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Patterns of niche divergence and geographical range overlap of closely related species provide insights into the evolutionary
dynamics of ecological niches. When ranges overlap, shared selective pressures may preserve niche similarity along coarse-scale
macrohabitat axes (e.g., bioclimates). Alternatively, competitive interactions may drive greater divergence along local-scale mi-
crohabitat axes (e.g., micro-topographical features). We tested these hypotheses in 16 species pairs of western North American
monkeyflowers (Erythranthe and Diplacus, formerly Mimulus) with estimations of species’ niches, geographic ranges, and a robust
phylogeny. We found that macrohabitat niche divergence decreased with increasing range overlap, consistent with convergent
selection operating at a coarse scale. No significant relationship was detected for microhabitat niches. Additionally, niche diver-
gence was greater for recently diverged pairs along all macrohabitat niche axes, but greater for distantly diverged pairs along one
microhabitat axis related to vegetation cover. For species pairs with partially overlapping ranges, greater microhabitat divergence
was detected in sympatry than in allopatry for at least one niche axis for three of four pairs, consistent with character displacement

in sympatry. Thus, coarse- and local-scale niche divergence show dissimilar patterns in relation to range overlap and divergence
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time, perhaps because the relative importance of convergent versus divergent selection depends on spatial scale.

KEY WORDS: Mimulus, monkeyflower, niche divergence, range overlap, phylogenetic distance.

Complicated feedbacks between niche divergence, range overlap,
and diversification play an essential role in generating patterns
of biodiversity on Earth. Niche divergence among species can
lead to differences in geographic range position and extent. In
turn, differences in geographic range, and hence environments
experienced can cause selection for niche divergence. The initial
stages of niche and range divergence are intimately related to spe-
ciation, while subsequent niche and range evolution can impact
which species assemble into a community (Ricklefs and Jenkins
2011; Wiens 2011). In particular, how daughter species inherit
niche properties from their common ancestor is often associated
with range dynamics (Schluter 2001; Coyne and Orr 2004). In
theory, niche divergence could promote speciation in sympatry,

but postspeciation range shifts and niche evolution might remove
the signature of initial divergence (Barraclough and Vogler 2000;
Losos and Glor 2003). Likewise, species might retain high niche
similarity during allopatric speciation, but divergent adaptation
to distant environments and interspecific competition during sec-
ondary contact might obscure the signature of initial conservatism.
Thus, patterns of niche divergence are predicted to differ depend-
ing on whether species are sympatric or allopatric and the time
since their split from the ancestor.

In areas of allopatry, there are opposing predictions re-
garding the degree of niche divergence or similarity between
close relatives. When geographic barriers of unsuitable environ-
ments lead to allopatric speciation (Barraclough and Vogler 2000;
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Fitzpatrick and Turelli 2006), species may retain similar niches
because of convergent selection in similar though discontinuous
habitats. Such a pattern of niche conservatism (the tendency to
maintain ancestral niches) is supported across many taxa and ge-
ographic regions (Peterson et al. 1999; Wiens and Graham 2005;
Pearman et al. 2008; Wiens et al. 2010; and reviewed in Peter-
son 2011). Niche conservatism on either side of a geographic
or habitat barrier ensures that populations are isolated, with no
or little gene flow (Wiens 2004). Geographical separation itself
could be viewed as a form of premating isolation, while intrinsic
reproductive isolation might evolve via accumulated divergence
by genetic drift (Coyne and Orr 2004). Alternatively, if allopatric
populations experience different environmental conditions or they
were genetically differentiated prior to barrier formation, they are
more likely to experience divergent selection pressures promot-
ing speciation and increased niche divergence (McCormack et al.
2010; Schemske 2010).

In areas of sympatry, the degree of niche divergence is pre-
dicted by the relative strength of convergent selection due to
shared environments and divergent selection due to interspecific
competition. High range overlap potentially increases encounter
frequencies among individuals and hence interspecific competi-
tion, leading to selection for greater niche divergence, which is
character displacement (Brown and Wilson 1956; Schluter, 2000;
Silvertown 2004; Symonds and Elgar 2004; Tobias et al. 2013;
Weber et al. 2016). Conversely, environmental filtering stemming
from abiotic or biotic factors at a given location sorts preadapted
phenotypes in and/or imposes selection for niche convergence.
Given strong convergent selection pressure during sorting, species
that co-occur should have similar niches (Webb et al. 2002; Kraft
et al. 2008; Cavender-Bares et al. 2009; Mouillot and Gaston
2009).

By examining niche divergence in multiple species pairs that
vary in their degree of range overlap, we can gain insight into
which of the processes described above are dominant. For exam-
ple, a negative relationship between niche divergence and range
overlap suggests convergent selection in sympatry and divergent
selection in allopatry (i.e., abiotic factors dominate; Fig. 1A). In
contrast, a positive relationship between niche divergence and
range overlap suggests evolutionary stasis in allopatry and com-
petition driving niche divergence in sympatry (i.e., biotic inter-
actions dominate; Fig. 1D). A lack of relationship suggests that
either multiple processes are at play simultaneously, or acting
differently among pairs (Fig. 1B and Fig. 1C).

Furthermore, the relationship between niche divergence and
range overlap could differ depending on the spatial scale of envi-
ronmental variation. Macrohabitats represent the conditions that
a species can tolerate and persist in at coarse spatial scales, such
as range-wide macroclimate and topography. Microhabitats de-
scribe local-scale environments of an organism or population,

such as soil moisture and nutrients, micro-topographical features,
and light characteristics. Environmental filtering is predicted to
favor similarity in coarse-scale niche axes while competitive inter-
actions will favor divergence in local-scale niche axes (Swenson
et al. 2007; HilleRisLambers et al. 2012). For example, various
ecomorphs of Anolis species generally co-occur in the Greater
Antilles, but they are able to coexist by partitioning resources at
the fine scale by specializing on structural microhabitat (e.g., tree
crown/trunk/twig/ground; Losos 2009). This leads to an expec-
tation of more divergence in allopatry for macrohabitat axes, but
more divergence in sympatry for microhabitat axes to allow co-
existence. Therefore, we expect a negative relationship between
niche divergence and range overlap at the coarse scale, but a
positive one at the fine scale. However, how biotic interactions
constrain or promote niche evolution at the range-wide scale re-
main poorly explored (Wiens 2011), and more empirical studies
are needed to determine which patterns are prevalent across spatial
scales in nature.

Hypothetically, if none of the above processes occur, the
null hypothesis would be that niche divergence among close rela-
tives is unrelated to range overlap. Instead, because evolutionary
changes are assumed to accumulate through time, the degree of
niche divergence is only expected to positively correlate with evo-
lutionary time (Harvey and Pagel 1991). Hence, we must account
for divergence time when testing the relationship between niche
divergence and range overlap. However, niche axes could exhibit
different degrees of lability. To date it is difficult to generalize
whether macro- or microhabitat niche variables are more conser-
vative or labile (Losos and Glor 2003; Peterson and Holt 2003;
Knouft et al. 2006). How range overlap affects the evolutionary
rate and the magnitude of divergence for niche axes at various
scales is still understudied.

Here, we explored the effects of range overlap and phyloge-
netic distance on multiple niche axes for closely related species
pairs in Western North America monkeyflowers of the plant gen-
era Erythranthe and Diplacus. Among species pairs, we asked:
(1) accounting for divergence time, how does the magnitude of
niche divergence change with the degree of range overlap? (2)
does the relationship differ across spatial scales or among niche
axes? and (3) for pairs with partial range overlap, is niche diver-
gence in sympatry greater than that in allopatry, or vice versa?
By testing such patterns in a phylogenetic context across spatial
scales, we aimed to infer interactions between niche evolution and
range shifts over evolutionary time.

Methods
STUDY SYSTEM AND PHYLOGENY RECONSTRUCTION

Monkeyflowers in the genera Erythranthe and Diplacus (Phry-
maceae, formerly Mimulus) are a model system in evolutionary

EVOLUTION OCTOBER 2018 2101



Q. LI ET AL.

A Divergent
selection
% Convergent
selection
RO
C
Convergent
Q selection
=2
RO

QQO

B Divergent
selection
Q
=2
RO
D :
Divergent
selection

Q) |Convergent
= selection,

OQQ

Figure 1. lllustrations of four possible patterns between niche divergence (ND) and range overlap (RO), predicted under combinations
of contrasting processes in high level of range overlapping areas (sympatry) and in low level of range overlapping areas (allopatry),
respectively: (A) convergent selection in sympatry and divergent selection in allopatry result in a negative relationship; (B) divergent
selection in both sympatry and allopatry result in a nonsignificant relationship with relatively high niche divergence; (C) convergent

selection in both sympatry and allopatry result in a nonsignificant relationship with relatively low niche divergence; (D) divergent
selection in sympatry and convergent selection in allopatry result in a positive relationship. Range overlap is treated as a continuous
variable, with complete sympatry and complete allopatry at its two extremes. Circles below the above four panels, with black and grey
depicting two species’ ranges, presented three scenarios of range overlap from left to right: no range overlap, partial range overlap,

substantial range overlap.

ecology (Wu et al. 2008). Western North American monkeyflow-
ers contain about 90 species (about 75% of described species
worldwide, Beardsley et al. 2004), or about 140 species in revised
classification (Barker et al. 2012), with great variation in range
size, habitat preference, and climatic niche breadth (Sheth et al.
2014). We note that a recent taxonomic revision in these genera
(Barker et al. 2012) resulted in some nomenclatural modifica-
tions that do not affect our major results (Supplementary Materi-
als). We aimed to choose evolutionarily independent species pairs
in western North America and quantified their divergence times
(phylogenetic distances), degrees of niche divergence, and range
overlap.

To identify species pairs, we used the consensus phylogeny
in Grossenbacher and Whittall (2011), selecting pairs that were
closest relatives and with native range restricted to western North
America. We excluded one pair (M. nelsonii—-M. rupestris) due
to limited occurrence data, and added one pair, (E. guttata—FE.
laciniata) which was not included in Grossenbacher and Whittall,
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but are closely related (Vickery 1964). This resulted in a total of
16 evolutionarily independent species pairs (Table 1).

To estimate phylogenetic distance of species pairs, we
used BEAST v1.8.2 (Drummond et al. 2012) on CIPRES
(http://www.phylo.org) following Grossenbacher et al. (2014;
N = 120 accessions, including three outgroup species; for 16
species there were multiple samples). We applied the GTR+G
substitution model for three DNA regions (IS, ETS, and trnL-F)
of Beardsley et al. (2004) and Whittall et al. (2006), a Bayesian
uncorrelated log-normal relaxed clock models, and a birth-death
speciation model for phylogenetic reconstruction. We conducted
three runs, each for 100 million generations with sampling every
2000 generations. Posterior samples were summarized by Tracer
v1.6 (Rambaut et al. 2014) to check the stationary status of con-
verged chains and effective sampling sizes. Using LogCombiner
v1.8.2 and TreeAnnotator v1.8.2 (Drummond et al. 2012), we
combined posterior samples with 40% burn-in, and after ran-
domly dropping duplicate tips we computed a maximum clade


http://www.phylo.org
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credibility tree (MCCT, Fig. S1). We scaled the pruned phy-
logeny to a root depth of 1.0 and expressed branch lengths in
relative units. In the MCCT, monophyly was supported for 11 out
of 16 pairs. We note that the most closely related pairs might not
be true sister pairs due to incomplete taxon sampling or interven-
ing extinction. Phylogenetic distance (PD,,.) of each pair was
calculated as the sum of their branch lengths divided by two.

OCCURRENCE DATA

Occurrence records were collected mainly from the Global
Biodiversity Information Facility (http://www.gbif.org, accessed
6 March 2014) using R package rgbif (v0.5.0, Chamberlain
et al. 2014). Additional data were collected from several local
herbarium databases: Consortium of California Herbaria
(http://ucjeps.berkeley.edu/consortium), Consortium of Pacific
Northwest Herbaria (http://www.pnwherbaria.org), Southwest
Environmental Information Network (http://swbiodiversity.org),
and Canadensys (http://www.canadensys.net) (all accessed March
2014). After removing duplicate records and observations, we fil-
tered specimen data by excluding records without georeferences,
or with mismatches between location descriptions and coordi-
nates, or in gardens rather than native habitats. After Albers equal
area projection, we further restricted occurrences to one per grid
cell (1-km-resolution) by deleting records at random for each
species. The number of final records per species ranged from 7 to
2834 (mean: 226; Table 1).

NICHE AXES

The niche concept employed here includes the essential features
of Hutchinson’s fundamental niche in multidimensional environ-
mental space (Hutchinson 1957), and the availability of niche
space relative to the background environment. Therefore, it de-
scribes both the conditions within which a species persists across
spatial scales, and the species’ usages, which can be quantified as
frequency distributions along various component axes (Broenni-
mann et al. 2012). We separated niche variables into macrohabitat
and microhabitat axes according to the hierarchical scale at which
the variables were measured.

Three macrohabitat axes were estimated based on range-
wide occurrences at the coarse scale: bioclimatic, edaphic, and
topographic. Five contemporary bioclimatic variables were de-
rived from monthly temperature and precipitation data of the
time period 1950-2000 at 30-second resolution from WorldClim
(http://www.worldclim.org, Hijmans et al. 2005; for methods see
Kou et al. 2011). These included the average temperature of the
coldest month, growing degree days above 0°C degree, precipi-
tation seasonality, the synchronicity of temperature and precipi-
tation (TPyy,), and growing season aridity. TPy, calculated as
the Pearson correlation coefficient between monthly temperatures
and precipitation, is an effective index for distinguishing between
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two major climatic classes, the Mediterranean-type climate (low
TP,,,) and the monsoon-type climate (high TP,,,) (Kou et al.
2011). Eight edaphic variables describing soil textures and chem-
istry at 1-km resolution were downloaded from SoilGrids (mean
values at the depth of 5-15 cm, http://soilgrids1km.isric.org),
including bulk density, coarse fragments volumetric, fraction
sand, fraction silt, fraction clay, soil organic carbon content (log-
transformed), soil pH, and cation exchange capacity. Four topo-
graphical variables derived from 90 m-resolution digital eleva-
tion models (DEMs, http://srtm.csi.cgiar.org) included elevation,
slope, roughness, and hillshade (a relative solar radiation index
based on aspect and slope), all being log-transformed except hill-
shade.

The microhabitat axes captured habitat attributes at the local
scale of individuals within populations. For each pair, we sampled
populations from areas of range overlap (i.e. regional sympatry)
and/or nonoverlap (allopatry; hereafter called site type) along a
latitudinal gradient (Fig. S2), based on buffered polygon ranges
(see below). For each species, 3—5 populations were chosen to
encompass latitudinal variation within site types. Within each
population, we surveyed 5-10 square plots that were scaled with
edge length being three times the focal plant height, since the
size of the surrounding area that impacts an individual plant is
likely to depend on the size of a plant (range 1-90 cm). Plots
ranged from 0.0009-7.29 m?. We measured slope (by clinome-
ter), canopy (by densiometer), the percent total vegetation cover
(including overstory and understory), the percent of rocky ground
(rock diameter > 0.2 cm), and the percent of bare ground (sand
and soil), measured within scaled plots centered on focal individ-
uals of each species. These microhabitat variables were tightly
associated with individual life cycle at a local scale, affecting
photosynthesis function, water availability, and interactions with
other organisms in neighborhood. In total, we collected microhab-
itat data for 14 species pairs during the growing season of 2008,
2009, 2013, and 2014. The number of populations and total plots
for each population site type per species ranged 1-7 and 10-68,
respectively (Table 1). We conducted principal components anal-
ysis (PCA) on both macro- and microhabitat niche axes before
quantifying niche divergence (see below).

RANGE OVERLAP

The range area for each species was estimated from a buffered
polygon (Fig. S2), formed by merging circles of 50-km radius
around each occurrence point and then reducing it from the
edge by 40 km. The 50-km radius was chosen to avoid gaps
among regionally adjacent circles. The perimeter was reduced
from 50 km to 10 km to avoid overestimating range extent. The
range overlap (ROy,;,,) was a ratio, known as Jaccard similarity
coefficient (Phillimore et al. 2008), with the area of overlap
between two species’ ranges as the numerator and the area of the
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union of two species’ ranges as the denominator. We conducted
a sensitivity analysis by evaluating results using alternative
methods for estimating range (e.g., minimum convex polygon)
and range overlap (e.g., nestedness) (Supplementary Materials).

NICHE DIVERGENCE

We quantified niche divergence (ND) between species pairs for
all niche axes separately. For each macrohabitat axis (bioclimatic,
edaphic, and topographic), ND was calculated as 1—D, where D
is a metric of niche overlap (Schoener 1970; Warren et al. 2008),
and ND ranges between 0 (no divergence) and 1 (complete diver-
gence). We used an ordination technique (PCA-env, Broennimann
et al. 2012), which makes comparisons directly in environmental
space, independent of resolution and sampling effort. Addition-
ally, a species’ preference is weighted by the availability of envi-
ronmental conditions within its distribution, which avoids system-
atic underestimation of niche overlap due simply to differences
in range placement. We created a joint monkeyflower range by
merging all 32 species’ ranges, and sampled 10,000 random points
from it. Then we conducted PCA on niche variables associated
with background points, and created a two-dimensional environ-
mental space as a grid of 100 x 100 cells. Kernel smoothing was
applied to project the occurrence density for each species across
all gridded cells. Similarly, kernel smoothing was used to estimate
environmental availability across random background points sam-
pled within each species’ geographical range (N = 429-9910).
The ratio of the density of species to the density of the envi-
ronment in each cell was then standardized by dividing by the
maximum ratio across all cells. The standardized ratio (z) repre-
sents corrected species’ occupancy of a given environment. We
calculated D as 1 minus half of summed absolute differences in z
between two species across the environmental space. To estimate
uncertainty in the degree of niche overlap, we used bootstrapping
to resample occurrences and background points (75% of original
dataset) 200 times, or, when the number of occurrence records
was smaller than 10 (for one species), we used jackknife resam-
pling. Then, we calculated the mean ND value and its bootstrapped
standard deviation.

For microhabitat ND, we used a different method because
background data were not available. We conducted PCA across
all species’ microhabitat data (after log-transformation) to col-
lapse them to the first three PC axes. For each axis, we calculated
the average of each site based on plot-level measurements, and
then calculated the average of each species based on site means.
We then calculated ND as the absolute value of species differences
within one pair. To account for the uncertainty due to our limited
site measurements and to avoid false positives, we used a simula-
tion method to estimate variation in ND. For each pair along each
PC axis, we applied mixed effect models to fit the relationship
between PC scores and species using R package Ime4 (v1.1-10,

Bates et al. 2015), with species as the fixed effect and sites as the
random effect. The model returned means and variances for both
fixed and random effects for all sites, which were used to simulate
normal distributions for each site separately. We then sampled 30
values per site to calculate the site mean. Then the species mean
was calculated as the mean of the site means. ND was estimated
as the absolute difference between species means. We repeated
this procedure 200 times, and calculated the averages of ND and
the standard deviation.

RELATIONSHIPS AMONG RANGE OVERLAP,
PHYLOGENETIC DISTANCE, AND NICHE DIVERGENCE
For each niche axis, we used multiple linear regression models to
test for any significant association between ND and RO, with PD
as a covariate. We built a full model including an interaction term
between RO and PD, and three reduced models with one or two
explanatory factors. Models were ranked by AICc and the one
with the lowest AICc value was treated as the best model. We also
tested whether range overlap was significantly associated with
phylogenetic distance or not. We note that range overlap is not the
same as the percentage of range overlap over the smaller range
(i.e., nestedness, but see Supplementary Materials for alternative
analysis), and hence the result cannot be interpreted as an age-
range correlation for the geography of speciation.

Spatial autocorrelation might confound the association be-
tween ND and RO at the coarse scale, leading to an appearance
that closely distributed species pairs share more similar niche
properties. Though this problem is alleviated to some extent by
accounting for the background availability of environments when
estimating species’ corrected occupancy z, we further explored
its potential influence on our results by testing for correlation be-
tween ND and geographic distance between species pairs’ ranges.
The geographic distance was calculated as the distance between
the centroids of the two range polygons.

NICHE DIVERGENCE IN SYMPATRY VERSUS IN
ALLOPATRY

Five species pairs have partial range overlap, which means both
species have allopatric and sympatric portions of their ranges.
Tests for differences in niche divergence between sympatry and
allopatry were conducted for these pairs. Due to insufficient mi-
crohabitat data, one pair was excluded for microhabitat niche com-
parison. For macrohabitat axes, we estimated ND (with the same
method above) in allopatry and sympatry separately using occur-
rences and random background data falling into each site type. We
also applied bootstrapping to estimate mean ND and 95% confi-
dence intervals (CIs). For estimates of microhabitat ND, we calcu-
lated species means in allopatry or sympatry separately, using sites
falling into the corresponding site types. We added site type as the
second fixed effect in mixed effect models, everything else being
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kept the same, and returned mean ND and 95% Cls based on 200
simulations. For each pair along each niche axis, we tested if mean
ND in sympatry was larger than mean ND in allopatry and if 95%
CI of ND in sympatry was not overlapping with that in allopatry. If
both criteria were met, we concluded that there was significantly
greater ND in sympatry than in allopatry, which is the prediction
of character displacement. We further conducted sensitivity tests
for macrohabitat divergence with the species pair-specific range
as PCA-env background choice, and for microhabitat divergence
with PCA conducted within each pair (Supplementary Materials).

Results

EFFECTS OF RANGE OVERLAP AND PHYLOGENETIC
DISTANCE ON NICHE DIVERGENCE

The first three components from PCA captured 77.84—84.60% of
the total variation for three macrohabitat axes, and 84.16% of the
total variation in microhabitat (Fig. S3, Supplementary Materi-
als). In particular, for three two-dimensional macrohabitat niches,
the first two PC axes explained 54.2% and 30.4% variation for
bioclimate, 47.33% and 30.51% for soil, 58.77% and 24.59%
for topography, respectively. For microhabitat niche, the varia-
tions explained by the first three PC axes were 38.94, 24.63, and
16.06%, mainly related to bare ground cover, vegetation cover,
and slope, respectively. Multiple linear regression returned con-
trasting patterns between macrohabitat and microhabitat axes, for
both relationships with RO and PD (Fig. 2). The full model in-
cluding an interaction between RO and PD was never the best
model to explain the variance in niche divergence (Table S1).
Rather, for three macrohabitat axes, bioclimatic, edaphic, and to-
pographic, ND was better explained by a reduced linear model
with only main effects of RO and PD (adjusted R? = 0.45, 0.57,
and 0.76, respectively; Table 2). Overall, ND decreased signifi-
cantly as RO increased for macrohabitat axes (Table 2), implying
species pairs share more coarse-scale niche properties when they
have more sympatric areas (Fig. 2A). ND also decreased with
increased PD for macrohabitat axes, meaning recently diverged
species pairs had larger coarse-scale niche divergence (Fig. 2C).
This is opposite to the expectation that divergence accumulates
over time after speciation. For each microhabitat axis, a single-
factor model was better supported, with PD favored in the models
for PC1 (related to bare ground cover) and for PC2 (related to total
vegetation cover), and with RO favored in the model for PC3 (re-
lated to slope) (adjusted R? =0.13, 0.26, and 0.00, respectively;
Table 2). For PC3, the other single-factor model with PD as
the explanatory variable was within one AICc unit in com-
parison with the best model. However, there was no signifi-
cant association between microhabitat ND and RO in any model
(Fig. 2B, Table S1). Among the above models, only a significantly
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Table 2. Best linear models and regression estimates of the effects of range overlap (ROs,m) and phylogenetic distance (PDpycct) on niche divergence (ND) for each of three

coarse-scale macrohabitat axes and three fine-scale microhabitat axes.

t-statistic

(PD)

Slope SE
(PD)

Slope

(PD)

t-statistic

(RO)

Slope SE
(RO)

Slope
(RO)

P (PD)

P (RO)

AlCc

Adjusted R?

daf

Model

Niche axes

Macrohabitat
Bioclimatic
Edaphic

0.03
0.

—2.44
-2.37

—4.27

0.90
0.70
0.39

-2.20
-1.65
-1.67

0.05
0.01

-2.18
-3.30
—4.38

0.46

-1.00
-1.17
—0.88

-16.13

0.45
0.

4
4
4

ND ~ RO + PD
ND ~ RO + PD
ND ~ RO + PD

03

—24.46

57

0.00

0.00

0.20

—42.79

0.76

Topographic

Microhabitat
Micro_PC1

-1.73 0.11

5.76

-9.97

36.53

0.13

ND ~ PD

(bare ground)
Micro_PC2

2.36 0.04

5.04

11.87

32.77

0.26

ND ~ PD

(total vegetation) t
Micro_PC3

(slope) T

0.67

_0.44

1.90

—-0.83

24.75

0.00

ND ~ RO

fNamed according to which microhabitat variable loaded most strongly.
The significant P values (<0.05) and estimates of corresponding explanatory variables are in bold.



THE EFFECT OF RANGE OVERLAP ON ECOLOGICAL NICHE DIVERGENCE

>

bioclimatic edaphic topographic
[0
[S]
e
(9]
=
[
2
©
Q
S
2 025
0.00
000 005 010 015  0.20 0.00 005 010 015 020 000 005 010 015 020
range overlap
B micro_PC1 (bare ground) micro_PC2 (total vegetation) micro_PC3 (slope)
¢ .
8 209 ¢ .
s 4
5 } f
2 ;
o 10 ; ++ 4 4 .
5 [ ¢ ¢
2 . %
* ¢ 4 4 o * ¢ 4
® o . L4 ¢ °
0.0 I °
000 005 010 015 020 000 005 010 015 020 000 005 010 015 020
range overlap
C o . .
bioclimatic edaphic topographic
1.00
® & o R
¥
[ é
8075 . : §
S [
o s }i (1] ]
2 050 H } ’ } t ¢ H ! ¢
5 ¢
(0]
S
2025
0.00
0.00 0.05 0.10 0.00 0.05 0.10 0.00 0.05 0.10
phylogenetic distance
D micro_PC1 (bare ground) micro_PC2 (total vegetation) micro_PC3 (slope)
L .
o 20 3 .
g { § !
=
[}
2 1.0 [ [
© H » * .
Q ° [ ]
5 t . ¢
< 0.0 (K] [ :. N
0.00 0.05 0.10 0.00 0.05 0.10 0.00 0.05 0.10

phylogenetic distance

Figure 2. Linear regression plots show the relationships between niche divergence and two individual variables, range overlap (RO), and
phylogenetic distance (PD) in monkeyflowers. Best-fitted models included both RO and PD as explanatory variables for three coarse-scale
macrohabitat axes (A, C), and included only PD for microhabitat PC1 and PC2 and only RO for PC3 (B, D). Error bars are estimations
of standard deviation from bootstrap (A, C) and mixed-effect model-based simulation (B, D). Best-fit lines are from significant linear
regressions (P < 0.05; same slopes as in Table 2). Gray shading denotes 95% confidence intervals.
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positive relationship was detected between microhabitat ND and
PD for PC2, indicating greater fine-scale niche divergence over
time along this axis (Fig. 2D, Table 2).

No significant relationship was found between RO and PD
nor when using range nestedness (both adjusted R’ = 0; Fig. S4),
implying no clear pattern regarding the change of range overlap
between close relatives over evolutionary time with these data.
Furthermore, for all niche axes we found no association between
ND and range distance (all adjusted R? = 0; Fig. S5). This suggests
that spatial autocorrelation was not the major driver of niche
divergence patterns with range overlap.

NICHE DIVERGENCE IN SYMPATRY VERSUS IN
ALLOPATRY

For species pairs with partial range overlap, the pattern of ND in
sympatry compared to ND in allopatry differed between macro-
habitat and microhabitat axes (Fig. 3A). For five pairs, macro-
habitat ND in sympatry was significantly smaller than or similar
to that in allopatry across niche axes, supporting convergent se-
lection in sympatry. There was only one case where mean ND
was larger in sympatry (D. congdonii and D. douglasii on topo-
graphic axis), but 95% CIs were overlapping. Results were similar
when ND was calculated based on pair-specific ranges, showing
it was not sensitive to the choice of environmental background
(Fig. S6).

In contrast, three species pairs had greater microhabitat ND
in sympatry than in allopatry (Fig. 3B), one pair for each micro-
habitat axis (D. douglasii and D. congdonii on PC1 related to bare
ground cover, E. suksdorfii and E. montioides on PC2 related to
total vegetation cover, E. breweri and E. bicolor on PC3 related to
slope). These results were consistent with character displacement
in sympatry. Two more pairs showed larger mean ND on PC3,
but their 95% CIs were overlapping. This suggests that species
within pairs might interact with each other differently and diverge
idiosyncratically with respect to microhabitat partitioning. When
ND was calculated based on pair-specific PCA, results were sim-
ilar, where pairs showed greater ND in sympatry mainly for PC1
and PC2 (Fig. S7).

Discussion

Among studies exploring the association between niche diver-
gence and range overlap, quantitative inferences are still rare in
a phylogenetic context. Thus, it remains unclear whether the pre-
dominant effect of range overlap is to select for convergent niche
evolution in shared environments or divergent niche evolution
to minimize competitive interactions, and whether the relative
balance of these forces changes across spatial scales or with
time since speciation. Here we quantified how niche evolution
at coarse and fine scales was driven by shared abiotic environ-
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ments, the potential for species interactions (mediated by range
overlap), and time (indexed by phylogenetic distance). Our results
suggest that convergent selection plays a role at the coarse scale,
leading to similar macrohabitat preference between co-occurring
monkeyflower species. At the fine scale, we did not find a single
overall signal of microhabitat divergence across all species pairs.
However, we detected more microhabitat divergence in sympatry
than in allopatry when focusing on species pairs with partial range
overlap. This is consistent with potential competitive interactions
driving closely related species to diverge locally through ecologi-
cal character displacement, but the specific niche axis that showed
divergence was idiosyncratic to each pair. When testing the rela-
tionship between niche divergence and phylogenetic distance, we
also found opposite patterns for niche axes across spatial scales.
Greater coarse-scale niche divergence was found for recently di-
verged pairs, consistent with allopatric speciation in different
regions. In contrast, fine-scale niche divergence increased with
divergence time, consistent with competitive interactions driv-
ing fine-scale niche divergence after species come into secondary
contact. Though the pattern-based approach should be used with
caution to interpret underlying processes, our results here imply
that the association between niche evolution and range overlap
changes across spatial scales and over time for close relatives.

ASSOCIATION BETWEEN NICHE DIVERGENCE AND
RANGE OVERLAP AT A COARSE SCALE

The contrasting relationships between niche divergence and range
overlap for macrohabitat and microhabitat imply that the pro-
cesses underlying niche dynamics depend on spatial scale. At
a coarse scale, negative patterns between niche divergence and
range overlap suggest that species share ecological conditions
in sympatry and adapt to divergent environments in allopa-
try (Fig. 1A). Though our analysis cannot precisely distinguish
whether the above pattern was due to environmental filtering,
which sorts preadapted species with similar niche properties, or
convergent evolution, which means in situ evolution of similar
niche properties specifically, these results suggests the degree of
niche divergence is tightly linked to the status of range overlap
among close relatives. Similarly, Steinbauer et al. (2016) found
climatic niche differentiation in allopatry was either stronger than
or similar to that in sympatry for six plant clades in the Canary
Islands. Kozak and Wiens (2010) suggested range overlap, repre-
senting local biotic interactions, had a negative effect on the rate
of climatic niche evolution for 16 clades of plethodontid salaman-
ders, because dispersal of one clade was restricted by the presence
of others.

Spatial autocorrelation could potentially lead to higher niche
divergence estimates with greater geographic distance even if
niches are not diverged. For example, organisms occurring at dif-
ferent locations might prefer microhabitats that maintain similar
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Figure 3. Niche divergence in sympatry (sym) versus niche divergence in allopatry (allo) for monkeyflowers species pairs with partial

range overlap, for five pairs along three coarse-scale macrohabitat axes (A) and for four pairs along three fine-scale microhabitat axes
(B). Error bars are estimations of 95% confidence intervals from bootstrap (A) and mixed-effect model-based simulation (B). Various
symbols connected by lines depicted different species pairs. Solid lines denote significant comparison results with more niche divergence

in allopatry or in sympatry.

abiotic conditions despite overall macroclimatic differences. The
way we estimated niche divergence by the PCA-env technique
accounted for the availability of background environments and
spatial resolution, and therefore corrected biases in geographic
space to some degree (Broennimann et al. 2012). Additionally,
we found niche divergence was not significantly associated with
geographic distance between species’ range centroids. Further-
more, dissimilar environmental conditions in different locations
are indeed potential agents of divergent selection on isolated pop-
ulations.

ASSOCIATION BETWEEN NICHE DIVERGENCE AND
RANGE OVERLAP AT A LOCAL SCALE

At the local scale, though microhabitat axes are more conserved
than macrohabitat axes in some plant groups (Ackerly et al. 2006;
Emery et al. 2012), character displacement is generally expected
to cause niche divergence for closely related species in sympa-
try (Beans 2014). Our analyses failed to detect global patterns in
the relationship between niche divergence and range overlap for
any microhabitat axis. There are several possible reasons. Firstly,
divergence might occur along one or more niche axes that vary
depending on species pairs. More generally, pairs could differ
in various aspects, such as which traits are labile, show preex-
isting differences, or mutate first to facilitate niche divergence

and hence facilitate coexistence. The results for niche divergence
in sympatry versus allopatry for partially overlapping pairs were
consistent with this idea. For example, E. bicolor occurs on steep
slopes in sympatry while E. breweri occurs in flatter areas (pers.
obs., also supported by more divergence on microhabitat PC3
related to slope in sympatry); in contrast, both E. bicolor and
E. breweri occur in flatter areas in allopatry. Analogously, D.
congdonii generally occurs at disturbed or sloped runoff areas,
while D. douglasii occurs on bare clay, serpentine or granitic
soils (Baldwin et al. 2012); more niche divergence was found in
sympatry on microhabitat PC1 related to bare ground and slope.
Together, these could possibly explain why there was no over-
all pattern when testing across all 16 species pairs. Secondly,
increasing sampling effort of local populations and examining
more niche axes could potentially increase the power to detect
divergence at the local scale. The microhabitat data we collected
might not capture relevant factors reflecting niche partitioning.
For example, shifts between soil types (e.g., serpentine and non-
serpentine) was suggested to be common for angiosperms in the
California Floristic Province (Anacker and Strauss 2014; Baldwin
2014). Thirdly, modern coexistence theory suggests that compet-
itive outcomes among species are determined by both stabilizing
niche differences and relative fitness differences, such that species
can coexist by weak stabilization when they have small fitness
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inequalities (Chesson 2000; Adler et al. 2007). Close relatives of-
ten have similar fitness (Godoy et al. 2014), implying that slight
niche differentiation (perhaps less than what we could detect here)
would allow coexistence. Lastly, here we used range overlap as
a surrogate for biotic interactions, but it was not a direct met-
ric of interaction intensity. Regionally sympatric species might
not co-occur locally or compete directly, by spatial or temporal
partitioning (e.g. different substrate patches or flowering times).

We applied different methods to quantify niche divergence
for macrohabitat and microhabitat axes. It would be ideal
to use the same analytical framework across the two scales.
The method we used for macrohabitat variables relies on esti-
mates of background environmental availability, which were not
available for microhabitat variables. Adjusting niche estimates
based on the background environment is meant to correct
potential differences in sampling intensity and niche availability
across spatially varying environments. For example, if allopatric
species occupy different positions along a niche axis, it could
be merely because the two regions differ in the ranges of this
variable. This is likely to be a more severe problem for climatic
variables at a coarse scale, which are more likely to be spatially
autocorrelated, than locally varying and highly heterogeneous
microhabitat variables. We conducted an additional analysis
treating macrohabitat niches in the same way as we treated
microhabitat (i.e., by ignoring the background), and it yielded
similar inferences (data not shown). Future studies would benefit
by collecting background microhabitat data at field sites across
species ranges and quantifying microhabitat niche divergence
relative to a common background niche space.

ASSOCIATION BETWEEN NICHE DIVERGENCE AND
PHYLOGENETIC DISTANCE

Associations between range overlap and niche divergence do not
imply unidirectional causality, since complex feedbacks can occur
through evolutionary time (Donoghue and Moore 2003; Warren
et al. 2014). Although the pattern of niche conservatism is com-
mon (Prinzing et al. 2001), studies have also shown evidence of
rapid niche evolution in multiple taxa, either for climatic variables
(Broennimann et al. 2007; Kozak and Wiens 2010) or microhabitat
preferences (Losos et al. 2003; Silvertown et al. 2006; Wiens et al.
2010). Moreover, estimates of niche evolution depend on the phy-
logenetic scale of investigation, as niche conservatism is more ap-
parent when including greater phylogenetic diversity (Cavender-
Bares et al. 2006; Evans et al. 2009; Peterson 2011). Here, we
found contrasting relationships between niche divergence and
phylogenetic distance, which depended on spatial scale. Macro-
habitat niche divergence was highest between the most recently
diverged species pairs. Opposite to the null hypothesis that evolu-
tionary changes accumulate over time, this implies that macrohab-
itat traits are highly evolutionarily labile and perhaps that diver-

2110 EVOLUTION OCTOBER 2018

gence is concentrated near speciation events. In support of niche
lability in monkeyflowers, others have found no detectable phylo-
genetic signal for other bioclimatic variables (Grossenbacher et al.
2014; Sheth et al. 2014). In contrast, microhabitat divergence in-
creased with phylogenetic distance, though only along one axis,
which is consistent with the idea of more divergence over time.
Together with increased divergence in sympatry, this suggests that
biotic interactions at a local scale might drive increasing niche di-
vergence, perhaps in conjunction with more intense interactions
happening during increasing secondary contact over time.

CAVEATS ABOUT INTERACTIONS BETWEEN RANGE
AND NICHE DYNAMICS

The lack of a significant relationship between range overlap
and phylogenetic distance implies either no single dominant
geographical mode of speciation or rapid postspeciation range
shifts that obscure the geography of speciation (Losos and Glor,
2003). However, without quantifying reproductive isolation be-
tween species, our measurements of niche divergence and range
overlap cannot make explicit inference about their relationship
with the geography of speciation and postspeciation changes. Ad-
ditional information on the timing and the frequency of secondary
contact would be important for understanding the effect of range
overlap on niche dynamics during and after speciation. Further-
more, incomplete taxon sampling and relatively low phylogenetic
support for some species pairs mean that species pairs in the
present analysis may not true sister species and instead simply rep-
resent evolutionarily independent close relatives. Nevertheless,
range overlap was generally low (maximum 0.23 km? of overlap
per km? of unioned range), indicating that a high likelihood of
ecogeographic isolation. Recent analyses of the geography of spe-
ciation in the Californian flora (Anacker and Strauss 2014) and
monkeyflowers in particular (Grossenbacher et al. 2014) showed
that younger species pairs had higher asymmetry in niche breadth
and range size, suggesting a dominance of “budding” speciation.
Such niche breadth asymmetry could also contribute substantially
to niche divergence, though we did not consider it here. Further-
more, we applied different methods of calculating range (instead
of minimum convex polygon) and range overlap (instead of nest-
edness), which likely are less prone to overestimating range size
and overlap, but more prone to concluding low range overlap even
for fully nested species with asymmetric range sizes (Supplemen-
tary Materials).

Conclusion

Contrasting patterns across spatial scales are consistent with mul-
tiple evolutionary forces acting simultaneously and at different
spatial scales in shaping niche differentiation. In western North



THE EFFECT OF RANGE OVERLAP ON ECOLOGICAL NICHE DIVERGENCE

American monkeyflowers, niches are labile and the degree of
range overlap and interactions between close relatives can con-
tribute to niche dynamics across space, and thus to the diversi-
fication in this group. Further analyses of evolutionary rates of
different niche axes and niche breadths across all species in this
plant group will advance our understanding at deeper phyloge-
netic and temporal scales. For the species pairs for which we
detected greater microhabitat niche divergence in sympatry than
allopatry, further work to characterize selection on niche prop-
erties, competitive interactions, and reproductive isolation would
help test links between niche divergence and speciation. Further-
more, probabilistic modeling of phylogeographic range evolution
to reconstruct ancestral areas can supply direct inference of bio-
geographic processes (Donoghue and Moore 2003), for example
via the Dispersal-Extinction-Cladogenesis model (Ree and Smith
2008). Moreover, modeling of diversification processes while in-
corporating ecological traits can explicitly test the effect of ecol-
ogy on diversification, such as high speciation rate with certain
traits or the evolutionary mode of trait transition (e.g. Binary-
State Speciation and Extinction model and its extensions; Maddi-
son et al. 2007; FitzJohn 2010). Future studies can harness these
types of analyses to better understand feedbacks between niche
and range dynamics.
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Table S1. Multiple linear regression model comparison and regression estimates of the effects of range overlap (ROy,,,) and phylogenetic distance (PDy¢cr)
on niche divergence for each of three coarse-scale macrohabitat axes and three fine-scale microhabitat axes.

Figure S1. 16 closely related species pairs of monkeyflowers selected from a maximum clade credibility tree (marked with asterisks).

Figure S2. The geographical distributions and range overlap of 16 monkeyflower species pairs in western North America.

Figure S3. The correlation circles of PCA for (a-c) three coarse-scale macrohabitat axes (bioclimatic, edaphic, and topographic, respectively); and (d-f)
combinations of first three PCs for microhabitat axes (PC1 and PC2, PC1 and PC3, and PC2 and PC3, respectively).

Figure S4. The relationship between range overlap and phylogenetic distance for 16 monkeyflower species pairs, with two methods of quantifying range
overlap: (a) ROg,;, and (b) nestedness (ROpin)-

Figure S5. The relationship between niche divergence and range distance for 16 monkeyflower species pairs.

Figure S6. The effect of background space choices on estimations of niche divergence of three coarse-scaled macrohabitat axes in sympatry (sym) compared
to that in allopatry (allo) for monkeyflower species pairs with partial range overlap using (a) background common to all pairs and (b) background specific
to each species pair.

Figure S7. The effect of background space choices on estimations of niche divergence of three microhabitat axes in sympatry (sym) compared to that in
allopatry (allo) for monkeyflower species pairs pairs with partial overlap for (a) PCA conducted across all species and (b) PCA conducted separately for
each species pair.
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