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Abstract
Animal body size has important evolutionary implications. The wolf spider genus Schizocosa Chamberlin,
1904 has developed as a model for studies on courtship, with visual and vibratory signals receiving attention; however, body size has never been carefully evaluated. Although species of Schizocosa can be distinguished from their close relatives by differences in genitalic structures, male ornamentation, and behavior,
some species are morphologically similar, making diagnosis, and identification difficult. Evaluation of species boundaries using genetic data across Schizocosa is limited. The similar species S. maxima Dondale &
Redner, 1978 and S. mccooki (Montgomery, 1904) are separated predominantly on the basis of size differences,
with S. maxima being larger. We evaluate the evolution of size in these two Schizocosa species distributed in
western North America, where gigantism of S. maxima is hypothesized to occur, particularly in California. We
sampled subgenomic data (RADseq) and inferred the phylogeny of S. mccooki, S. maxima, and relatives. We
apply a variational autoencoder machine learning approach to visualize population structuring within widespread S. mccooki and evaluate size within the context of a comparative phylogenetic framework to test the
hypotheses related to genetic clustering of populations and gigantism. Our data show S. mccooki populations
are not genealogically exclusive with respect to S. maxima. Likewise, S. maxima individuals are not recovered
as a lineage and do not form an isolated genetic cluster, suggesting that the observed differences in size cannot
be used to accurately delimit species. The cause of gigantism in S. maxima remains unexplained, but provides
a framework for future studies of size variation and speciation.
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Body size is a conspicuous morphological trait that has important ecological, physiological, and evolutionary implications.
Competition, female choice, character displacement, resource
partitioning, and adaptation to climatic conditions, among other
factors, can drive the evolution of body size (Smith and Lyons 2013).
Body size is also influenced by non-heritable ecological factors like
nutrition levels related to prey availability (Peters 1983). Long-term
and broad evolutionary patterns like Cope’s and Bergmann’s rules
highlight the repeated effects ecological conditions may have on
body size (Blackburn and Gaston 1994, Hone and Benton 2005).
Selection for body size extremes can also drive speciation or reinforce

reproductive isolation, thus making it an important evolutionary
characteristic (Nagel and Schluter 1998, Bolnick et al. 2006, Turner
et al. 2011). Interspecific size differences among closely related animals, often attributed to character displacement, have been observed
in a wide array of taxa including reptiles (Losos 1990), amphibians
(Moen and Wiens 2009), millipedes (Bond and Sierwald 2002), and
ground beetles (Akiyama et al. 2020).
The extensively studied species of the wolf spider genus
Schizocosa Chamberlin, 1904 exhibit marked differences in morphological characters and behavioral signals used in courtship, making
this group an important model for investigating characteristics that
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are under sexual selection (Rovner 1975, Uetz and Denterlein 1979,
Stratton and Uetz 1981, Uetz and Roberts 2002a, Stratton 2005,
Hebets et al. 2013, Fowler-Finn et al. 2015, Uetz et al. 2016, Hebets
and McGinley 2019, Kozak and Uetz, 2019, Watts et al. 2019).
Males of many species have dark pigmentation and/or tibial bristles on the first pair of legs, traits that are used in visual displays to
females during courtship (Stratton and Uetz 1986, Hebets and Uetz
2000). Schizocosa males also use vibrational signals generated by
palpal drumming, body bouncing, stridulating, or a combination of
these when pheromones from female silk are detected (Rovner 1975,
Stratton and Uetz 1981, 1983, Hebets et al. 1996, Elias et al. 2006,
Rundus et al. 2011, Hebets et al. 2013, Uetz et al. 2016, Uetz et al.
2019, Rosenthal et al. 2021). Visual and vibration signals are typically species specific and exhibit marked contrasts between closely
related species. However, the role of body size in sexual selection
and speciation is limited in studies on speciation in Schizocosa.
Nonetheless, it is known that environmental characteristics like prey
availability can influence traits like body size, maturation rate, and
secondary sexual character development, and thus may have a significant role in mate discrimination (Uetz et al. 2002b, Hebets et al.
2021).
Schizocosa includes 23 nominal species in the Nearctic (Dondale
and Redner 1978, Uetz and Dondale 1979, Stratton 1991, 1997).
Phylogenetic analyses support one clade of species (the Schizocosa
‘Ocreata’ group plus kin) that are found mostly in deciduous forests
or grasslands in eastern North America (Stratton 2005, Fowler-Finn
et al. 2015, Hebets et al. 2021). The remaining Nearctic Schizocosa
species are found mostly in grass and/or gravel habitats across North
America, with most species distributed in western North America
(Dondale and Redner 1978). Relationships among these western species are largely unresolved. The Schizocosa Ocreata group and kin,
in particular those with ornamentation in males, have received the
bulk of attention regarding studies on multimodal courtship behavior
(Stratton and Uetz 1986, Hebets et al. 1996, Miller et al. 1998, Hebets
and Uetz 2000, Hebets 2008a, Uetz et al. 2019, Hebets et al. 2021).
Courtship, rather than body size, has been suggested to play a role in
reproductive isolation and species divergence within this clade (Uetz
and Denterlein 1979, Stratton and Uetz 1981, Stratton 1997, Hebets
et al. 2021). Species in western North America, most of which lack
ornamentation, have received comparatively little attention (Buckle
1972, Stratton and Lowrie 1984). This latter clade includes the widely
distributed species S. mccooki (Montgomery, 1904), found from the
west coast to the Great Lakes region (Dondale and Redner 1978).
Schizocosa mccooki is sympatric with most of its close relatives, all
of which are relatively restricted in range, including the California
endemic S. maxima Dondale & Redner, 1978. Schizocosa mccooki
and S. maxima are hypothesized sibling species (Hebets and Vink
2007, Fowler-Finn et al. 2015) and are distinguished by subtle differences in genitalic structures and leg scopula (Dondale and Redner
1978). These characters, however, exhibit considerable intraspecific
variation making identification difficult (Dondale and Redner 1978)
and species exclusivity questionable. These two species exhibit their
greatest differences in size, with S. mccooki and S. maxima showing
minimal overlap in carapace length with the latter being much larger;
Schizocosa maxima is the largest Nearctic species in the genus.
Morphological similarities between S. mccooki and S. maxima, as well
as their sympatric distribution, raise the question of whether body
size disparity can be used to accurately delimit these species. That is,
while size differences have been the predominant diagnostic feature
for distinguishing these two nominal species, population variation in
size, mating features, behavior, and genetics has never been formally
evaluated using an integrative approach.

Insect Systematics and Diversity, 2021, Vol. 5, No. 5
The purpose of this study is to evaluate variation in putative
S. mccooki and S. maxima populations with the overarching goal of
testing species boundaries using a comparative phylogenetic framework.
First, we evaluate genetic exclusivity to ask whether populations/species
are isolated. Next, we examine the distribution of spider size with respect to species identity and phylogeny. Finally, we evaluate differences
in courtship among populations and evolutionary lineages.
To formally test the hypothesis that S. mccooki and S. maxima are
separate and exclusive species, we have extensively sampled populations from western North America and generate genome-wide SNPs
using Restriction-site associated DNA sequencing (RADseq) to serve
as the basis of a comparative phylogenetic framework. We address
the following specific aims. Aim1: Construct a concatenated and
coalescent-based phylogenetic hypothesis to infer the relationships
among Schizocosa species in western North America and evaluate
population structuring. Aim 2: Employ a cutting edge variational
autoencoder machine learning cluster analysis of SNP data to test
the genealogical exclusivity of closely related S. mccooki and S.
maxima. Aim 3: Densely sample at University of California, Davis,
where individuals exhibit a wide range of body sizes, to test if individuals cluster genetically based on body size. Aim 4: Use a comparative approach to estimate evolutionary shifts in body size across
populations to test whether body size plasticity mirrors evolutionary
divergence. Aim 5: Examine courtship behavior of 16 populations
of Schizocosa in western North America to determine how those behaviors have diverged among species, as well as among populations.

Methods
3RAD Data Collection
We sampled representatives of all Schizocosa species from western North
America (i.e., S. aulonia Dondale, 1969, S. cespitum Dondale & Redner,
1978, S. chiricahuaç, S. maxima, S. mccooki, S. mimula (Gertsch, 1934),
and S. minnesotensis (Gertsch, 1934)), as well as four species from eastern
North America (S. avida (Walckenaer, 1837), S. communis (Emerton,
1885), S. retrorsa (Banks, 1911), and S. salsa Barnes, 1953). All species
sampled here overlap in body size with S. mccooki with two exceptions: S. maxima (larger) and S. cespitum (smaller) (Dondale and Redner
1978). We densely sampled from multiple localities in western North
America, particularly in California, where S. mccooki and S. maxima are
found in sympatry (Dondale and Redner 1978; Fig. 1, Supp File 1 [online
only]). Voucher specimens are maintained at the University of California,
Bohart Museum of Entomology.
Genomic DNA was extracted from leg tissue from 174 individuals using the DNeasy Blood and Tissue kit (Qiagen). SNP data was
generated using the 3RAD technique detailed in Bayona-Vásquez
et al. (2019). We used enzymes EcoRI, MspI, and ClaI following
Peterson et al. (2012) and Burns et al. (2017), and adapters provided by University of Georgia (BadDNA@UGA). Paired-end 150
base pair reads were generated for the 3RAD library with Nextseq
at the University of California, Davis DNA Technologies Core and
University of Georgia Genomics and Bioinformatics Core. Further
detail regarding our 3RAD procedure is given in Newton et al.
(2020). Read demulitplexing, filtering, and clustering was performed
with ipyrad (Eaton and Overcast 2020) on the Auburn University
Hopper biocluster. For each end of each locus, maximums of six
uncalled bases, ten heterozygous sites, 25 SNPs, and ten indels were
allowed. The clustering threshold was set to 0.9. Four datasets were
generated, each with locus occupancy set to a minimum of 50%:
1) “All individuals”, 2) “Western group” (See Results), 3) males from
Davis, California, and 4) females from Davis.
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et al. (2019), which allows for visualization of uncertainty in a priori
groupings (e.g., Hedin et al. 2020, Newton et al. 2020, Moles et al.
2021). Missing data was treated as masked (Derkarabetian et al.
2019). Mean (μ) and standard deviation (σ) were visualized with
individuals assigned to clade for the “Western group” dataset. For
the Davis datasets, individuals were assigned to S. maxima based
on carapace length threshold values of 8.5 and 10.0 mm for males
and females, respectively, following Dondale and Redner (1978).
Pairwise Fst values were calculated between localities, as well as between Davis individuals assigned to the two size classes, using the
Weir and Cockerham (1984) method in the R package hierfstat
v0.04-22 (Goudet 1995); R Development Core Team).

Quantitative State Reconstruction
S. cespitum
S. chiricahua
S. maxima
S. mccooki
S. mimula

Fig. 1. Collection locations in western North America. Colors for S. mccooki
are based on phylogenetic group assignment (see Fig. 2). Female (left) and
male (right) S. maxima from Davis, CA shown in inset.

Phylogenomic Analyses
Partitioned concatenation and coalescent-based analyses were conducted on the “All individuals” dataset. Maximum likelihood (ML)
analysis of the concatenated dataset was performed using IQ-TREE
v1.7.beta9 with ultrafast bootstrap approximation and SH-like aLRT
with 1000 replicates (Nguyen et al. 2015, Hoang et al. 2018), and partition models determined by ModelFinder (Chernomor et al. 2016,
Kalyaanamoorthy et al. 2017). Analyses were performed on the
University of California, Davis Farm biocluster. Genealogical concordance of the dataset was also estimated by gene concordance factor (gCF)
and site concordance factor (sCF) (Minh et al. 2020). ML analysis of
individual gene alignments was performed using RAxML v8 with 100
bootstrap pseudoreplicates (Stamatakis 2014). Nodes with bootstrap
support ≤10 were collapsed in the resulting bipartition tree files using
Newick Utilities (Junier and Zdobnov 2010). These trees were used as
input trees in a multispecies coalescent (MSC) tree resampling analysis
(Simmons et al. 2019). Gene-wise resampling was conducted with 100
bootstrap pseudoreplicates and species trees inferred with ASTRAL-III
v5.6.3 (Zhang et al. 2018). A 50% majority-rule consensus tree was generated in Geneious v.10.2.3 (https://www.geneious.com).

Cluster Analyses
Datasets of unlinked SNPs were generated for the “Western group”
and male and female Davis individuals. SNP datasets were converted
to one-hot format following Derkarabetian et al. (2019). Cluster
analyses were performed with the Variational Autoencoder (VAE)
unsupervised machine learning approach described in Derkarabetian

Measurements, in millimeters, of carapace length (CL) were made
for all adult individuals of the “Western group” using Leica v4.13
(Supp File 1 [online only]). Carapace dimensions are considered
fixed in the adult stage and do not vary based on nutrition level as in
the case of the abdomen. We focus analyses of CL on the “Western
group” as sampling was sufficient to assess population structuring
(see Results). Ancestral state reconstruction of the continuous character carapace length was generated with the R package phytools
(Revell 2012) using contMap and phylogenetic signal (Pagel’s
lambda, λ) was computed using phylosig. The best tree topology
from the IQ-TREE analysis was used for character optimization.
Outgroup individuals were pruned using Phyx (Brown et al. 2017),
and branch lengths converted to relative-rate scaled ultrametric
using chonopl (lambda = 0.1) with the R package ape (Paradis et al.
2004). For each “Western group” locality, mean and maximum CL
were calculated for males and females and applied to all individuals
from that locality for reconstruction. For localities with a single representative of one sex, measurements for that individual were used to
represent that locality. For localities that lacked an individual from
one of the sexes, values from geographically proximate individuals
were applied if the localities were members of the same clade. We
did not obtain “Western group” males from Idaho, thus values from
Dondale and Redner (1978) were applied for this clade (Supp File
1 [online only]).

Courtship Behavior
We recorded courtship behavior of males from 16 populations included in this study. Spiders were transported to the University of
Nebraska-Lincoln where they were housed individually in 88 ×
88 × 118 mm (Davis, Utah and Southern California populations)
or 58 × 58 × 78 mm (all other populations) clear plastic containers
(AMAC Plastic Products). Containers had screening affixed to two
internal walls and were covered with opaque tape on four sides to
visually isolate individuals. We maintained the spiders on a 12h:12h
light:dark cycle at 25°C and provided a constant source of water
via a cotton wick protruding through the bottom of each cage into
a reservoir of water below the cage. We fed spiders two crickets
(Gryllodes sigillatus), approximately half the length of the spider,
twice weekly. Most spiders in this study were collected as immatures
and were recorded at least 10 d after their final molt.
The arena used for recording courtship consisted of a sheet of
185mm diameter filter paper (Whatman #1) resting on a metal
frame, with an acetate barrier (150 × 75 × 110 mm) resting on
the filter paper. The walls of the acetate barrier were covered with
white paper with a 20 mm gap left uncovered along the front wall
to allow for filming at floor level. The arena setup was located
within a noise-reducing chamber (500mm × 370mm × 430 mm,
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lined with vinyl PSA and soundproof foam: Super Soundproofing
Co., San Marcos, CA), installed on a vibration isolation table
(50BM-8C, Minus K Technology, Inglewood, CA). The door of
the chamber was left open for recording. The only light source in
the recording room was an LED light (Utilitech #0406106, Lights
of America, Walnut, CA) in the ceiling of the noise reduction
chamber. We used a Sony FDR-AX53 handycam (Sony, Tokyo,
Japan), recording at 120fps, with a laser doppler vibrometer
(Polytec PDV100, Polytec Inc., Irvine, CA) connected to the
microphone port of the camera. The laser doppler vibrometer was
focused on a reflective piece of glitter resting on the filter paper
behind the acetate barrier. For each trial, we placed a female on
the filter paper for at least 30 min to lay down silk and chemical
cues, which induce male courtship. We generally recorded for at
least 5 min after a spider commenced courtship. We recorded one
S. minnesotensis and four S. mccooki from Utah, for all other
populations we recorded between nine and 31 males.

Eastern group

Western
group

Results
3RAD Phylogenomics
For the “All individuals” data set, the total number of loci per individual after filtering ranged from 58 to 1171, with an average per
individual locus number of 803. Read data for each individual is
available in NCBI (PRJNA744497). Sequence alignment and SNP
datasets are available in dryad (https://doi.org/10.25338/B8V64T).
The concatenated alignment consisted of 319702 sites (8531
parsimony-informative) representing 1230 loci, with 40.33% missing
data. The Log-likelihood of the best tree from the ML analysis was
-651062.909 (Fig. 2, Supp Fig. 1 [online only]). Individuals of S.
minnesotensis and S. salsa were used to root the tree. The phylogeny
comprises three well-supported (bootstrap/SH-aRLT = 100%) major
groups that include 1) S. avida (gCF = 47.9%, sCF = 85.8%), 2) a
clade consisting of S. aulonia, S. chiricahua, S. retrorsa, S. communis,
S. cespitum, S. mimula, and S. mccooki from Idaho, Colorado, and
South Dakota (“Eastern group”; gCF = 14%, sCF = 65.8%), and

S. minnesotensis
S. salsa
S. avida
S. retrorsa
S. chiricahua
S. aulonia
S. mimula
S. communis
S. mccooki Idaho
S. mccooki South Dakota
S. mccooki Colorado
S. cespitum
S. cespitum
LYC931
LYC1237
LYC929_all
LYC928_all
LYC1238
LYC930
AUMS24045
AUMS24074
AUMS24069
AUMS24066
AUMS24060
AUMS24058
AUMS24055
AUMS24051
AUMS24052
AUMS24054
AUMS24056
AUMS24061
AUMS24053
AUMS24063
AUMS24062_
AUMS24068
AUMS24073
LYC1194
AUMS24065
AUMS24057
AUMS24342
AUMS24067
AUMS24044
AUMS24064
AUMS24071
AUMS24070
AUMS24072
LYC1193
LYC1021_all
LYC1025
LYC1026_all
LYC1019_all
LYC1029
LYC1028
LYC1022
LYC1023
LYC1020
LYC1030
LYC1027
LYC1024
BME101803
BME101802
BME101804
BME101805
BME101801
BME101344
BME101339
BME101340
BME101338
BME101337
BME101342
BME101341
BME101336
BME101343
BME101783
BME101794
LYC1191
LYC1187
LYC1199
LYC1188
LYC1190
BME101272
BME101273
BME101275
LYC1189
BME101286
BME101300
BME101293
BME101323
BME101290
BME101319
BME101298
BME101301
BME101285
BME101324
BME101325
BME101333
BME101335
BME101799
BME101788
BME101296
BME101331
BME101330
BME101282
BME101257
BME101310
BME101320
BME101263
BME101258
BME101288
BME101326
BME101315
BME101789
BME101283
BME101256
BME101318
BME101332
BME101287
BME101321
BME101314
BME101284
BME101322
BME101260
BME101254
BME101294
BME101279
BME101280
BME101265
BME101327
BME101253
BME101311
BME101786
BME101278
BME101302
BME101312
BME101313
BME101303
BME101316
BME101787
BME101334
BME101281
BME101291
BME101299
BME101328
BME101297
BME101317
BME101308
BME101295
BME101309
BME101785
BME101292
BME101277
BME101259
BME101255
BME101262
BME101276
BME101329
LYC1306
BME101261
LYC1307
BME101264
LYC1133
BME101289

Utah

Southern
California

Angelo
Tollhouse
Chaney
Coloma
Idaho

Davis

Fig. 2. Maximum likelihood tree of the “All individuals” concatenated dataset generated with IQ-TREE. Topology with branch lengths in substitutions/site shown
in bottom left. Black dots indicate deeper nodes with bootstrap and SH-like aLRT both under 90, otherwise deeper nodes are above 90. Support values for
shallow nodes not shown.
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Fig. 3. A 50% majority rule consensus tree from MSC-bootstrap analysis of the “All individuals” dataset. Color labels as in figures 1 and 2.

3) a “Western group” consisting of individuals of S. mccooki from
California, Utah, and Idaho and S. mccooki and S. maxima from
Davis, California (gCF = 30.2%, sCF = 75.3%). The MSC-bootstrap
analysis recovers the same three major groups with full support (Fig.
3). Relationships within the Western group are similar between the
concatenated and MSC analyses with individuals from Utah sister to
all other individuals, a clade of individuals from multiple localities in
Southern California, and a clade of Idaho individuals and remaining
individuals representing more central and northern localities in
California. Relationships within this latter group are less resolved in
the MSC-bootstrap analysis than concatenated analysis.

Population Genomics
For the Western group dataset, 2903 unlinked SNPs were obtained,
with 38.65% missing data. VAE clustering is similar to results of
the phylogenetic analyses (Fig. 4). Utah forms an isolated (nonoverlapping) cluster. Angelo forms two distinct clusters, one of
which is an isolated cluster comprising ten individuals. The second
cluster consists of two individuals and overlaps with the otherwise
isolated Southern California cluster. The two Angelo individuals indicate gene flow persists or ancestral polymorphism is shared with
the Southern California population. However, these two individuals
have relatively few loci (468 and 680) compared to those ten individuals in the isolated Angelo cluster (988–2520), suggesting the
overlap with the Southern California cluster could be an artifact. The
remaining individuals form clusters by locality, with these clusters
partially overlapping. Pairwise Fst values ranged from 0.02 to 0.16
(Table 1) reflecting low to moderate subdivision among localities.

For the Davis male and female datasets, 5256 and 6547 unlinked
SNPs were obtained, respectively. The male and female datasets
have 35.5% and 34.18% missing data, respectively. For both of
these datasets, the cluster from individuals identified as S. maxima
based on carapace length thresholds (7/46 males, 6/31 females) fully
overlap with the S. mccooki cluster (Fig. 5). The estimated Fst value
between S. maxima and S. mccooki was 0.02 for both datasets.

Reconstruction of Carapace Size
For the Western group, the average female carapace length (λ = 0.99)
at the root node was inferred to be an intermediate value falling between the extremes (4.96, 8.67) (Fig. 6). Moderate length increase is
inferred to have evolved independently in the common ancestor of
Chaney, with an extreme size increase in the Davis common ancestor.
On average, carapace length decrease is inferred to have evolved
independently in common ancestors of the Southern California,
Angelo, and Idaho lineages.
For males, the average carapace length (λ = 0.99) at the root node
was also approximately intermediate between the extremes (4.67,
7.04) (Supp Fig. 2 [online only]). Carapace length increase is inferred
to have independently evolved in Utah and the common ancestor of
Chaney, Coloma, Idaho, and Davis. Carapace length decreases independently in Southern California, Angelo, and Tollhouse.
Reconstruction of female maximum carapace length (λ = 0.99)
indicates the common ancestor of the Western group was moderately
small compared to the extremes in our sample (4.96, 12.44) (Fig. 7).
Increase in maximum length evolved in the common ancestor of
Tollhouse, Chaney, Coloma, Idaho, and Davis, followed by a substantial increase for the Davis population. Decrease in maximum
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Fig. 4. Cluster analysis of unlinked SNPs using VAE for “Western group” individuals. Individuals are assigned to clades from the concatenated analysis (see
Fig. 1).

length evolved independently in the common ancestors of Southern
California, Angelo, Coloma, and Idaho.
For males, the maximum carapace length (λ = 0.99) of the common
ancestor of the Western group was also approximately intermediate
(Supp Fig. 3 [online only]). A single pronounced increase in maximum length evolved in the common ancestor of Coloma, Idaho, and
Davis. Decrease in maximum length is reconstructed to have independently occurred in the common ancestors of Southern California,
Angelo, and Tollhouse.

Courtship Behavior
In all 16 populations for which we recorded courtship displays,
males produced substrate-borne vibrations as well as potential visual
signals via movements of the first two pairs of legs. Oscillograms of
examples of substrate-borne vibrations produced by each population are presented in figure 8.
Brief descriptions of S. minnesotensis, S. salsa, S. avida, S.
communis, S. cespitum, S. retrorsa, S. aulonia, and S. mimula can be
found in Supp File 1 (online only). Videos of courtship are available
in the supplemental materials for S. mccooki (Supp video 1 [online
only]: Utah; Supp video 2 [online only]: Southern California; Supp
video 3 [online only]: Angelo; Supp video 4 [online only]: Davis),
S. chiricahua (Supp video 5 [online only]), S. mimula (Supp video 6
[online only]), and eastern S. mccooki (Supp video 7 [online only]:
South Dakota). We provide details of the courtship of S. chiricahua,
however, and one population of S. cespitum in the main text due to
their similarity with courtship from certain S. mccooki populations.

Schizocosa chiricahua courtship involves rapid palpal drumming
while the body is stationary. This drumming is typically followed by
a pause of up to several seconds without any movement. Movement
of the palps while they are held against the substrate between strikes
suggests that some stridulation is also produced. The other main observed behavior is a sudden lifting of one to three legs and striking
them against the substrate several times, sometimes while stepping
forward. The palps usually lift and then contact the substrate again
during these rapid bursts of movement, so it is not clear whether the
palps, legs or both are responsible for generating the sound. Some
individuals sometimes quiver their abdomen during these rapid
leg movements and this appears to be paired with a low amplitude
sound. We were not able to examine S. chiricahua courtship in the
presence of females.
Schizocosa mccooki from South Dakota and S. cespitum from
near Val Marie, Saskatchewan produced courtship very similar to S.
chiricahua. In both populations, the second pair of legs were often
used during the sudden rapid leg movements rather than the first
pair, but different combinations of legs were also used. We examined
courtship in the presence of females for this S. cespitum population
and the same behavioral elements occurred.
The S. mccooki from Utah produced similar palpal drumming
to that described for S. chiricahua, S. mimula and S. mccooki from
South Dakota. They also produced a sudden movement involving
rapid raising and lowering of legs, however, this was usually a
single movement followed by walking forward with the abdomen
quivering and one of the first legs extended forward, raised and also
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Table 1. Pairwise Fst values between Western Schizocosa mccooki collection sites

Chaney
Coloma
Davis
Idaho
Idyllwild
Inaja
Jamul
Mission
Riverside
Tollhouse
Utah

Angelo

Chaney

Coloma

Davis

Idaho

Idyllwild

Inaja

Jamul

Mission

Riverside

Tollhouse

0.08
0.10
0.04
0.03
0.03
0.04
0.05
0.04
0.04
0.09
0.06

0.06
0.02
0.06
0.09
0.10
0.07
0.12
0.09
0.05
0.11

0.04
0.08
0.12
0.14
0.09
0.16
0.11
0.09
0.15

0.03
0.05
0.06
0.04
0.07
0.05
0.04
0.07

0.04
0.05
0.04
0.05
0.04
0.08
0.07

0.03
0.03
0.02
0.02
0.10
0.06

0.04
0.04
0.03
0.11
0.07

0.05
0.03
0.07
0.08

0.04
0.14
0.07

0.10
0.07

0.13

Fig. 5. Cluster analysis of unlinked SNPs using VAE and carapace length of (a) male and (b) female individuals from Davis, CA. Individuals with carapace length
(a) >8.5 mm (male) and (b) >10.0 mm (female) are indicated as S. maxima.

quivering. Sounds are produced during these quivering movements,
but it is not clear whether they are produced via percussion as the
palps tap the substrate, stridulation, tremulation or a combination
of mechanisms.
Courtship among the California populations (Southern
California, Angelo, and Davis) was similar to that of S. mccooki
from Utah; that is, palpal drumming with apparent slight stridulation as well as single sudden movements followed by stepping and
quivering of the abdomen and usually one first leg. We observed
courtship in the presence of females for the Southern California and
Davis populations and observed the same behavior when females
were present as compared to absent.

Discussion
Our phylogenomic investigation of S. mccooki and kin provides insight into a widespread and abundant clade of wolf spiders in North
America. The phylogeny based on 3RAD data presented here shows
S. avida is sister to a clade that consists of S. mccooki, S. maxima,
S. aulonia, S. chiricahua, S. retrorsa, S. communis, S. cespitum, and
S. mimula (Fig. 2, Supp Fig. 1 [online only]). Schizocosa mccooki
is polyphyletic (genealogically non-exclusive), with individuals from
the Great Plains related to other species, and a second group distributed west of the Rocky Mountains (Figs. 1–3). These separate S.
mccooki groups occur in sympatry in part of their ranges, as representatives from both were collected at one locality in southwestern
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Fig. 6. Ancestral state reconstruction of female average carapace length (mm).

Idaho (Fig. 1). Eastern group S. mccooki are closely related to S.
cespitum, which is distributed in the northern Great Plains. These
geographically cohesive and morphologically and behaviorally
similar species may be synonymous, but additional sampling is
required to test species limits in this complex. There is considerable uncertainty in relationships among S. aulonia, S. chiricahua,
S. retrorsa, S. communis, S. mimula, and S. cespitum + Eastern S.
mccooki (Figs. 2 and 3, Supp Fig. 1 [online only]). The phylogenetic
placement of S. retrorsa differs in the concatenated and MSC-boot
trees, and support values are generally low for many relationships
(i.e., <70% bootstrap support for most species relationships in the
MSC-boot analysis, and gCF <15% and sCF <70% in the concatenated analysis). That these nodes remain unresolved after applying
rapidly evolving loci suggests genealogical discordance is prevalent,
possibly due to these species being sourced from a large population
and/or a radiation that occurred rapidly in succession (Degnan and
Rosenberg 2009).
Our dense genetic sampling of western S. mccooki and S.
maxima reveals an isolated population in Utah and a large population that extends from Southern California to southwestern Idaho
(Figs. 1 and 4). Genetic structuring occurs in this large population,
as evidenced by phylogenetic groupings associated with locality
(Figs. 2 and 3); however, cluster analysis of SNP data and low Fst
values (average pairwise Fst = 0.07) indicate potential for recent or

ongoing gene flow (Table 1; Fig. 4). Schizocosa maxima, collected
in Davis, is also nested within this large population, clustering with
S. mccooki individuals from Davis. The genetic data presented here
does not support S. maxima genealogical exclusivity. Instead, the
Davis population more closely resembles a panmictic population
(Fig. 5), which is further evidenced by an extremely low Fst value
(0.02). In addition, the continuous range in carapace length for both
males and females in Davis is consistent with a single group, rather
than distinct carapace length modes indicative of divergent lineages.
Thus, we infer this western group more likely comprises a single lineage of S. mccooki with varying degrees of allopatric or parapatric
genetic divergence rather than distinct sister species of S. mccooki
and S. maxima.
Although the genetic data presented here does not support genealogical exclusivity of S. mccooki and S. maxima lineages, investigation is needed into mechanisms of reproductive isolation. In the
S. ocreata/ (Hentz, 1844)/S. rovneri Uetz & Dondale, 1979 species
complex, one Mississippi population consists of ornamented and
non-ornamented individuals that exhibit premating reproductive
isolation via allochrony, microhabitat specialization, and strong
preference for males by females that share paternal vibratory and
visual signals (Hebets and Vink 2007, Hebets et al. 2013, FowlerFinn et al. 2015, Gilman et al. 2018). Patterns indicating genetic isolation between these morphs is not apparent, suggesting speciation
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Fig. 7. Ancestral state reconstruction of female maximum carapace length (mm).

is incipient in this S. ocreata/S. rovneri population. In Davis,
California, S. mccooki and S. maxima were collected alongside each
other multiple times over the late Spring through early Fall, all on the
University of California, Davis campus. Allochrony, microhabitat
preference, and prey availability are not obvious significant selective
forces for size difference in the Davis population, but further investigation into these ecological factors is needed. Assortative mating or
competition could drive the extreme size range in the Davis population, but lack of distinct size modes suggests selection for extremes
(or against intermediates) is not occurring. Mating trials within this
population are needed to assess the degree to which compatibility
and preference are affected by body size.
We observe geographic population structuring with rare sympatry in the western S. mccooki group (Figs. 1 and 2), which contrasts
with many eastern species of Schizocosa (e.g., Schizocosa ‘Ocreata’
group; Stratton 2005) where sympatry with congeners is common.
Multiple eastern species of Schizocosa share part or all of their range
with a sibling species but maintain reproductive isolation via species
specific vibratory and visual courtship behavior, allochrony, microhabitat specialization, or a combination of these factors (Stratton
and Uetz 1986, Gilman et al. 2018, Hebets et al. 2021). Multiple
sympatric sibling species markedly contrast in male secondary sexual
selection characters, in particular the presence or absence of foreleg
pigmentation and dense bristles. Allopatric/parapatric divergence
in the western S. mccooki group is not associated with pronounced

differences in secondary sexual characteristics, genital morphology, color patterns, or somatic characters. However, the western
S. mccooki group exhibits remarkable size plasticity, with carapace
lengths of the largest males and females 2.3 and 2.8 times, respectively, that of the smallest individuals. This exceeds the size difference
within all other nominal species of Schizocosa in North America,
with the closest size difference occurring within S. stridulans at 1.5
and 1.6 times for males and females, respectively (Dondale and
Redner 1978, Uetz and Dondale 1979, Stratton, 1991, 1997).
Consistent with the lack of divergence in secondary sexual characters, genital morphology, color patterns, or somatic characters, we
did not find evidence of marked divergence in courtship behavior
within the western S. mccooki group. However, the western and
eastern groups appear divergent in their courtship displays. The
western clade (Davis, Southern California, Angelo and Utah) exhibit
two distinct sets of behaviors during courtship— 1) strong and rapid
palpal drumming that may also include some slight stridulation, and
2) a single sudden burst of rapid movement followed by a sound
associated with quivering of the abdomen (Fig. 8; Supp videos 1–4
[online only]). This sound could involve stridulation, tremulation or
a yet to be identified mechanism (Rosenthal et al. 2021). In contrast,
S. mccooki from South Dakota as well as S. mimula, S. chiricahua
and S. cespitum from near Val Marie, Saskatchewan exhibit similar
palpal drumming as above, but tend to produce bouts of multiple
rapid movements without a clear pulse of the sounds associated
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Fig. 8. Waveforms from substrate-borne vibrations produced by males in response to female pheromone cues. Phylogeny is based on maximum likelihood
analysis of the concatenated dataset generated with IQ-TREE (see Fig. 2).

with abdomen movement (Fig. 8; Supp videos 5–7 [online only]).
Courtship from these populations appears to match descriptions
of S. mccooki courtship published previously for populations
from New Mexico (Stratton and Lowrie 1984) and Saskatchewan
(Buckle 1972). Given our observations that genetically distinct
populations of Schizocosa appear to share some courtship elements,
but not others, future research should focus on reciprocal mating
trials to determine the extent to which courtship components may,
or may not, facilitate inter-population matings.
Examination of population structuring and intraspecific trait
variation across a species range can allow for assessment of character evolution across diverse ecological conditions and enhance inference into mechanisms of speciation. Size variation occurs both
within and amongst localities in the western S. mccooki group, as
evidenced by the rapid shifts in average and maximum size observed
among phylogeographic groups (Figs. 6 and 7, Supp Figs. 2 and 3
[online only]). The next steps are to examine the role that size variation might play in reproductive isolation and/or sexual selection.
For example, mating trials with individuals from different levels of

evolutionary divergence could be conducted to determine what role
body size has, if any, in reproductive isolation. Body size differences
may provide a physical barrier to successful coupling and/or sperm
transfer, or may be associated with prezygotic or postzygotic barriers
to gene flow. Additionally, or alternatively, selection for body size
may vary across geographic regions in terms of female preferences.
Determining the predictors of mating success between females and
males within populations (e.g., courtship rate, body size, etc.) may
provide insight into how selection may, or may not, differ across geographic ranges (e.g., Watts et al. 2019). Preliminary evidence from
the Angelo populations, for example, suggests that females prefer
larger sized males (Rosenthal et al. in prep). Exploring similar patterns in other populations, as well as examining the role that femaleto-male size (i.e., sexual size dimorphism) has on mating success
will help determine if and how sexual selection acts on body size in
this group.
Body size is a complex trait that is influenced by both environmental and genetic factors. Our samples were mostly collected
as adults from the field rather than raised from a juvenile stage
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under common garden conditions. Thus we cannot account for the
role of variation in environmental conditions on the phenotypic
variability we observe. Schizocosa ocreata raised in captivity under
different feeding regimes are, on average, larger in body size, mature faster, develop more robust ornamentation, and survive better
under high nutrition quantity, which shows that indicators of
mate quality are condition dependent and can vary with foraging
success (Uetz et al. 2002b). Males of both S. crassipalpata and S.
bilineata raised in captivity under a high diet regime have larger
cephalothorax width than those under a low diet regime (Hebets
et al 2021). Schizocosa crassipalpata, which lack ornamentation,
produce more vibratory courtship signals under a high diet treatment compared to low diet treatment, and S. bilineata, which possess ornamentation in the form of a tibial brush, have greater brush
area under high diet treatment compared to low diet treatment.
Similar condition-dependent patterns of size, secondary sexual
trait expression, and/or mate choice have been found in other
Schizocosa species (Mississippi S. ocreata (Hebets et al. 2008c);
S. floridana (Rosenthal and Hebets 2012); S. uetzi (Shamble et al.
2009) and even in Rabidosa rabida (Wilgers and Hebets 2011)),
among others. Local environmental conditions may not only influence body size, but also associated traits related to successful reproduction (e.g., secondary sexual trait expressions, courtship rate).
The Eastern species of Schizocosa that have been of predominant focus in behavioral research to date (‘Ocreata’ group and
kin) tend to be habitat-specific—e.g. living in grassy fields, pine
forests, or deciduous forests (reviewed in Hebets and McGinley
2019)—with vibratory signaling closely tied to substrate-specific
transmission properties (Hebets et al. 2008b, Elias et al. 2010, Choi
et al. 2019, Rosenthal et al. 2019). In contrast, S. mccooki localities in our study vary considerably in ecological conditions among
populations. For example, the Utah collection site is at ~1660
m elevation and consists of talus slope with sagebrush in mountainous terrain. The Davis collection site, at an elevation of just
~13.5 m, consists of grass fields and is surrounded by dense agriculture. The extent to which the western Schizocosa are limited or
constrained by microhabitat remains an open question, as does the
potential role, or lack thereof, of microhabitat on species-specific
signaling and/or reproductive isolation. Differences in habitat heterogeneity and substrate structure, for example, between eastern
(e.g. grass, leaf litter, pine litter) and western (e.g. gravel, sand,
rock) regions may be an important contributor to species-specific
signaling and associated reproductive isolation. Future research
should focus on microhabitat structure as it relates to population
ranges as well as behavior and mating success. These western species of Schizocosa undoubtedly warrant further study because they
may be ideal models for investigating the relationship between
body size, multimodal courtship behavior, physiological trait evolution, and adaptation. Resolving phylogenetic relationships and
revealing population structure in S. mccooki and kin will facilitate
future focused studies.

Conclusions
Our phylogenomic interrogation of the western S. mccooki group
provides a framework for studies addressing reproductive isolating
mechanisms across hierarchical levels of genetic divergence.
Western S. mccooki comes into secondary contact with a lineage,
defined here as “eastern S. mccooki”, that falls within a deeply divergent clade that includes morphologically distinct species (e.g., S.
aulonia, S. retrorsa). By contrast to the morphologically and behaviorally distinguishable sympatric species S. ocreata and S. rovneri,
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the two lineages of S. mccooki do not exhibit obvious mechanisms of reinforcement of reproductive isolation. Investigation is
needed into the ecological (e.g., allochrony) and behavioral traits
that reinforce species upon secondary contact. Within the western
S. mccooki group, genetic divergence appears to be driven, in part,
by allopatry. The Utah and Southern California populations are
phylogenetically divergent lineages suggesting gene flow with other
lineages has been absent or limited for a considerable period. The
geographically proximate populations in central and northern
California partially overlap in the cluster analysis but clearly are
not a panmictic population despite lacking obvious barriers to gene
flow. The Idaho population, which is geographically most proximate to the Utah population but most closely related to populations from northern California, may be part of a recent and rapid
northern range expansion. Although further sampling is needed
to completely decipher the population structuring of S. mccooki,
our sampling shows that incipient speciation may be occurring
in species of Schizocosa without obvious morphological change.
Behavioral experiments at different levels of phylogenetic divergence can be conducted to determine reproductive isolation and
species limits.
We hypothesize that the pattern of divergence in behavior that is
expected to be neutral, for example in allopatric populations, should
differ from patterns of divergence in behavior where populations are
sympatric or parapatric and genetic divergence is incipient. This hypothesis requires future testing. We also observe extreme body size
differences within the western S. mccooki group, which provides a
model for future research on the role of body size in sexual selection
and potentially speciation. We find that gigantism is not associated
with a genealogically exclusive lineage (i.e., S. maxima); instead,
large individuals are members of a panmictic Davis population that
includes a wide size range. Examination of the environmental (e.g.,
nutrition level during development) and heritable (e.g., quantitative trait loci) factors that influence the body size phenotype is warranted, as well as sources of selection on size including male-male
competition, female choice, and physiological adaptation.
From a taxonomic perspective, our phylogenomic dataset indicates that reevaluation of species limits is needed in the western
Schizocosa clade. The generally conserved somatic and genitalic
morphology, as well as subtle variation in color patterns, make
delimitation of species with traditional taxonomic methods particularly challenging. Dense phylogenomic sampling of Schizocosa
from the Great Plains and mid-west of North America, particularly
S. communis (Emerton 1885), S. cespitum (Dondale and Redner
1978), and S. mccooki (Montgomery 1904), should reveal whether
these represent distinct genealogically exclusive groups or are geographic variants of a single species. Deep population structuring in
the western S. mccooki clade shows that significant reproductive
isolating mechanisms are present or were so in the past. Analyses of
multimodal behavior can help determine if reproductive isolation is
complete and these populations should be delimited as unique species, or if they are likely to admix once in contact and represent a
single species.
Given the lack of genomic divergence between individuals across
the range of body sizes at the Davis, CA collection site, we hypothesize S. maxima Dondale and Redner, 1978, is likely a junior synonym
of S. mccooki. However, we forgo making any formal nomenclatural changes pending future genetic, morphological, and behavioral
studies of this species complex, and would suggest that maintaining
the current nominal species designations provides a useful hypothetical framework for these future tests. Moreover, despite sampling
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at multiple localities in California, we obtained S. maxima from a
single site. Sampling S. maxima from additional localities is needed
to better test our hypothesis and to determine the underlying causes
of gigantism in Schizocosa.

Supplementary Data
Supplementary data are available at Insect Systematics and
Diversity online.
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