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Abstract
Evolutionary inferences are usually based on statistical models that compare mean genotypes and
phenotypes (or their frequencies) among populations. An alternative is to use the actual
distribution of genotypes and phenotypes to infer the “exchangeability” of individuals among
populations. We illustrate this approach by using discriminant functions on principal components
to classify individuals among paired lake and stream populations of threespine stickleback in each
of six independent watersheds. Classification based on neutral and non-neutral microsatellite
markers was highest to the population of origin and next-highest to populations in the same
watershed. These patterns are consistent with the influence of historical contingency (separate
colonization of each watershed) and subsequent gene flow (within but not between watersheds). In
comparison to this low genetic exchangeability, ecological (diet) and morphological (trophic and
armor traits) exchangeability was relatively high – particularly among populations from similar
habitats. These patterns reflect the role of natural selection in driving parallel changes adaptive
changes when independent populations colonize similar habitats. Importantly, however,
substantial non-parallelism was also evident. Our results show that analyses based on
exchangeability can confirm inferences based on statistical analyses of means or frequencies,
while also refining insights into the drivers of – and constraints on – evolutionary diversification.
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Introduction
Evolutionary landscape genetics uses spatial patterns of genetic variation to infer
evolutionary processes. The usual route toward such inferences is to examine how genotypes
and phenotypes traits differ among populations across a landscape. As one example, a role
for deterministic natural selection is typically inferred when genotypes or phenotypes are
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similar for independent populations in similar environments: i.e., parallel or convergent
evolution (Endler 1986; Schluter 2000; Langerhans and DeWitt 2004; Arendt and Reznick
2008; Losos 2011; Wake et al. 2011). As another example, specific causes of natural
selection are typically inferred through correlations between genotypes or phenotypes and a
particular ecological factor (Endler 1986; Wade and Kalisz 1990; MacColl 2011), such as
diet (e.g., Schluter and McPhail 1992; Kaeuffer et al. 2012), structural habitat features (e.g.,
Losos 2009), predation (e.g., Reznick and Bryga 1996; Langerhans and DeWitt 2004), or
water flow (e.g., Langerhans 2008). In addition, gene flow is often inferred to constrain
adaptive evolution when divergence in non-neutral genotypes or phenotypes is negatively
correlated with divergence in neutral markers (Hendry and Taylor 2004; Nosil and Crespi
2004; Bolnick and Nosil 2007; Räsänen and Hendry 2008).

Evolutionary inferences of the sort just described typically rely on the analysis of means or
frequencies. For example, the first inference discussed above (parallel or convergent
evolution) typically comes from statistical models (e.g., GLMs, ANOVAs, AMOVAs, chi-
square tests) that consider the main effect of the environment term. The second two
inferences (specific causal factors and the role of gene flow) typically come from statistical
models (e.g., regressions, Mantel tests) that ask how population means or frequencies covary
with potential drivers. At the most basic level, the essence of these approaches is to (1)
distill populations down to estimates of their means, frequencies, and variances; (2) specify
the precision of those estimates in the form of confidence intervals; (3) make statistical
inferences based confidence interval overlap; and (4) infer effect sizes based on explained
variance. We will jointly refer to all of these methods as the “significant effects on means”
approach. Our goal is then to advance an alternative approach that might better capture the
biological properties of populations and therefore allow improved evolutionary inference.

The alternative is to use the actual distribution of genotypes and phenotypes to infer how
well individuals can be exchanged among populations without altering their ecological,
phenotypic, or genetic properties. This consideration of the actual distribution of phenotypes
and genotypes acknowledges the important role that individual variation can play in a
variety of evolutionary and ecological processes (Bolnick et al. 2003; Hansen et al. 2006;
Bolnick et al. 2011). To be more specific, this alternative approach evaluates the probability
of classification of each individual into each sampled population, and then uses the
distribution of these classification probabilities to inform exchangeability. We will
henceforth use this “exchangeability” term when referring to the phenomenon in general,
whereas we will add appropriate descriptors when our goal is to infer exchangeability with
respect to a particular property (e.g., ecological, phenotypic, neutral genetic, non-neutral
genetic, specific traits, etc.). This specificity is valuable because comparing exchangeability
among the different properties aids evolutionary inference, as will be made apparent below.

Concepts of exchangeability have been mostly used in speciation and taxonomy (Templeton
1989, 2001; Stockman and Bond 2007; Bond and Stockman 2008) and in conservation
biology (Funk and Fa 2006; Cano et al. 2008). In particular, Templeton (1989, 2001) argued
that separate species are reciprocally monophyletic (genetic non-exchangeability) and differ
in reproductive or ecological traits (ecological non-exchangeability). Crandall et al. (2000)
then argued that the same criterion could be extended to the identification of evolutionarily
significant units within species (see also Rader et al. 2005). Our invocation of
exchangeability is conceptually related to these earlier ideas but it differs in two important
ways. First, previous applications have relied on the “significant effects on means” approach
rather than using the entire distribution to ask which populations could exchange individuals
with the least alteration of those distributions. Second, previous applications have been
concerned with determining if groups of organisms differ enough to be considered separate
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species or evolutionarily significant units, whereas we will be concerned with using
conspecific populations to infer evolutionary processes.

We suggest that exchangeability can be best evaluated by using individual classification
methods (details below). In particular, populations show high exchangeability when
individuals are frequently “misclassified” between them: i.e., individuals originating from
one source population are often classified to another population. Considering this
exchangeability across a large number of populations in different locations and
environments can be used to infer evolutionary processes. For instance, high exchangeability
(high misclassification) of individuals between independent populations in similar
environments, but low exchangeability (low misclassification) of individuals between
independent populations in different environments, would suggest parallel (or convergent)
evolution and thus imply the importance of deterministic selection. Similarly, high
exchangeability between independent populations experiencing a particular environmental
factor (e.g., temperature) would implicate that factor as a key selective force, and high
exchangeability between nearby populations would imply an important role for gene flow.

Classification methods are already widely used and have proven powerful for generating
inferences about population structure and evolutionary processes (Castric and Bernatchez
2004; Hauser et al. 2006; Waples and Gaggiotti 2006; Manel et al. 2006). For morphological
traits, classification based on discriminant functions is often used to infer similarities and
differences among populations (e.g., Lavin and McPhail 1993; Reznick et al. 1996; Hendry
et al. 2002). For genetic markers, classification based on “assignment tests” is often used for
similar inferences and to identify particular individuals that are migrants or hybrids
(Pritchard et al. 2000; Hansen et al. 2001; Hauser et al. 2006; Hubisz et al. 2009). We extend
these existing classification methods in several ways. First, we use identical sets of
individuals to perform classification based on morphology (trophic and armor traits), genetic
markers (neutral and non-neutral microsatellites), and ecology (diet as inferred by stomach
contents and stable isotopes). Direct comparison of results among these different classes of
variables is made possible by using the same classification method for each: discriminant
functions on principal components (Jombart et al. 2010). Second, we consider not only the
individuals originating from each population that are correctly classified to their home
population versus “misclassified” to another population, but we also “cross-classify” all
individuals. That is, we also ask which population, apart from the population of origin, is the
best fit for each individual. This cross-classification approach complements
misclassification because exchangeability then can be inferred based on all sampled
individuals (as opposed to just those misclassified), which should increase power and
precision.

Study system and predictions
Our illustrative analysis makes use of data collected in an earlier study of threespine
stickleback (Gasterosteus aculeatus). Kaeuffer et al. (2012) examined parapatric population
pairs of threespine stickleback in lake versus stream environments (henceforth “habitats”)
within six different watersheds (one pair per watershed). Based on neutral microsatellites
analyzed for these populations (Kaeuffer et al. 2012), FST between populations in different
watersheds had a mean of 0.229, a standard deviation of 0.093, a maximum of 0.474, and a
minimum of 0.060. Of 55 pair-wise comparisons, only three had FST < 0.100. These
differences support the inference that lake-stream divergence was an independent
evolutionary event within each watershed, and that any subsequent gene flow has been very
low among watersheds (see also Hendry and Taylor 2004; Berner et al. 2009).
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Using the “significant effects on means” approach the following conclusions were reached
by Kaeuffer et al. (2012). (1) Lake-stream diet divergence was in a similar direction in the
six watersheds (lake fish forage more on zooplankton than do stream fish), implying that
divergent selection on foraging related (trophic) traits was also in a similar direction. (2)
Lake-stream divergence in body shape and gill raker structure was in a similar direction in
the six watersheds (i.e., parallel evolution), suggesting an important role of deterministic
natural selection. (3) By contrast, lake-stream divergence in armor traits differed in direction
among the six watersheds (i.e., non-parallel evolution), suggesting a weak role of
deterministic natural selection – at least that between generic “lake” and “stream”
designations. (4) Lake-stream divergence in genetic (microsatellite) markers was sometimes
in the same direction (parallel) and sometimes not (non-parallel), implying both
deterministic and non-deterministic contributions of selection. (5) Lake-stream divergence
in trophic traits and in some genetic markers was positively correlated with lake-stream
divergence in diets, confirming intuition that diet divergence was a primarily determinant of
selection.

Reframing this system in the context of exchangeability, we expect the following. (1).
Misclassification and cross-classification based on diet should be higher between
populations in similar habitats than between populations in different habitats. (2)
Misclassification and cross-classification based on trophic traits should be higher between
populations in similar habitats than between populations in different habitats. (3)
Misclassification and cross-classification based on armor traits should not be closely
associated with habitat type. (4) Misclassification and cross-classification based on genetic
markers should be much lower between than within watersheds – because contingency
increases differences between watersheds and gene flow decreases differences within
watersheds. It is also possible that genetic misclassification and cross-classification should
be more closely linked to habitat type for non-neutral than for neutral markers – if the non-
neutral markers influenced by selection are similar in the different watersheds. (5)
Misclassification and cross-classification patterns for diet should be predictive of patterns
for trophic traits and perhaps also for non-neutral genetic markers – because diet is the main
variable driving parallelism in divergent selection. The same should not be true, however,
for armor traits and neutral markers.

Methods
Populations and sampling

In May 2008, we collected threespine stickleback from paired lake and stream sites in each
of six independent watersheds on Vancouver Island, British Columbia, Canada (12 sites in
total). The specific pairs (Fig. 1; Appendix S1) were chosen based on prior knowledge of
strong lake-stream divergence in morphology, and independent origins from marine
ancestors (Hendry and Taylor 2004; Berner et al. 2008, 2009). At each site, we used
unbaited minnow traps to capture and retain 36–40 fish (Appendix S1). The fish were
euthanized with MS222 and their left side was photographed with a digital camera (Nikon
D100). We then weighed each fish (±0.01 g) and preserved part of the pectoral fin in 95%
ethanol. To enable analysis of stable isotopes (see below), white muscle tissue from the back
of each fish was preserved on ice and later dried in an oven for 36 hours at 72 °C. Each fish
was also dissected to determine its sex and to remove the stomach for diet analysis. The
stomach (and its contents) and the remaining carcass were preserved separately in 95%
ethanol.
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Ecology, morphology, and genetics
Our ecological inferences were based on diet, which is an excellent predictor of selection on
trophic traits in threespine stickleback (for a detailed rationale, see Bolnick and Araujo
2011, and Kaeuffer et al. 2012). To consider short-term diets, food items from each stomach
were categorized as either limnetic or benthic following Schluter and McPhail (1992). These
counts were used to calculate the “proportion of limnetic prey” (PLP) for each individual as
the number of limnetic prey items divided by the total number of identified prey items
(limnetic plus benthic) (Schluter and McPhail 1992; Berner et al. 2008, 2009). To consider
long-term diets and ecological niches, we used stable isotopes (Post 2002; Newsome et al.
2007). Following previous studies of threespine stickleback (Bolnick et al. 2008; Reimchen
et al. 2008; Snowberg and Bolnick 2008; Matthews et al. 2010), we estimated (1) the
relative importance of different sources of primary production for each individual (δ13C),
and (2) the trophic position of each individual (δ15N). To generate these ratios, weighed and
dried muscle samples were analyzed in the UC Davis Stable Isotope Facility, and the
resulting δ13C and δ15N values were expressed relative to international standards: PDB
(PeeDee Belemnite) for carbon and air for nitrogen. Kaeuffer et al. (2012) provides more
details on these calculations.

Our morphological inferences were based on trophic traits (body shape, gill raker number,
and gill raker length) and defensive armor traits (plates and spines). More details on the
functional significance of these traits, and their genetic basis, are provided in Kaeuffer et al.
(2012). To analyze body shape, we used geometric morphometrics. TpsDig (Rohlf 2006)
was used to place 16 homologous landmarks onto the digital image of each fish (Berner et
al. 2009; Kaeuffer et al. 2012; Fig. 2). TpsRelw (Rohlf 2005) was used to estimate each
fish’s centroid size (body size) and its affine (uniform) and non-affine (partial warp)
components of body shape (Zelditch et al. 2004). TpsRelw was then used to extract relative
warps (principal components) of shape variation across all individuals in the study. Lateral
plates were counted on the left side of each fish and digital calipers were used to measure
the lengths (± 0.01 mm) of the left pelvic spine and the first and second dorsal spines along
the anterior side of the spine (Fig. 2). Gill rakers were counted on the ventral bone of the left
gill arch from its base to its joint with the dorsal bone, and the lengths of the second to
fourth gill raker were measured from the epibranchial-ceratobranchial joint on the
ceratobranchial (Berner et al. 2009; Kaeuffer et al. 2012). These gill measurements were
made at 45× magnification on a stereomicroscope with a micrometer (precision of 0.01
mm). Some of the measured traits were correlated with body size, and so allometric size
standardizations were applied (see Kaeuffer et al. 2012).

Genetic data were based on six putatively neutral microsatellite loci and six putatively non-
neutral microsatellite loci (“neutral” and “selected” loci in Kaeuffer et al. 2012). The six
neutral loci (Stn34, Stn67, Stn87, Stn159, Stn199, Stn234) were chosen because they are not
tightly linked to any known quantitative trait locus (QTL). The six non-neutral loci (Stn45,
Stn168, Stn232, Stn246, Stn321, Stn386) were chosen (out of 192 examined in bulk-
segregant analyses) because they showed several signatures of divergent selection. These
signatures are summarized here and are detailed in Kaeuffer et al. (2012). (1) Allele size
distributions showed little overlap between the lake and stream fish within two or more
watersheds, with the latter criterion decreasing the chance that divergence was due to drift or
type 1 statistical error. (2) Previous work on stickleback found that five of the six loci were
linked to QTL for adaptive traits, including morphology and gill raker number. (3) Lake-
stream divergence in Stn321 was positively associated with lake-stream divergence in gill
raker number, and the same was true for Stn45 and body shape. (4) The FST for each non-
neutral loci was often outside the 95% CI of the neutral loci.
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Classification
Exchangeability analyses can be based on any method that classifies individuals among
different groups, such assignment tests for genetic data or discriminant functions for
morphological data. Analyzing our data with several of these methods yielded qualitatively
similar results, and so we will here present those based on only one method: Discriminant
Analysis on Principal Components (DAPC, Jombart et al. 2010). DAPC has several
advantages over other methods, including applicability to any data type (e.g., quantitative
traits, metric traits, and multilocus genotypes). This property allowed us to directly compare
results for different variables without any bias owing to different classification methods.
Additional details regarding DAPC and its assumptions and advantages appear in Jombart et
al. (2010).

We generated five different DAPCs using five different variable “classes”: diet (proportion
of limnetic prey, δ13C, and δ15N), trophic traits (relative warp 1, gill raker length, and gill
raker number), armor traits (plate number, pelvic spine length, and dorsal spine length),
neutral markers (Stn34, Stn67, Stn87, Stn159, Stn199, and Stn234), and non-neutral markers
(Stn45, Stn168, Stn232, Stn246, Stn321, and Stn386). Although some effects of sex were
evident, these were minor in comparison to population differences and are ignored for the
sake of simplicity. When information was not available for a particular individual (5.7% of
individuals for gill raker number, 0.9% for PLP, and 1.91% for isotopes), we substituted the
mean trait value estimated over all individuals (Jombart et al. 2010). Retaining too many
principal components can lead to overfitting the discriminant analyses, and so we first used
an a-score function to estimate the optimal number of PCs (Jombart et al. 2010), which was
three for all variable classes except neutral markers (14) and non-neutral markers (13). In
addition to these DAPC for variable classes, we also performed DAPC individually for each
morphological variable: relative warp 1, gill raker size, gill raker length, lateral plate
number, pelvic spine length, and dorsal spine length.

DAPC allowed us to determine the probability that a given individual from a given
population of origin could be classified into the set of 12 candidate populations included in
the analysis. In each case, we considered an individual to be classified to the population
where its probability was highest excluding the population of origin in the case of cross-
classification (see below). The population to which an individual fish was classified might
represent, in reference to the population of origin, a similar or different habitat (lake or
stream) between which gene flow would be likely (parapatric within a watershed) or
unlikely (allopatric between watersheds). We could thus group individuals into four
categories of classification: the population of origin (origin), a parapatric population in a
different habitat (lake to stream or stream to lake within the same watershed), an allopatric
population in a similar habitat (lake to lake or stream to stream between watersheds), and an
allopatric population in a different habitat (lake to stream or stream to lake between
watersheds). The above analysis yields patterns that we will analyze in the context of
“misclassification.” For “cross-classification,” the analysis was the same except for one
posthoc modification: for those individuals classified with the highest probability to their
population of origin, we instead record the population to which that individual had the next-
highest probability of classification. Thus, in the case of cross-classification, the analysis is
based on only the last three of the above categories.

Interpretation of classification patterns requires standardizing for random expectations: i.e.,
how many individuals would be classified into each category if classification was equally
probable into each of the 12 candidate populations (11 for cross-classification). We
performed this standardization by dividing the number of individuals classified (or cross-
classified) into a given category by the number of populations in that category. This
standardization gives the mean number of individuals classified (or cross-classified) per
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population per category. These calculations were performed for each population of origin,
yielding 12 standardized estimates that were used to calculate the mean and 95% confidence
interval for classification into each category for each DAPC. Although more refined
statistical approaches could be implemented (e.g., randomization, mixed models),
confidence interval overlap will be used here to illustrate the general procedure in a simple
and straightforward fashion.

Results
Classification to population of origin

Classification to the population of origin was higher (2.7–11.0 times the random
expectation) than to any other population for all classes of variables (Fig. 3). This result
shows that all populations are unique to at least some extent for all variables– and, hence,
are never fully exchangeable. This outcome presumably reflects the fact that each population
has experienced a unique combination of colonization history, selection, drift, mutation, and
gene flow.

For genetic markers, classification to the population of origin was very high: 10.5 times the
random expectation for neutral markers and 11.0 times the random expectation for non-
neutral markers (Fig. 3). In fact, 6 of the 24 population-by-marker type (neutral or non-
neutral) combinations showed 100% classification to the population of origin, and only 1 of
the 24 showed less than 75% (Appendix S2). These results highlight the fact that historical
contingency, contemporary selection, and limited gene flow can cause very low genetic
exchangeability even between adjacent populations.

For ecological (diet) variables, classification to the population of origin was 6.2 times the
random expectation (Fig. 3), and 5 of the 12 populations showed greater than 50%
classification to the population of origin (Appendix S2). These results highlight two
important points. On the one hand, ecological exchangeability is much higher than genetic
non-exchangeability (Fig. 1), which makes sense because diets overlap considerably among
populations (Kaeuffer et al. 2012). On the other hand, ecological exchangeability is still
somewhat limited, which suggests that diet differences could cause limited exchangeability
for traits under divergent selection.

For morphological variables, classification to the population of origin was 2.8 times the
random expectation for trophic traits and 3.1 times the random expectation for armor traits
(Fig. 3). Classification to the population of origin was greater than 50% for only 1 of the 24
population-by-trait type (trophic or armor) combinations (Appendix S2). We see two major
points here. First, selection on morphological traits increases exchangeability, relative to
genetic markers, presumably because similar adaptations are suitable for multiple locations.
This effect should be particularly strong when populations found in similar habitats, such as
two streams or two lakes – a point we consider further below. Second, exchangeability is
higher for trophic traits than for the selective factors (diet) thought to influence selection on
those traits. This difference indicates that variation in morphological traits reflects patterns
of selection that are not fully captured by our simple diet measures. That is, other
environmental factors influence selection on stickleback morphology, and these other factors
likely differ among populations of a given habitat “type.”

Misclassification
We now consider individuals from the above analysis that were not classified to their
population of origin (Fig. 3; Appendix S2). A first striking pattern is that nearly all
misclassifications for genetic markers were to the other population within the same
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watershed (6.1–18.3 times higher, relative to random expectations, within than between
watersheds). This result reflects the large among-watershed genetic differences that arise
owing to separate colonization from marine ancestors followed by low among-watershed
gene flow (Hendry and Taylor 2004; Berner et al. 2009; Kaeuffer et al. 2012). The fact that
this pattern held for both neutral and non-neutral markers suggests that the latter did not
show strongly parallel lake-stream genetic divergence, at least not in the genomic regions
where our markers were located (the strength of this statement will be tempered by results
for cross-classification).

A second striking pattern is that misclassifications based on diet were less common between
parapatric populations in different habitats than between allopatric populations in either
habitat. Specifically, misclassifications were, relative to parapatric different habitats, 5.2
times more likely into allopatric similar habitats and 3.7 times more likely into allopatric
different habitats – both relative to random expectations (Fig. 3). This result reflects the fact
that diets always show low overlap between parapatric lake and stream habitats, whereas
they sometimes show high overlap between allopatric populations, even from different
habitats. That is, stickleback from a lake in one watershed might have a diet that is
reasonably similar to stickleback from a stream in another watershed. As just one example,
the proportion of limnetic prey in Beaver Lake was similar to that in Robert’s Stream
(Berner et al. 2009; Kaeuffer et al. 2012).

A third striking pattern is that misclassification based on trophic traits was higher into
allopatric populations of the same habitat type than into allopatric or parapatric populations
of the other habitat type (Fig. 3). This result reflects the parallelism in lake-stream
divergence reported in previous work on these populations (Hendry and Taylor 2004;
Kaeuffer et al. 2012). That is, similar phenotypes evolve for population in similar habitats,
which increases exchangeability for relevant adaptive traits. The difference was not large,
however, which shows that parallelism was not especially strong – a point to which we will
later return. By contrast, misclassification based on armor traits showed no association with
habitat. This result reinforces previous assertions that armor traits do not show strong
parallelism – because divergent selection acting on them is not consistent between lake and
stream habitats in different watersheds (Hendry and Taylor 2004; Kaeuffer et al. 2012).

Cross-classification
As explained earlier, exchangeability inferences might be more powerful when based on
cross-classification than when based on misclassification, because the former makes use of
all individuals whereas the latter makes use only of individuals that are not classified to the
population of origin. Fitting this expectation, cross-classification patterns (Fig. 3; Appendix
S3) amplified many of the above inferences based on misclassification, while also revealing
some additional nuances.

For genetic markers, many individuals were classified with 100% probability to their
population of origin (Appendix S1), making them uninformative for cross-classification.
However, some strong patterns were nevertheless evident (Fig. 3). In particular, cross-
classification was much higher within than between watersheds, a result that further supports
the important roles of contingency and gene flow in structuring genetic variation (see
above). Some additional patterns were evident for non-neutral (but not neutral) markers: (1)
high variation among focal populations meant that confidence intervals overlapped for
cross-classification into parapatric versus allopatric populations, and (2) cross-classification
into allopatric populations was 3.6 times higher for similar than different habitats. The
second of these patterns suggests, in contrast to results for misclassification, that lake-stream
divergence in the different watersheds might share at least some genetic basis: i.e., some
parallelism at the genetic level (Kaeuffer et al. 2012; Roesti et al. 2012). However, a bias
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remains because we chose non-neutral markers based partly on this very criterion – see
Methods.

As was the case for misclassification, ecological (diet) cross-classification was much lower
into different habitats in the same watershed than into similar or different habitats in
different watersheds – again likely reflecting diet differences in the former but some diet
similarity in the latter. And, also as before, morphological cross-classification was higher
into similar habitats than into different habitats for trophic traits but not for armor traits –
again likely reflecting parallel selection pressures (diet) for the former but not for the latter.

Additional insights
Cross-classification based on individual morphological variables (as opposed to variable
“classes”) helps to refine inferences regarding the drivers of diversification (Fig. 4). In
particular, relative warp 1, which mostly captures body depth (see also Kaeuffer et al. 2012),
showed the strongest signature of parallelism (Fig. 4). First, cross-classification was higher
into similar habitats in allopatry (1.85 times the random expectation) than into different
habitats in parapatry (0.38 times) or allopatry (0.27 times). Second, cross-classification into
similar habitats in allopatry was much higher for relative warp 1 (1.85 times) than for any of
the other traits (0.77–1.27 times). These results confirm that traits showing the highest
degree of parallelism (Kaeuffer et al. 2012) should also show the highest exchangeability
among populations in similar habitats and the least exchangeability among populations in
different habitats.

Patterns of cross-classification for ecological variables that shape selection should predict
patterns of cross-classification for traits subject to that selection – as we have already noted.
A test of this assertion is whether patterns of cross-classification for ecological (diet)
variables are predictive of patterns of cross-classification for trophic traits but not for armor
traits – because diet influences selection on the former much more than on the latter (Berner
et al. 2008). This expectation was met for misclassification (not shown) and for cross-
classification (Fig. 5), although the association was not very strong even for trophic traits. In
particular, allopatric populations in different habitats showed higher cross-classification
based on ecological variables than on trophic traits (Fig. 5), a result that suggests other
factors influence divergence in trophic traits among watersheds.

Results from cross-classification should – to at least some extent – parallel those based on
significant effects on means. We explored this expectation by relating, for each variable,
cross-classification patterns to differences in means and frequencies. For the former, we
used cross-classification of individuals from each of the 12 focal populations into each of
the three categories (parapatric different habitat, allopatric similar habitat, allopatric
different habitat). For the latter, we used average differences between each focal population
and the populations in each category, scaled by the phenotypic variance (i.e., mean PST, EST,
and FST; see Kaeuffer et al. 2012). We used this variance scaling because the “significant
effects on means” approach compares means relative to the variation with groups. The
expectation that results from the two methods should be correlated was born out for relative
warp 1, gill raker number, δ13C, δ15N, and non-neutral markers (Table 1; Fig. 6).
Importantly, however, variance-scaled differences in means were not perfectly predictive of
classification, confirming that the two approaches do not yield identical results.

Discussion
Our goal was to advance the idea that valuable evolutionary inferences can be derived from
analyses that use classification methods to infer the exchangeability of individuals among
populations. The basic premise is that population divergence might be best quantified by
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asking how well the genotypes/phenotypes of individuals from one population would “fit”
into other populations. Or, in other words, the extent to which individuals can be swapped
between populations without altering the ecological, morphological, or genetic properties of
those populations. This consideration of populations as groups of potentially unique
individuals, rather than means and variances, acknowledges the importance of individual
variation to a variety of ecological and evolutionary processes (Bolnick et al. 2003; Hansen
et al. 2006; Bolnick et al. 2011).

We illustrated an exchangeability approach through the analysis of empirical data for lake
and stream stickleback. The populations were mostly non-exchangeable at the genetic level,
presumably because each carries its own unique signature of historical and contemporary
events and processes. When genetic exchangeability did occur, it was typically between
populations within the same watershed, which are more likely to share these events and
processes and are more likely to be tied together by gene flow. Relative to this rare genetic
exchangeability, ecological (diet) exchangeability was much higher – because diets
overlapped considerably among populations. This ecological overlap suggested that
exchangeability also should be high for morphological traits, which proved to be the case. In
addition, morphological exchangeability was highest among populations that experienced
similar selection: trophic traits were most exchangeable among populations of a similar
habitat type. That is, parallel evolution increases exchangeability among populations in
similar habitats – while decreasing it among populations in different habitats.

Most of the inferences drawn from these exchangeability analyses match those from the
previous “significant effects on means” analyses of the same samples (Kaeuffer et al. 2012).
This correspondence is reassuring because it shows that exchangeability analyses can
replicate conclusions more traditional analyses. (Of course, basic caveats about inferring
parallel evolution from population samples – see references in the Introduction – will attend
both approaches.) The question remains, however, as to whether or not any new insight was
gained through the exchangeability approach. For starters, it is important to note that results
of the two approaches were not identical; i.e., population differences in variance-
standardized means were not perfectly predictive of classification patterns. Moreover,
exchangeability analyses led to clarified and improved inferences. For instance, we
previously inferred, from significant effects on means (Kaeuffer et al. 2012), that parallelism
in lake-stream divergence was very high for trophic traits because it was in the same
direction in every watershed, and because the habitat term explained more than half of the
total variation. Yet the present exchangeability analysis showed that classification based on
these same traits was always highest to the population of origin and that classification away
from the population of origin was only modestly predicted by habitat type. These findings
indicate that habitat-specific processes (e.g., divergent selection that is similar between all
lakes and streams) can be overwhelmed by location-specific processes (e.g., selection that is
unique to a particular lake or stream). The exchangeability thus forces the new realization
that parallelism is not really that high – even for the traits previously inferred to be very
parallel. We suspect that reliance on the “significant effects on means” approach might
generally over-emphasize the importance of parallelism in nature.

Extensions
Our exposition of how evolutionary inferences can be derived from exchangeability was
based on only a few trait types, one species, and a particular form of geographical structure
(allopatric pairs of parapatric populations). However, the basic approach should be relevant
and informative for any type of trait, organism, or geographical structure. In addition, they
should be amenable to a wider range of questions. We here summarize some of these
possibilities.
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First, it would also be useful to include more populations within each allopatric group, such
as multiple stream and lake populations within each watershed. These additional populations
would aid inferences regarding interactions between selection and gene flow. In particular,
the ecological theory of adaptive radiation predicts that increasing adaptive divergence
reduces gene flow: i.e., ecological speciation (Schluter 2000; Crispo et al. 2006; Räsänen
and Hendry 2008; Thibert-Plante and Hendry 2010). If so, exchangeability at neutral genetic
markers should be lower between populations in different habitats than between populations
in similar habitats.

Second, we considered only two ecotypes (lake and stream), whereas exchangeability
analyses might be equally useful for more ecotypes, such as phytophagous insects that
occupy a range of different host plants (e.g., Ferrari et al. 2006). In this case, one might first
follow the above-described procedure and record the extent to which cross-classification
occurs to a similar or different ecotype when gene flow is present (parapatry/sympatry) or
absent (allopatry). This broad division into similar versus different ecotypes would inform
the overall action of divergent selection across the entire group. One might then examine
classification between particular ecotype pairs so as to inform which particular ecological
contrasts (different host plant species) drive the greatest divergence. Comparative analyses
of this sort could make a useful contribution to current discussions regarding factors that
determine the degree of progress toward ecological speciation (Hendry 2009; Nosil et al.
2009).

Third, we considered classification among populations within a species, whereas similar
analyses could be applied to variation among ed species. For example, Darwin’s finches
specialize on different food types at different locations on the same islands (parapatry/
sympatry) and on different islands (allopatry) (Grant 1999). These species hybridize in
nature and the role of historical events and contemporary gene flow remains an active area
of research (Grant and Grant 1994; Grant 1999; Grant et al. 2004; Petren et al. 2005).
Exchangeability analyses could be implemented by sampling multiple species at each of
multiple locations on each of multiple islands. Individuals could then be cross-classified
within species (i.e., the same “environment”) or between species (i.e., a different
“environment”) on the same island (parapatry/sympatry) or on different islands (allopatry).
Similar analyses might prove useful for groups such as Anolis lizard ecomorphs (Losos
2009) or whitefish species in postglacial lakes (Siwertsson et al. 2010; Vonlanthen et al.
2012). Results from these analyses would be directly relevant to discussions about the
collective evolution of species comprised of multiple populations (Morjan and Rieseberg
2004; Futuyma 2010) and to debates about the reality of species designations (Zink 2002).

Fourth, our analyses were based on the dichotomous decision to classify each individual into
a particular population, which seemed appropriate given our focus on how individuals could
be “exchanged” between populations. The reality, however, is that probabilities of
classification of each individual into a given population were highly variable among
individuals, suggesting that analyzing the raw probabilities might increase power and
precision. For example, one could use the probabilities of classification for each individual
from each focal population into each other population, and average these values across
individuals. We performed a preliminary analysis along these lines, and found that results
based on the dichotomous analysis were always correlated with results based on the raw
probabilities (Table 2). The two alternatives should therefore yield similar conclusions;
although the imperfect correlations suggest the value of further considering the accuracy and
power of each.

Fifth, we considered morphological variation that has a strong genetic basis. For traits with
stronger environmental contributions, exchangeability analyses could be used to assess the
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extent to which plastic differences represent deterministic responses to particular
environments, as well as the effect that gene flow has on plastic divergence (Crispo 2008).
An intriguing further possibility is that classification might be based on the genetic and
plastic components of the phenotype as estimated in “animal model” analyses of natural
populations (e.g. Kruuk 2004; Hadfield et al. 2009). That is, breeding values (evolution) and
environmental deviations (plasticity) could be analyzed separately for their exchangeability.

Sixth, classification-based analyses allow the identification of particular individuals that
show the highest exchangeability among particular populations, as well as the traits that
make them so. These individuals might be recent migrants or they might be hybrids between
the populations – as is already commonly inferred from genetic “assignment” tests (Manel et
al. 2005). Whether or not these individuals are also the most morphologically exchangeable
can then inform whether or not dispersal is “phenotype-biased” (Edelaar et al. 2008; Bolnick
et al. 2009; Shine et al. 2011), whether or not “pre-adaptation” to alternative conditions is a
primary criterion for successful gene flow (Quinn et al. 2001), and the extent to which
dispersal between populations is likely to have maladaptive consequences (Hendry et al.
2001; Yeaman and Guillaume 2009).

Conclusion
We have built a case for deriving evolutionary inferences from the determination of
individual exchangeability among populations. We see three principal advantages over the
more typical “significant effects on means” approach. One is conceptual: populations are
composed of a diversity of individuals that might not be well represented by simple means,
variances, and frequencies. Individual classification, by contrast approaches acknowledges
and exploits the actual distribution of genotypes and phenotypes, and therefore facilitates
consideration of the many unique consequences of individual variation for ecology and
evolution. A second advantage is methodological: discriminant functions on principal
components places all variables on the same scale, and therefore makes classification
patterns comparable across populations and traits, including morphological measurements,
discrete counts, proportions, and multilocus genotypes. A third major advantage comes from
the identification of specific individuals that are most exchangeable among populations, thus
enabling further analysis of the properties of those individuals, as well as their consequences
for gene flow and adaptive divergence. Increased appreciation and application of
exchangeability-inspired classification-based methods is likely to improve inferences in
evolutionary biology, landscape genetics, and the interface between them: evolutionary
landscape genetics.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Map of the studied watersheds on northern Vancouver Island, British Columbia, Canada.
Other watersheds and tributaries are omitted for clarity.
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Figure 2.
Positions of landmarks used to quantify in body shape. Also shown are the spine
measurements. The drawing is modified from Berner et al. (2008).
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Figure 3.
Ratio of the mean number of individuals classified into each category (origin, parapatric
different habitat, allopatric similar habitat, and allopatric different habitat) to the mean
number expected to be classified into those categories by chance (random expectation). The
upper panel shows classification into the population of origin and misclassification into
other populations, whereas the bottom panel shows cross-classification of all individuals
away from the population of origin. In both panels, the values are means and 95%
confidence intervals. Although the DAPCs are labeled for only one set of bars, the same
labels apply in the same order to each set of bars.
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Figure 4.
Ratios for each morphological trait of the mean average number of individuals classified
into each category (parapatric different habitat, allopatric similar habitat, allopatric different
habitat) to the mean number expected to be classified into those categories by chance
(random expectation). The values are means and 95% confidence intervals. Although the
variables are labeled for only one set of bars, the same labels apply in the same order to each
set of bars.
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Figure 5.
Relationships between ecological cross-classification and trophic (upper panel) and armor
(lower panel) cross-classification. The ecological, trophic, and armor values were from
DAPC and are the ratio of observed vales to random expectations (as in Fig. 3). Each
population is represented by three data points corresponding to the three categories into
which cross-classification could occur: parapatric different habitat (diamonds), allopatric
similar habitat (squares), and allopatric different habitat (circles). The illustrated regression
line is through all of the data together but the statistical test includes category as a random
factor. This analysis revealed that ecological cross-classification was a significant predictor
of cross-classification for foraging traits (r2 = 0.49 for the full model, F = 4.95, P = 0.033)
but not armor traits (r2 = 0.48 for the full model, F = 2.67, P = 0.112).
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Figure 6.
Relative warp 1 (upper panel) and non-neutral markers (lower panel) were among the
variables showing strong relationships between variance-standardized differences (PST and
FST) and cross-classification. Each of the 12 focal populations is represented by three data
points corresponding to the three categories into which cross-classification could occur:
parapatric different habitat (diamonds), allopatric similar habitat (squares), and allopatric
different habitat (circles). Note that a few focal populations do not appear for the non-neutral
markers because all of their individuals were classified with 100% probability to the focal
population (Appendix S3). The x-axis shows the mean PST or FST between each focal
population and populations in the different categories. The y-axis shows mean cross-
classification of each focal population into populations in the different categories. The inset
in the upper panel shows the variation in body depth captured by relative warp 1: the
deformations show the maximum (bottom: Pye Lake) and minimum (top: Village Bay Inlet
Stream) population mean. The illustrated regression line is through all of the data but the
statistical test included category as a random factor (Table 1).
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Table 1

Relationships for each variable between variance-standardized differences (PST, FST, EST) and cross-
classification. Each of the 12 focal populations is represented by three data points corresponding to the three
categories into which cross-classification could occur: parapatric different habitat, allopatric similar habitat,
and allopatric different habitat. The predictor variable is the mean PST, FST, or EST between each focal
population and populations in the different categories. The response variable is the mean cross-classification
of each focal population into populations in the different categories. ‘Category’ is included as a random
variable (but not shown in the table) so as to control for the three observations per population. All significant
associations are negative (as expected) and r2 is for the full model.

Variables r2 F P

Relative warp 1 0.87 13.87 0.001

Gill raker length 0 0.00 0.973

Gill raker number 0.17 8.58 0.012

Plate number 0.02 1.93 0.174

Pelvic spine length 0.05 2.30 0.139

Dorsal spine length 0 0.120 1.000

Proportion of limnetic prey 0.52 1.31 0.260

δ13C 0.69 19.45 < 0.001

δ15N 0.76 39.41 < 0.001

Neutral markers 0.66 2.38 0.134

Non-neutral markers 0.46 18.91 < 0.001
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Table 2

Relationships for DAPCs between cross-classification based on the dichotomous approach (an individual is or
is not assigned to a given population) versus raw probabilities of classification of each individual into each
population. Each of the 12 focal populations is represented by three data points corresponding to the three
categories into which cross-classification could occur: parapatric different habitat, allopatric similar habitat,
and allopatric different habitat. The predictor variable is the mean probability of assignment of individuals
from each focal population into populations in each of the three categories. The response variable is the mean
cross-classification of individuals in each focal population into populations in the other categories. ‘Category’
is included as a random variable (but not shown in the table) so as to control for the three observations per
population. All associations are positive (as expected) and r2 is for the full model.

DAPC variables r2 F P

Ecology (diet) 0.73 37.49 < 0.001

Foraging traits 0.73 50.05 < 0.001

Armor traits 0.21 4.02 0.031

Neutral markers 0.62 33.83 0.017

Non-neutral markers 0.72 78.46 < 0.001
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