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Speciation is driven by the evolution of reproductive isolating barriers that reduce, and ultimately prevent, substantial gene flow
between lineages. Despite its central role in evolutionary biology, the process can be difficult to study because it proceeds differ-
ently among groups and may occur over long timescales. Due to this complexity, we typically rely on generalizations of empirical
data to describe and understand the process. Previous reviews of reproductive isolation (RI) in flowering plants have suggested
that prezygotic or extrinsic barriers generally have a stronger effect on reducing gene flow compared to postzygotic or intrinsic
barriers. Past conclusions have rested on relatively few empirical estimates of RI; however, Rl data have become increasingly abun-
dant over the past 15 years. We analyzed data from recent studies quantifying multiple pre- and postmating barriers in plants and
compared the strengths of isolating barriers across 89 taxa pairs using standardized RI metrics. Individual prezygotic barriers were
on average stronger than individual postzygotic barriers, and the total strength of prezygotic Rl was approximately twice that of
postzygotic Rl. These findings corroborate that ecological divergence and extrinsic factors, as opposed to solely the accumulation
of genetic incompatibilities, are important to speciation and the maintenance of species boundaries in plants. Despite an emphasis
in the literature on asymmetric postmating and postzygotic RI, we found that prezygotic barriers acted equally asymmetrically.
Overall, substantial variability in the strengths of 12 isolating barriers highlights the great diversity of mechanisms that contribute
to plant diversification.

KEY WORDS: Gene flow, isolating barriers, postzygotic, prezygotic, reproductive isolation, speciation.

“Unfortunately, only a few studies provide comprehensive es- The existence of clustered biological diversity (i.e., species)
timates of isolation between pairs of sibling species.... Our and the process generating this diversity (i.e., speciation) have
understanding of reproductive isolation will...be enhanced by
additional field-based estimates of isolation across all life his-
tory stages.”
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fascinated evolutionary biologists for generations (Darwin 1859;
Turesson 1922; Stebbins 1950; Grant 1981; Schemske 2000;
— Rieseberg and Willis (2007) Coyne and Orr 2004; Sobel et al. 2010; Coughlan and Matute
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) ) o ) 2020). Speciation under the Biological Species Concept is char-
“There is no denying that the estimation of RI [reproductive

isolation] is difficult: direct estimates of total RI require a

acterized by the evolution of reproductive barriers, resulting in a

barrage of field and laboratory studies, which is challenging substantial reduction or the complete cessation of gene flow be-
for many organisms..., (yet) many researchers have risen to tween diverging lineages (Coyne and Orr 2004; Schemske 2010).
thedchallenge of estimating RI for the organisms that they Conceptually, a splitting of ancestral lineages may seem straight-
study....” . . .. . .
_ Stankowski and Ravinet (2021) forward, yet this apparent simplicity belies the great complexity
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of the speciation process and the fact that it may proceed het-
erogeneously in different groups (Baack et al. 2015). Substantial
strides over the past decade in genomics (Brandvain et al. 2014a;
Todesco et al. 2020; Nelson et al. 2021) and comparative phy-
logenetic methods (Pérez-Escobar et al. 2017; Price-Waldman
et al. 2020) have given researchers the ability to increasingly dis-
sect the genetic underpinnings and macroevolutionary outcomes
of speciation. In addition to these methodological advances that
can be applied to well-developed study systems, there remains
a great deal to be learned about mechanisms that generate and
maintain species-level diversity by accumulating empirical evi-
dence on the strength of multiple reproductive isolating barriers
across a great variety of study systems (Turelli et al. 2001; Riese-
berg and Willis 2007; Baack et al. 2015; Hernandez-Hernandez
et al. 2021; Stankowski and Ravinet 2021).

One major focus of plant speciation research has been to de-
termine the relative strength of different isolating barriers (Chari
and Wilson 2001; Ramsey et al. 2003; Husband and Sabara 2004;
Kay 2006; Martin and Willis 2007). Findings from individual
case studies quantifying the strength of various components of
reproductive isolation (RI) can be informative about which barri-
ers contribute most strongly to the generation and maintenance of
species boundaries in specific systems. Taken together, patterns
of RI gleaned from multiple systems can illuminate generalities
of the speciation process (reviewed in Lowry et al. 2008; Wid-
mer et al. 2009; Schemske 2010; Sobel et al. 2010; Baack et al.
2015; Herndndez-Hernéndez et al. 2021). Despite the promise of
comparing data across systems, prior to 2007 studies quantifying
multiple premating and postmating reproductive barriers in the
same system, and particularly in the same individual study, were
relatively rare (as noted by Rieseberg and Willis 2007; and see
Results).

In 2008, Lowry et al. (2008) leveraged the available data
on the strength of reproductive isolating barriers in 19 plant taxa
pairs (ecotypes or species) to examine patterns of RI across an-
giosperms. One major finding showed that total prezygotic bar-
rier strength was roughly twice as strong as total postzygotic bar-
rier strength (Lowry et al. 2008), implicating extrinsic barriers
and ecological divergence as primary drivers of angiosperm di-
vergence and/or the maintenance of contemporary species bound-
aries. The data reviewed in Lowry et al. (2008) also suggested
that individual species pairs often showed either complete prezy-
gotic RI or complete postzygotic RI, but rarely both, suggesting
that divergent lineages are often chiefly isolated by either extrin-
sic barriers or intrinsic ones. Thus, even if less common overall,
this pattern suggested that intrinsic barriers and genetic incom-
patibilities may be important drivers of divergence and/or may
act to maintain the integrity of species boundaries in some sys-
tems (e.g., Chen et al. 2014; Johnson et al. 2015; Coughlan and

Matute 2020; Sandstedt et al. 2021). Lastly, Lowry et al. (2008)
found that barrier asymmetry (i.e., the relative difference in how
a specific isolating barrier affects one of the parental species or
directions of a cross) was substantially stronger for postmating
compared to premating barriers, as might be expected given the
existence of the variety of mechanisms contributing to asymmet-
rical postmating and postzygotic RI (Tiffin et al. 2001; Turelli
and Moyle 2007; Barnard-Kubow and Galloway 2017; Broz and
Bedinger 2021).

In 2015, Baack et al. (2015) surveyed 124 studies that had
cited Lowry et al. (2008) and identified 13 additional plant stud-
ies quantifying multiple pre- and postzygotic barriers. Again, the
cumulative data supported the conclusion that prezygotic bar-
riers were generally stronger compared to postzygotic barriers,
and thus contributed more to total RI in flowering plants (Baack
et al. 2015). As with the earlier interpretation of the available
data, this conclusion again was based on relatively few studies
(32) and limited taxonomic coverage (including the chiefly tem-
perate genera [Iris, Mimulus, and Helianthus, as well as several
orchid species pairs). Since that time, however, studies amass-
ing empirical estimates of RI in plants have steadily increased
(see Results). As noted by Stankowski and Ravinet (2021), de-
spite the difficulties of quantifying multiple components of RI,
many researchers have invested significant effort in determining
the strength of various components of Rl in their study systems.
Perhaps previous reviews (Lowry et al. 2008; Widmer et al. 2009;
Baack et al. 2015) and commentaries (Rieseberg and Willis 2007;
Schemske 2010; Sobel et al. 2010) illustrating the utility of such
an approach have motivated this work, although in any case, we
have amassed substantially more RI data than were previously
available, and such studies have increased in their breadth and
sophistication.

The influx of RI data since the last comprehensive reviews
of RI in flowering plants (Lowry et al. 2008; Widmer et al. 2009;
Baack et al. 2015) now entails a much deeper sampling of an-
giosperm (and seed plant) taxa pairs (~5x more taxa pairs than
Lowry et al. [2008] and ~3 x more than Baack et al. [2015]), and
a much broader sampling of families, genera, and tropical taxa,
providing a more substantial cross section of plant diversity. Im-
portantly, we can now employ unified RI metrics (see below) that
allow for equivalent comparisons between prezygotic and postzy-
gotic barrier strengths (Sobel and Chen 2014). We utilize a meta-
analysis approach to (1) revisit previous findings regarding the
relative strengths of different isolating barriers, their asymme-
tries, and the relative contributions of premating and postmating
barriers to total RI; (2) summarize geographic, taxonomic, and
life-history attributes of the taxa used in studies quantifying mul-
tiple components of RI to determine how generalizable findings
might be across plants or flowering plants; and (3) discuss the
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future prospects of empirical studies of RI, and if and how they
might continue to advance our understanding of plant speciation
in the future.

Methods

LITERATURE SEARCHES AND INCLUSION CRITERIA
We searched the literature for studies quantifying RI in plant
taxa pairs by identifying studies cited in previous reviews (Lowry
et al. 2008; Widmer et al. 2009; Baack et al. 2015), associated
methods papers (Sobel and Chen 2014), and then by searching
Google Scholar using the phrases “reproductive isolation and

99 ¢

plants,” “isolating barriers and plants,

2

“barriers to gene flow and

9 9

plants,” “pre-pollination and post-pollination and plants,” “pre-
mating and postmating and plants,” and “prezygotic and postzy-
gotic and plants.” We searched the literature for peer-reviewed
manuscripts published prior to January 15, 2021; we did not
include unpublished preprints. We followed the same chief in-
clusion criterion as Lowry et al. (2008), in that studies were
only included if they directly quantified barrier strengths; stud-
ies with only qualitative assessments of RI such as “species
mostly co-flower” or “species share pollinators” were excluded.
Due to the abundance of currently available data, and in con-
trast to Lowry et al., we required that at least a single premat-
ing and a single postmating barrier be quantified in the same
publication. We did not amalgamate data from the same study
system published separately. Studies that only quantified multi-
ple postmating barriers (e.g., pollen-pistil interactions and hybrid
sterility) were not included. We included studies of taxa arising
from hybrid or polyploid origin if they adhered to the other cri-
teria and quantified additional barriers beyond those associated
solely with interploidy compatibility. Lastly, we included studies
that mechanistically examined a single or several species pairs;
large comparative analyses across clades (e.g., Jewell et al. 2012;
Larcombe et al. 2015; Kostyun and Moyle 2017) were not in-
cluded, as such “Coyne and Orr” studies may trade breadth for
depth when quantifying premating barriers (Christie and Strauss
2018) compared to the other detailed case studies included
here.

DATA EXTRACTION AND CALCULATING BARRIER
STRENGTHS

We included data from publications that provided direct empirical
estimates of RI for which we were able to extract the raw data
from the main text, tables, figures, or supplements. If provided,
we extracted numerical RI data from the text and tables; when
data were only presented graphically, we used ImageJ to extract
the raw data from figures. We used the methods of Sobel and
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Chen (2014) (hereafter “S + C”) to calculate barrier strengths.
Specifically, we used Equation Rlyc:

S
RI=1-(—r
(s+0)

to calculate the strength of some premating barriers, where S and
U represent shared and unshared reproductive opportunities, re-
spectively (e.g., shared and unshared geographic areas, flowering
days, or pollinators). This metric is bound by zero (no RI) and
one (total RI). We used Equation Rlyx:

H
RI=1-2x ——
(7+c)

to calculate the strength of other premating barriers (those di-
rectly quantifying fitness components or mating attempts such as
immigrant inviability or pollinator transitions) and all postmating
barriers. Here, H and C represent heterospecific and conspecific
fitness, respectively (e.g., the fitness of hybrid crosses compared
to that of intraspecific crosses, or the fitness of Fls compared
to that of parental types). This metric is bound by —1 (complete
heterosis) and one (complete RI). These unified RI metrics allow
for an accurate comparison between premating and postmating
barrier strengths, as both equations directly relate RI to the prob-
ability of gene flow (Sobel and Chen 2014). By employing S 4 C
RI metrics, we implicitly required that studies provide raw data
(Table S1) for both intraspecific and interspecific comparisons
such that we could calculate RI using the above equations. Publi-
cations that used other RI metrics without providing the raw data
used in their calculations were excluded. If authors provided RI
estimates using S + C metrics, we took their estimates directly
from the manuscripts, regardless of whether they calculated bar-
rier strengths using Equations Rly¢ and Rl44 or using more so-
phisticated versions of these equations appropriate to their sys-
tems (Sobel and Chen 2014).

For each taxa pair and isolating barrier, we calculated the
strength of RI for each parental taxon from its perspective as the
maternal plant (for premating barriers), and in each direction of
the cross (for postmating barriers). We averaged these directional
values to calculate mean barrier strengths for each taxa pair and
isolating barrier. We assessed overall differences in the strengths
of isolating barriers using ANOVA (Anova function from the car
package) (Fox et al. 2019) in R (R Core Team 2021). For all pos-
sible pairwise combinations of isolating barriers (e.g., immigrant
inviability-phenology, immigrant inviability-F1 sterility, etc.) we
compared pairwise barrier strengths using the emmeans and pairs
functions from the emmeans package (Lenth 2021) in R.

BARRIER ASYMMETRY
We calculated barrier asymmetry by taking the absolute value of
the differences in barrier strengths between the two parental taxa
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or crossing directions, as in Lowry et al. (2008). Here, barrier
asymmetry values are bound by 0 and 2, with a value of O in-
dicating that RI is the same or symmetrical between parents or
crossing directions. A value of 2 would represent an extreme case
in which one parent shows completely assortative mating or com-
plete intrinsic RI (RI = 1) and the other shows complete disas-
sortative mating or complete heterosis (RI = —1). We tested for
differences in the asymmetry of barrier strengths between pre-
and postzygotic barriers using a Wilcoxon test in R.

TOTAL RI

We extracted data for premating barriers that affected co-
occurrence, premating and prezygotic barriers that did not af-
fect co-occurrence, and postzygotic barriers (see below). For each
taxa pair, we calculated total prezygotic RI, total postzygotic RI
(in the absence of prezygotic barriers), and total cumulative RI re-
sulting from the sequential action of all barriers following Equa-
tion Rl4g from Sobel and Chen (2014). Our implementation of
Equation RI4r assumes that barriers act independently of one an-
other. We tested for differences in the overall strength of pre- and
postzygotic barriers using a Wilcoxon test.

REPRODUCTIVE ISOLATING BARRIERS

In total, we extracted data for 12 isolating barriers, including
five premating barriers (ecogeographic isolation, immigrant in-
viability, flowering time or phenology differences, mating sys-
tem differences, and floral isolation), one measure of postmating
prezygotic isolation (pollen-pistil interactions), and six postzy-
gotic barriers (fruit production, seed production, F1 germination,
F1 viability, F1 sterility, and extrinsic postzygotic isolation). In
cases in which authors estimated RI across multiple study sites,
in different years, or using multiple genotypes pairs (e.g., if RI as-
sociated with seed production was estimated from multiple sym-
patric population pairs), we took the mean of these individual
components to calculate a species-level average estimate of RI
for that isolating barrier. In cases in which authors provided mul-
tiple individual measures of RI falling within one of our barrier
categories (e.g., estimates of RI associated with both pollinator
assemblages and pollinator transitions, or estimates of RI associ-
ated with both seed number and seed mass), we used the maxi-
mum RI value associated with that component of RI. We provide
a description of each isolating barrier and additional details re-
garding how both we and primary authors calculated each com-
ponent of RI in the Supporting Information (Description of Iso-

lating Barriers).

Results
We surveyed 70 studies published between 1996 and 2021 that
quantified multiple reproductive isolating barriers in plants, and

otherwise met our inclusion criteria. Of these 70 publications,
10 were also included in Lowry et al. (2008), and 60 new
studies quantifying multiple components of RI have been pub-
lished since. Nine publications originally included in Lowry et al.
(2008) did not meet our more stringent inclusion criteria; specif-
ically, these publications only provided data for a single isolating
barrier, and we did not aggregate RI data within study systems
from across multiple publications. Studies quantifying RI were
published at a relatively low but steady rate of approximately two
per year between 1996 and 2012; however, since 2012 such stud-
ies have become increasingly common (Fig. 1a). Of these 70 pub-
lications, 60 quantified RI in a single taxa pair, and 10 quantified
RI in more than one pair (two pairs n = 2, three pairs n = 7, four
pairs n = 1), resulting in RI data for 89 taxa pairs (Table S2). The
available data predominantly included angiosperms (n = 86 an-
giosperm pairs); however, we did find one study quantifying RI
in gymnosperms (n = 3 gymnosperm pairs).

Primary researchers quantified RI in 31 flowering plant fam-
ilies (as well as one gymnosperm family, the Pinaceae) and 50
genera. The Orchidaceae (17% of all taxa pairs), Orobanchaceae
(11%), and Asteraceae (10%) were the best represented fami-
lies (Fig. 1b). Ophrys (8% of all taxa pairs), Pedicularis (8%),
Mimulus (synonym: Erythranthe) (6%), Senecio (6%), Centau-
rium (4%), and Primula (4%) were the best represented gen-
era (Fig. 1c). Species represented 75% of taxa pairs, ecotypes
represented 16%, cytotypes represented 7%, and subspecies rep-
resented 2% of studied pairs (Fig. 1d). We grouped subspecies
(n taxa pairs = 2) with ecotypes in subsequent figures, as
both represent groupings of populations within species. Herba-
ceous taxa (78%) predominated the dataset; there were only a
few shrubs (15%) and trees (7%), and very few grasses (1%)
(Fig. 1e). Most taxa pairs were perennial (83%); relatively few
had annual (8%), biennial (2%), or some combination of an-
nual, biennial, and perennial (A/B/P) life histories (7%) (Fig. 1f).
Seventy-five percent of taxa pairs were sympatric at least in
part of their ranges (and studies overwhelmingly focused on
sympatric populations when they were available), whereas 18%
of taxa pairs were parapatric or occurred along contact zones,
and only 7% were strictly allopatric (Fig. 1g). Eighteen per-
cent of taxa pairs were from the tropics (<23.5 degrees lati-
tude), whereas 82% of all taxa pairs were from the temperate
zone.

The number of reproductive isolating barriers that each study
quantified varied tremendously, ranging from two to eight indi-
vidual barriers (Fig. 1h). We required that publications quantify
at least a single premating and a single postmating isolating bar-
rier, thus at minimum, two total barriers were required for inclu-
sion. The bulk of studies meeting our inclusion criteria quantified
three to six barriers (interquartile range), and the mode was five
barriers (Fig. 1h). Of studies published since 2015, 53% used the
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Figure 1. Summary statistics for publications quantifying multiple components of reproductive isolation in plants. (a) Publications by
year. (b) Most frequent families. (c¢) Most frequent genera. (d) Taxonomic rank of study pairs. (e) Lifeform of study taxa. (f) Life history
of study taxa. (g) Geography of study taxa. (h) Number of isolating barriers quantified. (i) Use of Sobel and Chen (S + C) Rl metrics in

studies published since 2015.

unified RI metrics proposed by Sobel and Chen (2014), whereas
47% used alternative metrics of RI (Fig. 1i).

BARRIER STRENGTHS
There was substantial variation in barrier strength (BS) across
all 12 of the isolating barriers for which we had available data
(Table 1; Fig. 2). Besides mating system differences (BS = —0.05
to—0.29) and F1 viability (BS = —0.53 to 0.64) that were the
weakest isolating barriers on average, all other isolating barriers
ranged in strength from close to O (or less than 0) to almost 1,
indicating that across study systems individual barriers can have
no effect on reducing gene flow (RI = 0) or can act as complete
barriers (RI = 1) entirely on their own. Overall, there was a sig-
nificant difference in strength among isolating barriers (ANOVA
Fi13383 =9.76, P < 0.001, Type III sum of squares).

On average, floral isolation (mean BS = 0.61), ecogeo-
graphic isolation (mean BS = 0.59), and immigrant inviability
(mean BS = 0.52) were the strongest premating barriers and
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the strongest barriers overall. Pollen-pistil interactions (mean
BS = 0.44) had a slightly lower average barrier strength com-
pared to these earlier-acting premating barriers but were gener-
ally stronger than later-acting postzygotic barriers. Four of five
intrinsic postzygotic barriers had average barrier strengths of
RI = 0.20-0.33, whereas F1 viability was notably ineffective in
reducing gene flow overall (mean BS = 0.07) (Table 1; Fig. 2).
Extrinsic postzygotic RI (mean BS = 0.33) was the strongest
postzygotic barrier.

Given the great variability in the strength of each individual
isolating barrier (Fig. 2), only 29% of all possible pairwise com-
parisons among individual barriers (e.g., immigrant inviability-
phenology, immigrant inviability-F1 sterility, etc.) were signif-
icantly different after correcting for multiple comparisons with
Tukey’s HSD (Fig. S1). All but two of the significant pair-
wise differences involved one of the three strongest isolating
barriers—floral isolation, ecogeographic isolation, and immi-
grant inviability (Fig. S2).
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Figure 2. Density plots of barrier strengths for 12 reproductive isolating barriers as assessed in 89 plant taxa pairs. Barriers are organized
along the x-axis by the order in which they act throughout an organisms’ life history. Numbers in parentheses refer to the number of
taxa pairs for which Rl data were available. Barrier strengths are estimated using Sobel and Chen RI metrics and range from -1 (complete
disassortative mating or heterosis) to 1 (complete Rl). Small colored points represent mean barrier strengths for individual taxa pairs; large
black points represent the overall mean strength of each isolating barrier. A dashed vertical line delineates prezygotic from postzygotic
barriers. We grouped subspecies (n pairs = 2) with ecotypes here as both represent groupings of populations within species.

Floral isolation (66% of taxa pairs) and phenology (58%
of taxa pairs) were the most commonly quantified premating
barriers; the outcome of pollen-pistil interactions (i.e., postmat-
ing prezygotic isolation) was quantified in one third of all taxa
pairs (34%); and seed production in hybrid crosses was the most
commonly quantified postzygotic barrier (70% of taxa pairs).
Aside from mating system differences that were only pertinent
in a few taxa pairs (n = 10), extrinsic postzygotic isolation (n
pairs = 20), F1 sterility (n pairs = 21), and immigrant inviabil-
ity (n pairs = 22) were the least-commonly quantified barriers
(Table 1).

TAXONOMIC CLASSIFICATIONS, GEOGRAPHIC
CONTEXT, AND INDIVIDUAL BARRIER STRENGTHS
The dataset was skewed toward species pairs (n = 67) with rel-

atively few cytotype (n = 6) or ecotype (n 14) pairs, and
most taxa pairs were also at least partially sympatric (75%) or
parapatric (18%). Given this uneven sampling, we did not test
for differences in barrier strengths among taxonomic groups or
across geographies; however, several interesting trends emerged
when qualitatively examining these differences. Ecotypes showed

stronger immigrant inviability and extrinsic postzygotic isolation
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than did species (Fig. S3), highlighting strong ecological differ-
ences in taxa pairs with weak intrinsic postzygotic RI. Floral
isolation was strongest among species pairs, specifically sym-
patric species pairs. Fruit production and seed production in hy-
brid crosses had equal strengths across all taxonomic groups, and
it was not until the F1 generation that species or cytotype pairs
showed stronger intrinsic RI than ecotypes (Fig. S3).

ESTIMATES OF TOTAL RI, AND THE RELATIVE
STRENGTHS OF PREZYGOTIC AND POSTZYGOTIC RI
When accounting for the action of multiple individual isolating
barriers, study pairs on average showed very high levels of total
RI (mean = 0.84; median = 0.98; interquartile range = 0.82—
1.00). Twenty four of 89 taxa pairs (27%) showed complete
RI (RI = 1), and 53% of taxa pairs showed near complete RI
(RI > 0.95). Overall, the strength of total prezygotic RI dif-
fered significantly from that of total postzygotic RI (Wilcoxon
test, P < 0.001). Total prezygotic RI was approximately twice
as strong (mean = (.73, median = 0.88) as total postzygotic RI
(mean = 0.41, median = 0.49). Seventeen of 89 taxa pairs (19%)
were completely isolated by prezygotic barriers alone, 32 of 89
pairs (36%) showed substantial prezygotic isolation (RI > 0.95),
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and 61% of taxa pairs were very strongly isolated by prezygotic
barriers (RI > 0.75) (Fig. 3, medium shading at right). Con-
versely, only seven of 89 pairs (8%) were completely isolated
by postzygotic barriers, 10 of 89 pairs (11%) showed near com-
plete postzygotic RI (RI > 0.95), and 24% of pairs were strongly
isolated by postzygotic barriers (Fig. 3, medium shading at top).
Overall, 17% of taxa pairs were strongly isolated (RI > 0.75) by
both prezygotic RI and postzygotic RI (Fig. 3, dark shading at top
right), whereas 33% of taxa pairs were relatively weakly isolated
(RI < 0.75) by both prezygotic and postzygotic barriers (Fig. 3,
light shading in center). There was no correlation between the
strength of total prezygotic and total postzygotic RI (Pearson’s
r=-0.12; P = 0.27).

There was no correlation between the number of barriers
quantified and total RI (Pearson’s r = 0.03, P = 0.81); however,
there was a significant correlation between total prezygotic
RI and the number of prezygotic barriers measured (Pearson’s
r = 0.26; P = 0.01), as well as between total postzygotic

barrier strength and the number of postzygotic barriers assessed
(Pearson’s r = 0.22; P < 0.05).

BARRIER STRENGTH ESTIMATES FROM LOWRY ET
AL. (2008) COMPARED TO THE CURRENT DATASET
Lowry et al. (2008) included 19 taxa pairs in their analysis of
RI in flowering plants. We included data from 10 of those pairs
here, as well as newly published data from 79 additional taxa
pairs. There was a remarkable concordance in estimates of total
RI, total prezygotic RI, and total postzygotic RI between the data
in Lowry et al. and the current dataset. Calculating estimates
of RI using Sobel and Chen (2014) RI metrics, taxa pairs from
Lowry et al. had an average Rlrorar, = 0.80, Rlprg = 0.70,
and Rlpost = 0.43, compared to values of Rlrgrar = 0.84,
RIpgeg = 0.73, and RI = 0.41, respectively, for the current
dataset. The average number of barriers measured was equivalent
in both datasets (mean + SD = 4.40 £+ 2.07 and 4.51 4+ 1.77,
respectively).
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BARRIER ASYMMETRY

All isolating barriers excluding immigrant inviability, mating sys-
tem, and extrinsic postzygotic RI displayed pear-shaped distri-
butions (Fig. 4), indicating that on average most barriers acted
symmetrically between both directions of potential mating and/or
both directions of a cross. Every isolating barrier also showed
substantial variability in asymmetry, often ranging from 0 to 1
(i.e., instances in which RI is complete for one parent or direction
of the cross, but entirely absent for the other), indicating substan-
tial differences in the directionality of potential gene flow. Phe-
nology (mean asymmetry = 0.15), fruit production (0.17), and F1
sterility (0.17) were the least asymmetric barriers, whereas mat-
ing system (0.73), pollen-pistil interactions (0.31), and immigrant
inviability (0.31) were the most asymmetric (Fig. 4). Overall,
there was no difference in the asymmetry of total prezygotic RI
(mean asymmetry = 0.25) and total postzygotic RI (mean asym-
metry = 0.22) (Wilcoxon test, P = 0.56).

Discussion

A surge of studies quantifying multiple reproductive barriers in
plants over the past 15 years has provided a wealth of empirical
data from across numerous study systems. Using a meta-analysis
approach, we leveraged newly available data to uncover general-
ities about the complex and heterogeneous nature of plant spe-
ciation. We found great variability in the strength of all isolat-
ing barriers, suggesting that myriad factors can reduce or prevent
gene flow between diverging lineages. In agreement with previ-
ous reviews of the strength of RI in flowering plants (Lowry et al.
2008; Baack et al. 2015), we found that on average total prezy-
gotic RI was approximately twice as strong as total postzygotic
RI. Many more taxa pairs were strongly isolated by prezygotic
barriers alone compared to those isolated by postzygotic barri-
ers alone, further suggesting a disproportionate effect of extrinsic
barriers in minimizing contemporary gene flow. In contrast to the
findings of Lowry et al. (2008) and the past emphasis in the lit-
erature on asymmetric postzygotic RI, we found that postzygotic
barriers were no more asymmetric in their effects than prezygotic
barriers. We discuss how generalizable these findings might be
across plants and flowering plants at large, and the prospects of
such empirical studies of RI to continue advancing our under-
standing of plant speciation.

WHAT ARE THE RELATIVE STRENGTHS OF
REPRODUCTIVE ISOLATING BARRIERS ACROSS LIFE
HISTORY STAGES?

A major goal of recent speciation research in plants has been
to understand the relative contributions of premating and post-
mating barriers in reducing gene flow between divergent lin-
eages (Baack et al. 2015; Rabosky 2016; Stankowski and Ravinet
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2021). A finding of relatively stronger premating barriers would
lend support to the prevalence of ecological or extrinsic barriers
in driving divergence or maintaining species integrity (Schluter
2009; Schemske 2010). A finding of relatively stronger postmat-
ing or postzygotic barriers would suggest that intrinsic barriers
are more crucial to the generation and maintenance of species di-
versity, particularly given that extrinsic barriers can break down
under environmental perturbation (Ortego et al. 2017; Schumer
et al. 2017; Grabenstein and Taylor 2018). Alternatively, genetic
incompatibilities resulting in intrinsic reproductive barriers may
evolve directly with adaptive alleles or indirectly as a by-product
of selection on other traits (Coyne and Orr 2004); thus, multiple
prezygotic and postzygotic isolating barriers may evolve in con-
cert, jointly driving the speciation process. Ultimately, the ability
of diverging lineages to persist long enough for the completion of
speciation (i.e., the evolution of substantial barriers to gene flow
that prevent lineage reabsorption) hinges on the extent of their
ecological divergence, genetic incompatibility, and geographic
context (Germain et al. 2021). Documenting taxa pairs at differ-
ent points along this continuum is an important step in linking the
evolution of reproductive barriers with the generation and main-
tenance of species-level diversity.

After surveying more than four times more taxa pairs
(n = 89) than Lowry et al. (2008), we found a remarkable con-
cordance of results—in both datasets, the cumulative strength of
prezygotic barriers was approximately twice that of postzygotic
barriers (RIprg = 0.70 vs. Rlppst = 0.43 in the original review,
and Rlprg = 0.73 vs. Rlppst = 0.41 in the present analysis). We
calculated total postzygotic RI irrespective of the strength of ear-
lier acting barriers, so this finding is not explained by the sequen-
tial action of barriers (i.e., that prezygotic barriers have a chance
to act before postzygotic barriers). Within individual study sys-
tems, we found that 61% of taxa pairs were very strongly isolated
by prezygotic barriers alone (RI > 0.75) compared to only 24%
that were strongly isolated by postzygotic barriers alone (Fig. 3).
These patterns suggest that in aggregate, as well as in most cases,
earlier acting extrinsic barriers are on average more important in
reducing contemporary gene flow in divergent plant taxa.

Despite an overall trend for stronger prezygotic barriers,
there was substantial variability in the strength of almost all indi-
vidual isolating barriers (Fig. 2). For nine of the 12 barriers sur-
veyed, a single barrier could have no effect whatsoever on reduc-
ing gene flow (RI = 0) or could substantially reduce gene flow
entirely on its own (RI > 0.95), highlighting the truly remarkable
diversity of mechanisms that can reduce or prevent gene flow in
flowering plants.

In agreement with the vast literature documenting the role of
pollinators in angiosperm diversification (Grant 1994; Kay and
Sargent 2009; Van der Niet et al. 2014), floral isolation was on
average the strongest single isolating barrier (Table 1). Species
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pairs, and specifically sympatric species pairs, showed extremely
high levels of floral isolation (Figs. 2, S3), suggesting that closely
related plant species that co-occur likely infrequently experience
heterospecific pollen transfer and gene exchange due to differ-
ences in pollinator and pollination dynamics. Although intrinsic
barriers may prevent less gene flow than extrinsic barriers on av-
erage, they too can be potent and presumably causative agents
of speciation in some cases (Figs. 2, 3). We found no correlation
between the strength of total prezygotic and postzygotic barriers,
suggesting that intrinsic and extrinsic barriers generally evolve
unpredictably. Thus, for example, even if local adaptation indi-
rectly selects for intrinsic RI (e.g., if genes associated with dif-
ferential soil adaptation and hybrid sterility are closely linked;
Wright et al. 2013), it seems unlikely that we will be able to pre-
dict the magnitude of how extrinsic barriers might drive intrinsic
ones, or how genetic incompatibilities might relate to ecological
divergence.

BARRIER ASYMMETRY

Asymmetric postzygotic RI is common in plants (Tiffin et al.
2001) and typically results from cytoplasmic-nuclear interactions
or other uniparentally inherited genetic factors (Turelli and Moyle
2007; Brandvain et al. 2014b; Barnard-Kubow and Galloway

2017; Coughlan et al. 2020). Asymmetric RI at the postmating
prezygotic stage is also common (Broz and Bedinger 2021), typ-
ically due to differences in style length (Keller et al. 2016) or
mating system between parents (Ishizaki et al. 2013; Briscoe
Runquist et al. 2014) and the resulting outcomes of pollen com-
petition. Such asymmetry or directionality of potential gene flow
can have major implications for the dynamics of introgression
(e.g., Jacquemyn et al. 2012; Kenney and Sweigart 2016; Hu
et al. 2021; Ostevik et al. 2021), yet this phenomenon is not
only restricted to postmating life history stages. For example,
asymmetric patterns of heterospecific pollen transfer are com-
mon (Moreira-Herndndez and Muchhala 2019) and may result
from differences in floral morphology (Minnaar et al. 2019) or
pollinator behavior (Christie et al. 2021; Keller et al. 2021).

In contrast to Lowry et al. (2008), we found no differences in
the asymmetry of total prezygotic compared to total postzygotic
RI. Although pollen-pistil interactions and mating system differ-
ences were relatively strongly asymmetric as expected (Fig. 4),
another premating barrier, immigrant inviability, was also among
the most asymmetric. Conversely, none of the intrinsic postzy-
gotic isolating barriers were particularly asymmetric in their ef-
fects (Fig. 4). Asymmetric postmating RI, particularly that asso-
ciated with hybrid viability and hybrid sterility, has been dubbed
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Darwin’s Corollary to Haldane’s Rule (Turelli and Moyle 2007;
Brandvain et al. 2014b), referring to the idea that one direction
of a cross (as opposed to the heterogametic sex as in Haldane’s
Rule) may suffer a greater fitness cost than the other. Here, cyto-
nuclear Dobzhansky-Muller incompatibilities (DMIs) may un-
derlie asymmetric RI (Turelli and Moyle 2007), whereas RI stem-
ming from chromosomal rearrangements is expected to be sym-
metric (Tiffin et al. 2001). Across 89 taxa pairs, neither RI asso-
ciated with seed production in hybrid crosses (n = 62 taxa pairs),
F1 viability (n = 25 pairs), or F1 sterility (n = 21 pairs) acted
particularly asymmetrically on average (Fig. 4), suggesting that
pronounced asymmetry at postzygotic life history stages may be
the exception rather than the rule in plants. The relatively modest
levels of asymmetry associated with F1 viability and F1 steril-
ity (Fig. 4) suggest that nuclear-nuclear DMIs or chromosomal
rearrangements may be more prevalent than cyto-nuclear DMIs
or other uniparentally inherited genetic factors in driving postzy-
gotic RI in plants.

LOCAL ADAPTATION AND EXTRINSIC POSTZYGOTIC
RI

A rich literature documents local adaptation in plants (reviewed
in Leimu and Fischer 2008; Hereford 2009; Briscoe Runquist
et al. 2020), yet relatively less work has documented the con-
nection between local adaptation and the evolution of RI (e.g.,
Wright et al. 2013; Melo et al. 2014; Richards and Ortiz-
Barrientos 2016; Wilkinson et al. 2021), despite past commen-
taries advocating for such an approach (Givnish 2010; Schemske
2010; Sobel et al. 2010). Interestingly, the ecotypes examined
here tended to have much stronger levels of RI associated
with immigrant inviability and extrinsic postzygotic isolation but
lower levels of intrinsic RI acting on Fls than did “species”
(Fig. S3), potentially highlighting different stages of the specia-
tion continuum or alternative divergence processes. If local selec-
tive pressures contribute to immigrant inviability, we might also
expect that Fls with intermediate phenotypes should show re-
duced fitness compared to parental taxa (Schluter 2001; Rundle
2002; Nosil et al. 2005). Immigrant inviability is often a stronger
reproductive barrier than extrinsic postzygotic RI (Figs. 2, S1),
perhaps due to heterotic effects in Fls (Lowry et al. 2008; Melo
et al. 2014). Lowry et al. (2008) found no correlation between
the strength of immigrant inviability and extrinsic postzygotic RI.
Here, consistent with the qualitative conclusions of Baack et al.
(2015), we found a significant positive correlation between ex-
trinsic barriers acting at both prezygotic and postzygotic life his-
tory stages (Pearson’s tho = 0.58, P = 0.02; n = 16 taxa pairs).
Overall, less than 20% of studies quantified the fitness of both
migrants and F1s under field conditions, yet these studies sup-
port divergent natural selection as a potent driver of RI (Schluter
2009).
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Immigrant inviability (mean asymmetry = 0.31) was one of
the most asymmetric barriers examined (Fig. 4), with one parent
often incurring substantially stronger fitness losses when coloniz-
ing a foreign habitat compared to the other. This result perhaps re-
flects varying costs of local adaptation, in which colonization of
new habitats is associated with trade-offs for one parental species,
but the magnitude of such trade-offs is not strong enough to pre-
clude the other parent from occupying a novel habitat (Hereford
2009). For example, a generalist lineage occupying a specialized
habitat may be able to survive sufficiently well, whereas a spe-
cialist lineage might show high mortality outside of its favored
habitat, resulting in high asymmetry for immigrant inviability.
Further explorations of asymmetric immigrant inviability and ex-
trinsic postzygotic RI combined with concomitant genetic anal-
yses will provide additional insight into the role of asymmetric
extrinsic RI in driving patterns of introgression in plants.

WHAT TYPES OF TAXA AND DIVERGENCE
SCENARIOS IS THIS DATASET RELEVANT TO?
Quantifying multiple components of RI in individual study sys-
tems can be a powerful way to understand mechanisms that re-
duce gene flow and contribute to the generation and maintenance
of species boundaries; however, this approach has been applied
very unevenly across plants. To date, empirical estimates of RI
from across multiple life history stages have been collected from
exceedingly few gymnosperms (although we did include one
study that examined RI in three Pinus species pairs), <10% of
flowering plant families, and from only a miniscule fraction of the
approximately 13,000 extant angiosperm genera (Salamin et al.
2005) (Fig. 1). Moreover, these estimates have been largely re-
stricted to herbaceous perennials (Fig. 1), particularly those from
the temperate zone (only 18% of taxa pairs were from the trop-
ics). Studies included in this analysis were strongly biased toward
species pairs, as less than 20% of taxa pairs consisted of ecotypes
or subspecies (Fig. 1). Excluding the potential difficulties of us-
ing rank-based taxonomy to describe shared evolutionary history
(Barraclough and Humphreys 2015) or the degree of genetic dif-
ferentiation (Lowry 2012), one could argue that “species” by def-
inition should show greater levels of total RI than “ecotypes.”
If so, species would fall further toward the “complete RI” end
of the speciation continuum (Stankowski and Ravinet 2021) and
may have accumulated additional RI even after gene flow has
ceased (Rieseberg and Blackman 2010; Schemske 2010; Sobel
et al. 2010; Kulmuni et al. 2020). Thus, estimates of RI included
here could be skewed toward those barriers that prevent contem-
porary gene flow, as opposed to those that contributed to initial
divergence.

Determining the likelihood and prevalence of different geo-
graphic modes of speciation has received a great deal of attention
in the literature (e.g., Coyne and Orr 2004; Savolainen et al. 2006;
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Stuessy 2006; Bolnick and Fitzpatrick 2007; Skeels and Cardillo
2019). In a recent review of 622 sister species pairs, 30% of plant
sister pairs were allopatric and the remaining 70% were either
fully (18%) or partially (52%) sympatric (Herndndez-Hernandez
etal. 2021), suggesting that most instances of plant speciation en-
tail at least some phase of sympatry. Seventy-five percent of taxa
pairs in our analysis shared at least some degree of range over-
lap (Fig. 3), thus our findings may be applicable to many diver-
gence scenarios in plants. Strictly allopatric taxa pairs (7%) were
strongly underrepresented, however; thus, patterns documented
here offer little help in explaining mechanisms contributing to
RIin such pairs (e.g., Boucher et al. 2016; Sandstedt et al. 2021).
Our inclusion criteria (i.e., studies had to quantify at least a single
premating and a single postmating barrier) may have also gen-
erated ascertainment bias for sympatric study systems as it can
be unclear whether field-based estimates of prezygotic RI are
meaningful for entirely allopatric pairs (Coyne and Orr 2004).
The presence of extremely strong and putatively causal individ-
ual mechanisms of divergence, for example, cases of strong flo-
ral isolation driving divergence, may have skewed the dataset.
Furthermore, publication bias may have resulted in studies docu-
menting strong ecological divergence, perhaps to the exclusion
of those documenting strong postzygotic RI in the absence of
ecological divergence. Studies aimed at detailing specific mech-
anisms of postzygotic isolation (e.g., Zuellig and Sweigart 2018;
Coughlan et al. 2020; Sandstedt et al. 2021) were commonly
omitted because they did not quantify prezygotic barriers, even
if postzygotic RI was the putative driver of divergence.

F2s AND BEYOND: POTENTIAL TENSION BETWEEN
HETEROSIS AND INTRINSIC POSTZYGOTIC RI

Several studies in this analysis quantified extrinsic postzygotic
RI in both Fl1s and F2s (Emms and Arnold 1997; Koelling and
Mauricio 2010; Karrenberg et al. 2019), and it has been well-
appreciated that heterotic effects in F1s might dilute the strength
of selection on hybrids occupying parental habitats (Lowry et al.
2008; Melo et al. 2014). The analogous phenomenon of hetero-
sis in F1s masking the effects of intrinsic postzygotic RI seems
to have been dramatically underexplored. None of the 70 stud-
ies quantified intrinsic RI in F2s, despite the possibility of hy-
brid breakdown manifesting as increased intrinsic RI in F2s or
beyond (Bertel et al. 2016; Chapman et al. 2016; Zuellig and
Sweigart 2018). This omission may have resulted from a vari-
ety of factors including a known absence of hybrid breakdown in
the study system (Ramsey et al. 2003), uncertainty as to the bi-
ological relevance of quantifying RI in F2s due to the unknown
relative frequency of F2s versus backcrosses in nature, or due to
strong intrinsic RI in Fls resulting in very small sample sizes
available for generating F2s or backcrosses (Christie and Strauss
2019). That said, few studies provided rationale for excluding

F2s, and we suspect that this hurdle may have been mostly prac-
tical given the logistical challenges and time required to quantify
RI across multiple generations. Approximately 15% of taxa pairs
in this analysis showed very strong or complete prezygotic RI,
but negative values for postzygotic RI (Fig. 3). If intrinsic incom-
patibilities are to some extent masked in Fls, a focus on solely
first-generation hybrids may be underestimating the true effect
of intrinsic postzygotic isolation, particularly if recessive incom-
patibility alleles are involved (Zuellig and Sweigart 2018). Thus,
future efforts to quantify intrinsic RI in F2s and/or backcrosses
may shed additional light on whether heterosis in F1s consistently
dampens the strength of intrinsic postzygotic RI.

MOVING FORWARD: WHAT MORE CAN WE LEARN
FROM ADDITIONAL CASE STUDIES OF RI?

Two of our major findings corroborate earlier findings from
Lowry et al’s (2008) review of the strength of RI in flowering
plants—prezygotic barriers on average reduced twice as much
gene flow as postzygotic barriers, yet there was also incredible
variability in the strength of barriers across systems. If 15 years
of additional research output by the plant speciation community
and RI data for 79 additional taxa pairs tell us much the same
thing as did a significantly smaller dataset, what more is there to
be learned from studies quantifying multiple components of RI?
The current dataset has been substantially expanded compared to
2008, yet it remains woefully lacking for many taxonomic groups
including gymnosperms, taxa pairs at early stages of divergence,
both annual and woody lifeforms, allopatric taxa pairs, and taxa
from the tropics. Although providing additional resolution of pat-
terns of RI in angiosperms—the present analysis supported a
much different conclusion regarding the relative asymmetry of
prezygotic and postzygotic barriers than the original review—our
conclusions still largely pertain to herbaceous perennials experi-
encing some degree of sympatry. We suspect that most studies
included in our analysis were designed as components of broader
research programs for species that were otherwise of interest (see
below). Moving forward, diversifying sampling efforts might en-
tail selecting taxa pairs with life-history attributes that have been
underexplored or quantifying extrinsic barriers in systems known
to have high levels of intrinsic RI but for which ecological barri-
ers have not yet been quantified.

Overall, we found no correlation between the number of
barriers quantified and total RI. This may have resulted from
the disproportionate effect prezygotic barriers have on total bar-
rier strength; alternatively, it may suggest that authors quantified
the most important barriers in their systems. Regardless, more
thorough assessments of all isolating mechanisms will provide
greater resolution for understanding relationships among barriers.
Studies comprehensively quantifying multiple barriers to gene
flow offer a greater ability to assess potential associations among
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barriers (Kostyun and Moyle 2017) and may offer insights into
correlated trait evolution, the joint accumulation of premating and
postmating RI, and reproductive character displacement and re-
inforcement (Suni and Hopkins 2018; Christie et al. 2021).

Studies quantifying RI provide the requisite evolutionary
natural history knowledge necessary to answer deeper, process-
based questions. For example, several of the research groups cited
in this analysis began by quantifying multiple barriers to gene
flow in their systems and used initial findings as springboards
for subsequent research. For example, in a comprehensive assess-
ment of isolating barriers in Clarkia xantiana ssp. xantiana and
ssp. parviflora, Briscoe Runquist et al. (2014) established that
strong mating system, pollinator preference, and pollen compe-
tition barriers contributed to directional hybridization. This re-
search group then used these findings to explore how patterns
of co-occurrence affected floral trait evolution (Briscoe Runquist
and Moeller 2014), and how geographic variation in mating sys-
tem was associated with population structure (Pettengill et al.
2016). Another thorough survey of reproductive barriers in He-
lianthus petiolaris ecotypes identified strong RI associated with
immigrant inviability and extrinsic postzygotic RI (Ostevik et al.
2016), and follow-up work identified structural rearrangements
associated with this adaptive divergence (Huang et al. 2020).

Findings from individual studies will enable future compar-
ative analyses across the speciation continuum, yet the efficient
use of such data requires that RI estimates are comparable and
accessible (Stankowski and Ravinet 2021). To this end, 47% of
studies published since 2015 did not employ the unified S + C
RI metrics (Sobel and Chen 2014), but to our knowledge none
offered justification for using alternative metrics. This alone did
not hinder the extraction of RI data from original publications,
even if tedious; however, the exclusion of raw data from text, ta-
bles, and supplements makes empirical work invisible to future
comparative analyses. We were forced to exclude many studies
simply because they did not provide the data necessary to calcu-
late RI in a standardized fashion. Empirical estimates of RI, if
properly archived, will continue to act as invaluable foundations
for future work both within and across systems.

A next step in advancing the study of speciation undoubt-
edly is to link organismal and microevolutionary processes,
specifically the evolution of different components of RI, with
macroevolutionary outcomes (Rieseberg and Willis 2007,
Coughlan and Matute 2020; Matute and Cooper 2021). Why,
for example, might plants show higher diversification rates com-
pared to other kingdoms (Herndndez-Herndndez et al. 2021), yet
appear to have fewer examples of adaptive radiations (Martin and
Richards 2019)? Is the remarkably uneven distribution of species
diversity in angiosperms associated with different reproductive
barrier strengths (Vamosi et al. 2018)? Does RI associated
with floral isolation and geographic differences predict species
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diversity within angiosperms, as well as it does across land
plants at large (Herndndez-Herndndez and Wiens 2020)? Answer
to these questions hinges on future comparative phylogenetic
analyses, which themselves are predicated on empirical estimates
of RI from across a variety of study systems. The “case studies”
included in this analysis lack a phylogenetic dimension, whereas
large-scale comparative “Coyne and Orr” studies often lack eco-
logical resolution. One potentially powerful approach to better
understand the evolution of RI would be to combine aspects of
both approaches—by carefully quantifying multiple intrinsic
and extrinsic barriers to gene flow in the field and greenhouse
in several population pairs with different levels of divergence
or several closely related species pairs with different spanning
divergence times.

Conclusions

Case studies quantifying multiple components of RI have pro-
vided insights on the relative strengths of pre- and postmating
barriers in flowering plants for over 40 years (e.g., Kiang and
Hamrick 1978; Misiewicz et al. 2020). Individually, such studies
provide the vital evolutionary natural history information needed
to further explore process-based phenomena in specific systems
(e.g., Briscoe Runquist and Moeller 2014; Pettengill et al. 2016;
Ostevik et al. 2016; Christie and Strauss 2020). A surge of such
studies over the past 15 years has provided the invaluable pre-
requisite data needed to move beyond system-specific conclu-
sions, facilitating more generalizable and comparative insights
across broader taxonomic and phylogenetic groups. Although
quantifying multiple isolating barriers is rather traditional and te-
dious compared to more modern high-throughput research pro-
grams, such work continues to hold great promise for improving
our understanding of plant speciation (Stankowski and Ravinet
2021). Future work using empirical RI data within a phylogenetic
framework will allow us to explore the relationship between the
strengths of specific isolating barriers and macroevolutionary pat-
terns of diversification (Matute and Cooper 2021). We argue that
hard work associated with quantifying multiple pre- and postmat-
ing reproductive barriers is time well spent and will continue to
illuminate the causes and consequences of speciation in plants.
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