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A persistent challenge in making associations between phenotypic and environmental variation is understanding how ecological

factors and demographic history interact to shape adaptive outcomes. Evaluating the degree to which conspecific populations ex-

posed to similar environmental pressures respond in parallel provides a powerful framework for addressing this challenge. We took

this comparative approach with multiple populations of Savannah sparrows (Passerculus sandwichensis) found in tidal marshes

along the Pacific coast of North America. The high salinities characterizing tidal marshes select for increased osmoregulatory per-

formance and salinity tolerance. We collected data on physiological traits associated with osmoregulatory performance from 10

tidal marsh and three freshwater-adapted interior populations to evaluate the degree of parallel divergence across populations.

All traits showed differences in the magnitude of divergence, but only total evaporative water loss (TEWL) showed differences in

the direction of divergence. The drivers of these differences in both the magnitude and direction of divergence varied among traits.

For kidney morphology and TEWL, patterns of divergence were best explained by variation in immigration rate from interior pop-

ulations. Maximum temperature was the best predictor of variation in urine excretion ability, and both gene flow and temperature

contributed to variation in plasma osmolality. Finally, analysis of multitrait divergence patterns indicated that differences in the

direction of divergence were best explained by population genetic structure, whereas differences in the magnitude of divergence

were explained by environmental differences. Together these results show that the influences of demography and the selective

landscape can manifest themselves differently across functionally integrated traits.
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Strong correlations between environmental and phenotypic vari-

ation are ubiquitous in nature and suggest a strong role for local

adaptation in driving spatial patterns of phenotypic diversity (e.g.,

Bergmann 1847; Allen 1877; Mayr 1963; James 1970; Graves

1991). Local adaptation occurs in response to spatially varying

selective pressures that drive functional divergence in traits con-

tributing to fitness, and it is most often recognized in cases where

local individuals exhibit increased fitness compared to those from

foreign populations (e.g., Kawecki and Ebert 2004; Savolainen

et al. 2013). Although spatial variation in selective pressures op-

erating on fitness differences among individuals ultimately drives

local adaptation, interactions with nonselective forces such as

demographic history and genomic architecture can influence pat-

terns of adaptive divergence in complex ways (e.g., Kawecki and

Ebert 2004; Savolainen et al. 2013). Understanding these com-

plexities remains a major empirical challenge.

Conspecific populations that are exposed to similar ecolog-

ical pressures can provide a natural experiment for teasing apart
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the influences of different evolutionary processes on adaptation

dynamics. Within this comparative framework, phenotypic re-

sponses to similar ecological pressures can vary along a con-

tinuum from completely parallel (multiple populations exhibit

similarity in both the direction and magnitude of phenotypic di-

vergence) to completely nonparallel divergence, where patterns

of phenotypic divergence vary in both magnitude and direction

(e.g., Stuart et al. 2017; Bolnick et al. 2018). Evaluating the degree

of parallelism among populations along this continuum can thus

provide valuable insights into the interactions among different

microevolutionary processes, and how these interactions shape

spatial patterns of phenotypic variation.

Although natural selection is the dominant force driving com-

plete parallel evolution; a number of other processes, acting alone

or in concert, can contribute to deviations from complete par-

allelism in the magnitude or direction of trait divergence. First,

populations with smaller effective population sizes could exhibit

reduced trait divergence because selection will operate less effi-

ciently, and there will be lower levels of standing genetic variation

available for selection to act upon (Wright 1982; Weber and Dig-

gins 1990; Leimu and Fischer 2008; Agashe et al. 2011; Leinonen

et al. 2012). Second, high rates of gene flow among populations

that are locally adapted to different selective regimes will of-

ten constrain their adaptive phenotypic divergence (Slatkin 1987;

Lenormand 2002; Nosil and Crespi 2004; Garant et al. 2007;

Räsänen and Hendry 2008). Third, a longer history of exposure

to selective pressures may lead to the evolution of novel solu-

tions that move populations closer to adaptive peaks. In this case,

populations exposed to selective pressures for longer will exhibit

greater divergence in adaptive traits (Mopper et al. 2000; Beall

2006, 2007; Storz et al. 2010; Velotta et al. 2017). Finally, in

natural populations, variation in the nature or magnitude of rele-

vant selection pressures across qualitatively similar environments

could also influence patterns of parallel divergence (e.g., Kaeuffer

et al. 2012; Stuart et al. 2017). Thus, a full accounting of patterns

of adaptive divergence requires the simultaneous quantification of

ecological variation among populations and the characterization

of key demographic parameters.

In addition to variation in demography and the selective

landscape, genetic architecture (Yeaman and Whitlock 2011;

Savolainen et al. 2013; Pfeifer et al. 2018), functional interac-

tions among traits (e.g., many different traits contributing to a

single function; Arnold 1983; Alfaro et al. 2005; Thompson et al.

2017), and/or phenotypic plasticity (Wund et al. 2008; Dalziel

et al. 2015; Oke et al. 2016) of particular traits could all con-

tribute to variation in the degree of parallelism both among traits

and across populations. Indeed, multitrait analyses have shown a

large degree of variation in patterns of parallelism among different

traits within the same organism (e.g., Oke et al. 2017; Stuart et al.

2017; Langerhans 2018). However, in many of these studies, the

measured traits contribute to multiple organismal functions (but

see Thompson et al. 2017). Case studies that parse the influence

of both ecological and demographic variation on divergence in

interacting sets of traits contributing to a single aspect of organ-

ismal performance are needed to improve our understanding of

the dynamic influences of demographic processes on adaptive

evolutionary outcomes. Within this framework, a focus on the

component traits underlying performance in a single aspect of

organismal function should provide a more nuanced perspective

on how potential drivers of nonparallelism interact within inte-

grated systems to shape adaptive divergence. These insights, in

turn, will provide a deeper understanding of the conditions that

shape repeatable evolutionary outcomes.

In this study, we investigated the relative roles of demo-

graphic and ecological variation in shaping patterns of phenotypic

divergence in a suite of traits that contribute to osmoregulatory

performance in replicate populations of tidal marsh Savannah

sparrows (Passerculus sandwichensis). Savannah sparrows are

one of the most widespread songbird species in North Amer-

ica, breeding across a diverse array of environments from Arctic

Canada to the Guatemalan highlands, including multiple popu-

lations that are resident in tidal marsh habitats along the Pacific

coast of North America (Wheelwright and Rising 2008). Although

many dietary details remain poorly studied, the daily inundations

of saltwater into tidal marsh habitats is thought to increase the

salt loads experienced by tidal marsh Savannah sparrows, both

through the increased ingestion of osmoconforming, marine in-

vertebrates (e.g., crustaceans and molluscans; DeRivera 2000;

Wheelwright and Rising 2008), and at least occasional drink-

ing of salt water (Benham, pers. obs.). Moreover, the osmotic

stress experienced by sparrows is compounded by limited access

to freshwater within the marshes, which will also select for os-

moregulatory mechanisms to increase water conservation (Gold-

stein 2006). Given these osmoregulatory challenges, tidal marsh

Savannah sparrows have long been an important study species

for understanding the mechanisms that enable birds without salt

glands, including all songbirds (order: Passeriformes), to cope

with osmoregulatory stress (e.g., Cade and Bartholomew 1959;

Poulson 1965; Johnson and Mugaas 1970; Goldstein et al. 1990;

Casotti and Braun 2000; Walsh et al. 2019).

Early studies of Savannah sparrows demonstrated that indi-

viduals from tidal marsh habitats could maintain normal body

weight with no mortality when drinking water that exceeded the

normal salinity of seawater (0.6 M NaCl; Cade and Bartholomew

1959; Poulson and Bartholomew 1962), whereas interior con-

specifics experienced substantial mortality (up to 60% of experi-

mental individuals) when drinking water half the salinity of sea-

water (0.3 M NaCl). Subsequent work identified divergence in

a number of physiological traits that contribute to this increase

in salinity tolerance (Fig. 1). These include greater blood plasma
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Figure 1. Schematic showing how different traits contribute to

the experimentally documented increases in salinity tolerance

within Belding’s Savannah sparrows. Solid boxes represent sets

of traits that have been shown to increase in Belding’s Savannah

sparrow and this increase is thought to contribute to overall in-

creases in salinity tolerance. Dashed boxes represent traits that

have been shown or are thought to positively influence salinity

tolerance when decreased in tidal marsh populations. Dashed ar-

row from total evaporative water loss indicates that this trait has

not been measured in tidal marsh birds, but decreases in TEWL

would be predicted to increase water retention. Traits written in

bold denote traits that were measured in this study.

osmolality levels, suggesting tolerance to higher internal osmolal-

ity, and a greater osmoregulatory capacity, which is the ability to

maintain internally stable osmolality in the face of increased salt

loads (Poulson and Bartholomew 1962; Goldstein et al. 1990).

Tidal marsh birds also increase osmoregulatory capacity both

through behavioral responses to reduce salt intake (Cade and

Bartholomew 1959), and through an increased capacity to excrete

salts in their urine (Poulson and Bartholomew 1962; Goldstein

et al. 1990). Underpinning divergence in salt excretion capacity

are a number of alterations in the morphology of tidal marsh spar-

row kidneys, including overall increases in kidney size (Goldstein

et al. 1990), increased medullary tissue (Poulson 1965; Johnson

and Mugaas 1970; Johnson and Ohmart 1973), and greater area

of the proximal and distal tubules of the loop of Henle (Casotti

and Braun 2000). These modifications play a critical role in build-

ing up a steep osmotic gradient within the renal medulla via the

countercurrent multiplier mechanism of the loop of Henle that en-

ables increased salt excretion and water retention (Poulson 1965).

Reducing water lost to evaporative cooling could also be an im-

portant mechanism of water conservation in tidal marsh birds.

Several avian species that are native to desert environments ex-

hibit reduced rates of evaporative water loss under heat stress

(e.g., Dawson 1982; McKechnie and Wolf 2004; Williams and

Tieleman 2005; Williams et al. 2012), yet patterns of evaporative

water loss have not been measured in any tidal marsh bird species.

Finally, acclimation responses to salinity treatments in Savannah

sparrows and other songbirds show variation in the degree of

osmoregulatory trait plasticity. This variation includes traits that

(1) show no response to salinity treatments (e.g., plasma osmo-

lality), suggesting a primarily genetic basis to trait variation; (2)

traits that show evidence for both genetic and environmental in-

fluences on trait variation (e.g., medulla volume); and (3) traits,

such as urine osmolality, that were highly plastic (summarized in

Table S1).

This body of research provides a detailed understanding of

the traits underlying enhanced osmoregulatory capacity in tidal

marsh sparrows (Fig. 1), and provides expectations for how se-

lection and demography might interact to shape patterns of di-

vergence in these osmoregulatory traits. Eight Savannah sparrow

subspecies occupy tidal marsh habitats from northern California

south to Baja California and Sonora, Mexico (Fig. 2), yet the

bulk of the physiological research performed thus far focuses

on just a single subspecies, P. s. beldingi (but see Johnson and

Ohmart 1973). Substantial variation in ecological variables and

demographic histories likely exists across different tidal marsh

populations of the Savannah sparrow, which may drive variation

in adaptive divergence among the different tidal marsh subspecies.

First, across the distribution of tidal marsh Savannah sparrows,

precipitation, temperature, and salinity varies extensively with

southern populations experiencing hotter and drier conditions,

and generally higher salinities, all of which might exacerbate

osmoregulatory stress and could result in greater divergence in

traits associated with osmoregulatory performance. Second, de-

mographic history also varies among tidal marsh populations with

previous phylogeographic work indicating that tidal marshes were

colonized at least twice by freshwater-adapted interior birds: (1)

an older colonization of marshes in southern California and north-

west Mexico and (2) a more recent colonization of the central

California coast (Zink et al. 2005; Benham and Cheviron 2019).

As a result, tidal marsh Savannah Sparrows provide an excellent

opportunity to assess the ecological and demographic

contributions to variation in osmoregulatory traits, and how com-

plex interactions among these forces shape patterns of adaptive
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Figure 2. Map of California and northwest Mexico showing sam-

pling localities for the study. Each point colored by subspecies

distinction. Squares denote interior populations and circles tidal

marsh populations. Grayscale of map reflects the maximum June

temperature (°C) from the WorldClim dataset.

divergence. In this study, we measured a suite of traits associated

with osmoregulatory performance (Fig. 1) in Savannah sparrows

sampled from 10 tidal marsh and three freshwater-adapted inte-

rior populations. This physiological dataset is coupled with pop-

ulation genetic and environmental data to address the following

questions: (1) to what degree have these traits diverged in par-

allel across the different tidal marsh populations? (2) How does

variation in demographic parameters and the selective landscape

contribute to variation in the degree of parallelism among traits

and across populations?

Methods
Field sampling: We visited four separate tidal marsh localities

in Mexico from May to June 2014 and we sampled five tidal

marsh and three interior localities in California in May–June 2015

(Fig. 2). Each of the four Mexican localities was occupied by

a distinct subspecies of Savannah sparrow: P. s. anulus, P. s.

guttatus, P. s. magdalanae, and P. s. atratus (van Rossem 1947).

We also included previously published data on kidney mass and

plasma and urine osmolality for the subspecies P. s. beldingi

(Goldstein et al. 1990). Four of the California tidal marsh localities

were occupied by the subspecies P. s. alaudinus, whereas the

fifth—Morro Bay—represents an apparent contact zone between

P. s. alaudinus and P. s. beldingi (Benham and Cheviron 2019).

Interior localities correspond to P. s. brooksi (Del Norte Co.) or

P. s. nevadensis (Lassen Co., San Bernardino Co.; Grinnell and

Miller 1944).

Physiological data: From each locality, 4–11 birds were cap-

tured using mist nets (see Table S2 for specimen voucher de-

tails). Immediately after capture, a urine sample was taken using

a closed end cannula, with a small window cut in the side, in-

serted briefly into the cloaca (Goldstein and Braun 1989), and

a blood sample was taken from the brachial vein. Blood sam-

ples were centrifuged to separate plasma and hematocrit. Blood

and urine samples were flash frozen in liquid nitrogen to pre-

serve samples for osmolality measurements in the laboratory (see

below). Birds were held overnight to measure rates of total evap-

orative water loss (TEWL) and resting metabolic rate (RMR)

using flow-through respirometry. The respirometry experiments

involved placing birds in dark, 1-L open-circuit metabolic cham-

bers with wire mesh above a thin layer of mineral oil to capture

urine and feces. Chambers were placed in a thermal cabinet to

maintain birds at a constant 28°C, which is within the thermal

neutral zone of the species (Yarbrough 1971). Incurrent air was

dried, using drierite (W.A. Hammond Drierite Co., Xenia, OH)

before being pumped through animal chambers and a control

chamber at constant rates (�500 mL/min). Upon exiting animal

chambers air first passed through an RH-300 water vapor ana-

lyzer (Sable Systems, Inc., North Las Vegas, NV), air was then

dried using drierite prior to entering a Foxbox gas analyzer (Sable

Systems, Inc., North Las Vegas, NV) where we first measured

carbon dioxide, followed by scrubbing CO2 with ascarite and

scrubbing additional water produced from the reaction of ascarite

and CO2 with drierite before measuring O2 levels to assess RMR.

We do not include RMR measures in downstream analyses as it

did not significantly vary among populations and is not thought

to contribute to increased salinity tolerance. Water vapor and gas

measurements from the RH-300 and Foxbox were recorded con-

tinuously and differences in gas traces between the animal and

control chambers were used to assess rates of water loss for each

bird. Birds were allowed to adjust to chambers for 1 hour and

then data were collected for 2 hours, while iteratively sampling

air from the bird chamber for 15 minutes followed by 5 minutes of

sampling from the control chamber. Following the respirometry

measurements, birds were euthanized to collect muscle tissue, ex-

tract, and weigh whole kidneys (0.002 g precision balance) with

the left kidney preserved in paraformaldehyde-glutaraldehyde so-

lution for histological analyses (Karnovsky’s Fixative; Electron

Microscopy Sciences, Hatfield, PA). Data on kidney morphology

were not collected from two sites in California (Morro Bay and

Grizzly Island) as permit restrictions did not allow the sacrifice
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of birds from these sites. All methods described here were ap-

proved by the University of Illinois, Urbana-Champaign IACUC

(protocol #: 13418).

We measured osmolality (mOsmol/kg) for each urine and

blood plasma sample using a Wescor
R©

osmometer. The amount

of salt birds were able to excrete was calculated as the ratio of

urine: plasma osmolality (U:P ratio) where greater values of the

U:P ratio are associated with a greater capacity to excrete salt and

maintain salt–water balance (Bartholomew and Cade 1963). This

can also reflect an individual’s current salt–water balance, which

depends on recent dietary inputs. Water vapor traces recorded

from respirometry experiments were analyzed using the program

Expedata by Sable Systems, Inc. (North Las Vegas, NV) to esti-

mate TEWL (mg H2O/g bird/hour). In this analysis, we converted

data from relative humidity to mg/mL H2O, corrected for flow

rate (�500 ml/min.), and measured TEWL as the average value

of a 5-minute nadir from the lowest and most stable 15 minutes

sampling period. Measurements of kidney length and width were

taken before and after embedding tissue in paraffin to account

for shrinkage. All kidneys were embedded in paraffin wax us-

ing routine procedures (e.g. Casotti 2001). Using a microtome,

six to eight transverse sections, 5 µm thick and �1.5 mm apart,

were taken from each kidney sample. Sections were stained with

hemotoxylin and eosin for routine light microscopy. Images of

the sections were digitized and volume estimates of the medulla

and cortex were made using the Cavalieri point-counting method

(Gundersen et al. 1988) in imageJ (Schneider et al. 2012).

Environmental data: We obtained bioclimatic data at 30-arc

second resolution from the WorldClim dataset (Hijmans et al.

2005) to assess environmental differences among all specimen

localities. These data were derived from interpolated climate sur-

faces available for the entire globe at 30-arc second spatial res-

olution and were gathered from several independent sources be-

tween 1950 and 2000. We used coordinates for each sampling

locality to extract data from gridfiles on monthly minimum tem-

perature (Tmin), maximum temperature (Tmax), and precipitation

(Prec) within the program DIVA-GIS (http://www.diva-gis.org/).

These monthly estimates were used to calculate average Tmin,

Tmax, and Prec for the months of May and June when birds were

sampled (Table S2). Finally, from each sampling locality we took

one to five water samples randomly from different potential water

sources (e.g., standing water, open estuary) and quantified osmo-

lality (mOsmol/kg) for these samples using a Wescor
R©

osmometer

to estimate salinity for each locality (Table S3).

Genetic data: To infer population structure, migration rate,

and effective population size for all populations, we extracted ge-

nomic DNA from 90 individuals (Table S2) from muscle tissue

or whole blood using a Qiagen DNeasy Blood & Tissue extrac-

tion kit following the manufacturer’s protocols (Valencia, CA).

These individuals include 63 sampled during our fieldwork plus

an additional 27 specimens from museum collections. Samples

were sequenced using a double-digest, genotyping-by-sequencing

(GBS) like approach (Parchman et al. 2012) to generate a large

SNP dataset. See Benham and Cheviron (2019) for library prepa-

ration and sequencing details. Reads were demultiplexed, bar-

codes removed, and reads assembled into 89 bp “stacks” using

the STACKS de novo pipeline (Catchen et al. 2011, 2013). Briefly,

this pipeline involves assembling reads from each individual into

stacks (hereafter referred to as RADloci), then matching RAD-

loci across all individuals to generate a catalog of shared RADloci,

and, finally, RADloci from all individuals were matched against

the catalog and genotyped at this panel of loci. See Benham and

Cheviron (2019) for further details on RADloci assembly and se-

lection of parameters. Following assembly of reads into RADloci,

we used the “populations” module (Catchen et al. 2013) within

STACKS to calculate the summary statistics nucleotide diversity

(based on formulae presented in Hohenlohe et al. 2010) and Fst

(based on Weir and Cockerham 1984) among all 13 localities.

To make more direct inferences of effective population size,

migration rate, and divergence times between each tidal marsh

and interior population, we analyzed site frequency spectra (SFS)

within the program �a�i (Gutenkunst et al. 2009). For each com-

parison, we consider all individuals from the three interior popula-

tions as a single freshwater-adapted interior population. Previous

demographic analyses suggest these interior localities are all part

of a large panmictic population that spans much of North Amer-

ica (Benham and Cheviron 2019). To minimize the influence of

sequencing errors on the SFS for each population pair, we filtered

VCF files to only include SNPs with read depth � 6 and that were

in Hardy–Weinberg equilibrium (α set to 0.05). This resulted in

final datasets for each tidal marsh-interior comparison compris-

ing 3190–5421 SNPs. Filtered VCF files were then converted to

�a�i input files using the vcf2dadi function in the R package

stackr version 0.2.6 (Gosselin and Bernatchez 2016). Analyses

were based on a folded SFS given lack of quality genomic data

from a suitable outgroup.

For each tidal marsh population-interior comparison, we fit

an isolation-with-migration (IM) model to the SFS. Our primary

goal was to infer migration rates, effective population sizes, and

divergence times and not necessarily infer the most likely de-

mographic history for each population, thus we did not explore

other demographic models (e.g., exponential growth and bottle-

necks). Previous demographic analyses using the SNPs from the

same individuals suggested that populations within nominate Sa-

vannah sparrows (population that encompasses all interior pop-

ulations sampled and birds from coastal California) experienced

a constant population size through time with no evidence for

fluctuations in population size (Benham and Cheviron 2019).

Finally, exploratory �a�i analyses on these datasets suggested

that models with migration were a better fit to the observed SFS,
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then models without migration parameters. For each tidal marsh to

interior population comparison, 10 optimizations were run from

different starting parameters using the perturb function in �a�i

with max number of iterations set to 10. To ensure that a global

optimum for a given model had been reached, we ran one final

optimization with 50 iterations using the parameter values esti-

mated from the shorter run with the highest likelihood. We calcu-

lated demographic parameter values from the estimated value of

theta (4NeµL; L is sequence length) based on a 1-year generation

time for Savannah sparrows (Wheelwright and Rising 2008), the

average substitution rate for Passeriformes: 3.3 × 10−9 substi-

tutions/site/year (Zhang et al. 2014), and total sequence length

equal to the number of loci times 89-bp (the length of each locus).

We calculated uncertainty for parameter estimates using a non-

parametric bootstrapping approach: sampling with replacement

over all loci, generating frequency spectra from 100 resampled

SNP datasets, and using these spectra to calculate parameter un-

certainties using the Godambe information matrix (GIM) in �a�i

(Coffman et al. 2016).

DATA ANALYSIS

Previous phylogeographic studies of the Savannah sparrow in-

dicated that tidal marsh populations derived from two indepen-

dent colonization events: (1) birds from southern California and

Mexico (hereafter termed Mexico tidal marsh) and (2) those sam-

pled from the central California coast (hereafter termed Califor-

nia tidal marsh) (Benham and Cheviron 2019). The Mexico tidal

marsh populations diverged from their interior ancestors approx-

imately 480,000 ybp (95% CI: 240,829–2,066,377 ybp), whereas

the central California populations were not genetically differenti-

ated from interior populations. To determine the influence of these

different population histories on adaptive divergence in each of

the osmoregulatory traits measured, we first analyzed sampling

localities as three groups: (1) Mexico tidal marsh, (2) California

tidal marsh, and (3) interior California. We calculated effect size

(Cohen’s D) for each trait based on t-tests between California tidal

marsh and the interior and between Mexico tidal marsh and inte-

rior. We further evaluated statistical differences among the three

groups using one-way analysis of variance (ANOVA) and Tukey

honest significant difference (HSD) post hoc tests. All statistical

analyses were performed in the open source program R version

3.5.1 (https://www.r-project.org/).

Although sampled tidal marsh populations stem from only

two colonization events (Mexico and Central California) (Benham

and Cheviron 2019), gene flow rates, effective population sizes,

and environmental variables could vary among populations within

the two colonizing lineages and influence patterns of phenotypic

divergence among populations within each lineage. To dissect the

relative influence of environmental and demographic variation on

trait divergence among all 10 sampled tidal marsh populations,

Figure 3. Model tested using structural equation modeling to

dissect the relative influence of ecological variation and migration

rate on variation in divergence in the six measured traits asso-

ciated with osmoregulatory performance. Variation in osmolal-

ity, May–June maximum temperature (Tmax), May–June minimum

temperature (Tmin), and May–June precipitation (Prec) contribute

to the latent variable ecological differences.

we used a structural equation modeling (SEM) approach. Diver-

gence for each osmoregulatory trait is measured as the difference

between the trait mean for each tidal marsh population and the

average across all individuals from the three interior populations

(i.e., a single trait mean value from the interior). All ecological,

demographic, and phenotypic variables were z-transformed prior

to analyses. For each SEM model, we measured the influence of

migration rate and a latent variable “ecological differences” on

the response variable, osmoregulatory trait divergence (Fig. 3).

Preliminary regression analyses found that variation in effective

population size was not significantly correlated with variation in

any of the six osmoregulatory traits among the 10 tidal marsh

populations with the exception of a negative correlation between

Ne and plasma osmolality (Fig. S1). In the case of plasma os-

molality, the negative relationship is also opposite the predicted

positive influence of Ne on trait divergence. Given these results

and potential reductions in statistical power with the addition

of more parameters, we excluded Ne from the model. The la-

tent variable ecological differences were inferred from four ob-

served ecological variables: minimum salinity, May–June Tmax,

May–June Tmin, and May–June Prec. The estimated beta coef-

ficients for migration rate and ecological differences were used

to estimate the relative contributions of these two components

on variation in trait divergence, while controlling for covariance

between the migration rate and ecological differences (Fig. 3).

Analysis of the model was performed using maximum-likelihood

estimation in the “lavaan” R package (Rosseel 2012). We also

corrected for spatial autocorrelation among the predictor variables

using Moran’s I implemented in the function “lavSpatialCorrect”

(https://github.com/jebyrnes/spatial_correction_lavaan). For each

trait, we also performed a series of regression analyses be-

tween migration rate and trait divergence where we compared

the fit of both a linear and second-order polynomial model.
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We also assessed the relationship between May–June maximum

temperature and trait divergence using linear regression analyses.

The measured traits likely interact in important ways to con-

tribute to overall osmoregulatory performance (Fig. 1) and at

least some of the traits show significant patterns of collinearity

(Fig. S2). To account for these interactions among osmoregulatory

traits, we also assessed the influence of gene flow and environ-

mental variation on patterns of osmoregulatory divergence within

a vector-based, multivariate framework (e.g., Adams and Collyer

2009; Stuart et al. 2017). Briefly, this method involves comparing

vectors connecting multivariate phenotypic means (centroids) be-

tween two populations in different environments. For each vector,

the vector length describes the magnitude of divergence between

populations and vector direction reflects the relative importance

of certain traits in contributing to divergence. The metrics vector

direction and length can be used to characterize the degree to

which populations exhibit parallel divergence in multivariate trait

space with population pairs being completely parallel if vector

lengths and direction are identical, whereas deviations from par-

allelism can be quantified as differences in either the direction or

magnitude of vectors.

We inferred vectors of divergence between all interior in-

dividuals and each tidal marsh population for the six phenotypic

traits, environmental variables, and genetic distance between pop-

ulations. Following Stuart et al. (2017), we calculated t-tests for

each trait between all interior individuals and each tidal marsh

population. The angle of divergence (θ) between the vectors for

each population was then calculated based on the arccosine of

the correlation coefficients of trait t-statistics. The magnitude of

divergence (L) for each population vector was calculated as a

summary of the t-statistics calculated for each trait, and �L was

calculated based on the pairwise differences in L among all tidal

marsh populations. We took a similar approach to calculate vec-

tors of environmental divergence. To calculate vectors of genetic

divergence, we performed a principal components analysis on a

dataset of 66,705 SNPs exported from vcftools in 012 format

with missing data imputed using the mean allele frequency of the

entire dataset for the missing SNP position. We performed a prin-

cipal components analysis on this dataset and retained data from

all principal components. Plotting the first two principal compo-

nents produced results that are similar to published patterns of

population genetic structure (Benham and Cheviron 2019). We

calculated centroids for each population across all of the princi-

pal components axes from the PCA. Genotype vectors were then

generated based on the distance between centroids of each tidal

marsh population and the interior populations. These vectors from

each marsh population were then used to calculate θ, L, and �L

for genetic distance. Finally, we used partial Mantel tests (us-

ing the partial.mantel.test command from ncf r package) using

10,000 permutations to compare correlations between θ and �L

for genetic distance, environmental divergence, and multivariate

phenotypic divergence. All multivariate analyses were performed

in R using scripts provided with Stuart et al. (2017).

Results
VARIATION IN PHYSIOLOGICAL TRAITS AMONG

TIDAL MARSH POPULATIONS

Across the different populations, most trait values were greater

in the two tidal marsh populations relative to interior birds, with

the Mexico tidal marshes exhibiting a trend toward greater diver-

gence from the interior population than those from the Califor-

nia tidal marshes (Table S4; Fig. 4). For most traits, the effect

sizes calculated from comparisons between tidal marsh and inte-

rior populations were in the expected direction of divergence for

both tidal marsh groups (California and Mexico). Mexico tidal

marsh birds exhibited greater divergence from interior birds in

kidney mass, medulla volume, plasma osmolality, urine osmo-

lality, and only Mexico tidal marsh birds exhibited significant

increases in the Urine:Plasma osmolality ratio (Fig. 4). TEWL

was not significantly different between the interior and Mexican

tidal marsh populations, but rates of TEWL were greater in Cali-

fornia tidal marshes than interior birds, opposite of the prediction

that TEWL should be reduced in freshwater-limited tidal marsh

habitats. These patterns were corroborated by one-way ANOVA

and post hoc analyses, which showed that both Mexico and Cali-

fornia tidal marsh birds were significantly different from interior

populations in mean kidney mass (cal: P = 0.02, Cohen’s D =
1.56; mex: P < 0.0001, Cohen’s D = 2.69) and plasma osmolality

(cal: P = 0.0001, Cohen’s D = 1.46; mex: P < 0.0001, Cohen’s

D = 2.53); however, only the Mexican tidal marsh populations

were significantly divergent from interior birds in medulla vol-

ume (cal: P = 0.8, Cohen’s D = 0.73; mex: P < 0.0001, Cohen’s

D = 2.67) and urine osmolality (cal: P = 0.9, Cohen’s D = 0.14;

mex: P = 0.015, Cohen’s D = 0.94; Fig. 4). Moreover, based on

Tukey HSD post hoc tests, Mexican populations had significantly

larger kidney mass (P < 0.0001), medulla volume (P < 0.0001),

and plasma osmolality than the California tidal marsh birds (P <

0.0001). Neither California nor Mexico statistically differed from

the interior in the U:P ratio, although Mexican birds did exhibit

greater divergence in this metric (cal: P = 0.97, Cohen’s D =
−0.08; mex: P = 0.06, Cohen’s D = 0.65; Fig. 4).

PATTERNS OF GENETIC DIVERSITY

Across the 10 tidal marsh populations, nucleotide diversity (π)

increased from south-to-north with populations from Sonora,

Mexico, and southern Baja California exhibiting the lowest π

(0.0012–0.0013) and populations from northern California ex-

hibiting levels of π comparable to interior populations (0.0028–

0.0029). Genetic divergence as measured by mean Fst between
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Figure 4. Plot of effect sizes for each trait. Zero line represents mean trait value from the three interior populations. Effect size was

calculated using Cohen’s D based on t-tests from between California tidal marsh and interior or Mexico tidal marsh and interior. Traits are

kidney mass corrected for variation in body size, volume of medulla tissue in the kidneys (mm3), plasma osmolality (mOsmol/kg), urine

osmolality (mOsmol/kg), ratio between urine and plasma osmolality, and total evaporative water loss (TEWL) (mg/g/hour). Asterisks

denote results from ANOVA and Tukey HSD post hoc analyses of the three groups (interior, Mexico tidal marsh, California tidal marsh).
∗∗∗

< 0.001; ∗∗
<0.01; ∗

<0.05; • = 0.06.

the three interior and each coastal population showed the oppo-

site trend; southern tidal marsh populations exhibited the greatest

Fst (0.12), whereas the northern populations exhibited the lowest

(0.041–0.059). Effective population sizes (Ne), estimated from

fitting an isolation with migration model to the SFS in �a�i,

showed similar trends to π with populations from northern Cal-

ifornia exhibiting larger population sizes (mean: 141,782; range:

87,397–269,934) than populations from northwest Mexico (mean:

60,073; range: 37,434–94,099) (Table 1). Migration rate from in-

terior populations into tidal marsh populations also declined from

North-to-South along the Pacific coast similar to patterns of Fst

(Table 1). Tidal marsh populations from northern California ex-

perienced an average per generation immigration rate (m) from

interior populations of 4.69 × 10−5 m, whereas Mexican tidal

marsh populations experienced lower average immigration rates

of 1.29 × 10−6 m (Table 1). Fst was found to be significantly

correlated with �a�i estimates of migration rate (R2 = 0.714,

P = 0.0013), but not estimates of divergence time (R2 = 0.246,

P = 0.083) (Fig. S3).

THE ROLE OF DEMOGRAPHIC VERSUS ECOLOGICAL

FACTORS SHAPING PHYSIOLOGICAL VARIATION

SEM analyses showed migration rate to be the only signifi-

cant predictor of variance in kidney mass (−0.722 ± 0.298)

and TEWL (0.679 ± 0.197) divergence (Table 2). In contrast,

ecological differences explained a greater amount of variance in

urine osmolality (0.724 ± 0.190) and urine:plasma osmolality ra-

tio (0.51 ± 0.199). Both migration rate and ecological differences

contributed significantly to variation in plasma osmolality (migra-

tion rate: −0.528 ± 0.160; ecological differences: 0.497 ± 0.161).

Neither migration rate nor ecological differences significantly ex-

plained divergence in medulla volume; however, when Fst instead

of migration rate was included as a predictor variable in the model,

Fst did explain latitudinal variation in medulla volume divergence

(Table S5). Performing a correction for spatial autocorrelation us-

ing Moran’s I did not influence results for the most part, with two

exceptions. One, the statistically significant relationship between

ecological differences and plasma osmolality was no longer sup-

ported, and two, there was no longer a significant relationship

between kidney mass and migration rate (Table 2). Regression

analyses show similar patterns with migration rate significantly

correlated with kidney mass, medulla volume, plasma osmolal-

ity, and TEWL, but not urine osmolality or the urine:plasma

osmolality ratio (Fig. 5). Rather, maximum temperature was

strongly correlated with urine concentrating ability traits (Fig. 6).

The multivariate, vector-based analyses showed that pair-

wise directions of phenotypic divergence (θ) varied from 3.32°

to 126.45° (mean: 64.60°, SD: 35.86°) and the pairwise differ-

ences in the magnitude of divergence (�L) ranged from −12.16

to 8.45 standard error units (mean: −1.91, SD: 4.95). Variation in
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θ of phenotype was significantly explained by variation in both

θ of environment (R2 = 0.473; P = 0.009; Fig. 7A) and θ of ge-

netic distance (R2 = 0.536; P = 0.002; Fig. 7B). However, partial

Mantel tests only found a significant relationship between θ phe-

notype and θ genetic distance when controlling for θ environment

(R2 = 0.407; P = 0.019), but not θ phenotype and θ environment

when controlling for θ genetic distance (R2 = 0.304; P = 0.072).

Variation in vector length (L) between tidal marsh and interior

habitats was significantly explained only by environmental L (R2

= 0.645; P = 0.006; Fig. 7C) and not genetic L (R2 = 0.26; P =
0.09; Fig. 7D). Finally, pairwise differences in the magnitude of

phenotypic divergence among populations (�L) was significantly

explained by both differences in environment �L (R2 = 0.803;

P = 0.0004; Fig. 7E) and genetic distance �L (R2 = 0.514; P

= 0.0012; Fig. 7F). However, unlike θ phenotype, partial Mantel

tests only identified a significant relationship between phenotype

�L and environment �L when controlling for genetic �L (R2

= 0.734; P = 0.0004), but not phenotype �L and genetic �L

when controlling for environment �L (R2 = −0.205; P = 0.133).

Together these results suggest that variation in the direction of

genetic divergence among tidal marsh populations best explains

multivariate variation in the direction of divergence for osmoreg-

ulatory traits, whereas variation in environment among sites best

explains differences in the overall magnitude of divergence.

Discussion
The observed outcomes of local adaptation reflect complex inter-

actions among many ecological and evolutionary processes that

can influence the degree of divergence across functionally in-

tegrated traits. This inherent complexity in adaptive divergence

makes the accurate interpretation of geographic variation chal-

lenging and necessitates approaches with the power to distinguish

potential drivers of population divergence. To address this issue,

we analyzed divergence patterns across 10 tidal marsh and three

freshwater-adapted, interior populations of the Savannah sparrow.

Across the 10 tidal marsh populations, divergence from interior

populations occurred in the same direction for most traits with

the exception of TEWL. However, the magnitude of trait diver-

gence was greater in populations sampled from tidal marshes in

northwest Mexico compared to those in California (Fig. 4). Trait-

specific analyses showed that this variation in trait divergence

among sites was best explained by variation in gene flow in some

traits (e.g., medulla volume), but variation in the selective land-

scape in others (e.g., urine osmolality; Table 2). Variation in both

genetic distance and the strength of relevant selective pressures

also contributed to patterns of multivariate divergence with ge-

netic distance influencing variation in the direction of phenotypic

divergence, but variation in the magnitude of environmental dif-

ferences best explaining variation in the magnitude of phenotypic
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Table 2. Structural equation modeling results examining relative influence of environment and migration rate on trait divergence across

the 10 sampled tidal marsh populations (see Fig. 2).

No correction Ecological variables Spatial correction

Trait Migration ± SE Ecology ± SE Cov. Salinity Tmax Tmin Prec Migration Ecology

Kidney mass −0.722 ± 0.298∗ 0.337 ± 0.221 ns −0.57 0.524 1 0.869 −0.84 −0.49 ns 0.45 ns
Medulla volume −0.636 ± 0.418 ns 0.292 ± 0.313 ns −0.68 0.571 1 0.893 −0.85 −0.54 ns 0.33 ns
Plasma osmolality −0.528 ± 0.16∗∗ 0.497 ± 0.161∗∗ −0.33 0.325 1 0.859 −0.68 −0.53∗ 0.50 ns
Urine osmolality 0.141 ± 0.181 ns 0.724 ± 0.19∗∗∗ −0.24 0.193 1 0.801 −0.69 0.14 ns 0.72∗∗∗

Urine:plasma ratio 0.077 ± 0.214 ns 0.51 ± 0.199∗ −0.09 −0.08 1 0.642 −0.58 0.09 ns 0.51∗

TEWL 0.679 ± 0.197∗∗ −0.230 ± 0.18 ns −0.49 0.50 1 0.903 −0.70 0.71∗∗∗ −0.26 ns

For each trait, the estimated coefficients for migration rate and the latent variable ecology plus or minus the standard errors (SE) are presented as well

as the covariance between migration rate and ecology (cov). Salinity, May–June maximum temperature (Tmax), May–June minimum temperature (Tmin),

and May–June precipitation (Prec) were the four variables used to generate the latent variable ecology, presented are factor loading coefficients for each

variable. Also shown are coefficients and significance for migration rate and ecology following correction for spatial autocorrelation.
∗∗∗

P < 0.001;
∗∗

P < 0.01;
∗
P < 0.05; ns > 0.05.

divergence. These results emphasize the value of quantifying the

degree of parallel divergence among populations to understand

how the selective landscape, demography, and functional relation-

ships among traits interact to shape spatial patterns of phenotypic

divergence.

PATTERNS OF GEOGRAPHIC VARIATION IN TRAITS

ASSOCIATED WITH OSMOREGULATORY

PERFORMANCE

Past physiological work in Savannah sparrows identified a suite

of traits associated with differences in salinity tolerance between

interior and tidal marsh Savannah sparrows, these include in-

creases in kidney size (Johnson and Mugaas 1970; Goldstein et al.

1990; Casotti and Braun 2000); medullary volume (Johnson and

Mugaas 1970; Casotti and Braun 2000); number of medullary

cones (Poulson 1965); area of proximal and distal tubules of the

loop of Henle, collecting duct, and kidney capillaries (Poulson

1965; Casotti and Braun 2000); and plasma osmolality and

urine osmolality (Cade and Bartholomew 1959; Poulson and

Bartholomew 1962; Goldstein et al. 1990). The bulk of this work

has focused on a single tidal marsh subspecies, P. s. beldingi

(but see Johnson and Ohmart 1973). We sampled an additional

five subspecies of Savannah sparrow that occupy tidal marshes

and found that divergence in osmoregulatory traits from interior

birds, while often in the same direction (with the exception of

TEWL), differed in magnitude, with an overall trend of reduced

divergence in the central California coast populations relative to

P. s. beldingi and other Mexican tidal marsh populations (Fig. 4).

This finding highlights the value of revisiting ecological and

evolutionary physiology studies with increased geographic sam-

pling to develop a more nuanced understanding of physiological

divergence among populations.

Although a reduced reliance on evaporative water loss for

thermoregulation is a widely documented adaptation to desert

environments (e.g., Dawson 1982; McKechnie and Wolf 2004;

Williams and Tieleman 2005; Williams et al. 2012), whether sim-

ilar adaptations exist in other freshwater-limited environments,

such as tidal marshes, had been previously unstudied. We found

that in Mexican tidal marsh populations TEWL was significantly

reduced relative to interior birds (apart from interior birds sampled

in the San Bernardino Mountains, CA; Table S4); however, tidal

marsh populations from the central California coast generally ex-

hibited greater TEWL than the three interior populations (Fig. 4).

These results suggest that water conservation via reduced evap-

orative cooling may be important for adaptation to tidal marshes

under some ecological and/or demographic conditions (see be-

low), but is not a universal response to high salinity.

DEMOGRAPHIC VERSUS ECOLOGICAL DRIVERS OF

OSMOREGULATORY TRAIT DIVERGENCE

Observed differences in the magnitude of trait divergence among

tidal marshes (Fig. 4) could reflect variation in demographic his-

tory, the abiotic selective landscape (e.g., differences in tempera-

ture, precipitation), or both. Based on our trait-specific analyses,

we found that the relative influence of these factors was trait

dependent. For kidney mass, medulla volume, plasma osmolality,

and TEWL, we found a significant, negative relationship between

migration rate and the magnitude of trait divergence from interior

populations (Table 2; Fig. 5). Gene flow from maladapted indi-

viduals immigrating into a population is predicted to constrain

adaptive divergence (Slatkin 1987; Hendry et al. 2001; Lenor-

mand 2002), and our results are consistent with several other

empirical studies documenting this negative influence of gene

flow on trait divergence (e.g., Nosil and Crespi 2004; Postma and
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Figure 5. Linear regression results showing the relationship between migration rate and each of the measured osmoregulatory traits.

All values are z-transformed.

Noordwijk 2005; Räsänen and Hendry 2008; Raeymaekers et al.

2014; Benham and Witt 2016; Stuart et al. 2017). Although gene

flow into peripheral populations can also have a positive influence

through the influx of genetic diversity into an inbred population at

marginal range edges (e.g., Whiteley et al. 2015; Fitzpatrick et al.

2016), our results do not support a positive influence of gene flow

on adaptive divergence in tidal marsh Savannah sparrows. Anal-

yses of multivariate, osmoregulatory divergence found that the

angle of multitrait divergence varied from highly parallel vectors

of divergence (minimum angle of divergence �3°) to nonparallel

vectors (maximum angle, �126°). This variation in the degree of

phenotypic parallelism was best explained by patterns of genetic

structure, which further supports an important role for population

history (i.e., colonization time, migration rate) in shaping patterns

of adaptive divergence within the osmoregulatory system of tidal

marsh sparrows.
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Figure 6. Linear regression results showing the relationship be-

tween the maximum average temperature (°C) for the months of

May–June and urine osmolality and urine:plasma osmolality ratio.

All values are z-transformed.

Variation in the nature or magnitude of relevant selection

pressures across qualitatively similar environments has been

shown to be the most important factor influencing patterns of non-

parallelism in some systems (e.g., Berner et al. 2009; Langerhans

2018). In our trait-specific analyses, ecological factors (i.e., max-

imum temperature) only explained variation in traits associated

with salt excretion (i.e., urine osmolality and urine:plasma osmo-

lality ratio), and along with variation in migration rate, contributed

significantly to variation in plasma osmolality among sites

(Table 2). Environmental differences among sites did not explain

variation in the direction of multivariate divergence among sites

when accounting for variation in genetic structure, yet differences

in the magnitude of environmental differences between interior

and tidal marsh populations did explain variation in the magnitude

of multivariate, osmoregulatory trait divergence. These multivari-

ate results contrast with findings in stickleback fish, where the

direction of phenotypic divergence was better explained by direc-

tion of ecological differences between habitats, but the magnitude

of multivariate trait divergence was best explained by variation in

genetic distance between populations (Stuart et al. 2017). These

opposite results are not necessarily surprising given the many dif-

ferences in the species, traits, and ecological variables measured

between studies, but it does highlight the many ways in which

patterns of adaptive divergence can be influenced by ecological

and demographic processes.

Previous studies have also documented extensive variation in

the degree of parallelism across traits (e.g., Kaeuffer et al. 2012;

Stuart et al. 2017; Thompson et al. 2017; Langerhans 2018), but

in many cases the analyzed traits contribute to different aspects

of organismal performance making it difficult to understand how

different evolutionary mechanisms contribute to variation in the

degree of parallelism. In contrast, we focused on a suite of traits

that contribute to the same metric of performance (i.e., osmoregu-

latory performance). This perspective can have important implica-

tions because we might expect that selection on differential fitness

among individuals will shape variation in functionally integrated

traits in a uniform way (e.g., Langerhans 2018). However, our

results indicate that functionally integrated traits do not always

respond to variation in the selective landscape or demographic

variation in uniform ways. This suggests that differences in addi-

tional factors, such as the degree of trait plasticity (Wund et al.

2008; Dalziel et al. 2015; Oke et al. 2016) and/or the underly-

ing genetic architecture (Yeaman and Whitlock 2011; Savolainen

et al. 2013; Pfeifer et al. 2018) may further contribute to the

different responses to environmental and demographic variation

observed across traits.

A number of factors may influence interpretation of our

results. First, the high levels of uncertainty around point estimates

for migration rate and other demographic parameters may impact

results. However, we also find a strong correlation between the

migration rate estimated in �a�i and estimates of Fst, suggesting

point estimates of migration rate based on the SFS do reflect rel-

ative differences in the rate of gene flow experienced among tidal

marsh populations. Moreover, SEM models performed with Fst

instead of migration rate showed largely similar results (Table S5)

further supporting the inference that gene flow likely constrains

adaptive divergence in some traits. Second, gene flow will only be

able to constrain phenotypic divergence if trait values are genet-

ically determined (Lenormand 2002), and the traits we measured

vary in the degree to which they are plastic in response to different

temperature or salinity regimes (summarized in Table S1). For ex-

ample, although plasma osmolality does not seem to vary across

salinity treatments in acclimation studies of songbirds (including

Savannah sparrows), other traits, such as medulla volume, exhibit

substantial plasticity as well as genetic variation for the plastic

response itself (e.g., Sabat et al. 2004; Peña-Villalobos et al. 2013;

Benham 2018). Maximum urine concentrating ability is particu-

larly affected by environmental factors and recent acclimatization

history, and field measures of this trait are associated with high

levels of variance (Table S4). Correlations between urine osmolal-

ity measures and maximum temperature across the 10 tidal marsh

populations could reflect these direct environmental influences,

but controlled experiments are needed for confirmation. Thus,

although genetic variation likely explains a portion of the ob-

served spatial variation in the osmoregulatory traits we examined,
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Figure 7. Comparisons of pairwise differences in the angle (θ), magnitude (L), and differences in magnitude (�L) of divergence vectors

from interior populations for each of the 10 tidal marsh populations. (a) Pairwise differences in the angle between phenotypic vectors

as explained by variation in the angle of environmental vectors and (b) in the angle of genetic distance vectors. (c) Variation in the

magnitude of divergence for each population vector as explained by magnitude of environmental differences and (d) magnitude of

genetic divergence. (e) Pairwise differences in the magnitude of divergence among phenotypic vectors of divergence as explained by

pairwise differences in the magnitude of divergence of environment and (f) pairwise differences in the magnitude of genetic divergence.

Significance of relationships (solid line = significant) between θ and �L evaluated using partial Mantel tests and L evaluated using linear

regression.
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phenotypic plasticity likely contributes as well. Nonetheless, the

results of this study still shed light on the complex interactions

among evolutionary forces that shape patterns of phenotypic

divergence.

Conclusions
Our analyses show that both ecological variation among sites

and variation in gene flow patterns contribute to variation in the

magnitude and direction of divergence in traits contributing to

osmoregulatory performance. These results highlight the empir-

ical value of explicitly considering functionally integrated traits

in studies assessing the degree of parallel adaptation to develop

a more nuanced perspective on how different evolutionary pro-

cesses might interact to shape adaptive outcomes. Additionally,

this study contributes to the growing recognition that demog-

raphy must be accounted for in studies of geographic variation

(e.g., Stone et al. 2011; Roseman and Auerbach 2015). Although

spatial correlations of phenotypic and environmental variation

have long been interpreted as evidence for the importance of se-

lection in shaping geographic variation (e.g., Mayr 1963; James

1970; Graves 1991), much of this work has traditionally ignored

the potential influence of demography on patterns of intraspe-

cific ecogeographic variation. Our approach for dissecting the

relative contributions of environmental variation and demogra-

phy in shaping spatial patterns of phenotypic variation should be

broadly applicable, and contribute to an improved understand-

ing of the diverse processes that drive patterns of phenotypic

variation.

AUTHOR CONTRIBUTIONS
PMB and ZAC designed the study. PMB collected and analyzed all the
data. PMB and ZAC wrote the paper.

ACKNOWLEDGMENTS
We thank the following museums and individuals for providing tissue
samples for this study: J. Cracraft, P. Sweet, and T. Trombone (AMNH);
J. Rising, R. Zink, and M. Westberg (ROM and BELL); P. Unitt and K.
Burns (SDNHM & SDSU Museum of Biodiversity); S. Birks (UWBM).
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