish placed in either habitat (origin ×​ minority interaction, P =​ 0.0367). 
This ‘neighbour-dependent selection’20 may result from resource com-
petition among individuals within cages21. Intraspecific competition 
has previously been shown to reduce stickleback fitness18,21. This 
competition is most severe for individuals with common trophic traits  
(for example, average size), whereas individuals with rare phenotypes 
use atypical resources and have relatively few competitors15,18. Our 
experiment revealed similar trait-dependent NFDS. Survival was lower 
for average-sized individuals within a cage than for individuals whose 
initial mass was much larger or smaller than their cage mean (Fig. 2; 
P =​ 0.0195). However, greater mass itself was not associated with higher 
survival (P =​ 0.488 in a general linear model (GLM) including origin 
and destination effects). Body size deviations were partly confounded 
with minority status (minority and majority fish average weights were, 
respectively, 0.91 and 0.66 standard deviations from their cage mean; 
Student’s t-test =​ 5.85, P <​ 0.0001). Multiple regression including both 
minority status and body size deviations indicated that NFDS can be 
attributed to the rare-size advantage (Extended Data Table 1). We infer 
that rare ecotypes experience weaker resource competition because 
their atypical phenotype (size) confers an atypical diet22, and are there-
fore favoured by NFDS.

Host–parasite interactions can also cause DS or NFDS. Lake and 
stream stickleback harbour distinct parasite communities (Extended 
Data Fig. 4)23. If they experience DS to resist their respective parasites, 
immigrants should carry heavier parasite loads than locally adapted 
residents. However, within each habitat, selection favours parasites 
that better exploit locally common host genotypes24. The resulting 
NFDS on hosts may favour rare immigrants, opposing the effect of 
DS. We did not expect to find this NFDS within our cages, because this 
selection results from across-generation parasite evolution to target 

common hosts. But we can test for habitat-wide NFDS by contrast-
ing infection rates of fish with locally common versus rare genotypes. 
The proteins produced by genes in MHC class IIb (these are ortho-
logues of the HLA genes in humans) play a key part in recognizing 
parasite antigens, and are sometimes subject to DS or NFDS24,25. 
Allele frequencies of MHCIIb genes differ between lake and stream 
stickleback (Extended Data Fig. 5), but there is sufficient admixture 
to sustain lake alleles in stream fish and vice versa. As a result, we 
can measure DS and NFDS by statistically partitioning how parasite 
infection load depends on fish ecotype (resident/immigrant, DS)  
versus its MHCIIb genotype (locally rare/common, NFDS). We 
sequenced the hypervariable exon 2 of all MHCIIb gene paralogues 
in the stickleback genome, and used discriminant function analysis 
to obtain a quantitative measure of whether fish have locally 
rare or common MHCIIb genotypes in their transplant destina-
tion (see Methods). We tested whether total parasite infection 
load (presumed to reduce fitness) covaried with fish origin or 
with MHCIIb discriminant function analysis score. After con-
trolling for MHCIIb genotype, immigrant fish were more heavily 
infected than native ecotypes (origin effect, P =​ 0.024), revealing 
MHCIIb-independent local adaptation and DS. Simultaneously,  
foreign (locally rare) MHCIIb genotypes were less infected than locally 
common MHC genotypes (P =​ 0.005; Fig. 3), revealing that NFDS 
within habitats selects against maladapted resident MHCIIb (statistics 
in Extended Data Table 2). The deleterious effect of native MHCIIb 
was stronger in the lake habitat (destination ×​ MHCIIb interaction 
P =​ 0.008), where parasite diversity is higher overall. The infection 
rates were lowest (and presumably fitness was highest) in resident fish 
with foreign MHCIIb alleles. We conclude that MHCIIb-independent 
DS is opposed by MHCIIb-dependent NFDS. These opposing effects 
are only detectable in statistical models considering both terms; neither 
is significant in univariate regression.
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Figure 1 | Survival rate depended on fish origin, transplant destination 
and relative abundance. Points and bars represent group means  
±​1 standard error. Solid lines indicate resident ecotypes; dashed lines 
indicate immigrants. Extended Data Figure 2 diagrams the experimental 
design. Extended Data Table 1 provides statistics. There is a significant 
main effect of relative abundance (P =​ 0.013). Rare ecotype survival 
was on average 1.26-fold higher than common ecotype survival (95% 
confidence interval: 1.03 to 1.49; fold changes for each source–destination 
combination are 1.21, 1.47, 1.17 and 1.17 for stream–stream, stream–lake, 
lake–stream, and lake–lake respectively, the latter two with P >​ 0.1). In 
Supplementary Information section 1, we discuss the directional selection 
favouring stream fish. Sample sizes are in Table 1. Symbol colours denote 
fish origin, and symbol shapes indicate fish transplant destination (inset).
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Figure 2 | Survival is higher for atypically sized individuals within 
cages (a statistically significant main effect of majority/minority 
status). GLM fitting trends are indicated for stream natives (green lines) 
and lake natives (blue lines), either in their native habitat (solid lines) or 
as immigrants into the adjoining habitat (dashed lines). Symbols indicate 
individuals that survived (1) or died (0). Vertical jitter has been added to 
separate points. Symbol colours denote fish origin, and symbol shapes 
indicate fish transplant destination, as in the inset to Fig. 1. Sample sizes 
are listed in Table 1. Statistical results are summarized in Extended Data 
Table 1 (model E).
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We are able to dismiss some other potential causes of NFDS. Intra- 
or inter-sexual selection may favour rare variants, for instance if 
males with locally common nuptial colours are disproportionately 
attacked by rivals26. Within our cages, such NFDS should cause sex-
biased mortality. But we observed no such sex bias among survivors, 
comparing majority versus minority fish (χ2 =​ 0.55, P =​ 0.455), or 
natives versus immigrants (χ2 =​ 0.56, P =​ 0.453). Predators can drive 
NFDS by evolving (or learning) to detect or capture locally common 
prey27. But this NFDS should act at the habitat-wide scale and most 
predators (piscivorous birds, trout) were excluded by the cages.

Migrants between habitats suffer a variety of disadvantages9 when 
it comes to resource acquisition, parasite resistance, predator avoid-
ance or mate attraction25,28. Yet migrants are also usually rare, and may 
thus benefit from NFDS. Our results confirm that NFDS acts within 
habitats, at multiple spatial scales: neighbour-dependent competition20 
within cages, and parasite-driven NFDS targeting locally common 
MHCIIb genotypes at the habitat-wide scale. Intraspecific competi-
tion and parasitism are both important sources of selection in natural 
populations29,30 and both can favour rare phenotypes or genotypes. 
In contrast, the only signal of DS that we detected was higher parasite 
infection for immigrants than residents. This DS acted concurrently 
with MHCIIb-dependent NFDS, with the result that neither form of 
selection was detectable without considering the other factor. This 
highlights the potential for DS and NFDS to act simultaneously and 
in opposition, and have comparable effect sizes. However, we empha-
size that additional unmeasured NFDS or DS could act on juveniles or 
during courtship and breeding.

By rescuing the fitness of immigrants, NFDS amplifies the rate of gene 
flow between populations. Our model suggests that NFDS can be almost 
as effective as migration itself at constraining between-population 

divergence in response to DS (Extended Data Fig. 1). NFDS constrains 
divergence most effectively when migration is uncommon; at higher 
migration rates the immigrants cease to be rare and lose the benefit 
of NFDS. The model thus confirms an intuitive but often overlooked 
point: NFDS facilitates migration and thus undermines the response 
of populations to DS, as we saw with parasite infection rates. However, 
our survival data are more puzzling at first glance: directional selec-
tion should favour stream fish in both habitats, so why are these 
populations divergent at all? Our simulations suggest an intriguing 
hypothesis that could resolve this conundrum. Although directional 
selection will tend to favour the complete fixation of a single genotype 
in all habitats, NFDS can prevent this by retaining the less-adapted 
allele at some low equilibrium frequency at which the benefit of rarity 
compensates for its otherwise lower fitness. Importantly, if this equi-
librium differs between habitats, the populations will reach different  
allele frequencies. Thus, NFDS can promote between-population 
genetic differences when directional selection and migration would 
otherwise homogenize the populations (Extended Data Figs 6 and 7; 
see also extended discussion in Supplementary Information section 1).

Population divergence therefore reflects a three-way balance between 
DS on one side, opposed by an interaction between migration and 
NFDS on the other. Ecological interactions causing NFDS may thus 
inhibit ecological speciation in response to DS, by amplifying con-
straints from gene flow, especially when gene flow is rare. In other 
settings, the ecological interactions causing NFDS can promote  
population divergence when it would not otherwise occur (for example, 
directional selection, Extended Data Fig. 6). These results present a 
counterpoint to other work claiming that NFDS promotes specia-
tion via adaptive branching of single populations11 or suggesting that  
ecologically driven DS can drive speciation in parapatry5.

Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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Figure 3 | The effect of native/foreign status and MHCIIb genotype 
on standardized parasite infection load. The native MHC habitat score 
measures the extent to which individuals have a MHCIIb genotype that 
is typical (positive values) or atypical (negative values) in their cage 
habitat (see Methods). That is, positive numbers denote fish with more 
distinctively lake MHCIIb in the lake cages, and fish with stream MHCIIb 
in stream cages. Parasite load is higher for fish with more native MHC 
genotypes within each habitat, but also higher for immigrants than 
residents after controlling for MHC genotype (difference in intercepts). 
GLM trendlines and ±​1 standard error intervals for the regression slopes 
(shading) are plotted for each combination of origin (colour, see Fig. 1) 
and destination (panels). Solid (or dashed) lines distinguish resident  
(or immigrant) fish. Sample sizes are the number of survivors in Table 1. 
Statistical support is summarized in Extended Data Table 2.
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Methods
Focal populations. We performed a reciprocal transplant experiment exchanging 
stickleback between Roberts Lake (Vancouver Island, British Columbia, 50.2265° N 
and 125.5531° W) and its outlet stream (50.2283° N and 125.5562° W). These 
parapatric populations differ at genome-wide single nucleotide polymorphisms 
(SNPs)31, and exhibit divergent allele frequencies at MHCIIb loci32, and for a variety 
of morphological traits33,34. These genetic and phenotypic differences have been 
claimed to be adaptive responses to DS arising from distinct prey and parasite com-
munities and flow regimes of the populations’ respective habitats31,34. Collection 
and animal handling were approved by the University of Texas Institutional Animal 
Use and Care Committee (Protocol 07-032201), and a Scientific Fish Collection 
Permit from the Ministry of the Environment of British Columbia (NA07-32612).
Reciprocal transplant experiment. In April 2011 we constructed 40 cages in 
Roberts Lake, and 40 cages in the stream. Each cage was constructed by embedding 
a vertical 1-m diameter cylinder of galvanized 0.25-cm steel mesh into the lake or 
stream substrate. The mesh cylinder was held upright by rebar hammered into the 
substrate. Cages were 1.5 m tall, installed along the lake or stream shore in water 
approximately 1 m deep. Each cylinder was open at both ends. The open bottom 
of the cage was embedded into the substrate to give stickleback free access to the  
substrate and any invertebrates on it. A fine seine-net skirt was sewn to the  
bottom of each cage and buried to prevent stickleback from escaping. The 0.25-cm 
wire mesh allowed unimpeded water flow and entry of invertebrates upon which 
stickleback feed. The lake cages were confined to the shallow littoral zone and did 
not include deep pelagic habitat. However, stickleback in Roberts Lake are typically 
found in shallow water (0.1–2 m deep) in May–July, because this habitat is where 
they nest and breed and forage (D.I.B., personal observation). Previous experi-
ments with shallow cages confirmed that stickleback within the cages have diets 
that closely resemble those of un-enclosed fish captured from the same lake18,21,35, 
and immune gene expression profiles are similar between caged and wild stickle-
back, suggesting there is no undue stress36.

Stream cages were placed 100 m downstream from the lake along both banks 
of the stream (2–3 m across) in a pool with low but non-zero flow. Most stream 
stickleback inhabit pool rather than riffle microenvironments, so this location 
represents a typical stream habitat. We placed cages 100 m downstream from the 
lake because this site naturally receives immigrants from the lake (about 10% of 
captured fish in this section of stream were estimated to be immigrants31), so this 
is the habitat that most immigrants would experience. Furthermore, this location 
was ethically preferable because any accidental damage to our cages (which did not 
occur) would have contributed only to natural migration without disrupting the 
more substantial population divergence observed further downstream. Likewise, 
our lake cages were placed roughly 100 m away from the outlet, at a site that does 
receive a few first-generation immigrants from the stream31.

We used minnow traps to capture adult stickleback from the lake and the stream 
in early June 2011. We lightly anaesthetized each captured fish with MS-222 and 
recorded its weight and standard length (measured with digital calipers). We cut 
off a spine clip from each fish, stored in ethanol for subsequent DNA extraction. 
Fish were allowed to re-acclimate alone in fresh water before transfer to cages. Any 
fish that did not quickly and fully recover from spine clipping were not used in 
the experiment. Each of the 80 cages received three fish by 6 June 2011. Half the 
cages received a 2:1 ratio of lake:stream fish, and half received a 1:2 ratio, with 20 
cages of each ratio within each habitat (Extended Data Fig. 2). For a given source–
destination combination, we randomly assigned animals to cage and minority/
majority status. Within each trio of fish, each individual received a unique spine 
clip pattern (first, second, or both dorsal spines) to identify recaptured individuals. 
Stickleback from these populations exhibit subtle and unreliable sexual dimor-
phism even in the breeding season. Therefore, the initial sex ratio entering each 
cage was not known, but should be close to 50:50 as is typical in minnow trap 
samples of stickleback populations in this area. Likewise, we did not know the age 
of the wild-caught fish, but all fish were likely to have been born in June or July of 
2010 and hence be approximately one year old.

Cage size was constrained to 1 m diameter by the practical necessity of fitting 
enclosures within the width of the stream and among submerged logs in the 
lake. To induce high but realistic levels of resource competition within each cage, 
sample sizes per cage (n =​ 3 fish per square metre of substrate) were set to equal 
the upper bound of densities used in previous field experiments18,21, which is 
roughly the upper bound of our estimates of natural abundances obtained from 
mark–recapture surveys. The number of cages (40 per habitat) therefore set the 
total sample size and power. The number of cages was determined by logistical 
constraints (time and materials to build and install cages). We therefore conducted 
a power analysis to evaluate our ability to detect biological effects given our design. 
We conservatively assumed an average 50% survival rate (at which our standard 
error is highest), which means our 60 fish per source–sink combination would 
confer a standard error of 6.4% (or less if survival were higher or lower). We 

therefore expected to be able to detect DS (origin ×​ destination interaction with a 
15% lower survival of immigrants), or a 15% survival penalty for majority ecotypes, 
with at least 65% power for each detection.

Cages were monitored periodically and any accumulated debris was brushed off 
the mesh of stream cages. On 5–7 July 2011, all surviving fish were removed from 
each cage, and then the cages were removed. Recaptured fish were euthanized with 
an overdose of MS-222 and preserved in 10% neutral buffered formalin. Standard 
length and body mass were recorded upon recapture. Fish growth was calculated 
as the change in mass from the start to end of the experiment (not log-transformed 
because some fish lost weight). We dissected all recaptured fish to determine their 
sex. Using a dissecting microscope, we scanned each fish for macroparasite infec-
tions as described in ref. 36. MHC class IIb loci were genotyped for each fish using 
DNA extracted from the spine clips taken before release, following the PCR ampli-
fication and 454 pyrosequencing protocol described in ref. 32. Genotype scoring 
was done using Stepwise Threshold Clustering32. Genotyping and phenotypic 
measurements were carried out by W.E.S., who was blind to individuals’ origin or 
destination while processing a given specimen in the laboratory.
Statistical analysis of survival. We used survival rates as a measure of selection on 
lake and stream ecotypes in the lake and stream habitats. An essential caveat is that 
this experiment used only approximately one-year-old adult stickleback. Juveniles 
were too small to cage, and were not yet present in the area when we initiated the 
experiment. We therefore do not have measures of lifetime survival rates. Nor do 
we have measures of fecundity and mating success by adult fish because of the 
artificial social context of three fish in a 1-m diameter cage. Consequently, we 
estimate only a portion of selection arising from viability of adult fish. Readers 
should therefore be aware that selection gradients based on lifetime fitness may be 
different from our estimates. The relative strength of NFDS and DS measured here 
must be treated as estimates. Another important caveat is that we are measuring 
phenotypic selection only. Because we used wild-caught fish, their breeding values 
are unknown. Consequently, plasticity may have contributed to variation in size or 
morphology or physiology that influenced individual survival and performance 
(except MHCIIb genotype). We know that the focal populations differ at many loci 
in the genome, but the heritability of the specific traits examined here remains to 
be measured.

To test for local adaptation, we used a binomial GLM evaluating whether 
survival varied as a function of fixed effects of fish ‘origin’ (lake versus stream 
ecotypes), ‘destination’ (lake versus stream cages) and an origin ×​ destination 
interaction. Cage was included as a random intercept effect, and the full model 
and its subsets were analysed in the R package glmm, using likelihood ratio tests 
to compare nested models. Local adaptation would be supported had we found 
an origin ×​ destination interaction in which each ecotype’s survival was highest 
in its native habitat but lower in the foreign habitat. Starting body mass or condi-
tion (residuals from a regression of mass on length) had no significant effect on 
survivorship over the duration of the study, so we omit this from consideration for 
brevity (the statistical significance of other variables was not altered by doing so). 
We also tested for local adaptation effects on individual growth rates, using analyses 
of covariance (ANOVAs) to test for origin and destination (and interaction) effects 
on change in body mass, change in length or change in condition. We observed no 
significant signal of DS using growth rates as a fitness measure, so for brevity we 
do not report details here. All analyses were conducted in the R environment37. 
All tests were two-sided.

As noted above, we did not determine the sex of released individuals, only 
recaptured ones. However, sex-biased survival should still be detectable in the 
form of a sex ratio bias among survivors, or sex ratio differences between treatment 
groups. To test for this bias, we used χ2 tests to check whether the sex ratios of 
surviving fish (i) differed from a 50:50 expectation, (ii) differed from the sex ratio 
of wild-caught fish trapped just outside the enclosures at the end of the experiment,  
(iii) differed between habitats, or (iv) differed between native versus non-native 
caged fish. None of these tests yielded significant sex ratio differences so we infer 
that survival was not sex-dependent.

To test for NFDS, we designated each fish as either a majority or minority 
ecotype within its cage (2/3 or 1/3 of the fish per cage; N =​ 160 and N =​ 80 fish, 
respectively). Minority status was factorially crossed with whether fish were  
resident or immigrant in the cage habitat. We used a binomial GLM (glmer 
function in R) to test whether survival depends on minority versus majority 
status, origin, and destination, with cage as a random effect. As a post-hoc test  
(having observed stronger NFDS for stream natives), we also tested for interactions 
between minority status and origin, or between minority status and destination 
(Extended Data Table 1).

NFDS could arise from size-dependent competition among neighbours. To 
evaluate this possibility we tested whether survival depends on individuals’ pheno-
typic deviation from their neighbours within their cage. We calculated phenotypic 
deviation as the absolute value of the difference between each fish’s body mass and 
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the mean mass of all three fish per cage, rescaled by the standard deviation of body 
size. We then used a mixed model GLM (using glmm) to test for an effect of this 
size deviation on survival, while accounting for fixed effects of origin, destination, 
and random cage effects. This analysis does not distinguish between fish that were 
larger versus smaller than their cage mean mass, so we also tested for a signed 
effect of mass deviations (and found none). We observed no significant signal 
of NFDS when using growth rates as a fitness measure, so for brevity we do not 
report these details.

We used a Student’s t-test to compare size deviations of minority versus majority 
fish, to determine whether size deviations and minority status were confounded. 
Minority fish deviated more from their cage mean size, so we used multiple regres-
sion with a mixed-model GLM to partition the effects of minority status or size 
deviation on survival. We also used path analysis for the same purpose, testing 
whether minority status affected survival directly, or indirectly via size deviation. 
Path analysis and regression yielded identical inferences, so we present only the 
mixed model results in the main text.
Statistical analysis of parasite load. We calculated a standardized index of total 
parasite load for each fish, combining data for multiple parasite taxa. We first  
calculated the maximum within-fish abundance for each parasite taxon. Counts of 
each parasite taxon, in each fish, were then re-scaled relative to the taxon-specific 
maximum. The result is that each parasite taxon’s standardized load varied from 
0 (no infection) to 1 (maximum observed infection load). We then summed these 
relative loads across all parasite taxa for each individual fish. This total parasite load 
was then rescaled to fit a standard normal distribution (subtracting the mean and 
dividing by the standard deviation). Positive numbers represent individuals that 
are relatively heavily infected by multiple parasite taxa; negative numbers represent 
individuals with relatively light infection loads by few parasite taxa. Lastly, because 
infection load increases with body mass in both lake and stream stickleback from 
these sites, we obtained residuals of these standardized total infection loads in a 
regression against ln(mass) of the fish.

Using these standardized infection load scores, we first tested whether infection 
load depended on host source or destination or a source ×​ destination interaction 
(with a random effect of cage). We then tested whether infection load depends 
on whether a host was the native ecotype, and/or had a typical native MHCIIb 
genotype. To do so we quantified the extent to which the MHCIIb genotype of a 
given fish was typical of its cage habitat. Our MHCIIb sequence data (described 
above) provided a matrix of allele presence/absence for every fish placed into the 
cages. We used discriminant function analysis of this matrix of MHCIIb allele 
presence/absence, to obtain a quantitative axis measuring how lake-like versus 
stream-like each individual’s MHCIIb genotype was. Initially, individuals with 
positive scores along this axis had more typical lake MHCIIb alleles, whereas 
negative axis values indicate stream-like MHCIIb. To convert this axis into a 
measure of how ‘native’ the MHCIIb of each fish was in its cage habitat, for all 
stream-caged fish we reversed the sign of this discriminant axis. The result is 
a numerical score that, in both habitats, is positive for fish with locally typical 
MHCIIb genotypes (lake-like MHCIIb in the lake, stream-like in the stream) and 
negative for fish with typically foreign genotypes (stream-like MHCIIb in the lake, 

lake-like MHCIIb in the stream). Note that we are testing whether individuals’ 
MHCIIb genotype is rare for its destination habitat as a whole, not whether it is 
rare relative to the two other fish in its particular cage. We then used a linear mixed 
model to test whether standardized total parasite load depended on whether fish 
were native/non-native, or had a native versus foreign MHCIIb genotype score. 
We included destination habitat and all two-way interactions, plus a random 
effect of cage. Model statistical significance was determined by sequential dele-
tion and likelihood ratio tests, while also using Akaike Information Criterion 
(AIC) model selection procedures to choose among alternative statistical models 
(these approaches yielded the same final inference). Note that we obtained the 
same inferences if we used normalized parasite load without size correction, and 
instead used fish mass as a covariate in our statistical model. We present the size-
standardized parasite load measure because it is easier to visualize without the 
added dimension of fish size. We assume that high standardized parasite load is 
bad for fish and can thus be used as an indirect proxy for selection. However, we 
recognize that not all parasites affect host fitness equally (or at all). Likewise, as with 
viability selection we wish to emphasize that parasite load of adult fish is only one 
component of lifetime fitness; for example, infections can affect juvenile survival 
and adult reproductive success as well.
Data availability. All data necessary for the results presented in this paper are 
archived at Datadryad.org doi:10.5061/dryad.61kr4. Source Data to recreate 
specific figures are provided with this publication.
Code availability. The code required to recreate simulations is provided in the 
Supplementary Information.
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Extended Data Figure 1 | See next page for caption.
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Extended Data Figure 1 | Simulations of how migration, NFDS and DS 
jointly affect the equilibrium evolutionary divergence between 
populations. a, To illustrate the effect of NFDS on between-population 
divergence, here we plot a single instance of a simulation in which we 
began with two non-diverged populations (allele frequencies 
pA =​ pB =​ 0.5). Simulation details are provided below. In a we plot the 
process of population divergence to an equilibrium, with or without  
NFDS (for example, γ =​ 0 or −​0.5; dashed and solid lines respectively), 
using blue and green lines to distinguish allele frequencies in habitats  
A and B, respectively. When NFDS is acting (solid lines), population 
divergence is much less pronounced than without NFDS, for a given 
strength of selection and migration. b–d show the equilibrium allele 
frequency difference (Δ​p, vertical axis) as a function of the migration  
rate, m, and the strength of NFDS, γ, for three strengths of DS, s =​ 0.001, 
0.1 and 0.5 (b, c and d, respectively). This figure shows us the well known 
tendency for migration to constrain divergence (Δ​p declines as function  
of m). However, our addition of NFDS reveals a comparable constraint on 
divergence as a result of NFDS (Δ​p is smaller for more negative values  
of γ, indicating that NFDS constrains divergence). There is also an 
interaction between m and γ, which reflects the fact that the constraining 
effect of NFDS is most pronounced when migration rates are low, because 
the migrants are present but rare enough to benefit strongly from NFDS. 
At higher immigration rates, immigrants become increasingly common 
and their frequency-dependent advantage is reduced. We used multiple 
regression to measure the relative effects of m, s, and γ, and the m ×​ γ 
interaction on Δ​p. Within the parameter space that we examined, 
selection has the strongest effect on final allele frequency divergence 
(55.9% of variance explained), migration is next strongest (20.8% of 
variance), and NFDS explains 5.8% of variance with an additional 5.7%  
of variance attributed to a γ ×​ m interaction. Linear regression coefficients 
indicate that Δ​p declines by 0.050 per 0.1 unit of migration (a linear 
approximation of a nonlinear trend), whereas Δ​p declines by 0.022 for 
each 0.1 of γ below 0. We infer that the effect of γ (NFDS) is roughly 1/3 as 
strong as the effect of migration, but that these variables strongly interact. 
Thus, it is clear from our simulations that NFDS constrains population 
divergence by amplifying the effective migration rate. Simulation methods: 
we used a simple population genetic model to evaluate the relative effects 
of, and synergistic interaction between, migration, frequency-dependent 
selection, and DS. We used discrete-time deterministic numerical 
simulations to model the migration–selection balance between two 

discrete habitats A and B. Each habitat contained a haploid population 
with a polymorphic locus (alleles a and b) with allele frequencies 
p(a) +​ p(b) =​ 1. Each population was kept at a constant and effectively 
infinite population size so that genetic drift had no effect, and there were 
no demographic source–sink dynamics. In habitat A, the fitnesses of the 
two alleles were wa,A =​ 1.0 and wb,A =​ 1 −​ s, where s is the strength of 
selection against immigrants. Fitnesses were reversed in habitat B 
(wa,B =​ 1 −​ s and wb,B =​ 1). This symmetric DS was frequency-
independent. Divergence in response to this selection was undermined by 
migration. Every generation, a fraction m of individuals in each habitat 
migrated to the other habitat as juveniles (before selection acts). Within 
each habitat, a fraction 1 −​ m of the residents did not disperse. To 
incorporate frequency-dependent selection, we adjusted each genotype’s 
fitness (after migration) to account for its relative abundance. Specifically, 
the frequency-dependent fitness of each allele i in habitat j was: 

γ′ = + − .w w p i( ( ) 0 5)i j i j, ,  where γ dictates the strength and direction of 
frequency dependence (γ =​ 0 imparts no frequency dependence, γ <​ 0 
imparts increasingly strong negative frequency dependence, and positive 
frequency dependence occurs when γ >​ 0; this is subject to the usual 
constraint that 0 ≤​ p(i) ≤​ 1.0). We focused exclusively on γ <​ 0 for our 
simulations, as we were interested specifically in negative frequency 
dependence. Note that this is merely a heuristic model to generate negative 
frequency-dependence to illustrate our point, and is not tailored to reflect 
a specific biological process. We then allowed selection to act on this 
population using the frequency-dependent fitness within each habitat.  
The frequency of allele a in the next generation in habitat j was: 
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 To examine the dynamics of this model, we 

initiated both populations with allele frequencies of 0.5, and iterated 
through multiple generations, with each generation containing a bout of 
migration, then frequency-dependent adjustment to fitness, then 
selection. We ran each simulation until the allele frequency reached an 
equilibrium in each habitat. For each simulation run we recorded the  
ending allele frequency difference between the habitats, Δ​P =​ pA(a) – pB(a).  
Larger values of Δ​p denote more substantial genetic divergence between 
the populations. We repeated this simulation for a fully factorial 
combination of values of s (0.001, 0.005, 0.01, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5),  
m (0.001 to 0.5 in increments of 0.001), and γ (0 to 1 in increments  
of 0.001).
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Extended Data Figure 2 | A schematic diagram of our experimental 
design. We constructed 40 cages in Roberts Lake, Vancouver Island, 
British Columbia, and 40 cages in the adjoining stream that drains out 
of the lake. We captured 120 wild-caught lake stickleback (indicated by 
blue shading), and 120 wild-caught stream stickleback (green shading). 

These were split evenly between lake and stream cages (60 per source 
and destination combination). Arrows with dashed perimeters indicate 
immigrants, solid perimeter arrows indicate residents. Within each 
habitat, we factorially manipulated the relative abundance of resident and 
immigrant fish (1:2 or 2:1 ratio; 20 cages per habitat per ratio).
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Extended Data Figure 3 | The main effect of minority versus majority 
status on stickleback survival (replotted from Fig. 1), after accounting 
for origin and destination. We calculated the residuals from a binomial 
general linear mixed model regressing survival on fish origin and 
destination fixed effects with a random effect of cage. Here, we plot these 
residuals as a function of fish minority/majority status, showing residuals 

for all fish (open circles) and minority/majority means (filled circles) 
with ±​1 standard error bars. A slight vertical and horizontal jitter has 
been added to distinguish otherwise overlapping points. Residual survival 
is significantly higher for minority ecotype fish (Wilcox rank sum test 
W =​ 7656, P =​ 0.0132).
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Extended Data Figure 4 | Both fish origin and transplant destination 
affect the identity and abundance of parasites infecting surviving fish. 
Fish destination explains relatively more variance in parasite community 
composition. We used counts of each parasite in each fish to calculate 
Euclidean NMDS scores (using the metaMDS package in R). Here we 
plot individuals’ first and second NMDS axis scores. Individual points 
are colour-coded by origin (green for stream; blue for lake) and symbols 
denote destination (circle for lake; triangle for stream) as described 
in Fig. 1. Larger symbols indicate group means with one standard 
error bars. We subjected the two leading NMDS axes to a multivariate 
analysis of covariance (MANOVA) to test for effects of fish origin 
(Pillai’s trace =​ 0.086, P =​ 0.0015), destination (Pillai’s trace =​ 0.163, 
P =​ 0.0000029), and their interaction (Pillai’s trace =​ 0.008, P =​ 0.555). 

Fish with positive values of NMDS axis 1 carried more Neoechinorhynchus 
parasites but had fewer blackspot infections. Fish with positive values of 
NMDS axis 2 carried more Diplostomum but fewer Eustrongylides and 
Thersitina. NMDS axis 2 is primarily responsible for both the origin and 
destination effects of our transplant experiment: stream natives in stream 
cages had the highest NMDS axis 2 score, whereas lake fish in lake cages 
had the lowest NMDS axis 2 score. Non-native fish (transferred from  
lake to stream or vice versa) were intermediate between these extremes 
and not significantly different from each other. Thus, fish transferred 
between habitats converged partially on the parasite community of the 
native fish of their new habitat. Sample sizes are the number of survivors 
listed in Table 1.
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Extended Data Figure 5 | Lake versus stream divergence in MHC IIb 
genotypes. Each unique exon 2 amino acid sequence (‘allele’) is plotted 
as a point, showing its prevalence in the lake-origin fish used in our 
transplant experiment (x axis) and stream-origin fish in the experiment 
(y axis). Because alleles can be distributed across MHC paralog copies, 
we calculate prevalence (the fraction of individuals carrying a given 
allele) rather than allele frequencies. Therefore the prevalences of all 

alleles sum to more than one. Alleles showing a significant lake versus 
stream difference in prevalence (binomial GLM, P <​ 0.05) are enlarged 
and coloured to indicate the habitat in which the allele is more common 
(blue for lake; green for stream). The diagonal line shows where allele 
frequencies are identical between the populations. Sample sizes of fish are 
120 lake and 120 stream natives (Table 1).
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Extended Data Figure 6 | See next page for caption.
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Extended Data Figure 6 | Simulations to evaluate the outcome of 
population divergence given both NFDS and directional selection  
(for example, higher fitness of stream fish everywhere). As in Extended 
Data Fig. 1, here we plot the temporal dynamics of allele frequency in 
habitat A (green lines) and B (blue lines), with and without negative 
frequency dependence (solid and dashed lines respectively). Unlike in 
Extended Data Fig. 1, here we consider the evolutionary effects of 
symmetric migration (a, d and g), asymmetric migration (b, e and h)  
and biased migration (c, f and i) when there is directional selection (a–f) 
or DS (g–i). a–c illustrate the potential for initially divergent populations 
to remain at least partly differentiated despite directional selection.  
d–f illustrate the potential for initially similar populations to become 
genetically divergent despite directional selection. g–i illustrate the 
evolutionary dynamics for the same phenomena but when there is DS  
(as in Extended Data Fig. 1). These simulations are not meant to be an 
exhaustive analysis, but rather provide examples of possible evolutionary 
outcomes. In particular, the simulations are intended to demonstrate that 
lake–stream genetic divergence is plausible despite the directional 
selection favouring stream fish in both habitats. We repeated the 
simulations outlined in Extended Data Fig. 1 (R code is provided in the 
Supplementary Information), with the following modifications. (i) We 
compared the effects of DS (as in Extended Data Fig. 1) versus directional 
selection. For the directional selection we used fitness values directly 
drawn from Table 1, standardized to a maximum fitness of 1 within each 
habitat. That is, assuming the stream represents habitat A, the fitness of 
allele i in habitat j, wij, is wa,A =​ 1.0, wa,B =​ 1.0, wb,A =​ 0.74 and wb,B =​ 0.37. 
(ii) We introduced asymmetric migration (for instance, caused by water 
flow). We assumed that the emigration rate of the fitter ecotype mA→B is 
some fraction f of the reverse migration rate mB→A, so that the reciprocal 
migration rates can be expressed as (f ×​ m, m). When f =​ 0, the universally 
fittest ecotype (for example, stream fish) cannot invade the habitat 
occupied by the less fit ecotype (for example, the lake), unless it is already 
present at non-zero frequency. (iii) We considered the case of biased 
movement. We assumed that allele a prefers to remain in habitat A, and 
allele b prefers to remain in habitat B. We therefore set their migration 
rates to zero. In contrast, the mismatched allele (b in habitat A; a in habitat 
B) emigrates at a rate m which we assume to be symmetric. For instance, in 
habitat A migration changes the frequency of allele a from pA to: 
′ =
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illustrate these possible outcomes are illustrated in Extended Data Fig. 6. 
In panel a, γ​ =​ −​0.6, m =​ 0.01, pA =​ 1.0, pB =​ 0.0, and selection coefficients 
are from Table 1. Panel b is the same as a except that migration is zero in 
the upstream (habitat A to habitat B) direction. In panel c, pA =​ 0.8 and 
pB =​ 0.2, the better to visualize complete fixation in the frequency-
independent case, and m =​ 0.65, indicating that mismatched genotypes 
actively rather than randomly (m =​ 0.5) switch habitats. Panels d–f are the 
same as panels a–c but with different starting allele frequencies (pA =​ 0.55 
and pB =​ 0.45) to illustrate that the equilibrium results in panels a and c are 
independent of initial conditions. However, evolution with asymmetric 
migration is highly sensitive to initial conditions because allele a will 
sweep to fixation within habitat B as long as it is present initially, whether 
or not there is migration. Panels g–i are the same as panels a–c but 
assuming symmetric DS (as in Extended Data Fig. 1) to examine the 
effects of asymmetric migration (h) and biased migration (i). For all three 
scenarios with DS, NFDS acts to undermine genetic divergence between 
the habitats (as in Extended Data Fig. 1). h, However, asymmetric 
migration means that the sink population is more polymorphic than the 
source population. i, Genotype-dependent dispersal enhances overall 
divergence between populations, as previously described38. As one would 
expect, the directional selection documented in Table 1 leads to rapid 

fixation of the ‘stream’ allele a in both habitats (a, dashed lines). However, 
the addition of NFDS (solid lines) leads to a counter-intuitive result: 
population divergence. Populations that would collapse to a single 
genotype (all p(a) =​ 1.0, dashed lines), instead maintain modest genetic 
differences when NFDS is added (the solid blue and green lines diverge; a). 
This result is easily explained: NFDS tends to maintain polymorphism 
within populations. For the particular parameter values chosen to 
illustrate this point (γ​ =​ −​0.6, m =​ 0.01), NFDS maintains both alleles  
a and b in both habitats. The equilibrium for this stable polymorphism is 
higher for the blue line (habitat B) than the green line (habitat A) because 
NFDS must overcome stronger selection against allele b in habitat B. The 
equilibrium is insensitive to initial conditions (such as starting allele 
frequencies; d). This simulation thus points out that NFDS promotes 
polymorphism within populations (as is well known), but when these 
equilibrium allele frequencies differ between populations NFDS can 
sustain between-population genetic differences when they would not 
otherwise occur. This is an important point for our empirical system, 
because it suggests that strong NFDS could explain the persistence of allele 
frequency differences between lake and stream fish despite directional 
selection favouring one ecotype over the other. NFDS might thus resolve 
the conundrum posed in Supplementary Information section 1, subsection 
3: why does lake–stream divergence persist despite widespread directional 
selection rather than the expected DS? When we add both directional 
selection and asymmetric migration (b), several results can occur. If we 
start with completely fixed differences between populations, then 
population differences persist despite directional selection. Even though 
allele a is favoured in both habitats in this simulation, it is initially absent 
in habitat B (blue, ‘lake’) and never arrives because migration is strictly 
directional from habitat B to A. Allele a fixes in habitat A (where it is 
favoured), and never makes it to habitat B (where a is also favoured). 
However, if we relax the initial conditions even slightly (non-fixed 
differences at the start, or weak upstream migration), then population 
divergence rapidly collapses as allele a fixes in both habitats either by a 
selective sweep within habitat A and B separately, or by immigration into 
habitat B followed by a sweep. Adding NFDS to the strict initial conditions 
(solid lines in b), allele a remains absent in habitat B because it is initially 
absent and there is no immigration. However, emigration from habitat  
B into A introduces allele b into the latter population, where it is 
maintained by NFDS despite frequency-independent directional selection 
(green line, whose equilibrium outcome matches the result in a). In the 
more relaxed initial conditions, the combination of directional selection, 
NFDS, and moderately asymmetric migration results in an outcome that 
looks very much like that in a. Next, we consider the case of biased 
dispersal in which allele a exhibits philopatry for habitat A, and allele  
b prefers habitat B. As described elsewhere38, this genotype-dependent 
dispersal facilitates population divergence (for example, divergence is 
greater in panels c, f and i than in panels a, d and g. Notably, this is 
possible even when allele a is favoured everywhere by selection (c). This is 
plausible if, for example, stream fish evolved to prefer the stream where 
they are fittest (Table 1), and lake fish prefer the lake as a refuge from 
stream fish. However, incorporating NFDS can prevent fixation of the 
philopatric types in one habitat (as shown in c) or in both habitats (not 
shown), depending on parameter values. In conclusion, these simulations 
confirm that there are multiple mechanisms that can explain the persistent 
divergence between lake and stream stickleback, even if the populations 
experience persistent directional rather than DS. The top row of figures 
here provides examples of allele-frequency differences arising from NFDS 
(a), asymmetric migration (b), and biased migration of genotypes (c). Of 
these, the most intriguing is the role of NFDS in generating stable allele 
frequency differences between populations (albeit not fixed differences).
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Extended Data Figure 7 | NFDS can suppress or enhance population 
divergence. a, When the populations in habitats A and B are subject to DS 
(as in Extended Data Fig. 1) and NFDS is absent (γ =​ 0), equilibrium allele 
frequency divergence is substantial and reflects the migration–selection 
balance. Stronger NFDS (more negative γ​) reduces this equilibrium 
between-habitat divergence. b, When there is directional selection and 
no NFDS (γ​ =​ 0) the populations will fail to diverge because a single allele 
fixes in both habitats (see Extended Data Figs 1 and 6). Introducing NFDS 
(γ <​ 0) facilitates allele frequency difference between populations as long 
as selection is not identical in both habitats (for example, here wa,A =​ 1.0, 

wa,B =​ 1.0, wb,A =​ 0.8 and wb,B =​ 0.9). This is because NFDS favours 
different polymorphic equilibria in the two habitats, generating allele 
frequency differences (see Fig. 1a and Extended Data Fig. 6). However 
as NFDS strengthens (γ​ <​<​ 0) the effect of unequal directional selection 
becomes comparatively weak and the populations’ equilibrium allele 
frequencies converge again. The result is that there is an intermediate level 
of NFDS that can cause population genetic differences despite directional 
selection (b), when NFDS might otherwise undermine population genetic 
differences arising from DS (a).
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Extended Data Table 1 | Mixed effect binomial GLMs testing proposed 
effects on stickleback survival

We consider a set of five models beginning with a simple test of reciprocal local adaptation (A), then 
adding an effect of majority/minority status (B), retaining majority status but removing the origin–
destination interaction (C), a post hoc model in which we added the majority–origin interaction and the 
majority–destination interaction (D), then finally considering the effect of adding the absolute body size 
deviation from the cage mean (E). All models include a random effect of cage. Models are ordered in  
increasing support from AIC, though models B–E are all within Δ​AIC <​ 4.0. We provide effect size 
estimates for each term in each model, the standard error of these effect size estimates, a Z-statistic 
measuring how many standard errors the estimate is from a null expectation of zero effect, and P-values 
measuring the probability of observing this large a Z value or greater if the null hypothesis were true. the 
null hypothesis that the effect in question is zero. Bold font indicates effects whose P-value is below the 
traditional threshold of 0.05.
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Extended Data Table 2 | Mixed models testing effects of native ecotype, and locally common MHCIIb genotype, on standardized  
parasite loads

We used linear models to test whether standardized total infection load was a function of native versus foreign ecotype (fixed effect), and native versus foreign MHCIIb genotype (a continuous variable; 
positive values denote individuals with alleles that are diagnostic for the cage habitat), with transplant habitat (destination, a fixed effect). Cage was included as a random effect in all the models.  
We omit the origin effect because native/foreign status is confounded with the origin–destination combination. We present models from most to least complex, using sequential χ2 tests to compare 
successively simpler models to determine the statistical significance of individual effects. Model 3 is optimal by AIC criteria. df, degrees of freedom.
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