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Abstract

Premise: In plants, populations and species vary widely along the continuum from
outcrossing to selfing. Life-history traits and ecological circumstances influence
among-species variation in selfing rates, but their general role in explaining in-
traspecific variation is unknown. Using a database of plant species, we test whether
life-history traits, geographic range position, or abundance predict selfing rate
variation among populations.

Methods: We identified species where selfing rates were estimated in at least three
populations at known locations. Two key life-history traits (generation time and
growth form) were used to predict within-species selfing rate variation. Populations
sampled within a species’ native range were assessed for proximity to the nearest
edge and abundance. Finally, we conducted linear and segmented regressions
to determine functional relationships between selfing rate and geographic range
position within species.

Results: Selfing rates for woody species varied less than for herbs, which is explained
by the lower average selfing rate of woody species. Relationships between selfing and
peripherality or abundance significantly varied among species in their direction and
magnitude. However, there was no general pattern of increased selfing toward range
edges. A power analysis shows that tests of this hypothesis require studying many
(i.e., 40+) populations.

Conclusions: Intraspecific variation in plant mating systems is often substantial yet
remains difficult to explain. Beyond sampling more populations, future tests of bio-
geographic hypotheses will benefit from phylogeographic information concerning
specific range edges, the study of traits influencing mating system (e.g., herkogamy),
and measures of abundance at local scales (e.g., population density).
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Plant mating systems are highly variable, with species ran-
ging from primarily self-fertilizing (selfing) to obligately
outcrossing, with many exhibiting some mixture of selfing
and outcrossing (Schemske and Lande, 1985; Vogler and
Kalisz, 2001). Biologists quantify mating systems by tabu-
lating the number of selfed offspring (i.e., the selfing rate;
Ritland, 1990, 2002). Mating systems profoundly affect the
genetic structure and persistence of populations (Schoen
and Brown, 1991; Hamrick and Godt, 1996; Siol et al., 2007;
Crawford et al, 2008; Barrett and Harder, 2017; Noél
et al, 2017), in addition to their niche breadth (Randle
et al, 2009; Grossenbacher et al, 2015; Grant and

Kalisz, 2020; but see Lowry and Lester, 2006). Because of
these impacts, there has been keen interest in explaining
variation in the amount of self-fertilization expressed by
plants (Holsinger, 2001). In studying variation among spe-
cies, selfing rates are not randomly associated with life-
history traits (Barrett and Eckert, 1990; Barrett et al., 1996;
Hamrick and Godt, 1996). In addition, more highly selfing
species tend to be associated with particular geographic
contexts, since they tend to colonize peripheral, isolated, or
island environments (Baker, 1967; Grossenbacher
et al., 2017). Additionally, selfing species have been shown
to have greater niche breadth (Grant and Kalisz, 2020) and
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larger geographic ranges than outcrossing sister taxa
(Randle et al., 2009; Grossenbacher et al., 2015; but see
Lowry and Lester, 2006). While among-species variation in
mating systems has been well studied, variability in the
amount of selfing within species is not well understood
(Jain, 1976; Whitehead et al., 2018).

Life-history traits connect variation in selfing
rate among and within species

The primary cost of selfing is the reduction in fitness of self-
fertilized progeny (i.e., inbreeding depression; Lande and
Schemske, 1985; Charlesworth and Willis, 2009), while the
primary benefit of selfing is the production of seed when
cross-pollen is limited (i.e., reproductive assurance;
Jain, 1976; Solbrig, 1980; Schoen et al., 1996; Eckert
et al., 2006; Busch and Delph, 2012). There is a well-
supported association between mean selfing rate and life-
history traits, with woody and perennial species having
lower selfing rates (Barrett and Eckert, 1990; Barrett
et al.,, 1996; Hamrick and Godt, 1996; Moeller et al. 2017).
Given that a balance between the costs and benefits of
selfing influences the selfing rate at the population level
(Herlihy and Eckert, 2002; Layman et al., 2017), the life-
history traits of species should set bounds on the amount of
selfing rate variation that is expressed among populations of
a species. For one, woody species accumulate more somatic
mutations than herbs because they undergo more mitotic
cell divisions during individual growth (Klekowski and
Godfrey, 1989; Scofield and Schultz, 2006; Duminil
et al., 2009), making the evolution of higher selfing rates
increasingly difficult (Morgan et al., 1997; Morgan, 2001). In
a similar vein, perennial species experience diminished se-
lection for reproductive assurance because the life-time
fitness of individuals reflects several reproductive episodes,
constraining the evolution of high selfing rates (Morgan
et al., 1997; Pannell and Barrett, 1998). In other words,
populations with high selfing rates should rarely be ob-
served because of evolutionary constraints in species where
the costs of self-fertilization are generally high. Such an
argument based on evolutionary constraints predicts that
woody species and perennial species will, on average, ex-
press less within-species variation in selfing rates than
otherwise identical herbaceous or annual species.

The geography of selfing rate variation within
species

Selfing rate variation within species is also expected to reflect
local environmental conditions and therefore have a geo-
graphic component. Neither inbreeding depression nor pol-
len limitation are expected to be constant when populations
inhabit heterogenous environments across a species’ range
(Baker, 1955, 1965; Fishman and Wyatt, 1999; Moeller and
Geber, 2005; Haddadchi and Fatemi, 2015; Moeller

et al,, 2017). For one, small or recently colonized populations
are expected to have a combination of lower inbreeding de-
pression (Charlesworth et al, 1992; Kirkpatrick and
Jarne, 2000; Pujol et al., 2009), a dearth of mates (Jacquemyn
et al,, 2002; Knight, 2003), and potentially fewer pollinators
(Mustajarvi et al, 2001; Knight et al, 2005 Morgan
et al., 2005). Moreover, a finding of populations with high
selfing rates in newly colonized locations or environments
with few mates or pollinators does not mean plant traits have
evolved to secure self-pollination. Selfing rates can also
naturally increase whenever outcross pollen is hard to find
(Baker, 1955; Karron et al, 1995; Kalisz et al., 2004;
Ghazoul, 2005; Coates et al., 2007; Eckert et al., 2009; Yin
et al, 2016). Range-edge environments may be associated
with more selfing (Moeller, 2006; Barrett, 2010; Moeller
et al.,, 2012; Hargreaves and Eckert, 2014), though such an
expectation depends on whether abundance generally de-
clines near range boundaries (Brown, 1984; Sagarin and
Gaines, 2002; Eckert et al., 2008; Dallas et al., 2017; Pironon
et al,, 2017). Of studies in single species, several support the
hypothesis of increased selfing on species’ range edges (Rick
et al., 1977; Moeller and Geber, 2005; Darling et al., 2008;
Dart et al,, 2012; Griffin and Willi, 2014; but see Herlihy and
Eckert, 2005). However, many of these studies infer mating
systems indirectly (e.g., petal size) or were based on a priori
knowledge of geographic variation in a species’ key floral
traits (Hargreaves and Eckert, 2014). Whether increased
selfing rates on species’ range edges is a common biogeo-
graphic pattern is currently unknown.

In addition, the expected shape of relationships between
selfing rates and proximity to species’ range edges is unclear.
Gradual declines in selfing rates toward the range edge may
be expected in species where pollinators or mates gradually
decline in abundance in environments that are increasingly
close to range boundaries. Conversely, abrupt shifts in mat-
ing system may occur very near range edges if environmental
quality suddenly deteriorates (Santini et al, 2019). While
linear, monotonic relationships represent a reasonable start-
ing place when investigating biogeographic patterns (Gaston
and Blackburn, 2000; Freckleton et al., 2003; Meiri
et al,, 2007; Pironon et al., 2017), more complex relationships
may emerge from empirical studies (Yancovitch Shalom
et al,, 2020). To better understand the relationships between
the geography of selfing rate variation and its underlying
ecological predictors, analyses would benefit from confront-
ing data with additional models that incorporate the potential
for nonlinear relationships across a species’ range (Hilborn
and Mangel, 1997). Specifically, abundance surfaces are likely
to fluctuate across a species’ range, potentially complicating
simple relationships between selfing rates and a population's
range position or abundance (Yancovitch Shalom
et al,, 2020). Accommodating for multiple relationships be-
tween selfing and geographic range position provides an
opportunity to determine where such alterations occur and
whether they are more likely near species’ range edges.

Since the development of methods to estimate selfing
rates (Ritland and Jain, 1981; Ritland, 2002), there has been
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an impressive number of studies on selfing rate variation
among populations and its underlying ecological causes
(Schoen, 1982; Barrett and Husband, 1990; Dart et al., 2012;
Whitehead et al., 2018). If there are any general predictors
of selfing rate variation within species, revealing them
would require studying many species across the tree of life
of seed plants. These types of studies could assess whether
selfing rates are predicted by geographic range position or
local abundance. Here, we assembled a diverse, multispecies
data set, quantified the relative proximity of populations to
range edges, and interpolated abundance patterns. These
data on geographic range position serve as predictors of
variation among populations in the proportion of progeny
produced by self-fertilization (i.e., the selfing rate). With
this multispecies data set, we asked the following: (1) Is the
degree of variation in selfing rate within species predicted by
life-history traits? (2) Is there a relationship between selfing
rates of populations and either their geographic location
or abundance? (3) What is the general shape of the
relationship between selfing rate and geographic location?

MATERIALS AND METHODS

Assembling a data set of within-species
variation in selfing rate

To assess whether selfing is more common near species’
range edges, a database of studies that measured population-
level selfing rates and provided locality information was as-
sembled. Most studies reported outcrossing rates (f,,), which
were transformed into selfing rates (1 - t,,). Only multilocus
outcrossing rates were used to acquire estimates of the rea-
lized mating system within populations. We initially searched
published databases that gathered empirical estimates from
studies of plant mating systems (Goodwillie et al., 2005;
Moeller et al., 2017; Whitehead et al., 2018). To be included
in our database, each study needed to report selfing rates for
at least three populations (e.g., Whitehead et al., 2018) and
provide locality information for each population. Initially,
other databases that focus on mating system studies were
searched for papers that fit these qualifications (Goodwillie
et al.,, 2005; Moeller et al., 2017; Whitehead et al., 2018). To
capture as many species as possible, an additional Web of
Science search was conducted, using these criteria, for studies
published between September 2016 and April 2019 that cite
seminal papers in the calculation of outcrossing rates (e.g.,
Ritland and Jain, 1981; Ritland, 1990, 2002).

Cultivated or experimentally manipulated populations
were excluded from this data set. Species with known hy-
bridization (e.g., Camissoniopsis chieranthifolia; Lopez-
Villalobos and Eckert, 2019) were also excluded from this
study as it complicates the interpretation of within-species
selfing rate variation. When outcrossing rates were reported
graphically, the R package digitize 0.0.4 (Poisot, 2011) was
used to extract the values. If a study reported outcrossing rates
for the same population over different years or if separate

studies reported outcrossing rates for the same populations,
an average was taken. If studies reported outcrossing rates for
different seed or flower morphs within a population, an
average was calculated for each population across categories.
The platform GEOLocate (www.geo-locate.org) was used to
obtain geographic coordinates for populations when only
location names were provided. Additionally, if only a county
name was provided as the populations’ locality, the center of
the county was used (N=41). The assumption of county
center for these populations should not introduce bias into
the resulting data set as it is random in both spatial dimen-
sions. From these searches, a database was developed
containing population-level multilocus outcrossing rates
and locality data for 97 vascular plants; hereafter, these data
will be referred to as selfing rate data. All species names were
checked with the Taxonomic Name Resolution Service
(TNRS v4.1; Boyle et al., 2013).

Variation in life-history traits and intraspecific
selfing rates

To determine whether life-history traits influence within-
species selfing rate variation, generation time and growth
form data were collected from the citations reporting selfing
rates, a large biogeographic database (Moeller et al., 2017),
and the TRY plant traits database (Kattge et al., 2020). Two
species were dropped due to lack of information on their
generation times and growth forms (N=97). Generation
time was collapsed into two categories: annual and per-
ennial. Biennial species were categorized as annuals as they
only undergo a single reproductive event. Growth form was
also collapsed into two categories as well: herbaceous and
woody (Scofield and Schultz, 2006).

Two analyses were performed to determine whether
selfing rate variation within species is elevated in annual or
herbaceous species as compared to perennial or woody
species. In the first analysis, each of the 97 species’ selfing
rates, the mean, standard deviation (SD), and coeflicient of
variation (CV) were calculated. The CV was used because
the SD and mean values were found to be correlated.
Mann-Whitney U tests were used to compare each statistic
between the groupings of generation time (annual vs. per-
ennial) and growth form (herbaceous vs. woody).

Comparisons of selfing rate variation are complicated by
the fact that species with intermediate selfing rates are ex-
pected to exhibit greater variation among populations. In the
second analysis, binomial expectations were used to control
for the increased variance of intermediate values of selfing
rates, which are bounded on the 0-1 interval (Whitehead
et al,, 2018). The sample variance (02) was corrected by the
binomial variance expected given the species’ mean selfing
rate (p): 02/p(1 — p). This average-corrected variance was
calculated for each of the four life-history categories, and
observed differences were determined for generation time
and growth form. Two thousand bootstrapped replicates
were sampled for each life-history category, and bootstrapped
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differences were calculated for generation time and growth
form. The 95% confidence interval of the bootstrapped dif-
ferences was compared to the observed differences to de-
termine significance.

The geographic ranges of species in the data set

Each species’ unique geographic range was estimated
with occurrence data. Occurrence data were downloaded
using the BIEN R package version 1.2.3 (Botanical In-
formation and Ecology Network R package; Maitner
etal., 2018). BIEN R searches were completed using TNRS-
approved names. Subspecies names are not accepted
within the search query and were therefore dropped. BIEN
R occurrences were then annotated with information on
native status and political boundaries for subsequent
filtering. When an occurrence record did not provide
location names, a database of global administrative areas
(GADM, Hijmans et al., 2018; Weiss et al., 2018) was
used to determine location names based on geographic
coordinates to facilitate later native status filtering
through a custom R script. These data will hereafter be
referred to as occurrence data.

Data from BIEN R primarily originate from the Global
Biodiversity Information Facility (GBIF), which may lead to
records for cultivated or invasive instances. As our aim is to
assess whether native plant ranges display more selfing to-
ward range edges, non-native occurrence data were filtered
out. Native ranges were ascertained via USDA-ARS Germ-
plasm Resources Information Network (GRIN) and the
Euro+Med Plantbase (Grossenbacher et al., 2017) using only
those locations marked as “native”. Species that were not
present or did not have native range information in either
GRIN or Euro+Med databases were removed (e.g., Eich-
hornia paniculata). Native range information from both
sources was then translated into Biodiversity Information
Standards (TDWG; http://www.twdg.org/standards/109)
codes using the R package bazr (Walker, 2020). These codes
provide a standard reference of whether each geographic
location is contained within the set of native regions for
each species (Grossenbacher et al., 2017). Native status for
occurrence data was determined through comparison of
native locations and occurrence records for each species
(Figure 1A). Custom scripts were written to identify all
native occurrences within the data set obtained from BIEN R.
All subsequent analyses were performed on occurrence data
that passed this filtration step.

Native occurrence data were then used to create a
convex hull for each species range using the function con-
vexhullxy from the R package Spatstat (Baddeley
et al, 2015). These convex hulls represent the shape and
extent of the native range of each species (Figure 1B).
Convex hulls were also used to determine whether popu-
lations in the selfing rate data set were within their re-
spective native ranges. Any populations outside of the native
convex hull plus a 25-km buffer zone were removed from
subsequent analyses as were any species that dropped below
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FIGURE 1 Maps depicting key steps for determining native ranges, range
centers, and interpolation of abundances using Aquilegia coerulea as an example.
In all maps, light blue points represent the populations with selfing rate data.
(A) Green points indicate native occurrences of A. coerulea from BIEN R. Black x's
indicate non-native occurrences obtained from BieN r. (B) The black polygon
represents the convex hull which is based on native occurrence data. Squares
indicate the different range centers: red is the geometric center, orange is the
predicted abundance center, and yellow is the friction abundance center.

(C) Predicted abundance surface. Lightest colors indicate areas with the highest
abundance
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the initial three-population threshold. After these filtration
steps, 56 species remained to be analyzed.

Predictors of selfing rate variation:
peripherality and abundance

To characterize the geographic location of each popula-
tion in the selfing rate data set, the center of each species
geographic range was determined. Three range centers
were evaluated as a means to investigate the effect of
center location on the relationship of geographic location
and selfing rates (Figure 1B). First, the geometric range
center was defined using the centroid function from the
R package Geosphere (Hijmans, 2019) for each species’
convex hull. Second, densities were interpolated across
the geographic range based on occurrence records,
yielding a predicted abundance surface (Figure 1C).
Abundance interpolation was performed with the densi-
ty.ppp function from Spatstat (Baddeley et al., 2015). The
predicted abundance range center was then defined as the
point of highest abundance within the range. Finally, a
friction abundance center was interpolated to reduce the
potential sampling bias in the occurrence data set.
Friction abundance was interpolated by weighing each
occurrence point based on a friction surface that reflects
global human accessibility (Weiss et al., 2018). Hull
peripherality (Py) was calculated using the geometric
center of a species’ range. The remaining two peripher-
ality indexes are based on interpolated abundance
surfaces. Abundance peripherality (P,) was calculated
with the highest predicted abundance point as the range
center. Friction peripherality (Pr) was calculated with the
highest predicted abundance point when accounting for
accessibility.

Both the predicted and friction abundance for each
population in the selfing rate data set were saved for later
analysis. The distHaversine function from Geosphere
(Hijmans, 2019) was used to calculate the distance from
populations and each of the three range centers. Distance
to nearest range edge was also calculated for each
population using the dist2Line function from Geosphere
(Hijmans, 2019). Both distance to range center and dis-
tance to nearest edge were measured in meters.

To create a simple measure of a population's proximity
to the nearest geographic range edge, we calculated a
peripherality index. For each of the three range centers
described above, peripherality scores were calculated as
follows:

Peripherality = D ,
D. + D,

where D, is the distance to the range center and D, is the
distance to the nearest range edge. Peripherality is
bounded between zero and one, with high values in-
dicating populations close to a range edge and low values

indicating populations close to the range center. Because
we employed three methods to estimate range centers,
there are three corresponding peripherality indices to
analyze.

Statistical analyses

A single, generalized linear model was used to test the
hypothesis that selfing rates within species increase
toward species’ geographic range edges. Selfing rates
were Z-transformed within each species so that all data
points are expressed in terms of standard normal deviates
(m=0, s=1). This standardization ensures that our
analyses only consider within-species variation in selfing
rates, since there is no mean difference in selfing rate
among species. This approach also treats each species as
independently sampled, which seems reasonable since
data points represent standard normal deviations within
each reproductively isolated lineage. Distance toward
geographic range edges was determined based on the
three peripherality indexes and two measures of abun-
dance. Five distinct models were analyzed using each
standardized predictor and the interaction between spe-
cies and the predictor variable. In these models, species is
used as part of the interaction term and explains no
variation as a main effect. We also examined correlations
among predictor variables and report results. Only spe-
cies with =5 populations in the selfing rate data set were
used in these analyses to reduce the influence of sampling
on the ability to detect relationships. This filter reduced
the number of species to 28. Analysis of variance was used
to determine which, if any, effects were significant.

Functional relationships between geographic
location and selfing rates

While linear models are useful in exploring predictors of
selfing rate variation, they may fail to distinguish changes
in relationships across the geographic range for each
species. To determine the shape of the relationship be-
tween selfing rates and peripherality across each species’
range, we compared linear and segmented regressions.
Segmented regressions allow for insights into where
changes in this relationship occur within the species’
range. Segmented regressions were performed with the R
package segmented (Muggeo, 2008). For these analyses,
the number of species was limited to those that had the
most variation in selfing rate and peripherality (top three
quantiles of SD; SD > 0.083 for selfing rates, SD > 0.031
for peripherality). This filter reduced the number of
species to 15. The final analysis presented here has 14
species as one species’ segmented regression failed
to converge. We performed linear and segmented re-
gressions for each species with peripherality as the de-
pendent variable. P-values cannot be calculated for
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segmented regressions, so these were not reported. The
goal with these analyses was to compare the relative fits
of linear and segmented regression models, as such AIC
and BIC scores were calculated to determine which
model best describes the relationship between within-
species selfing rates and peripherality.

Statistical power of testing the hypothesis that
selfing rates are associated with geography

Empirical studies of selfing rates are limited by the
number of populations that are studied (i.e., sample size)
within a species. We explored the influence of sample size
on the statistical power to reject the null hypothesis that
there is no association between selfing rates and geo-
graphic location. We considered cases where the true
underlying correlation between selfing rates and distance
to range edge varied from (r=0, 0.1, 0.2, and 0.4).
The distribution of these variables was assumed to follow
the bivariate standard normal distribution (m =0, s=1).
We simulated 1000 independent data sets, where popu-
lations were randomly sampled (N=5, 10, 20, or 40).
These samples span the range of populations, which are
typically studied empirically. The mean estimated corre-
lation coefficient and its 95% confidence interval was
calculated, as was the average power of the test, taken
from the fraction of data sets that reject the null
hypothesis of r=0.0.

RESULTS

Variation in life-history traits and intraspecific
selfing rates

Of the 97 sampled species, 74 were perennial, and 50
were herbaceous. Annual species had significantly higher
mean selfing rates than perennial species (annual=
0.460, perennial = 0.282; P =0.002). Neither the SD nor
the CV was significantly different for generation time
(SD: P=0.147; CV: P=0.959; Figure 2A). Herbaceous
species had significantly higher mean selfing rates than
woody species (herbaceous=0.408, woody=0.234;
P <0.001). Standard deviations were also significantly
elevated in herbs compared to woody species (P =0.009;
Figure 2B). Coeflicients of variation were not sig-
nificantly different between growth forms (P=0.938;
Figure 2B). When selfing rate variation within species
was corrected by the level expected under the binomial
distribution, the observed difference between annual and
perennial selfing rate variation (-0.011) was not sig-
nificant (95% CI of the bootstrapped differences
-0.038-0.021). The observed difference between her-
baceous and woody species’ selfing rate variation (0.014)
was also found to be not significant (95% CI of the
bootstrapped differences -0.012-0.042).

Peripherality, abundance, and within-species
selfing rates

In the three peripherality models, 27 species were analyzed,
while 22 species were analyzed in the two abundance models.
Five quantitative predictors were evaluated to determine
which, if any, influenced selfing rates within species. All of
these predictors were found to be highly correlated with each
other, except hull peripherality, which was not significantly
related to either of the two abundance measures (Figure 3).
Hull peripherality is expected to be less strongly correlated
with other variables, since it is based on the geometric center
of a species’ range, which is unlikely to have a relationship
with abundance. Abundance peripherality and friction per-
ipherality are negatively correlated with both abundance
measures as expected since abundance and friction periph-
erality are based on predicted and friction abundance, re-
spectively (Figure 3). On the basis of these correlations, we
report only the results of the linear models for abundance
peripherality and predicted abundance in the main text for
ease of interpretation (for all models, see Appendix S1).

Within species, selfing rate was negatively related to both
abundance peripherality (P,) and predicted abundance, but
neither were statistically significant (P,: slope =-0.036,
SE=0.244, P=0.884; predicted abundance: slope =-0.018,
SE=0.247, P=0.942; Table 1, Figure 4). The interaction
between abundance peripherality and species on selfing rate
was marginally significant (SS=38.937, P=0.057; Table 1),
while the interaction between predicted abundance and
species was not (SS=22.504, P =0.439; Table 1). Selfing rate
was also not significantly associated with abundance per-
ipherality of northern range edges specifically (Appendix SI).
A minority of the species (6 of 14) violate the assumptions for
linear regressions, but these violations likely have little
influence on our conclusions, given the apparently weak
effects of predictors in the models.

Functional relationships between geographic
location and selfing rates

The 14 species in this analysis had between 5 and 58
(¥ =17.5, SD =16.161) populations with selfing rate data.
Eight of the 14 species displayed a positive slope in the
linear regression, which is the expected direction for the
relationship between selfing rate and peripherality (Table 2).
Eight of the 14 species displayed a breakpoint greater than
0.5, and the average breakpoint was 0.621, indicating that
shifts in the relationship between selfing and peripherality
occur more often toward species’ range edges (Table 2). The
linear model only explained a large amount of selfing rate
variation in Aquilegia coerulea (R*=0.688; Table 2). The
segmented regression explained a large amount of selfing
rate variation for both Mimulus guttatus (R*=0.834;
Table 2) and Daviesia mimosoides (R* = 0.956; Table 2). All
other species had very little variance explained by either the
linear or the segmented regressions (Table 2). Only four of
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the 14 species displayed a better fit with the segmented
regression than the linear regression (Table 3). Of these four
species, three displayed sharp changes in the direction of the
relationship between selfing and peripherality (Figure 5).
Only one species (Impatiens capensis) displayed a negative
first slope and a positive second slope (Table 2, Figure 5).

Statistical power of testing the hypothesis that
selfing rates are associated with geography

If there are weak or moderate correlations between selfing
rates and distance to range edge (r=0.1 or 0.2), studies with
20 or fewer populations will reject the null hypothesis (r = 0)
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at most 13% of the time (Table 4). The power to reject the
null hypothesis improves marginally with 40 sampled po-
pulations if there is a weak correlation (r = 0.1), though the
power nearly doubles to 24.3% if there is a moderate cor-
relation (r=0.2). If there is a relatively strong correlation
between selfing rates and distance to range edge (r=0.4),
these tests have more than twice the power over the above
cases, but power still falls below 50% in empirical data sets
with 20 or fewer sampled populations. In cases with a strong

correlation and 40 sampled populations, power to reject the
null hypothesis approaches 75% (Table 4).

DISCUSSION

In this study, variation in selfing rates within species is not well
explained by life-history traits, abundance patterns, or the
proximity of populations to range edges. Here, these findings
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TABLE 1 Analyses of variance for two models explaining within-
species variation in selfing rate. (A) Abundance peripherality and its
interaction with species and (B) predicted abundance and its
interaction with species. The abundance peripherality model includes
28 species with five or more populations with measured selfing rates.
The predicted abundance model includes 23 species, five species were
lost due to lack of variation. Significance of predictors was assessed
with sums of squares (SS). The main effect of species is zero in all
models as selfing rates, peripherality and abundance measures were
Z-transformed, as such species is not reported. Bolded P-values
indicate marginal significance

Effects SS df P

(A) Abundance peripherality 0.019 1 0.888
Abundance peripherality x Species 38.937 27 0.057

(B) Predicted abundance 0.005 1 0.945

Predicted abundance x Species 22.504 22 0.439
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are placed in a broader context. In addition, we make sugges-
tions for future empirical work to better explain within-species
variation in selfing rates.

Variation in life-history traits and selfing rates
within species

While we found a significant difference in the standard de-
viation of selfing rates between herbaceous and woody species
(Figure 2B), the significance does not persist when average-
corrected differences are considered using coefficients of var-
iation (Figure 2B) or binomial corrections for each species.
Life-history traits therefore fail to predict the magnitude of
selfing rate variation within species, though we found that with
annuals and herbaceous species exhibited higher mean selfing
rates than perennial and woody species, respectively. This

Species name

Alnus rubra Mimulus guttatus

Aquilegia canadensis Noccaea caerulescens
Aquilegia coerulea Phlox drummondii
Arabidopsis lyrata Picea rubens
Arabis alpina Pinus strobus
Campanula americana Pseudotsuga menziesii var. glauca
Daviesia mimosoides Pterocarpus macrocarpus
Decodon verticillatus Quercus robur
Eritrichium nanum Robinia pseudoacacia
Eucalyptus aggregata Sabatia angularis
Eucalyptus caesia Sorghum bicolor
Glycine soja Thuja plicata

Hordeum spontaneum Turnera ulmifolia

bttt bbbttt

Impatiens capensis Vigna unguiculata

FIGURE 4 Relationship between raw abundance peripherality and population selfing rates for 27 species. Overall within species relationships are

depicted by least-squares regression (solid lines)
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TABLE 2 Comparison of relative fits for Li . S d .

linear and segmented regressions for 14 LLSAL Te e cgmentec regression

mnea & ] & . Species N  Slope Adj. R? Slope 1  Slope 2 Breakpoint Adj. R*

species. Both regressions describe the

relationship between selfing rate and Mimulus guttatus 7 3309 0.141 21516 -4.293  0.784 0.834

abundance peripherality. Species are ordered

from most positive slope to most negative Eucalyptus aggregata 17 0.392 0.136 0.159  0.529  0.638 0.020

slope in the linear regression. Slope and Hordeum spontaneumn 11 0314 -0109  -16944 2254  0.842 -0.275

adjusted R” are reported for each linear

regression. Segmented regressions produce Sorghum bicolor 7 0.247 -0.132 0.585 -1.141 0.483 -0.848

two slopes which change in direction or Aduileci densi o 0151 0.010 0131 2715 0679 0,007

magnitude at the breakpoint and an quitegia canadensts ) e e : : :

. 2

adjusted R Campanula americana 23 0.118  -0.006 1.587 -0.080  0.487 0.024
Robinia pseudoacacia 23 0.041 -0.043 1.141 -0.138  0.329 -0.043
Pterocarpus macrocarpus 11 0.010 -0.110 0.186 -0.729  0.795 0.214
Daviesia mimosoides 5 -0.013 -0.333 3.873 -1.095  0.460 0.956
Alnus rubra 16 -0.025 -0.070 -0.597 0.074  0.468 -0.212
Arabidopsis lyrata 58 -0.296 0.014 -1.016 0.658 0.752 0.030
Picea rubens 9 -0.406 0.331 0.167 -1.086 0.738 0.377
Impatiens capensis 6 -0.491 0.282 -1916  2.115  0.447 0.325
Aquilegia coerulea 5 -0.576 0.688 -0.646 10.967  0.789 0.110

TABLE 3 Comparison of relative fits for Li . S d .

linear and segmented regressions for 14 L e cgmented regression

Inea 8 gressions tor 12 Species N AIC BIC AIC BIC

species. The order of the species is maintained

from Table 2. Bolded values indicate which Mimulus guttatus 7 -0.531 -0.694 -11.593 -11.864

model provides the best fit for each species
Eucalyptus aggregata 17 -17.262 -14.762 -13.553 -9.387
Hordeum spontaneum 11 19.066 20.260 21.834 23.824
Sorghum bicolor 7 -0.973 -1.135 2.882 2.611
Aquilegia canadensis 47 -21.622 -16.072 -20.556 -11.306
Campanula americana 23 -29.479 -26.072 -28.473 -22.796
Robinia pseudoacacia 23 -17.881 -14.474 -16.180 -10.502
Pterocarpus macrocarpus 11 -18.229 -17.036 -20.795 -18.806
Daviesia mimosoides 5 -3.334 -4.931 -22.334 -24.287
Alnus rubra 16 -22.258 -19.940 -18.734 -14.871
Arabidopsis lyrata 58 6.258 12.440 7.223 17.525
Picea rubens 9 -11.909 -11.317 -11.573 -10.587
Impatiens capensis 6 -5.320 -5.945 -5.854 -6.895
Aquilegia coerulea 5 -7.471 -8.642 -3.714 -5.666

finding supports other studies where herbaceous annuals have
the highest mean selfing rates, followed by herbaceous per-
ennials, and then woody perennials (Barrett and Eckert, 1990;
Barrett et al., 1996; Hamrick and Godt, 1996). While there are
both annual and perennial herbaceous plants in our data set, all
woody species are perennial. Therefore, woody species should
pay the compound cost of increased inbreeding depression but
should also reap fewer potential benefits from reproductive
assurance. This hypothetical compounding of costs may ex-
plain, in part, why a difference in standard deviation was seen

in the growth form comparison but not in the generation time
comparison (Figure 2A, B).

Relationships between selfing rates, range
edges, and abundance

Within species, we found no evidence to support a general
trend of increased selfing rates in range-edge populations
(Figure 4). Regardless of how range centers were defined,
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. ! ) o ) TABLE 4 The power of testing the null hypothesis that selfing rates
-e= Pterocarpus macrocarpus Impatiens capensis Daviesia mimosoides Mimulus guttatus
are not associated with geographic range position. Selfing rates were
assumed to be positively correlated (r=0.1, 0.2, or 0.4) with distance to
075 the nearest range edge. We then randomly sampled populations from
this distribution (N =5, 10, 20, 40) to generate 1000 experimental data
sets. Power reflects the fraction of 1000 different experiments that reject
the null hypothesis of r=0.0. Both selfing rates and distance to the
2 om0 nearest range edge were simulated from the bivariate standard normal
g distribution
Power
. Lower to
oz I No. of True Estimated  95% Upper  reject
N populations  correlation correlation CI 95% CI HO
______ [ __—-4;_ R N -
/ iy ol 5 0.0 -0.016 -0.794  0.789 0.052
oo 10 0.0 -0.003 -0.587  0.583  0.047
0‘25 0{’)0 Ul75 |‘UU
abundance peripherality 20 0.0 0.001 -0.421 0.422 0.056
FIGURE 5 Plots of the four species for which the relationship between 40 00 -0.002 -0306 0302 0.053
selfing rates and abundance peripherality were better predicted by
segmented regression than linear regression. Linear regressions are
represented by dashed lines and segmented regressions are represented by 5 0.1 0.079 -0.760  0.823  0.050
solid lines. 10 0.1 0.085 -0520 0638  0.061
20 0.1 0.103 -0.334  0.505 0.075
the generalized linear models only suggested variability 40 0.1 0.088 -0.222 0.381 0082
among species in relationships between selfing rates and
roximity to a geographic range edge (Table 1; Appen-
p. Y geograp . & 8 ( ) APP . 5 0.2 0.200 -0.691 0.861 0.069
dix S1). We also found no evidence that the absolute dis-
tance to the nearest edge (D.) reflected a consistent 10 0.2 0.183 -0.439 0691  0.09
relationship with selfing rates within species (Appendix S1). 20 02 0.192 20250 0571 0.129
There has been some supposition that temperate and boreal
. . . . . 40 0.2 0.199 -0.112  0.475 0.243
species should display this biogeographic pattern more
clearly toward northern edges because of recent coloniza-
t1.0n of high latitude environments following gl.ac1al reces- 5 04 0.350 0585 0896 0111
sion (Moeller et al., 2017), a pattern that is also not
supported within species in this study (Appendix S1). In 10 0.4 0.369 -0.269 0.791  0.192
perhaps the most thorough empirical challenge of this hy- 20 0.4 0.390 -0.038 0700  0.453
pothesis, northern, range-edge populations did not exhibit
40 0.4 0.393 0.101  0.624 0.730

higher selfing rates or reduced density in comparison to
central populations in Aquilegia canadensis (Herlihy and
Eckert, 2005). Even in a broad meta-analysis of selfing rate
variation among species, Moeller et al. (2017) found a weak
relationship with latitude. This weak association arose pri-
marily because outcrossing rates are higher in perennial
species, which are more common at higher latitudes. Thus,
it appears there is an emerging consensus that selfing rates
are not generally higher near the edges of species’ geo-
graphic ranges (but see Griffin and Willi, 2014).

Selfing rates are expected to increase in populations that
are small, patchy, or receive poor pollinator service
(Baker, 1955, 1965; Fishman and Wyatt, 1999; Moeller and
Geber, 2005; Morgan et al., 2005), which are often asso-
ciated with proximity to geographic range edges (Abeli
et al., 2014; Hargreaves and Eckert, 2014; Hargreaves
et al., 2014). Our segmented regressions indicate that, on
average, the relationship between selfing rates and abun-
dance peripherality tends to change as populations near the
range edge (average breakpoint=0.621; Table 2), though

segmented regressions rarely provided a better fit than lin-
ear models. This finding provides a small degree of evidence
for breakpoints in the relationship between selfing rates and
geography tending to occur toward range edges. However,
our data do not support the hypothesis that selfing generally
increases toward range edges, as only 50% of our analyzed
species display a more positive slope after the breakpoint
(Table 2).

While this study found no evidence for an association of
selfing rates with proximity to range edges, in general,
there are well-known examples where traits facilitating
self-fertilization are common near range boundaries, for
example, in wild Solanum (Rick et al, 1977; Broz
etal, 2017). In Eichhornia paniculata, heterostylous morphs
predominate in the native range, with multiple, disjunct
populations of homostylous morphs with higher selfing
rates in more northerly locales (Barrett et al., 2009). Similar
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processes explain the association of self-compatible geno-
types near range edges of Leavenworthia alabamica (Busch
et al,, 2011) and individuals with relatively low herkogamy
near a range edge of Clarkia xantiana (Moeller and
Geber, 2005; Pettengill and Moeller, 2012). In these cases,
selfing traits become associated with a particular range edge,
primarily because expansion at that edge provided permis-
sive conditions for the evolution of self-fertilization (Koski
et al., 2019b; Encinas-Viso et al., 2020). Additional historical
processes, such as spatially restricted hybridization with a
congener, explain the association of self-compatible, more
highly selfing populations of Camissoniopsis cheiranthifolia
with a specific range edge (Dart et al, 2012; Lopez-
Villalobos and Eckert, 2019). In all of these instances,
knowledge of a species’ phylogeographic history is essential
to explain why self-fertilization sometimes predominates
near specific edges of a species range, where recent declines
in mates or pollinators may have occurred (Griffin and
Willi, 2014).

In this study, abundance measures failed to reveal higher
selfing in low abundance populations, regardless of geo-
graphic location. Relationships between density and selfing
rates have been well documented, further supporting the idea
that selfing rates increase whenever mates are scarce (Barrett
and Eckert, 1990; Karron et al., 1995; Brunet and Sweet, 2006;
Opedal, 2018; Koski et al., 2019a). Since relations between
density and abundance relationships are generally positive
(Gaston et al., 2000), abundances should also exhibit a po-
sitive relationship with selfing rates, albeit to a weaker extent.
Relationships between density and abundance are not uni-
versally recovered. Studies use various abundance measures,
some of which capture temporal fluctuations in abundance
better than others (Gaston et al, 2000). Population-level
density is commonly identified through classic quadrat
techniques where reproductive individuals are counted across
each population (Herlihy and Eckert, 2005). Density mea-
sures therefore capture information about each population in
the year in which they were measured. In contrast, abun-
dances reflect occurrence data for species, which naturally
accumulate over long periods of time and are sensitive to
sampling bias (Boakes et al., 2010; Beck et al., 2014).

A few remedies have been proposed to ensure that
abundances accurately reflect the density of individuals.
Occurrence data are commonly informed by spatial varia-
tion in climatic variables, since the latter provide insight on
the realized niche of species (Peterson et al., 2011; Yafez-
Arenas et al., 2014; Carrascal et al., 2015). More recently,
Yin and He (2014) proposed a method that takes spatial
autocorrelation into account when assessing abundance
from occurrence data. Our method also accounts for spatial
autocorrelation while interpolating many years of species
occurrence data across a species’ native range. In doing so,
our method permits abundance to be estimated over rela-
tively large scales, but this approach is insensitive to tem-
poral fluctuations that potentially influence selfing rates.
While aggregating occurrences over time generates more
data on abundance, combining data from many years

further separates abundance from population-level demo-
graphic changes (Gaston et al., 1999, 2000; De Bona
et al., 2019). Given that selfing rates fluctuate reliably with
density, future studies on the geography of selfing rate
variation should measure density at the time in which
parents mate and produce offspring, as has been done re-
liably in the past (Karron et al., 19955 Brunet and
Sweet, 2006; Opedal, 2018).

CONCLUSIONS

Although plant mating systems have been studied ex-
tensively, there is still a need to explain variation in selfing
rates within species (Whitehead et al., 2018). When exploring
intraspecific variation in species’ mating systems across their
geographic ranges, species were required to have at least five
populations with selfing rate estimates for inclusion in this
study. With this threshold and native filtering of occurrence
data, 73% of species were lost from the original data set
(71 out of 97 species) for all geographic analyses. Given that
selfing rates are rarely estimated in more than 10 populations
within species, it is perhaps not surprising we failed to detect
the hypothesized pattern of increased selfing toward species
range edges (Table 4). Even in cases with a strong underlying
association between selfing and geography, empirical tests
will lack sufficient power unless many populations are stu-
died. However, even in species with the most sampled po-
pulations (Arabidopsis lyrata, N =58; Aquilegia canadensis,
N =47; Robina pseudoacacia, N = 23; Campanula americana,
N=23) no clear biogeographic pattern in selfing rates arises
(Table 2). It seems likely either that selfing is unrelated to
range edges, or at most is only weakly associated with general
proximity to range edges.

Even if large samples of populations (N=40+) are stu-
died empirically in the future, additional hurdles remain.
Selfing rates, like most traits expressed at the population level,
are often not evenly estimated across species’ geographic
ranges (Sagarin and Gaines, 2002; Herlihy and Eckert, 2005),
though some studies have approximated this sampling
scheme (Koski et al., 2019a). Sampling populations in a few
locations across the geographic range should represent a
considerable constraint, especially for widespread species
(Santini et al., 2019). Moreover, if most populations are
sampled at similar distances from geographic range limits,
measures such as abundance peripherality will lack utility in
predicting patterns of mating systems. Uneven sampling ef-
fort across a geographic range has emerged as a common
hurdle in other studies attempting to detect biogeographic
patterns using opportunistically collected data (Santini
et al,, 2019). In addition to these issues regarding the spatial
aggregation of samples, temporal scales must also be con-
sidered. Given the potential for large among-year fluctuations
in selfing rates within natural populations (Eckert
et al., 2009), traits that predispose plants to self-fertilize (e.g.,
herkogamy, autonomy) yet do not fluctuate year-to-year are
better for investigating spatial patterns in the evolution and
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ecology of mating systems (Rick et al., 1977; Opedal, 2018;
Koski et al.,, 2019b).
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Additional supporting information may be found online in
the supporting information section at the end of the article.

Appendix S1. Analyses of variance for two models
explaining within-species variation in selfing rate. (A)
Abundance peripherality and its interaction with species,
(B) hull peripherality and its interaction with species, (C)
friction peripherality and its interaction with species, (D)
predicted abundance and its interaction with species, (E)
predicted abundance and its interaction with species, (F)
friction abundance and its interaction with species, and (G)
distance to the northern most edge and its interaction with
species. The peripherality models and the distance to
northernmost-edge model includes 28 species with five or
more populations with measured selfing rates. The abun-
dance models include 23 species; five species were lost due
to lack of variation. Significance of predictors was assessed
with sums of squares (SS). Bolded P-values indicate
marginal significance.
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