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1 | INTRODUCTION

| Anastasia Andersson?

| Nils Ryman?® | Linda Laikre?

Abstract

Sympatric populations are conspecific populations that coexist spatially. They are of
interest in evolutionary biology by representing the potential first steps of sympatric
speciation and are important to identify and monitor in conservation management.
Reviewing the literature pertaining to sympatric populations, we find that most
cases of sympatry appear coupled to phenotypic divergence, implying ease of detec-
tion. In comparison, phenotypically cryptic, sympatric populations seem rarely docu-
mented. We explore the statistical power for detecting population mixtures from
genetic marker data, using commonly applied tests for heterozygote deficiency (i.e.,
Wahlund effect) and the sTrucTure software, through computer simulations. We find
that both tests are efficient at detecting population mixture only when genetic dif-
ferentiation is high, sample size and number of genetic markers are reasonable and
the sympatric populations happen to occur in similar proportions in the sample. We
present an approximate expression based on these experimental factors for the
lower limit of Fst, beyond which power for strRucTURe collapses and only the
heterozygote-deficiency tests retain some, although low, power. The findings sug-
gest that cases of cryptic sympatry may have passed unnoticed in population
genetic screenings using number of loci typical of the pre-genomics era. Hence,
cryptic sympatric populations may be more common than hitherto thought, and we

urge more attention being diverted to their detection and characterization.

KEYWORDS
biodiversity monitoring, conservation management, genetic biodiversity, population genetic
structure

They may reflect genetic adaptations to ecological niches and involve

reproductive isolation occurring even in the absence of obvious migra-

Sympatric populations represent conspecific populations that coexist
spatially during at least a part of their life cycle (Futuyama & Mayer,
1980; Mallet, Mayer, Nosil, & Feder, 2009). Such populations are of
great interest in studies of ecological interaction and microevolution-
ary processes since their existence may represent the first steps of

sympatric speciation processes (Maynard Smith, 1966; Via, 2001).

tion barriers (Kawecki, 1996, 1997; Turelli, Barton, & Coyne, 2001).
From perspectives of management and conservation, sympatric
populations are important to identify and monitor; they represent
population diversity below the species level and such diversity has
been documented to contribute to the portfolio effect in ecosystem
stability (Schindler, Armstrong, & Reed, 2015; Schindler et al., 2010).
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Further, genetic diversity is identified as the basis for all biological
variation that should be protected and sustainably managed accord-
ing to international agreements, such as the Convention on Biologi-
cal Diversity (www.cbd.int).

Sympatric populations have been described in a wide range of taxa
and ecosystems. Marine examples include sympatric killer whale popu-
lations specializing on different diets (Ford et al., 1998) and blue
whales (Attard, Beheregaray, & Moller, 2016) and beluga whales on
summer foraging migration (Hauser, Laidre, Ruydom, & Richard, 2014).
In coastal waters, genetically differentiated, sympatric populations or
“ecotypes” have been described for the littorina snail (Ravinet et al.,
2016) and the Atlantic cod (Barth et al., 2017; Knutsen et al., 2018).
Sympatric “clades” have been described for the blue swimming crab
(Ren et al., 2018) and diatom plankton (De Decker et al., 2018). Many
examples are known from freshwater environments, including smelts,
whitefishes and salmonid fishes (reviewed by Taylor, 1999), and three-
spined sticklebacks (Marques et al. (2016). Salmonid fishes seem par-
ticularly well represented in this regard (brown trout: Allendorf,
Ryman, Stennek, & Stdhl, 1976; Andersson, Jansson et al., 2017;
Ryman, Allendorf, & Stahl, 1979; whitefish: Bernatchez & Dodson,
1990; @stbye, Nasje, Bernatchez, Sandlund, & Hindar, 2005). Exam-
ples from terrestrial ecosystems are sympatric populations of the mea-
dow butterfly (Ford, 1975, p. 78-108), Asian tiger mosquitos (Guo
et al., 2018) and ground beetles (Van Belleghem, De Wolf, & Hen-
drickx, 2016). A special case refers to sympatric “host races” of para-
sitic insects such as the apple maggot (Filchak, Roethele, & Feder,
2000) and pea aphid (Peccoud, Ollivier, Plantegenest, & Simon, 2009).
Host-specific races are also known for the brood-parasitic common
cuckoo, although it is unclear whether these “gentes” represent differ-
ent populations or genetic polymorphism within populations (Fossay
et al., 2016). So-called “‘chromosome races” or “cytotypes” are known
from small rodents that coexist in sympatry at least in zones of contact
(house mouse: Corti & Rohlf, 2001; common screw: Orlov et al.,
2012). In plants, there is a large literature on co-occurring populations
that differ in ploidy (Schonswetter et al., 2007). A common pattern in
most, but not all, of these instances is that members of the sympatric
populations differ to some extent in visual characteristics and this
appears to have been a key feature for detecting such populations.

Sympatric populations may be described as cryptic when causal
inspection had not previously revealed clear morphological or beha-
vioural differences between them (Bickford et al., 2007). In such situa-
tions, the detection of sympatric populations typically requires some
form of genetic data. Whether cryptic or not, there is a problem of
demarcating sympatric populations against sympatric, closely related,
sister species. Researchers adhering to a strict interpretation of the
biological species concept may classify all sympatric, reproductively
isolated populations as full species. There are thus likely to be differ-
ences among taxa, ecosystems and field of research in the detection
of cryptic biodiversity and how this diversity is recognized at the spe-
cies level or below (Bickford et al., 2007; Struck et al., 2018). There is
also the problem of defining sympatry: At what spatial and temporal
scales should coexistence be defined? Sympatric populations may
coexist in the same area only relatively briefly, for example during

seasonal feeding migration (beluga whales: Hauser et al., 2014) or dur-
ing their entire lifespan (brown trout: Ryman et al., 1979; Palmé,
Laikre, & Ryman, 2013). Sympatry is more readily defined within a
confined environment such as a lake or an island than in the open
ocean or in open terrestrial landscapes, and this may add to differ-
ences among taxa and environments in recognition of the existence
and occurrence of sympatry.

We hypothesize that cryptic sympatric populations may have
gone largely undetected and therefore might be under-reported in
the literature. First, sympatric populations in general may be per-
ceived as somewhat of an exception under the dominating ecological
view emphasizing niche specialization and competitive exclusion
(Harding, 1960), possibly diverting attention away from a systematic
search for them. Hence, phenotypically cryptic, sympatric popula-
tions may go unnoticed except as chance detection in genetic
screenings for, for example genetic diversity assessment.

Second, the statistical power for detecting sympatric populations
may be relatively low, at least in the absence of obvious phenotypic
differences. Without observable phenotypic differences and using
genetic data alone, the classical test for the presence of more than one
population in a sample of individuals relies on the Wahlund effect, that
is, a deficiency of heterozygotes relative to the Hardy-Weinberg
expectation (Rousset & Raymond, 1995; Waples, 2015). Deviations
from Hardy-Weinberg genotype proportions may have gone unno-
ticed due to low power of detection (Fairbairn & Roff, 1980). Indirect
evidence that power of genetic methods has been weak is the obser-
vation that most cases of reported sympatry appear to be coupled to
phenotypic differences (Taylor, 1999; this study). Individuals can then
be grouped according to phenotype, and potential genetic differences
between groups are investigated. This kind of comparison is frequently
associated with higher statistical power than a general exploration of
Hardy-Weinberg deviations (Palmé et al., 2013).

Third, as microsatellites became the marker of choice over allo-
zymes, it early became clear that technical artefacts (allelic dropout:
Taberlet et al., 1996; short allele dominance: Wattier, Engel, Saumi-
tou-Laprade, & Valero, 1998; stutter bands: Miller & Yuan, 1997) and
segregating null alleles (Chapuis & Estoup, 2007) all could lead to defi-
ciencies of heterozygotes unrelated to any population mixture (Band
& Ron, 1997). Concerns over such artefacts may have led researchers
to dismiss also real heterozygote deficiencies and thereby overlook
signals from population mixtures in their samples (Waples, 2015).
More generally, studies reporting heterozygote deficiencies often fail
to follow up on those observations with further investigations, and this
lack of follow-up investigations leaves the possibility of population
mixture unresolved (Castric, Bernatchez, Belkhir, & Bonhomme, 2002).

Finally, statistical tools beyond the Hardy-Weinberg test have
traditionally been lacking for detecting mixtures of phenotypically
cryptic populations occurring in sympatry. Mixture of genetically dif-
ferentiated populations leads not only to non-random association of
alleles within loci, but also among alleles at different loci (so-called
“linkage” disequilibrium or LD; Makela & Richardson, 1977) and
potentially more powerful methods that explore both effects to
detect population mixture were not generally available until the turn
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of the century (i.e., the sTRUCTURE software: Pritchard, Stephens, &
Donnelly, 2000). However, little is presently known about the statis-
tical power of sTRUCTURE relative to tests for heterozygote deficiency.

The purpose of the present paper is twofold. First, we review liter-
ature pertaining to sympatric populations. As pointed out above, there
may be considerable differences among taxa and ecosystems with
regard to how researchers recognize and interpret biological diversity.
To maintain a level of consistency and uniformity, we therefore limit
our review to freshwater salmonids, for which we have the most expe-
rience, sympatry is fairly easily defined and a relative rich literature
exists. This review is pursued to summarize documentation of sym-
patric populations, particularly comparing the detection of cryptic,
sympatric populations vs. non-cryptic detection, and further to find
out whether commonly used genetic markers might have led to under-
detection and hence under-reporting of sympatric populations. Sec-
ond, we assess statistical power of detecting phenotypically cryptic
populations from genetic data using computer simulations and focus-
ing on realistic levels of genetic divergence, number of gene markers
and sample sizes as revealed by the literature survey. The question
addressed by these computer simulations is: what is the probability of
detecting population admixture/structure from genotype data from a
single sample or locality, that is, without additional information on
habitat or phenotype differences?

2 | MATERIALS AND METHODS

2.1 | Literature survey

We carried out a literature survey on evidence for sympatric populations
of salmonid fishes in freshwater environments using the Web of Science.
We performed six topic searches using keyword combinations of “sym-
patric populations” AND either of the following “salmonid,” “trout,”
“char,” “charr,” “whitefish” OR “salmon.” The search included all years
available in the database and was carried out in April 2018. In a next step,
we examined the papers obtained for relevance with respect to our
focus, that is, occurrence of sympatric populations in freshwater habitats.
Further, we added nine papers that we knew of, but which did not appear
in the searches. All in all, we included 80 studies in our survey. We classi-
fied the sympatric populations reported in these studies as cryptic if they
were initially detected through genetics only, without prior identification
of, or grouping based on, phenotypic, ecological or other divergence. The
sympatric populations were classified as non-cryptic if the basis for detec-
tion was phenotypic differences and as ambiguous if they could not be
classified as either cryptic or non-cryptic based on the information given
in the studies.

2.2 | Computer simulations

Simulations employing an in-house computer program were used to
assess statistical power of detecting a significant indication of popu-
lation mixture in genetic data from a sample of individuals when no
phenotypic or non-genetic cues to population membership exist.

Simulated sample data sets were generated by random sampling
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from two interconnected populations in approximate migration-drift

equilibrium, and statistical tests included Hardy-Weinberg tests equi-
librium and tests derived from cluster analyses.

Each simulated population consisted of N = 1,000 diploid, sexually
reproducing individuals with discrete (non-overlapping) generations.
Populations were initiated with even sex ratios and with a number L of
freely combining (i.e., unlinked) loci with a specified allele frequency
profile. Various numbers of alleles (2 or 20) and loci (up to 100) were
used to represent popular genetic marker types and numbers com-
monly used in past and present population screenings as identified in
our literature review (Table 1). In particular, we consider a set of 10
loci with (initially) 20 alleles each and refer to this set as the “mi-

I

crosatellite panel” and a set of 100 di-allelic loci referred to as the
“SNP panel.” Smaller numbers of di-allelic loci were also simulated in
order to represent allozyme-based studies. For the microsatellite
panel, we incorporated mutations by randomly changing genes from
their allelic state to one of the (19) other allelic states. We used a
mutation rate of u = 0.0005, implying that one of the 2,000 genes in
the population mutated per generation on average. The SNPs and allo-
zymes were simulated without mutations. Simulations were initiated
with even allele frequencies and were run for a sufficient number of
generations (1,000) to thoroughly redistribute alleles within and
among loci. Each generation after initiation (generation t = 0), N hap-
loid gametes, including L loci plus the sex-determining locus, were
drawn with replacement from males and from female parents, respec-
tively, and merged into N diploid offspring which immediately replaced
the parental generation. Thus, generations were discrete (non-overlap-
ping) and population size was kept exactly constant, while the sex ratio
varied randomly (i.e., binomially with a mean of 0.5 and a standard
deviation of 0.0158). Migration was simulated by exchanging a fixed
number (M) of diploid individuals between the two populations each
generation, following reproduction and mutation. A range of levels of
genetic divergence between populations (Fs7: from 0.00025 to 0.39)
was generated by exchanging different numbers of migrants (M = 43,
23,12, 5, 2.5, 1 or O per generation). Fractional numbers of migrants
(e.g., 2.5) were accommodated by passing on the fractional part to the
subsequent generation. Thus, in the case of M = 2.5, the actual num-
ber of migrants alternated between two and three in successive gener-
ations for an average of 2.5 per generation.

When sampling from the two populations, n; and n, diploid indi-
viduals were drawn from population 1 and 2, respectively, in genera-
tion t = 1,000 and both samples were pooled into a common file for
statistical analyses. Different proportions of the two populations in
samples were explored, from 1:1 (i.e., even representation) to 1:19
(highly skewed representation). The total sample size was set to
cover the range over most empirical studies (Table 1), from 20 to
400 individuals combined (n; + n,). When testing the case of no
divergence (for assessment of alpha errors), that is Fst = 0, a single,
isolated population was simulated for 1,000 generations before the
sample was drawn. Samples were drawn with replacement, in accor-
dance with common—but typically not explicitly stated—assump-
tions of estimation procedures (Weir & Cockerham, 1984). The
realized divergence (FST) between the two populations in the sample
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TABLE 1 Summary information on sample size (loci and individuals) and Fst found in the studies of the literature search (Table 2;

Supporting Information Tables S1 and S2)

Number of loci Number of individuals Fst
Marker type Average Median Min Max Averag Median Min Max Average Median Min Max
Allozymes 8.3 8 1 16 507 164 48 6,159 0.065 0.050 0.010 0.200
Microsatellites 8.7 6 5 22 139 81 22 636 0.106 0.062 0.007 0.381
SNPs 1,092.4 94 94 3,093 134 48 24 744 0.071 0.036 0.010 0.280

Note. Min: the smallest number of loci/individuals used and the smallest Fst observed; Max: the largest number of loci/individuals employed and the

largest Fst observed.

was calculated from sample allele frequencies with cenepop (v. 4.2.1:
Rousset, 2008, 2013) and compared to the expected theoretical
value (E[Fs7] calculated as B following Cockerham & Weir, 1987, p.
8513). In simulations without mutations, the theoretical values corre-
sponding to the chosen parameters (M, N = 1,000 and t = 1,000)
were E[Fst] = 0.0025, 0.0050, 0.0100, 0.0243, 0.0484, 0.1150 and
0.3912, for the different values of M, whereas in simulations that
also included mutations (u = 0.0005), the corresponding expectations
were slightly lower, at 0.0025, 0.0050, 0.0098, 0.0230, 0.0435,
0.0918 and 0.2589, respectively. All simulations and subsequent sta-
tistical analyses (below) were replicated 5,000 times.

2.3 | Statistical analyses of simulated data

Tests for heterozygote deficiency in the pooled samples (sample size =

nq + ny) utilized the sampled genotypes, anonymized with respect to
population of origin by erasing the population identifiers from the
input file prior to statistical analyses. The calculations were carried out
with Genepop option 1 (Hardy-Weinberg exact test) suboption 4 (global
tests for heterozygote deficiency), with default dememorization num-
ber (10,000), number of batches (20) and iterations per batch (5,000).
Results were summarized as the proportion of the 5,000 replicate sim-
ulation runs that yielded a significant, at the 5% level, global test.

The pooled and anonymized samples were further analysed for
population structure with the command line version of the sTruc-
TURE software (v. 2.3: Falush, Stephens, & Pritchard, 2003; Pritch-
ard et al., 2000). The software was run with the default number
of BURNINS (10,000) and NUMREPS (20,000) and, as per default,
with the following settings activated (i.e.,, set to 1): FREQSCORR,
COMPUTEPROBS, INFERALPHA or deactivated (set to 0): NOAD-
MIX, USEPOPINFO, LOCPRIOR. For each simulation run, STRUCTURE
was employed three times, with assumed number of populations
(K) set to 1, 2 and 3, respectively. We chose 3 as an upper limit,
partly to limit the computational burden (nearly 90% of CPU time
was spent on the structure analyses) and partly because few
empirical investigators would consider a large number of popula-
tions in a single sample as a biologically realistic proposition. The
posterior probability of K =1 (i.e., the probability of the sample
representing a single biological population) given the data were
calculated from the reported Ln Prob(data|K) using Bayes’ rule, as
described in the manual (Pritchard, Xiaoquan, & Falush, 2010, sec-
tion 5.1): Prob(K = 1|data) = exp[ Prob(datalK = 1)]/(exp[Prob(data|

K = 1)] + exp[Prob(datalK = 2)] + exp[Prob(data|K = 3)]). Results of
simulation runs were summarized as the proportion of replicate
runs that yielded a Prob(K = 1|data) less than 5% and interpreted
as a significant (at the alpha = 5% level) detection of population
mixing in the sample. In simulations involving a single population,
that is with no true population mixing, the proportion of signifi-
cant runs was interpreted as the alpha error of the test.

The discriminant analysis of the principal component method
(DAPC: Jombart, Devillard, & Balloux, 2010), implemented in the R
package ADEGENET (v.2.0.1: Jombart, 2008; Jombart & Ahmed, 2011), is
also a potential tool for detecting the presence of individuals of differ-
ent genetic origin within a sample. The find.clusters function calculates
and reports the BIC (Bayesian information criterion) values for various
number of clusters or populations (K) in the data. We did not find any
application in the population genetics literature of using these BIC val-
ues to calculate posterior probabilities for the models, but the proce-
dure is described in the general statistics literature on model selection
(Burnham & Anderson, 2004, p. 275; Raftery, 1995) and is similar to
that used for sTrucTUrE. For testing the null hypothesis of a single pop-
ulation (K = 1) in the sample, we calculated Prob(K = 1|data) = exp(—1/2
delta BIC_K = 1)/sum (exp(—1/2 delta BIC_K = i)), where exp is the
exponential function, BIC_K = i is the BIC value reported by the find.
clusters function for K =i genetic clusters or populations, delta
BIC_K =i is the difference between the BIC value for K =i and the
lowest BIC value, and the summation is over i = 1...10. We calculated
the power and alpha errors of this test as the proportions of replicate
runs that yielded Prob(K = 1|data) < 0.05.

3 | RESULTS

3.1 | Literature survey

Review of the 80 papers identified in our literature survey revealed
that for the case of salmonid fishes in freshwater habitats, sympatric
populations have been reported in 136 cases in 135 localities in 17
countries, including at least 17 separate species (Table 2; Supporting
Information Table S1). Arctic charr is the species with the largest
number of reported sympatric cases with 39 localities where such
existence has been documented. Sympatric populations have most
commonly been found in freshwater lakes (108 cases), whereas river
and creek habitats have been less commonly reported to harbour

such populations (12 vs. 15 cases).
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Based on the classification described in the methods section, we
find that non-cryptic sympatric populations are much more com-
monly reported than cryptic ones. Non-cryptic populations have

been documented in 98 localities involving 17 separate species
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(Table 2), whereas cryptic populations have only been documented

in nine freshwater localities (seven lakes and two rivers) and for five
species: Arctic charr, brown trout, lake trout, Atlantic salmon and

Chinook salmon (Aykanat et al., 2015; Marin, Coon, Carson, Debes,

TABLE 2 Number of cases of sympatric populations in separate salmonid fishes in freshwater habitats classified as cryptic, non-cryptic and

ambiguous (see text and Supporting Information Table S1 for details)

Cryptic Non-cryptic Ambiguous )
All sympatric
Country Number
Number of (number of Number of Country (number of of Country (number Total number
Species localities localities) localities localities) localities of localities) of localities
Arctic charr (Salvelinus 42 Iceland (2), 25 Canada (3), England (1), 11 Iceland (4), Ireland (2), 40
alpinus) Scotland (2) Iceland (5), Norway (3), Scotland (5)
Russia (10), Scotland (2),
USA (1)
Arctic charr species 0 10 Russia (8), USA (2) 2 USA (2) 12
complex
(Salvelinus spp.)
Atlantic salmon (Salmo 1 Finland/Norway (1) 2 Canada (2) 0 3
salar)
Brook charr (Salvelinus 0 1 Canada (1) 16 Canada (2), 17
fontinalis) USA (14)
Brown trout (Salmo 2 Sweden (2) 3 Ireland (1), Scotland (2) 0 5
trutta)
Chinook salmon 1 USA (1) 1 Canada (1) 0 2
(Oncorhynchus
tshawytscha)
Cisco (Coregonus albula; 0 2 Germany (2) 0 2
Coregonus fontanae)
European whitefish 0 14 Norway (13), Russia (1) 0 14
(Coregonus lavaretus)
Lake trout (Salvelinus 1 Canada (1) 1 Canada (1) 0 2
namaycush)
Lake whitefish 0 9 Canada (6), USA (3) 0 9
(Coregonus clupeaformis)
Mediterranean/Fibreni 0 1 Italy (1) 0 1
trout
(Salmo cettii; Salmo
fibreni)
Ohrid trout (Salmo letnica 0 1 Albania/Macedonia (1) 0 1
typicus;
Salmo letnica aestivalis)
Pygmy whitefish 0 1 USA (1) 0 1
(Prosopium coulterii)
Rainbow smelt (Osmerus O 1 Canada (1) 0 1
mordax)
Rainbow/Steelhead trout 0 5 Canada (2), USA (3) 0 5
(Oncorhynchus mykiss)
Sockeye/kokanee salmon O 11 Canada (121) 0 11
(Oncorhynchus nerka)
Whitefish (Coregonus 0 8 Switzerland (7) 0 8
spp.) Switzerland/
Austria/
Germany (1)
Total (all species) 92 982 29 135

?Loch Awe in Scotland houses both two cryptic Arctic charr and two non-cryptic brown trout populations and is included both in the total number local-
ities for both cryptic (9) and non-cryptic (98) populations. Thus, the total number of localities with sympatric populations identified in this study is 135.
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& Fraser, 2016; Palmé et al, 2013; Ryman et al., 1979; Smith &
Engle, 2011; Wilson et al., 2004; Table 1). We classify 29 cases con-

cerning Arctic charr and brook charr as ambiguous. Most commonly,

only two coexisting sympatric populations have been documented. A
total of 23 cases with three or more coexisting populations have
been found, and all these refer to non-cryptic populations (Support-
ing Information Table S1).

Difference in resource use has been reported in several cases of
non-cryptic sympatry. In lake habitats, such differences include food
niches (21 lakes), spawning time (3 lakes), spawning place (4),
anadromous vs. resident strategy (2), both spawning time and place
differences (3), and both spawning time and habitat differences (2).
All non-cryptic sympatry in creeks is associated with anadromous vs.
resident life history strategy (11 cases). In rivers, such differences
are also found (three rivers) but here spawning time differences is
another diverging factor (three rivers), whereas food niche separation
has not been reported in creeks or rivers (Supporting Information
Table S1).

In the cases of cryptic sympatry, clear life history strategy differ-
ences have only been observed in the case of Atlantic salmon in the
Teno River (Aykanat et al., 2015). There are some indications of
trophic divergence in sympatric charr in Lochs Maree and Stack
(Adams, Wilson, & Ferguson, 2008) and extensive screening of the
two cases of cryptic brown trout populations in tiny mountain lakes
in Sweden found no trophic divergence but small growth and
maturation differences as well as a tendency for a spacial separation
at spawning (Andersson, Johansson, Sundbom, Ryman, & Laikre,
2017; Palmé et al., 2013; Ryman et al., 1979). Growth differences
between cryptic, sympatric populations have been reported in a total
of six cases (five lakes and one river).

Microsatellites and/or allozymes were the most frequently used
markers for investigating genetic structure and had been employed in
40 vs. 21 studies, respectively. Typically, 1-16 loci were employed for

allozymes and 5-22 for microsatellites. Four studies had used SNPs,

five employed gene sequencing and several studies used combinations
of different markers (Supporting Information Table S1). Studies identi-
fying cryptic sympatric populations were based exclusively on
heterozygote deficiency in one case (no heterozygotes observed;
Ryman et al., 1979) and exclusively on sTRUCTURE software in two cases
(Aykanat et al., 2015; Marin et al., 2016). Two studies used a combina-
tion of heterozygote-deficiency tests and the sTrRucTure software
(Palmé et al., 2013; Wilson et al., 2004), and one study applied an
assignment software exclusively (oncor; Smith & Engle, 2011).

We wanted to find out if studies reporting cryptic vs. non-cryptic
sympatric populations differed with respect to sample size, number
of loci or degree of genetic divergence. For such a comparison, we
selected studies reporting all the relevant quantities, that is number
of fish, number of loci and significant Fst (or equivalent). We limited
our selection to studies using allozymes and/or microsatellites, since
these were the most frequently applied markers. Of the 80 studies,
35 fulfilled these criteria and they represent 58 localities, seven with
cryptic populations and 51 with non-cryptic ones (Supporting Infor-
mation Tables S2). Fst was consistently higher among cryptic popula-
tions as compared to non-cryptic ones using allozymes,
microsatellites or a combination of both (Table 3). However, statisti-
cal significance was only obtained for allozymes using a t test
(median test non-significant). Similarly, a larger number of individuals
had been sampled in studies reporting cryptic populations based on
allozymes or both markers as compared to studies reporting non-
cryptic populations. However, this difference was only significant for
the median test. The number of loci appointed were essentially the
same (Table 3).

3.2 | Computer simulations

The overall impression from the computer simulations (Supporting
Information Table S3) is that sTrRucTuRE was superior to DAPC and

also more powerful than the heterozygote-deficiency test to detect

TABLE 3 Results from comparisons of genetic divergence (Fst) and number of individuals and loci sampled between sympatric populations
that were classified as cryptic or non-cryptic using information reported in the literature. Information from a total of 35 studies involving seven
cases of cryptic populations and 59 cases of non-cryptic populations was used (Supporting Information Table S2). Probability values (p) below
0.05 are in bold. For measures with unequal variances, the Welch t test was used to estimate the t, df and p; these values are in italics. None

of the significances were retained after Bonferroni correction

T test Median test
Genetic marker Mean
type Measure Mean cryptic non-cryptic t df p x> p
Allozymes + microsatellites Total sample size 992.79 115.07 1.02 6 0.348 0.16 0.689
Number of loci 9.29 8.76 0.33 64 0.742 0.38 0.535
Fst 0.13 0.10 0.81 64 0.422 4.00 0.046
Allozymes Total sample size 3,212.00 108.00 1.05 1 0.483 4.44 0.035
Number of loci 11.00 10.00 0.25 6 0.811 0.18 0.673
Fst 0.15 0.04 2.97 6 0.025 2.67 0.102
Microsatellites Total sample ;size 105.10 115.87 -0.27 56 0.792 0.15 0.698
Number of loci 8.60 8.62 -0.01 56 0.990 0.51 0.476
Fst 0.12 0.10 0.38 56 0.705 1.97 0.160



JORDE ET AL

4017
MOLECULAR ECOLOGY s\VVAR ) A%

population mixture whenever the level of genetic divergence
between the two populations was high (Fst > ~0.10). Power of all
tests typically reached high levels—often unity—when the two pop-
ulations were well differentiated and represented in even propor-
tions in the sample (Figure 1). On the other hand, statistical power
was very low when levels of genetic divergence were low and par-
ticularly so for DAPC and sTrucTurRe. Our implementation of DAPC in
these simulations was always inferior to the two other tests and
often did not yield a meaningful result at all (i.e., a power of zero,
unity or no estimate at all: cf. Figure 1; Supporting Information
Table S3). Thus, the approach implemented in DAPC is not consid-
ered further in the present paper.

The two genetic marker panels that are the focus of the present
simulations, the 10 microsatellite and 100 SNP panels, represent
fairly similar amounts of genetic data. At the time of sampling in
generation t = 1,000 approximately 11 out of an initial 20 alleles per
microsatellite remained in the populations (with a mutation rate of
u = 0.0005), resulting in a total of 10 x (11 — 1) = 100 more or less
independent genes (i.e., observations) per sampled individual. At the
same time, nearly all (>99%) SNPs were still polymorphic (two alleles
each), and samples with this marker therefore had a similar number
of 100 x (2 — 1) = 100 independent genes per individual sampled.
Statistical power of the two marker panels was therefore, as
expected, fairly similar (cf. Figure 1).

The power of sTRUCTURE to detect population mixtures fell rather
rapidly with declining levels of genetic divergence, and the rate of
this decline was dependent on sample size (Figure 2) and number of
loci (Figure 3). For a given sample size and genetic marker panel, a
reduction in Fst by a factor of 2 sometimes reduced power from
very high to very low levels. For example, using the microsatellite

Figure 2, upper right), power was 90% to detect an even mix of
populations that diverged by Fst= 0.0435 but power declined to
only 17.5% when divergence was Fst = 0.0250 (Supporting Informa-
tion Table S3). For a similar sample size but using the SNP panel,
the major drop in power (from 77.6% to just 2.3%) occurred at a
somewhat lower Fst level, between 0.025 and 0.010 (cf. Figure 2,
lower panel and Supporting Information Table S3). These major
drops in statistical power indicate the existence of certain “thresh-
old” levels of divergence necessary for the sTRUCTURE test to effec-
tively detect population mixture. The effect of sample size on power
for this test was proportional and predictable (Figure 2, right panels):
Expressed in terms of this threshold Fst, a reduction in sample size
by a given factor led to a corresponding increase in the Fst level
that was required to maintain statistical power of detection. The
effect on power of increasing or decreasing number of loci, assum-
ing the same number of alleles per locus, was similar to the effect
of increasing or decreasing sample size (Figure 3): An increase in
number of loci typically resulted in a proportional reduction in the
threshold Fst.

For the heterozygote-deficiency test, power declined more
slowly with reduced Fst and eventually overtook as the more power-
ful test when Fst fell below the threshold level for sTRUCTURE
(Figure 1). Nevertheless, power to detect heterozygote deficiencies
at these low levels of divergence was poor in absolute terms, typi-
cally below 0.2, and implying that mixtures of weakly differentiated
populations are likely to go unnoticed with either method, even if
using large sample sizes (n = 400 individuals: Figure 2). In this
parameter region with overall low power, there was generally a poor
relationship between the realized F¢; in the individual computer runs
and the outcome of the statistical tests in those runs (Figure 4,

panel and a sample size of n =100 individuals (green line in upper panels). This lack of correspondence between level of
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FIGURE 1 Simulated statistical power of detecting significant evidence for population mixture in a single sample genotyped for the
microsatellite panel (10 loci with 20 alleles each: solid lines) and for the SNP panel (100 di-allelic loci: dashed lines). The total sample size was
n = 100 individuals, drawn in equal proportions from the two populations. Three different tests were performed on the sample to detect
population mixture, using Genepop (test for heterozygote deficiency; left), structure (test for K > 1; middle) and DAPC (test for K > 1; right), and
power was calculated as the proportion of significant (at the alpha = 0.05 level) simulation runs out of 5,000
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FIGURE 2 Power of detecting significant evidence for different size (n individuals), genotyped for the microsatellite panel (top) and the
SNP panel (bottom) and tested with the cenerop heterozygote-deficiency test (left) and sTrucTure test for K > 1 (right). Dots on the left margins
indicate proportions of significant runs from a single, panmictic population and represent the alpha errors of the tests (note that some dots

overlap)

divergence and test outcome likely reflected an increase in alpha
errors (i.e., type | errors) relative to true rejections when true diver-
gence was low. This sometimes resulted in contrasting outcomes of
the two tests, with some runs being significant for the heterozygote-
deficiency test and others for the sTrRucTure test and relatively few
with both tests being significant. In the parameter region of higher
overall power (Figure 4, bottom panels), such differences among
tests rarely occurred and runs that were significant for the least

powerful test (here, the heterozygote-deficiency test) were almost
always significant also for the more powerful one (sTRUCTURE).

With unequal sampling of the two populations, power of detect-
ing mixtures declined with increasing skewness in population repre-
sentation in the sample (Figure 5). While mild deviations of 30/70
from even proportions (50/50) only resulted in a minor effect on
power, highly skewed representations of the two populations in the
sample (10/90 and 5/95) typically limited power to a substantial
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extent (Figure 5). sTRUCTURE was somewhat more affected by uneven
representation than was the heterozygosity-deficiency test but for
highly divergent populations (Fst > 0.1) power remained reasonable
high (>0.5) for both methods also with highly skewed representation
(5/95 proportions).

Alpha errors, that is, the proportion of simulation runs with a sin-
gle, panmictic population only but which nevertheless resulted in a
significant test outcome for mixture, were always close to the nomi-
nal alpha (5%) level for the heterozygote-deficiency test (cf.
Figure 2), ranging between 0.042 and 0.061 over simulations repre-
senting a wide range of sample sizes (Supporting Information
Table S3). The sTrucTure test also tended to display alpha errors in
the vicinity of the alpha level, but was more variable and ranged

between 0.01 and 0.16 (Figure 2; Supporting Information Table S3).

4 | DISCUSSION

In our literature case study of sympatric populations using salmo-
nid fishes in freshwater habitats as models, we found that the
majority of reported cases—98 out of 136—refer to non-cryptic
populations that were identified by differences in phenotypic and/
or behavioural traits. Only nine of the 136 examples that we
found refer to cryptic, sympatric populations, leaving the impres-
sion that such populations are rare. Moreover, we found that
genetic divergence was on average higher between cryptic than
between non-cryptic populations. This is contrary to expectation
because phenotypically cryptic populations are commonly thought
to be evolutionary young (see review and discussion by Fiser,
Robinson, & Malard, 2018) and therefore less differentiated at

neutral loci. Thus, the finding that cryptic populations instead
tended to be more differentiated suggests that reported cases
provide a biased view and represent situations where statistical
power was high. Ecological divergence in sympatric populations
appear to differ with respect to habitat but in the case of cryptic
sympatry, obvious genetic differences are typically associated with
only weak and unclear resource use divergence leaving the evolu-
tionary mechanisms behind such structuring presently unclear.

Recent works that were not included in our literature review find
refined food niche separation in three sympatric genetically diver-
gent groups of brown trout in Loch Leidon, Scotland (Piggott et al.,
2018), and genomic signals indicating selection between the non-
cryptic life history forms of brown trout of Loch Maree, Scotland
(Jacobs, Hughes, Robinson, Adams, & Elmer, 2018). Evidence for
sympatric genetic divergence between non-cryptic Arctic charr popu-
lations was reported by Salisbury et al. (2018) in Ramah Lake in Lab-
rador, Canada, and Gudbrandsson etal. (2018) found gene
expression divergence during early development among non-cryptic
populations of this species in Lake Thingvallavatn on Iceland .

We used computer simulations to evaluate the statistical power of
methods that utilize genetic markers for detecting sympatric popula-
tions in a sample of individuals, without prior groupings. Among meth-
ods, the Hardy—-Weinberg test represents the classical approach and
different variants of this test have been developed. For the particular
purpose of detecting Wahlund effects, the exact heterozygote-defi-
ciency test (Rousset & Raymond, 1995) was used as this seems the
most appropriate and has seen wide use in empirical studies (the origi-
nal paper was cited >600 times at Web of Science by June 2018, but
most papers using this method probably cite the Generop papers, Ray-
mond & Rousset, 1995; Rousset, 2008; instead, with a combined
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>15,000 citations). Statistical power for Hardy-Weinberg tests in gen-
eral and deficiency of heterozygotes in particular has been evaluated
in the earlier literature for a variety of applications, including detection
of cryptic population structure (Chakraborty & Zhong, 1994; Salanti,
Amountza, Ntzani, & loannidis, 2005).

Methods that simultaneously utilize LD and heterozygote deficien-
cies have been developed, most notably in the sTRucTurRe software
(Pritchard et al., 2000), and been widely applied (>16,000 citations).
Simulation studies characterizing statistical properties of sTRUCTURE
include Castric et al. (2002), Manel, Berthier, and Luikart (2002),
Evanno, Regnaut, and Goudet (2005), Latch, Dharmarajan, Glaubitz,
and Rhodes (2006), Patterson, Price, and Reich (2006), Waples and
Gagiotti (2006), Anderson and Dunham (2008), Frantz, Cellina, Krier,
Schley, and Burke (2009), Schwartz and McKelvey (2009), Jombart et
al. (2010), Kalinowski (2011), Aurelle and Ledoux (2013), Neophytou
(2014), Puechmaille (2016), Janes et al. (2017) and Wang (2017).
These studies mainly addressed the problem of correctly estimating
the number (K) of populations represented by a set of samples, and
only Castric et al. (2002) specifically addressed the related but

different problem of detecting a significant signal for K > 1. Neverthe-
less, these studies have yielded relevant information on the question
at hand by demonstrating that sTRucTURE has problems with detecting
populations with low genetic divergence (Fst below about 0.01-0.05:
Castric et al., 2002; Latch et al., 2006; Waples & Gagiotti, 2006). More
specifically, Patterson et al. (2006) conjectured that any genetic clus-
tering method, including sTrRucTurg, will fail when F5T<1/\/5, where D
is the data size or the number of independent genes surveyed. It is not
clear exactly when strucTure “fails” in the present context of power
analysis, but if we take a power of 10% as the point where there is no
longer any obvious signal of population mixture, the “threshold” Fst
values that correspond to this power in the case of the SNP panel are
about 0.027, 0.014, 0.011, 0.007 and 0.005 for sample sizes n = 20,
50, 100, 200 and 400, respectively (cf. Figure 2, bottom right).
Because these are biallelic loci, there is only one independent allele
per locus, so that with 100 loci 1/vD=1/,/nx 100 x (2 —1)
= 0.022, 0.014, 0.010, 0.007 and 0.005, in good agreement with the
theoretical predictions. The agreement is less good for the microsatel-
lite panel (with corresponding Fst values of about 0.050, 0.030, 0.015,
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0.011 and 0.006, respectively: cf. Figure 2, top right), implying some-
what lower power for them, probably because alleles at the same locus
are not entirely independent and that more alleles occurred in low fre-
quencies as compared to the di-allelic SNPs. The expression is never-
theless useful also for microsatellites as a rough guideline for
conditions where the statistical power of the sTRUCTURE test becomes
too low to be of practical use. However, this guideline refers to popu-
lation mixtures in equal proportions and our simulation results show
that power of sTRUCTURE is reduced when populations are unequally

represented in the sample (Figure 5, right), as also found earlier

(Puechmaille, 2016; Wang, 2017). This reduction in power and subse-
quent increase in threshold Fst appears to be directly related to the
relative proportion of the two populations in the sample, or r = n4/n,
(where n; is the larger, so that r < 1). Using r, we may tentatively con-
sider a modified expression for the threshold Fst for STRUCTURE:

1/VD=1/y/nxrxLx(a—1) (1)

where n is the sample size, L the number of loci and a number of
alleles per locus. With r = 5/95, 10/90, 30/70 and 50/50, as in our
simulations (Figure 5), we then obtain for the 100 locus SNP panel



4022
—|—W1 | A %= MOLECULAR ECOLOGY

JORDE ET AL

the following threshold Fst values: 0.010, 0.015, 0.030 and 0.044,
respectively. In comparing these numbers with simulation results, we
extract Fst values representing a power of 10% from Figure 5, bot-
tom right, which turns out to be 0.011, 0.012, 0.029 and 0.053,
respectively, in reasonable agreement with the calculations. These
numbers imply that, with a skewed population representation, say 5/
95, the level of genetic differentiation (Fs7) needs to be much higher,
here 0.053/0.011 = 4.8 times higher, in order to achieve the same
power of detection as with even population representation.

In comparison with results for sTRUCTURE, power for the heterozy-
gote-deficiency test decreased more gradually with decreasing Fst
(cf. Figures 1 and 2) and the concept of a lower “threshold” Fst
value is even less clear. Nevertheless, this test generally retained
somewhat higher power than the sTRucTure test at low levels of
divergence, implying that a signal of sympatric mixture is slightly
more likely to be picked up with the heterozygote-deficiency test.
Apart from this slight advantage at low levels of divergence, the
heterozygote-deficiency test displayed similar patterns of power
depending on sample size, number of loci and population representa-
tion in the samples, as for STRUCTURE.

As discussed in the introduction, there are a number of circum-
stances that may have conspired against detecting sympatric popula-
tions in empirical genetic studies. Apart from situations where a
significant test outcome is being dismissed or misinterpreted, our
findings add insights into non-significant outcomes and aid in inter-
preting the current literature pertaining to the occurrence of cryptic,
sympatric populations. Briefly, computer simulations verified that
weakly divergent populations are likely to go undetected regardless
of statistical test employed when number of loci and/or sample sizes
are small. While we do not know what level of divergence may char-
acterize real cryptic, sympatric populations, the literature review of
non-cryptic populations showed that these diverged with a broad
range of F¢ from 0.003 to 0.497, with an average of 0.095.

While recent advances in genomics have hugely expanded the
number of loci that can be genotyped, most studies until recently
were severely limited by available protein staining technology (for
allozymes) or species-specific primers (for microsatellites). For studies
employing microsatellites, numbers of loci in our literature survey
ranged from 5 to 25 with a mean of 10, and for allozymes, the num-
ber of (polymorphic) loci was even lower. Combined with a moderate
sample size, we conclude that most studies would not have been
able to detect sympatric populations from genetic data alone. In the
present genomics era increasing the number of loci substantially is
no longer a problem, although sample sizes still tend to be moder-
ately low.

Perhaps more problematic from a planning purpose is our find-
ing that uneven population representation in the sample reduces
power of detection substantially. Unless there is some unknown
biological reason for sympatric populations to occur in even pro-
portions in the sample area, simple combinatorics dictate that
most samples will contain populations in uneven proportions and
often highly so. As a case in point, both the sympatric brown
trout populations in Lakes Bunnersjéarna and in Trollsvattnen

occurred in very similar proportions, averaging 45% and 55%
(Ryman etal, 1979) and 47% and 53% (Palmé et al, 2013),
respectively. Although the alternative fixation of the LDH-1 alleles
in Lake Bunnersjéarna makes statistical power in that particular
case largely irrelevant, the high proportion of both types certainly
brought attention to the phenomenon as not just a technical arte-
fact with a few samples.

A complicating factor relating to detection of cryptic sympatry
that we have not addressed here is that degree of divergence most
likely differs in different regions of the genome. Such differences
might explain the difficulty in detecting the two cryptic populations
of brown trout in Lakes Trollsvattnen that we have reported and
monitored over time (Andersson, Jansson et al., 2017; Andersson,
Johansson et al.,, 2017; Jorde & Ryman, 1996; Palmé et al., 2013)
with six microsatellites as compared to 14 allozyme loci. In fact, the
degree of divergence between these population using allozymes is
estimated as Fst = 0.1, whereas when applying ~3,000 SNPs, we find
a lower Fst = 0.03 (Andersson, Jansson et al., 2017). Clearly, more
research is needed into the issue of cryptic sympatry to understand
the evolutionary background to their existence. From the perspec-
tive of conservation management, mapping the existence of this type
of biodiversity over space and monitoring such existences over time
is important.
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