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Cassia crossbills L. sinesciuris, which we focus on because the data relevant to species
status are more diverse and extensive, are genetically discrete; call modification rarely
leads to crossbill misclassification and overwhelmingly results in call divergence and
enhanced discrimination; and are nearly completely reproductively isolated with little
evidence of introgression from sympatric red crossbills. The differences in our conclu-
sions result in part from H&P mischaracterizing and misconstruing the ecology of
Cassia crossbills, geographic context of their divergence, and evidence for reproductive
isolation. H&P seemingly require that crossbills must adhere to the typical model of
bird speciation—protracted divergence in allopatry, followed by a gradual increase in
sympatry if reproductive isolation and ecological divergence allow—and require evi-
dence such as initial long periods of allopatry, F¢; values > 0.2, divergent mtDNA and
intrinsic postzygotic isolation. Although such evidence commonly distinguishes bird
species, an increasing number of studies show that such criteria are not necessary to
indicate sympatric, evolutionarily independent lineages.
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We write in response to Hill and Powers’ (2021) opinion piece that casted doubt
on whether some recognized species of crossbills (Loxia spp.) represent species. We
acknowledge that not everyone agrees with what is necessary evidence to delimit a spe-

cies (de Queiroz 1998, 2007). Indeed, the decision by the American Classification and
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Nomenclature Committee of the American Ornithological
Society on whether to recognize the Cassia crossbill L. sinesci-
uris as a species was not unanimous (8 of the 10 voted to
recognize it). Here we write because Hill and Powers (2021;
hereafter H&P) mischaracterize and misinterpret the evi-
dence that Cassia crossbills are an independently evolving
lineage. We agree with de Queiroz (1998, 2007) that there
is near universal acceptance of the concept that species rep-
resent separately evolving population-level lineages with the
various species concepts emphasizing different criteria used
to delimit species, each of which are useful. This is consistent
with recent pluralistic trends in avian taxonomy (Sangster
2014, Ottenburghs 2019, Cadena and Zapata 2021).

Most who study speciation use evidence of reproductive
isolation as the primary criterion for species delimitation
(Mayr 1942, Coyne and Orr 2004) including the Committee
that recognized the Cassia crossbill as a species. Some, includ-
ing H&P, seemingly adhere to the necessity of complete
reproductive isolation for delimiting species, whereas most
recognize that limited hybridization and gene flow do not
prevent lineages from diverging and evolving separately given
sufficiently strong selection (Kirkpatrick and Ravigné 2002,
Coyne and Orr 2004, Smadja and Butlin 2011, Flaxman et al.
2014). Thus, although H&P stated that ‘Benkman et al.
(2009) vacillate a bit in invoking the Biological Species
Concept by saying they followed a Biological Species
Concept that permits a degree of gene flow’, our interpreta-
tion of the Biological Species Concept is consistent with most
who study speciation. Indeed, Coyne and Orr (2004, p. 33)
noted examples where Mayr (1963), whom H&P rely heavily
on, indicated that complete reproductive isolation may not
be necessary for speciation. Moreover, with increased applica-
tion of genomic data at the population and phylogenetic lev-
els, the prevalence of hybridization has become increasingly
appreciated across different groups of taxa (Mallet et al. 2016,
Osborne et al. 2016, Taylor and Larson 2019, Bemmels et al.
2021, Linan et al. 2021). Furthermore, H&P seemed to
insist that specific reproductive isolating barriers (i.e. intrin-
sic postzygotic isolation) are necessary for speciation to occur
(see Rabosky and Matute 2013 for evidence that intrinsic
postzygotic isolation is unrelated to speciation rates in birds),
whereas most recognize that a diversity of reproductive iso-
lating barriers can reduce gene flow between diverging lin-
eages (Dobzhansky 1937, Coyne and Orr 2004, Kopp et al.
2018, Irwin 2020). Although H&P discussed common (red),
Scottish and parrot crossbills (L. curvirostra, L. scotia and L.
pytyopsittacus, respectively), we focus on Cassia crossbills. We
restrict our focus to Cassia crossbills because it is the system
for which we are most familiar and the diversity and quantity
of evidence bearing on its species status is greatest.

Background on Cassia crossbills

Cassia crossbills were categorized as one of 10 call types of
red crossbill in North America numbered in sequence of
discovery (call type 9 (Sibley 2000); see Groth (1993) for

a description of the first eight call types and Irwin (2010)
for a description of call type 10). This was based on the
Cassia crossbill’s distinctive contact calls and song, and larger
average size compared to other co-occurring red crossbills
(Benkman et al. 2009, Porter and Smith 2020). Many North
American call types are strongly associated with and have bill
structures adapted to feeding on the cone-seed of particular
species of conifers (Benkman 1993, 2003, 2007, Parchman
and Benkman 2002, Irwin 2010). Consequently, we refer to
some of them as ecotypes, as defined by Futuyma (2013): ‘a
genetically determined phenotype of a species that is found as
a local variant associated with certain ecological conditions.’
Contra H&D, we do not refer to them as ecomorphs because
crossbills have little in common with the definition promi-
nent in the literature (reviewed by Losos 2009), as originally
defined by Williams (1972, p. 72): ‘species with the same
structural habitat/niche, similar in morphology and behavior,
but not necessarily close phyletically.’

Cassia crossbills are endemic to 67 km? of lodgepole
pine Pinus contorta latifolia on two isolated mountain
ranges, the South Hills and Albion Mountains, Idaho USA
(Benkman et al. 2009, Behl and Benkman 2018). Cassia
crossbills rely almost exclusively on seeds in the serotinous
cones (those that generally remain closed until heated by
fire) of lodgepole pine that have accumulated in the canopy
over decades and whose seeds become available continuously
as gaps form gradually between the cone scales after years of
weathering (Benkman etal. 2012, Benkman and Porter 2020).
Annual variation in lodgepole pine seed crops in the South
Hills is less than has been documented in any other plant spe-
cies (Benkman et al. 2012). This nearly constant annual seed
production and the retention of seeds for multiple years in
serotinous cones in combination with crossbills feeding on
multiple cohorts of cones within any given foraging bout
results in a remarkably stable resource favoring residency in
crossbills. Cassia crossbills are sedentary unlike most crossbills
in North America (Benkman and Porter 2020), which are
highly nomadic (Benkman and Young 2020). Indeed, none
of the over 3000 Cassia crossbills color-banded in the South
Hills since 1997 has been detected outside the South Hills; we
commonly capture individuals over multiple years at the same
net location. In contrast, two of the ~60 red crossbills catego-
rized as Type 2 captured and color-banded in the South Hills
have been subsequently photographed elsewhere (Benkman
2017; CWB unpubl.). Furthermore, there is only one record-
ing (July 2021) of Cassia crossbills from outside the South
Hills or Albions in massive citizen science databases such as
eBird or Xeno-canto despite high interest among birders in
recording crossbill vocalizations (Young and Spahr 2017).
Importantly, the lone observation of Cassia crossbills outside
of the South Hills or Albions occurred after an unprecedented
forest fire burned approximately a quarter of the lodgepole
pine forest within the range of the Cassia crossbill. These
observations indicate that Cassia crossbills are rarely detected
outside the South Hills and Albions because they rarely leave
(contra the speculation by H&P that Cassia crossbills com-
monly disperse from the South Hills and Albions).



Cassia crossbills are the dominant predispersal lodgepole
pine seed predator and have coevolved in an arms race with
lodgepole pine favoring thicker cone scales to deter crossbills
and deeper bills to extract seeds from between increasingly
thicker cone scales over the generations (Benkman 1999,
2003, Benkman et al. 2001, 2003, 2013). With the nota-
ble exception of the South Hills and Albions, American red
squirrels Tamiasciurus hudsonicus are widespread and superior
competitors for lodgepole pine seeds and drive the evolution
of predispersal seed defenses of lodgepole pine (Smith 1970,
Benkman 1999, Benkman et al. 2001, 2003). Consequently,
outside the few small mountain ranges lacking red squirrels
(e.g. South Hills and Albions), lodgepole pine cone seed
defenses are directed mostly at red squirrels, not crossbills.
Here, crossbills with smaller bills (and bodies) are favored
(Benkman et al. 2001, Benkman 2003). Cassia crossbills
have larger bills than other crossbills in the region and are
less efficient than other crossbills at foraging on cone-seed
outside of the South Hills and Albions (Benkman et al. 2001,
Benkman 2003), further favoring residency. The divergent
selection (Benkman 2003), which has presumably increased
progressively over time because of the coevolutionary arms
race (Benkman et al. 2003), has resulted in a locally-adapted
sedentary Cassia crossbill that is nearly completely repro-
ductively isolated from the various ecotypes of red crossbills
that move through the region annually and sometimes breed
(Smith and Benkman 2007, Benkman et al. 2009). This is
supported by field studies showing extremely strong pre-
mating reproductive isolation (Smith and Benkman 2007,
Benkman et al. 2009) and genomic studies revealing that
Cassia crossbills are genetically distinctive and monophyletic
(Parchman et al. 2016, Brock et al. unpubl.). Cassia crossbills
clearly have distinct and unique behaviors and ecology that
have evolved and are currently maintained (and even further
enhanced; below) despite co-occurring with multiple red
crossbill ecotypes.

Based on forest reconstruction models, we inferred that
Cassia crossbills were unlikely to have evolved prior to 5000—
7000 years ago (Parchman et al. 2016). This timeframe is at
the lower end of divergence time estimates from demographic
models of whole genome resequencing data from Cassia cross-
bills and the ecotypes it is most closely associated with (types
2 and 5) but these latter results nevertheless represent recent
divergence (Brock et al. unpubl.). The evidence of genetic cohe-
siveness and divergence with no apparent scope for allopatric
divergence is also striking. However, given the diversity of spe-
cies and speciation mechanisms (Coyne and Orr 2004), we
should not be surprised that the tempo and mechanisms of spe-
ciation vary among diverging lineages (de Queiroz 1998, 2007,
Coyne and Orr 2004, McPeck 2008, Phillimore and Price
2008, McGee et al. 2020, Hernandez-Herndndez et al. 2021).

A cryptic species

The first issue mentioned by H&P is “There are no diagnostic
morphological characteristics that definitively separate birds

in the Cassia crossbill, parrot crossbill or Scottish crossbill
populations from birds in other sympatric crossbill popu-
lations.” For emphasis, H&P included the following quote
from Edelaar (2008) as an epigraph: ‘[If the Cassia crossbill
wetre recognized as a species] it would then constitute the first
bird species in the world that is not diagnosable by plumage,
morphology, genetics or location of collection.” H&P failed
to include in their epigraph the preceding sentence from
Edelaar (2008): “With such very high levels of reproductive
isolation, it seems fully justified to formally describe this
highly localised vocal type as a separate species.” In addition,
genetic data indicating distinctiveness of the Cassia cross-
bill (Parchman et al. 2016) were not available at the time
Edelaar (2008) was published. Regardless, most Cassia cross-
bills cannot be diagnosed by external size measures because
there is considerable size overlap between the Cassia crossbill
and Type 2 (and also Type 5, but for simplicity we hereafter
focus on Type 2 because it is the most similar in size and
the most common ecotype co-occurring with Cassia cross-
bills). Importantly, we note that we have limited our mea-
sures mostly to bill depth and length because we (CWB) have
focused on measures related to feeding performance that are
repeatable and thus might not have measured other traits that
are distinctive. For example, we suspect that wing shape might
be distinctive (more rounded), but we have not measured it
because nearly all individuals that we capture have either very
worn plumage or are undergoing heavy wing molt. Species
that cannot be unequivocally distinguished by morphometric
measurements (i.e. cryptic species) are not limited to cross-
bills. Mayr (1942, 1963) discussed cryptic species extensively.
Indeed, Lack (1947, p. 17) recognized that ‘two forms which
breed in the same region without normally interbreeding are
always classified as separate species, however similar they may
be to each other in appearance.” Morphological diagnosabil-
ity is a useful criterion for delimiting species, but it is one of
multiple criteria, each of which alone can be useful for delim-
iting species (de Queiroz 2007).

Call modification

The second issue raised by H&P was that ‘Call type, the
behavioral characteristic that is proposed to distinguish
Cassia crossbills... from other populations of crossbills, is
learned and can change within the life of an individual.” We
note first that we have documented striking divergence in the
contact calls (those we use to categorize crossbills into call
types) between Cassia crossbills and Type 2 over a 20-year
period due to population-level changes in Cassia crossbill
calls (Porter and Benkman 2019). This population-level call
divergence has been caused by adults subtly modifying their
calls over time to be more distinctive from the calls of Type
2 and by offspring learning their calls from their parents
(Keenan and Benkman 2008, Porter and Benkman 2019).
Individual Cassia crossbills may modify their calls to be more
divergent from the calls of Type 2 to reduce heterotypic flock-
ing, which lowers feeding eficiency (Smith et al. 1999, Porter



and Benkman 2019). Call divergence in turn has resulted in
Cassia crossbills more likely to land in response to playbacks
of calls representative of contemporary calls than of those
representative of 20 years earlier. In contrast, Type 2 are more
likely to ignore playbacks of contemporary than older calls
of Cassia crossbills (Porter and Benkman 2019). This should
lead to stronger assortative flocking by call (Smith etal. 2012),
which is important because crossbills flock year-round and
choose mates from within flocks (Newton 1972, Nethersole-
Thompson 1975). We should expect therefore that behavioral
and total reproductive isolation increase as assortative flock-
ing increases, which is exactly what we have found for types
2 and 5 (Porter and Benkman 2022). Thus, the already high
levels of premating reproductive isolation for Cassia crossbills
measured in 2001-2006 (below) have likely increased as their
calls have diverged further. Importantly, we would not expect
to see such striking divergence in calls if call learning was
an unreliable inheritance mechanism as suggested by H&P.
Instead, these results provide support that sexual imprinting
and learning can facilitate assortative mating and speciation,
consistent with previous work (Grant and Grant 1997, Irwin
and Price 1999, Verzijden et al. 2012, Turbek et al. 2021).

Although call learning and modification have an over-
whelmingly positive influence on call divergence (Porter and
Benkman 2019), we found that three of 844 birds initially
giving Cassia crossbill calls gave a categorically different call
(a call that we categorized as Type 2; we have never found
instances of call switching between Cassia crossbills and Type
5) in a subsequent year (Porter and Benkman 2019). That
is, 0.36 percent of the birds that we initially categorized as
Cassia crossbills changed their calls to that of another eco-
type (hereafter call switching). This is a smaller percentage
than in an earlier study of many fewer birds over a shorter
time period (Keenan and Benkman 2008; 1 of 79 individuals
[1.27%]). Moreover, the rarity of call switching in the field
is consistent with laboratory studies showing that, although
crossbills can modify subtle features of their contact calls, no
call switching occurred in 11 mixed pairs housed in separate
cages for over half a year (Sewall 2009). We agree with H&P
that phenotypic plasticity for any trait used to categorize spe-
cies is a problem, and a potentially insurmountable problem
for taxonomists if the bar is that every individual must be
unquestionably categorized based on phenotypic characters.
Nonetheless, our long-term field studies suggest that the vast
majority (> 99%) of Cassia crossbills can be reliably identi-
fied based on their unique contact calls. The more important
question is whether occasional call switching might cause us
to underestimate the occurrence of hybridization and most
importantly result in the ‘substantial on-going gene flow’
claimed by H&P.

Observed levels of call switching cause us to underestimate
the frequency of hybridization only slightly. To estimate by
how much, we assume that a Cassia crossbill lives on aver-
age 3 years (Benkman and Porter 2020), breeds in each of
two years following hatching, and, based on the example in
Keenan and Benkman (2008), switches its call only after its
first time breeding with a heterospecific. If individuals that

changed their calls by their second year of breeding did so to
match the calls of a heterospecific mate in the first year and
remained paired during the second year, then this would cause
us to misidentify 0.36 percent of the individuals during their
second year of breeding. Thus, over the average individual’s
breeding lifetime of two years we would misidentify on aver-
age 0.18 percent of the pairs as assortative when in fact they
were disassortative. We lack comparable data for Type 2 call
switching simply because Type 2 are rarely captured in more
than one summer presumably because they emigrate from the
South Hills. This alone implies that call switching by Type 2
would be less common than in Cassia crossbills. However, if
we assume call switching occurs equally frequently in Type 2
as in Cassia crossbills, then our total estimate of misidentifi-
cation would double to 0.36 percent.

Reproductive isolation

This brings us to our estimates of reproductive isolation.
Using the widely accepted Coyne and Orr (1989) method
(as modified by Ramsey et al. 2003) for estimating repro-
ductive isolation, where 0 equates to panmixia and 1 equates
to complete reproductive isolation, we found that premating
reproductive isolation averaged 0.999 over 6 years (estimated
as in Smith and Benkman (2007) but including an additional
4 years of data from Benkman et al. 2009). Only 0.7 percent
of 1704 pairs were mixed pairs (0.9-1.1% if we take into
account the abovementioned occurrence of call switching).
This does not support H&P’s claim of ‘substantial on-going
gene flow.”

Such high levels of reproductive isolation result from at
least three sequentially acting premating reproductive isolat-
ing barriers, two of which H&P did not seem to recognize.
The first acting barrier is habitat isolation. If one species does
not occur in the breeding habitat of the other because it is
poorly adapted to that habitat, then such habitat isolation
prevents heterospecific mating and is thus a barrier to gene
flow (Coyne and Orr 2004). Although Type 2 move into the
South Hills yearly during their annual nomadic movements,
relatively few remain (Smith and Benkman 2007, Benkman
2017). This is presumably because of their inability to com-
pete with the resident and locally-adapted Cassia crossbill
(Smith and Benkman 2007, Benkman 2017) that generally
occurs at or near carrying capacity and whose seed consump-
tion appears to drive the availability of seeds (Benkman et al.
2012). Indeed, in similarly isolated lodgepole pine forests
on mountain ranges east of the Rocky Mountains lacking
both American red squirrels and Cassia crossbills (the South
Hills and Albions occur west of the Rocky Mountains), Type
2 occur in comparable densities as Cassia crossbills in the
South Hills (Siepielski and Benkman 2005). Furthermore,
those Type 2 that remain in the South Hills for muldple
years are larger individuals whose bill sizes approximate both
the optimum and average for Cassia crossbills (Benkman
2017), meaning they can likely compete effectively with
Cassia crossbills. We note that such non-random dispersal



(i.e. ‘matching habitat choice’) makes it likely that dispersal
promotes rather than hinders divergence (Bolnick and Otto
2013, Nicolaus and Edelaar 2018). Such habitat isolation has
long been recognized as an important reproductive isolating
barrier in a wide range of systems (Mayr 1963, Coyne and
Orr 2004, Sechausen et al. 2008, Bolnick 2011, Nosil 2012,
Richardson et al. 2014).

H&P complained that ‘assortative mating was only
assessed in forests where red squirrels are absent and lodge-
pole pine have cones morphology [sic] that deter crossbills
with smaller bills.” Thus, H&P acknowledged the mechanism
leading to habitat isolation (i.e. small-billed crossbills being
inferior competitors in the South Hills) but did not realize
that this constitutes an important barrier to gene flow in
this system. Furthermore, as mentioned under Background
on Cassia crossbills, it is likely that Cassia crossbills rarely
leave the South Hills and Albions. Their sedentary nature and
lack of movement into habitat dominated by red crossbills
further restricts gene flow relative to when dispersal is recip-
rocal between two interbreeding lineages and represents an
additional barrier to gene flow (Eroukhmanoff et al. 2011,
Parchman et al. 2018).

Perplexingly, H&P seemingly ignored strong habitat iso-
lation and focus instead on patterns of pairing among the
relatively few Type 2 (and 5) that breed in the South Hills.
By focusing solely on the importance of assortative pairing
among breeders, H&P also undervalued the occurrence of
Type 2 that remain in the South Hills but do not manage
to breed. A larger proportion of Type 2 individuals than
Cassia crossbills do not breed (about 30% more), presumably
because they experience greater difficulties accruing the nec-
essary resources to breed (Smith and Benkman 2007). This is
the second sequentially acting reproductive isolating barrier,
which we term reduced immigrant fecundity and is a strong
barrier to gene flow in many systems (Porter and Benkman
2017). Both habitat isolation and reduced immigrant fecun-
dity act to limit the potential for hybridization and repre-
sent ecological mechanisms of speciation that have rightfully
attracted so much recent interest by those studying speciation
(reviewed by Schluter 2009, Schemske 2010, Nosil 2012).
Thus, the rarity of types 2 and 5 as successful breeders in
the South Hills that H&P pointed to reflects the strength
of prezygotic isolating barriers that act to reduce gene flow
before mating even occurs.

Focusing exclusively on the proportion of the breeding
individuals of the rare ecotypes (types 2 and 5) that form
mixed pairs is also misleading. It has long been recognized
that an individual is more likely to hybridize when con-
specifics are rare because of the difficulty of finding a con-
specific mate (Hubbs 1955, Mayr 1963, Grant and Grant
1997). Consequently, those interested in measuring behav-
joral and reproductive isolation account for asymmetries in
the abundance of the sexes of each species (Roldn-Alvarez
and Caballero 2000, Pérez-Figueroa et al. 2005). H&P sug-
gested we ignored such asymmetries in abundance when stat-
ing ‘Looking at the percent of heterotypical pairs out of all
observed pairs without considering the extremely unbalanced

effective population sizes results in a bias in the interpreta-
tion of results.” Yet Smith and Benkman (2007) employed
such corrections when estimating behavioral isolation. The
difference is that H&P would emphasize, for example, that
one of three Type 2 individuals, among hundreds of Cassia
crossbills, is paired with a heterospecific. Whereas the more
telling result for reproductive isolation is that so few Type 2
stay and successfully breed, and that the other two Type 2
paired assortatively. Given that Type 2 females usually choose
the one male out of hundreds that is of their own ecotype
is striking, especially if there are costs associated with find-
ing mates (Irwin 2020), and consistent with the very strong
estimated behavioral isolation (Smith and Benkman 2007).

H&P argued further that ‘Experimental observations of
mating preferences of Cassia crossbills also do not support
significant barriers to between-population pairing’ based on
the results of the choices by captive female Cassia crossbills in
a study by Snowberg and Benkman (2007). Eighty-three and
82 percent of estradiol-implanted female Cassia and Type
2 crossbills, respectively, showed a preference for conspecif-
ics when given a choice between two males, one of each of
these two taxa matched for differences in body and bill size,
and coloration. These are strong preferences (p < 0.0005)
but not as strong as might be expected from our measures of
behavioral isolation in the field (Smith and Benkman 2007).
However, the males in the experiments were not singing, and
thus preferences were presumably based mostly on differ-
ences in calls (mostly contact calls). In more recent work on
types 2 and 5 (Porter and Benkman 2022), we found that the
extent to which crossbills preferentially respond to playback
of homotypic relative to heterotypic contact calls depends
on the relative differences in feeding performance by the dif-
ferent taxa. When the two ecotypes differed greatly in their
feeding abilities on the conifers in the local breeding habitat,
individuals strongly preferred playbacks of homotypics over
heterotypics whereas when they had similar feeding abilities
they were much less discriminatory. This likely reflects strong
feeding efficiency benefits of assortative flocking when feed-
ing tradeoffs are strong (Smith et al. 1999). It is conceivable
that if the experimental design of Snowberg and Benkman
(2007) included strong feeding tradeofls, as found for Cassia
crossbills and the different co-occurring ecotypes (Benkman
2003), then the preferences for conspecifics would have been
stronger. Regardless, Snowberg and Benkman (2007) exam-
ined preference in relation to contact calls only. Cassia cross-
bills have distinctive songs (Porter and Smith 2020), and we
strongly suspect that 1) females also prefer the song of their
father, 2) song is unlikely to switch even occasionally between
types and 3) song undoubtedly plays an important role in
mate choice and promotes assortative pairing beyond that
based on calls alone (Uy et al. 2018).

In addition, our measures of reproductive isolation con-
cern only premating isolating barriers and ignore extrinsic
postzygotic isolation. Yet extrinsic postzygotic isolation is
likely to be important given the ecological differences and
strong divergent selection between Cassia and Type 2 cross-
bills (Benkman 2003). Snowberg and Benkman (2007)



estimated the expected differences in offspring survival from
random matings relative to assortative matings for types 2
and 5 based on a quantitative genetic model of inheritance
and empirical relationships between bill structure and feed-
ing performance, and bill size and estimated relative survival;
annual survival is an excellent surrogate for fitness in longer
lived species such as birds (Crone 2001). They found that
offspring from random matings (homotypic matings equally
likely as heterotypic matings) had a 12.4% lower expected
rate of survival than those from assortative matings. The
implication is that the depression in hybrid offspring survival
would be double that expected for offspring from random
matings (or about 25% lower than offspring from assortative
matings). We have no reason to believe that the depression
in survival would be less for offspring from Cassia crossbills
mating with Type 2, given that Cassia crossbills and Type 2
are similarly divergent in bill morphology as are types 2 and
5. A 25% reduction in hybrid fitness is considerable because
any reduction in hybrid fitness over 10% might by itself
eliminate most gene flow (Irwin 2020). H&P claimed that
this was ‘the maximum fitness loss calculated in the Benkman
(2003) and Snowberg and Benkman (2007) models’. It was
not. It was simply the average expected. H&P questioned
this estimate because ‘it is only a relative estimation of sur-
vival (standardized to 1)’ but given that we are estimating
a percent reduction in survival, a standardized measure of
survival is appropriate. It is also what is used to model gene
flow in common population genetic models (Wright 1943,
Irwin 2020).

Presumably contributing to H&P’s belief that we have
overestimated selection against hybrids and that there are
‘mitigating factors that would make such postzygotic selec-
tion ineffective in isolating populations’ is their mistaken
belief that Cassia crossbills are highly dispersive like most
other crossbills. Given that Cassia crossbills rarely disperse
outside their limited range, we are unable to envision why
our mark—recapture data would necessarily overestimate the
strength of selection or why such selection would be ineffec-
tive. Indeed, the highly sedentary nature of Cassia crossbills
and the paucity of types 2 and 5 that remain in the South Hills
and Albions undoubtedly reflects the strong divergent selec-
tion that underlies the strong habitat isolation. Furthermore,
because seed resources appear to be limiting during most
years for Cassia crossbills (Benkman et al. 2012), selection
against hybrids is also likely to regularly limit the potential
for gene flow. We suspect that outside the range of the Cassia
crossbill selection against hybrids would be less severe dur-
ing some years because of the availability of alternative coni-
fers and large fluctuations in seed availability and thus the
potential for greater but still limited gene flow (Porter and
Benkman 2022). Regardless, we agree that our estimates of
postzygotic reproductive isolation would benefit from more
direct estimates of hybrid fitness.

In sum, we stand by our measures of premating reproduc-
tive isolation, which are consistently strong from one year to
the next (averaging 0.999 over 6 years where 1 equals com-
plete reproductive isolation). Nothing in the known biology

of the system indicates that our measures are biased (Smith
and Benkman 2007, Porter and Benkman 2022). Moreover,
extrinsic postzygotic isolation is likely to be considerable
although we have not measured it directly. If it is even half as
strong as estimated by Snowberg and Benkman (2007), the
combination of pre- and postzygotic reproductive isolation
would allow little if any gene flow (Irwin 2020). We empha-
size that it is the distinctive behavior and ecology of the
Cassia crossbill that is key to its consistent, elevated repro-
ductive isolation (Parchman et al. 2016, 2018). The extent
of bill depth divergence for foraging on alternative conifers
is also important (Smith and Benkman 2007, Summers et al.
2007) but ecotypes similarly different in bill depth do not
experience such consistently high levels of reproductive isola-
tion as found for the Cassia crossbill (Porter and Benkman
2022). Thus, it represents a clear misunderstanding for H&P
to claim that bill depth alone is ‘the proposed driver of eco-
logical speciation in the Cassia crossbill.” Next we examine
whether such high levels of reproductive isolation are evident
in the genetic data.

Cassia crossbills are genetically distinct and
monophyletic

First, we reiterate that the Cassia crossbill likely began diverg-
ing from red crossbills in the very recent past (Parchman et al.
2016). Moreover, there is no evidence in the history of conifers
in the region and the biology of crossbills to suggest there was
a period of geographic isolation as Cassia crossbills diverged
(Smith and Benkman 2007, Parchman et al. 2016, Benkman
and Young 2020). Consequently, genome-wide divergence
is expected to be limited if simply because of incomplete
lineage sorting (which H&P ignored), even if reproduc-
tive isolation was complete. For example, Cruickshank and
Hahn’s (2014; Fig. B1) simulations without migration dem-
onstrate that a genome-wide average Fg; of 0.2 would not be
exceeded until ~0.3 N, generations after divergence. For spe-
cies such as crossbills, which may have effective population
sizes approaching one million (Brock et al. unpubl.), even
in the absence of gene flow we would expect low Fg, val-
ues prior to a few hundred thousand years post divergence.
If Cassia crossbills had an Ne of 5800 (the census estimate
from Behl and Benkman (2018) and likely an overestimate
of Ne) and a generation time of 2.9 years (Benkman et al.
2005), F, should likely be larger than 0.2 in the absence of
significant gene flow after ~5000 years. With moderate gene
flow, this amount of divergence would take longer. Ongoing
research will better assess tempo and mode of divergence.
While summary metrics of differentiation and divergence
should not be overinterpreted and arbitrarily used to delin-
eate species, we note that estimates for both relative (F,) and
absolute (Dxy) genomic differentiation between Cassia cross-
bills and types 2 and 5 are comparable in magnitude to those
found in other rapid radiations driven by ecological and/or
sexual selection (Cassia versus type 2/5: F,=0.016/0.019,
Dxy=0.004, Parchman et al. 2016, Brock et al. unpubl;



Iberd seedeaters: Fy=0.006, Turbek et al. 2021; Lake
Malawi cichlids: Dxy=0.002, Malinsky et al. 2018; Lake
Kivu cichlids: F¢;=0.04, Dxy=0.003, Brock and Wagner
unpubl.; Lake Saka cichlids: F¢;=0.012, Bezault et al. 2011).

Furthermore, it is widely appreciated that g is not a use-
ful indicator of gene flow as the most common approach for
converting Fg. into units of migration (Nm) uses Wright’s
Island Model (Wright 1931) and consequently makes a
number of assumptions unlikely to hold in natural popula-
tions, including equilibrium gene frequencies (Slatkin 1985,
1987, Whitlock and McCauley 1999, Holsinger and Weir
2009). Moreover, the value of F; for most estimators (e.g.
Fo,=1— (H¢/H,), where Hg [H,] is the expected subpopu-
lation [total] heterozygosity, respectively) depends strongly
on within population or species diversity (Hg; Slatkin 1991,
Whitlock and McCauley 1999, Holsinger and Weir 2009).
Thus, high F estimates may reflect extensive differential fix-
ation of alleles after divergence, reduced within population or
species diversity, or both and consequently represent a relative
measure of differentiation as opposed to an absolute measure
such as Dxy (Cruickshank and Hahn 2014, Ravinet et al.
2017, Matthey-Doret and Whitlock 2019). In addition, F;
often varies substantially across the genome, as background
selection, recombination rate variation, gene density as well
as other components of genomic architecture will influence
the ‘local’ genomic effective population sizes and the rate of
lineage sorting and divergence (Cruikshank and Hahn 2014,
Martin et al. 2019, Matthey-Doret and Whitlock 2019,
Stankowski et al. 2019). Indeed, Parchman et al. (2016) did
not apply analyses to infer migration or the demographic con-
text of divergence for Cassia crossbills, although these param-
eters are of strong interest for future analyses. In contrast,
H&P argued that the small value of Fy ‘indicates high levels
of gene flow and some inter-breeding despite the assumption
that there is high reproductive isolation (Smith and Benkman
2007).” We note that Smith and Benkman (2007) measured
reproductive isolation, rather than assuming it.

Like many recently diverged species (Poelstra et al. 2014),
the Cassia crossbill is characterized by elevated genetic dif-
ferentiation in a small number of genomic regions across a
background of little differentiation (Parchman et al. 2016).
This heterogeneous pattern of differentiation could arise if
adaptive divergence and reproductive isolation evolve in the
face of gene flow (Peccoud et al. 2009, Feder et al. 2012,
Ravinet et al. 2017, Martin et al. 2019, Stankowski et al.
2019), which is consistent with our understanding of the
evolution of the Cassia crossbill (Parchman et al. 2016). The
nascent Cassia crossbill presumably experienced increasingly
strong divergent selection in the face of gene flow that now
appears to have nearly ceased (Smith and Benkman 2007,
Benkman et al. 2009). Alternatively, as noted above, back-
ground selection and genomic architecture may also generate
heterogeneous patterns of differentiation even in the absence
of divergence with gene flow (Cruickshank and Hahn 2014).
This was the alternative that H&P chose to infer, which
required their denial of the evidence for strong reproduc-
tive isolation that we discussed previously. While our work

to date has been based on limited genomic sampling, we are
currently employing > 110 whole genome sequences across
Cassia crossbills and types 2 and 5 to further investigate dif-
ferentiation and divergence landscapes and provide further
insight into the tempo and mode of evolution of these cross-
bills (Brock et al. unpubl.).

Three analyses of > 18 000 SNPs in Parchman et al.
(2016) are consistent with our measures of little contempo-
rary hybridization and gene flow contra H&P. The principal
components analysis (PCA) of genotypic variation reveals
that Cassia crossbills are fully identifiable and widely sepa-
rated from the different North American red crossbill eco-
types along the first PC (Fig. 2 in Parchman et al. 2016).
H&P took issue with PCA due to the fact that ‘genetic
variation explained by each principal component may not
represent any measurable trait or diagnostic character’, and
erroneously stated that Parchman et al. (2016) ‘assumed that
the second axis of variation from the crossbill PCA roughly
represented bill size.” Parchman et al. (2016) made no claim
that PC2 captured genetic variation underlying bill depth;
they merely referred to PC2 descriptively while discussing
patterns of ecotype clustering conveyed by the first two PC
axes with the observation that ‘ecotype beak depth tended to
decrease with increasing PC2 values.” Nonetheless, we agree
with H&P’s conclusion ‘that some component(s) of variation
in the SNP data place Cassia crossbills in their own geno-
typic space.” Indeed, such a ‘genotypic cluster’ is the type of
criterion Mallet (1995) argued delimits sympatric species like
Cassia crossbills. Given that Cassia crossbills breed sympatri-
cally with several red crossbill ecotypes, the distinctiveness
of Cassia crossbills in PCA and other analyses, which H&P
acknowledged, indicates the absence of admixed hybrid or
backcrossed individuals (Mandeville et al. 2015). This would
be the case even if elevated divergence across a small frac-
tion of the genome was contributing to variation in princi-
pal components. Moreover, these results indicate that few
individuals have been misidentified because of call switching
(contra that expected based on the assumptions of H&P).

Ancestry-based analyses with entropy (a model similar
to that of structure (Pritchard et al. 2000) that accounts for
genotype uncertainty in high throughput sequencing data
(Gompert et al. 2014, Shastry et al. 2021)) further suggest
limited if any evidence for admixture between Cassia cross-
bills and the other ecotypes (Fig. 3 in Parchman et al. 2016).
H&P also seem to misunderstand the estimation of ances-
try coefficients here. PCA scores were not used to generate
ancestry coefficients (g), although k-means clustering of PCA
scores (which is indeed similar to no-admixture models) was
used to provide starting values for ¢ to speed MCMC con-
vergence and mixing for the entropy model runs. The model
employed by entropy, similar to the admixture model of
structure, has been commonly used to infer ancestry coef-
ficients across species and to identify and characterize hybrids
(Gompert et al. 2014, Mandeville et al. 2015, Jahner et al.
2021). H&P wrote that this ‘analysis clearly indicates genetic
structure, but whether this is a population-level structure
or species-level structure cannot be determined from this



model.” We do not disagree but having documented nearly
complete reproductive isolation in sympatry (Smith and
Benkman 2007, Benkman et al. 2009) we can discriminate
between these two possibilities and the combined evidence is
consistent with species-level structure.

Lastly, phylogenetic analyses of the same data indicate
that Cassia crossbills are monophyletic with a bootstrap
support of 90 percent (Fig. 1 in Parchman et al. 2016) and
recent whole genome resequencing work also strongly sup-
ports Cassia crossbills as monophyletic with respect to types
2 and 5 (Brock et al. unpubl.). H&P did not question the
relevance of these results to recognizing the Cassia crossbill
as a distinct species. Instead H&P questioned why Type 6
crossbills are not recognized as a distinct species even though
their bootstrap support for monophyly was only 10 percent;
H&P raised this question when noting that Type 6 formed its
own distinct cluster in the PCA. Type 6 might deserve species
recognition. However, unlike for the Cassia crossbill, Type 6
does not commonly co-occur with other breeding call types
and thus we lack measures of reproductive isolation.

Concluding remarks

It seems obvious that Cassia crossbills are not representative
of the tempo or geographic mode of bird speciation and may
have more in common with speciation in many phytopha-
gous insects (Smith and Benkman 2007, Porter and Benkman
2022). Indeed, the requirement that crossbills adhere to the
typical model of bird speciation—protracted divergence in
allopatry, then a gradual increase in sympatry if reproductive
isolation and ecological divergence allow (Price 2008, Weir
and Price 2011) — and to assume all speciation must meet the
same criteria (e.g. initial long periods of allopatry, F, values
> 0.2, divergent mtDNA, intrinsic postzygotic isolation),
seemingly underlies many of H&P’s problems with accepting
the evidence that Cassia crossbills are a separate reproduc-
tively isolated evolutionary lineage. Even Ernst Mayr, whom
H&P relied so heavily on, acknowledged the occurrence of
diverse modes of speciation late in life: ‘...so many examples
of sympatric speciation were found, particularly among fishes
and insects, that there is now no longer any doubt about
the frequency of sympatric speciation’ (Mayr 2004, p. 108,
Lenski 2005). We therefore disagree with H&P’s statement
that recognition of the Cassia crossbill as a distinct species
‘muddles understanding of the process of speciation’ and
instead suggest it highlights the diversity of mechanisms by
which new species can arise.
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