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abstract: Transitions from sexual to asexual reproduction have
occurred in numerous lineages, but it remains unclear why asexual
populations rarely persist. In facultatively parthenogenetic animals,
all-female populations can arise whenmales are absent or become ex-
tinct, and such populations could help to understand the genetic and
phenotypic changes that occur in the initial stages of transitions to
asexuality. We investigated a naturally occurring spatial mosaic of
mixed-sex and all-female populations of the facultatively parthenoge-
netic Australian phasmid Megacrania batesii. Analysis of single-
nucleotide polymorphisms indicated multiple independent transi-
tions between reproductivemodes. All-female populations hadmuch
lower heterozygosity and allelic diversity thanmixed-sex populations,
but we found few consistent differences in fitness-related traits be-
tween population types. All-female populations exhibited more fre-
quent and severe deformities in their (flight-incapable) wings but
did not show higher rates of appendage loss. All-female populations
also harbored more ectoparasites in swamp (but not beach) habitats.
Reproductive mode explained little variation in female body size, fe-
cundity, or egg hatch rate. Our results suggest that transitions to par-
thenogenetic reproduction can lead to dramatic genetic changes with
little immediate effect on performance. All-femaleM. batesii popula-
tions appear to consist of high-fitness genotypes that might be able to
thrive for many generations in relatively constant and benign envi-
ronments but could be vulnerable to environmental challenges, such
as increased parasite abundance.
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Introduction

The pervasiveness of sexual reproduction in multicellu-
lar animals has remained a mystery for more than a cen-
tury. Parthenogenetic strategies avoid physically costly
sexual encounters, enjoy increased colonialization abil-
ity, and do not spend resources creating males that con-
tribute minimally to offspring (Smith 1978). Yet sex is
nearly ubiquitous across the animal kingdom.
Efforts to explain the prevalence of sexual strategies have

sought to identify the advantages that sexual reproduction
offers, particularly in the long term (reviewed in Barton
and Charlesworth 1998; Otto and Gerstein 2006; Hadany
and Comeron 2008; Neiman and Schwander 2011). Sex
generates genotypic diversity, thereby potentially facilitat-
ing adaptation (Fisher-Muller effect: Fisher 1930; Muller
1932; Crow and Kimura 1965; Colegrave 2002; Cooper
2007; Becks and Agrawal 2012; Park and Krug 2013).
Other hypotheses focus instead on the long-term conse-
quences of asexuality (Bell 1982; Howard and Lively 1994;
Agrawal 2006; Park et al. 2010). In particular, the accumu-
lation of deleterious alleles in nonrecombining animals
could result in a reduction of mean fitness due to increased
mutation load (i.e., Muller’s ratchet; Muller 1964), which
can lead to population extinction (Chao 1990; Lynch and
Gabriel 1990; Lynch et al. 1993; Loewe and Cutter 2008).
Many studies have compared costs and benefits of sex and
parthenogenesis between closely related sexual and asexual
species (Kimmerer 1994; Tarkhnishvili et al. 2010; Bast
et al. 2018). Consequently, most knowledge of shifts to
asexuality comes from studying ancient transitions and
sheds light on the features of successful ancient asexuals
(e.g., Loewe and Lamatsch 2008; Schlupp 2010; Fontaneto
et al. 2012; Larose et al. 2018). However, the initial stages
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of such transitions and the features of young asexual line-
ages are less well known.
In animals, asexual lineages typically arise from sexual

ancestors (Butlin 2002), but transitions to asexuality are
thought to be impeded by constraints on the evolution
of developmental mechanisms that decouple development
from fertilization (reviewed inEngelstädter 2008). Inmam-
mals, asexual reproductionmight be precluded by genomic
imprinting (Reik andWalter 2001). Inmany animals, sperm
activates eggs and provides centrioles to form centrosomes
(Manandhar et al. 2005), and transitions to asexuality may
depend on the evolution of sperm-independent develop-
ment, diploidy restoration, and alterations to meiosis in
the zygote. Even when only the maternal genome is trans-
mitted to the offspring, the need for activation of the egg
by the sperm is often retained (pseudogamy or gynogenesis;
Beukeboom and Vrijenhoek 1998). Phasmids (order Phas-
matodea, which includes the stick and leaf insects) have
overcome this obstacle because they form centrosomes from
exclusively maternal components (Marescalchi et al. 2002;
Scali 2009). In clades such as Phasmatodea that have over-
come sperm dependence, parthenogenetic reproduction usu-
ally occurs via one of two general mechanisms of diploidy
restoration: apomictic parthenogens foregomeiosis entirely
and produce eggs throughmitosis, whereas automictic par-
thenogens undergo a modified form of meiosis involving
crossing over between maternal chromosomes.
Apomictic and automictic parthenogenesis are expected

to have different genetic consequences for the lineage (re-
viewed in Stenberg and Saura 2009). Most studies on
young asexual lineages and the consequences of transitions
to asexuality have focused on apomictic parthenogens,
which often arise via hybridization (Parker 1979; Kearney
and Shine 2004; Kearney et al. 2022). In apomicts, theory
predicts that heterozygosity levels will be retained over
many generations of asexual reproduction and possibly
even increase owing to mutations or polyploidy, as shown
in Timema stick insects (Schwander and Crespi 2009).
Apomictic lineages may therefore be expected to experi-
ence little or no reduction in performance relative to their
sexual ancestors. By contrast, few studies have investigated
the genetic or phenotypic consequences of transitions from
sexual reproduction to automictic parthenogenesis. In
automicts, heterozygosity is predicted to decrease at rates
of 0%–100% per generation, depending on the meiotic
mechanisms involved (reviewed in Stenberg and Saura
2009). This reduction in heterozygosity is expected to ex-
pose deleterious recessive alleles as well as to deplete allelic
diversity, thereby resulting in reduced performance in the
short term and reduced ability to adapt to environmental
change on longer timescales. However, while the genomic
consequences of automixis have been investigated in the
laboratory (reviewed in Jaron et al. 2021) or modeled
mathematically (Engelstädter 2017), much less is known
about how such changes are manifested in wild popula-
tions, and even less is known about their phenotypic and
fitness consequences in natural environments (but see
Morgan-Richards et al. 2019; Jaron et al. 2022). A number
of studies have compared the performance of sexual and
asexual animals in the laboratory (Browne et al. 1988;
Kenny 1996; Cullum 1997; Mee et al. 2011; Sukumaran
andGrant 2013), but given the strong environment depen-
dence of life history and fitness (Sæther and Engen 2015),
there is a need for research onwild populations in fully nat-
ural environments. Do natural populations that have un-
dergone recent transitions to automictic parthenogenesis
experience the predicted declines in heterozygosity and al-
lelic diversity? To what extent do these genomic changes
affect performance in the wild?
In facultatively parthenogenetic animals, every female

can engage in sexual or asexual reproduction depending
on whether mating and fertilization occur (Normark 2003).
Such animals therefore appear to have the potential to reap
the benefits of both modes of reproduction while avoiding
many of the costs (D’Souza andMichiels 2010). Facultative
parthenogenesis can also be an intermediate stage between
obligate sexuality and obligate asexuality (Schwander et al.
2010). Notably, many facultatively parthenogenetic ani-
mals exhibit a geographic pattern where some populations
consist of both sexes and reproduce sexually while other
populations consist of females only and reproduce asexu-
ally. This phenomenon, known as geographic partheno-
genesis (GP), has been reported in Opiliones (Burns et al.
2018), mayflies (Tojo et al. 2006), phasmids (Law and
Crespi 2002; Morgan-Richards et al. 2010), and others (re-
viewed in Glesener and Tilman 1978; Kearney 2005; Hö-
randl 2006; Vrijenhoek and Parker 2009). GP animals pro-
vide valuable opportunities to investigate the immediate
effects that follow the establishment of asexual populations,
a process that can involve unmated females colonizing new
areas or males becoming locally extinct. Newly established
asexual populations may show founder events and genetic
bottlenecking due to the lack of sexual recombination, but
the maintenance of heterozygosity in such populations is
expected to depend largely on whether they engage in apo-
mictic or automictic parthenogenesis. The short-term ge-
netic and phenotypic effects of such transitions could deter-
mine whether asexual populations persist or suffer rapid
extinction. Yet very little is known about the relative perfor-
mance of all-female versus mixed-sex populations of such
species.
The “peppermint stick insect,” Megacrania batesii, is a

flightless facultative parthenogen endemic to the wet trop-
ics of far-northQueensland, Australia (Cermak andHasen-
pusch 2000), as well as the Solomon Islands and other
Pacific islands (Van Herwaarden 1998). When M. batesii
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females mate, they create a mixed-sex brood of sexually
produced offspring. However, females can also reproduce
via thelytoky, whereby females that avoid mating produce
all-female broods from unfertilized eggs. Some phasmids
occasionally produce male offspring from unfertilized eggs
(Pijnacker and Ferwerda 1980; Scali 2009; Brock et al.
2018), but it is not known whether M. batesii can do so.
Cermak and Hasenpusch (2000) reported the existence of
amixed-sex population near Cape Tribulation, Queensland,
and two isolated all-female populations ∼150 km farther
south. However, we recently discovered a complex geo-
graphic mosaic of populations with contrasting sex ratios
throughout the species range. Females in all-female popu-
lations do not show obvious morphological differentiation
from females in mixed-sex populations. Since sexual re-
production is believed to be the ancestral reproductive
mode in phasmids (Schwander and Crespi 2009), we as-
sume that all-female populations of this species are de-
scended from mixed-sex sexual populations.
In this study we describe the geographic variation in sex

ratio and reproductive mode in wild populations of M.
batesii. We then use these populations to investigate the
consequences of transitions to asexual reproduction in
wild populations within their natural habitats. In particu-
lar, we aimed to determine (1) whether incipient tran-
sitions to asexuality (i.e., parthenogenetic reproduction)
are associated with reduced allelic diversity and hetero-
zygosity, as predicted by theory and shown by empirical
studies on other species (Stenberg and Saura 2009), and
(2) whether such genetic changes are associated with re-
duced performance in fitness-related traits, including fe-
male body size, fecundity, egg hatching success, appendage
deformity and loss, and ectoparasite load. Megacrania
batesii occurs in twomain types of habitat: rainforest along
beachmargins (where it feeds on Pandanus sp. host plants)
and swampwithin closed-canopy rainforest (where it feeds
on Benstonea sp. host plants). We therefore also asked
whether phenotypic and genotypic parameters are affected
by habitat type. As our focus is on the impact of transitions
in reproductive mode on functionality in natural environ-
ments, we report phenotypic data collected from individu-
als observed in natural populations rather than from their
lab-reared descendants.
Methods

Study Locations

We investigated Megacrania batesii populations along
∼33 km of coastline north of theDaintree River inQueens-
land, Australia. We also investigated two isolated all-female
populations (reported previously by Cermak and Hasen-
pusch 2000) located ∼160–180 km south of the Daintree
River at Etty Bay and Bingil Bay. Megacrania batesii were
observed and sampled from habitat along Cape Tribula-
tion Road and Kimberley Road; in Forest Creek Village,
Cow Bay Village, and Cape Tribulation Village and adja-
cent beaches; and at Emmagen Creek and Etty Bay and
Bingil Bay beaches. Our study encompassed nearly all of
the known range ofM. batesii inAustralia. Aside from these
locations,M. batesii has been reported in the Atlas of Living
Australia or on iNaturalist at a few isolated locations south
of the Daintree River, but we were unable to locate anyM.
batesii individuals there. Potential M. batesii habitat also
occurs in adjacent mountainous rainforest areas within
∼30 km of the coast, but most of these areas are inaccessible
and were not included in our study.
Population Sex Ratio and Phenotyping

A total of 1,324 wild M. batesii individuals were photo-
graphed on their host plants at multiple locations in
2019 (N p 258), 2020 (N p 283), 2021 (N p 259), and
2022 (N p 524) to quantify sex ratio and collect pheno-
typic data. Fieldwork was carried out each year between
late January and early March, which corresponds to the
summer/wet season whenM. batesii adults and final-instar
nymphs are abundant but early-instar nymphs are rare (R.
Bonduriansky, unpublished data). Surveys were done dur-
ing daylight hours at all locations. However, at locations
NN and NS, where taller Pandanus sp. trees grow in
clusters along the beach, we also conducted nightime sur-
veys (between 9 p.m. and midnight), using flashlights to
spot and photographM. batesii individuals in the canopies.
During the day,M. batesii individuals typically sat motion-
less in the grooves of host plant leaves (fig. 1); after dark,M.
batesii individuals were often observed feeding on host
plant leaves and were therefore more easily seen in taller
Pandanus sp. trees. At each location, we scanned all of
the host plants (Pandanus sp. or Benstonea sp.) that had
the characteristic chew marks produced by M. batesii
(see Cermak and Hasenpusch 2000) and recorded the
presence, developmental status (nymph or adult), sex
(for adults and some nymphs that were developed enough
to determine sex without microscopic examination), and
pairing status (single female, single male, or male-female
pair) of each M. batesii individual seen.
Although it is likely that we failed to spot some individ-

uals, our surveys should nonetheless represent differences
between locations in the relative abundance, sex ratio, and
phenotype of M. batesii. The M. batesii populations sur-
veyed were classified as all female if only females were
seen and as mixed sex if both sexes were seen. Localities
with numerous individuals could be differentiated as all fe-
male or mixed sex because males, when present, are easy to
distinguish from females by their body shape and wing
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length (see fig. 1). In mixed-sex populations, most adult
females are continuously guarded by males (Boldbaatar
2022). One location (B1) where a few females (but nomales)
were found and eggs collected from plants produced only fe-
male hatchlings was designated a putative all-female popu-
lation. One population (NN) was consistently all female in
2019–2021, but in 2022 males were found there. This tran-
sitional population was excluded from phenotypic analyses
comparing sexual and asexual populations.
Each adult and nymph seen in the field was imaged in

situ on its host plant using a Sony RX10-IV camera. When
possible, a transparent plastic scale attached to a thin metal
Figure 1: Megacrania batesii on its host plants.A, Adult female from an all-female population onPandanus sp.B, Adult female from amixed-sex
population on Pandanus sp. C, Adult male on Benstonea sp.D, Female guarded by male on Benstonea sp. A color version of this figure is available
online.
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rod was held next to the adult insect so that body size could
bemeasured from the image (fig. S1; figs S1–S7 are available
online). In most cases this procedure did not appear to dis-
turb the insects, since no movement or defensive reaction
(retreating, jumping off the leaf, or spraying of defensive
fluid) was observed. From the images, ImageJ (Schneider
et al. 2012) was used to measure the length of the pro-
thoractic notum (pronotum) and scale. Pronotum length
was then calculated in centimeters as a measure of body size.
Wemeasured pronotum length because this part of the body
was consistently visible in the photos, including photos of
females being guarded by males. The photos were also used
to record the number of missing legs and antennae (fig. 2).
Leg and antennae loss in arthropods is an indication of poor
condition that could result from predator attack or problems
with molting (Maruzzo et al. 2005). We also recorded the
presence of black spots indicative of fungal/bacterial infection
and the presence of arthropod parasites (mites or biting
midges) on the cuticle (fig. 2). Finally, we recorded the pres-
ence and severity of wing deformities (fig. 3). Normal wings
are held flat over the dorsal thorax of the insect, with one
wing overlapping the other. Mild wing deformities were de-
fined as normally shaped wings held apart (not overlapping),
whereas severe wing deformities were defined as wings that
were highly abnormal in shape or position.
In 2019 and 2020 we collected 1,418 eggs from several

wild-collectedM. batesii females and sexed 670 hatchlings
from those eggs to verify that females in all-female popula-
tions were reproducing asexually while females in mixed-
sex populations were reproducing sexually. Wild-collected
females were kept in mesh cages for 7–12 days, fed on
Benstonea sp. or Pandanus sp. leaves, and then released
at the site of capture. Females that were mating or guarded
by males when collected were housed together with the
male. Eggs laid by wild-collected females were counted
and then kept in containers with moist coco peat at ∼277C
until hatching in controlled-temperature rooms at Univer-
sity of New South Wales (UNSW), Sydney. Fecundity was
quantified for each wild-collected female as the number
of eggs laid per day over 7–12 days, and egg viability was
quantified as the hatching rate of these eggs. Because M.
batesii adults can live for many months (R. Bonduriansky,
unpublished data) andwewanted to avoid collecting adults
from the field to minimize impact on the natural popula-
tions, our estimates of fecundity and egg hatch rate are
short-term snapshots that we assume to be representative
of variation in female lifetime reproductive performance.
Hatchlings were sexed according to the morphology of
the eighth and ninth abdominal sternites (fig. S2), and
hatchling sex ratio was used to assess reproductive mode
in the natural source populations. Fertilized eggs hatch into
either males or females and result in mixed-sex broods (in-
dicative of sexual reproduction), whereas unfertilized eggs
typically hatch into females only (indicative of parthenoge-
netic reproduction).
DNA Sampling, Extraction, and Purification

In 2020 and 2021 midlegs were collected from wild
nymphs or adults for DNA sequencing by pinching the
leg with sterile tweezers, causing the insect to autotomize
the pinched leg. A few additional samples were obtained
from adults that died in cages during egg collection or from
whole first-instar nymphs collected in the field. Samples
were stored in pure ethanol at 47C in the field and then at
2807C at UNSW until DNA extraction.
Figure 2: Megacrania batesii individuals with ectoparasites or
missing appendages. A, Female with an engorged biting midge (ar-
row). B, Female with mites (arrow). C, Male with fungal/bacterial
infections on his legs and wings (arrows) and two legs missing. A
color version of this figure is available online.
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Isolation of DNA was conducted using the Gentra
Puregene tissue kit (4 g) from Qiagen according to the
manufacturer’s protocol (“DNA Purification from Mouse
Tail Tissue Using the Gentra Puregene Mouse Tail Kit”)
with slight modifications to suit the study species (http://
www.qiagen.com). Specifically, before adding 1.5 mL of
Puregene Proteinase K to the lysate, the samples were
subsampled and placed in 2 mL of free-standing screw-
capped tubes. Then three 5-mm glass beads and approxi-
mately five to ten 1-mm silicon beads were placed in the
tubes with the samples. The tubes were placed in a
FastPrep-24 (MP Biomedicals) homogenizer and run on
two 25-s cycles to break down the sample exoskeleton. Fol-
lowing homogenization, 1.5 mL of Puregene Proteinase K
was added to the lysate, and the rest of the manufacturer’s
protocol was followed.
Isolates from a total of 178 field-collectedM. batesii indi-

vidualswere sent toDiversityArrays Technology (Canberra,
Australia) for whole-genome reduced-representation geno-
typing using the DArTseq protocol. Genome complexity
reduction was performed using a restriction enzyme dou-
ble digest of PstI and HpaII. Next-generation sequencing
of amplification fragments was conducted on the Illumina
Hiseq 2500 (http://www.illumina.com), producing 1,384,779
single-end reads of raw data. Single-nucleotide polymor-
phisms (SNPs) were then called using the DArTsoft ana-
lytical pipeline (Kilian et al. 2012).
Quality Control Filtering

The DArTsoft pipeline was used to calculate quality pa-
rameters, including call rate, reproducibility, and poly-
morphic information content (PIC). The initial dataset
provided by DArTseq consisted of 12,977 SNPs across
the 178 samples. Thirteen samples were omitted from anal-
ysis because of extensive missing data (130%). An addi-
tional five samples were excluded because of apparent
mislabeling or because a single individual was sampled
from a location and its genetic affinity could not be deter-
mined with confidence. A total of 12,518 polymorphic
DArTmarkers were generated for the retained 155 samples.
Before quality control filtering, the mean repeatability was
0.987, andmore than 50% of SNPs had reproducibility over
99% (see fig. S3). The mean minor allele frequency by locus
was 0.18 but varied across locations, with all-female popu-
lation samples having higher levels of minor alleles com-
pared with mixed-sex population samples. The mean call
rate was 0.95, and 95% of SNPs had a call rate above 75%.
The PIC value of SNPmarkers ranged from 0.0 to 0.5, with
a mean of 0.239 and median of 0.228.
Figure 3: Megacrania batesii females with normal wings (A), slightly deformed wings (B), and severely deformed wings (C). A color version of
this figure is available online.

http://www.qiagen.com
http://www.qiagen.com
http://www.illumina.com
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DArTseq sequences were filtered using dartR (Gruber
et al. 2018). Various filter parameters were tested to deter-
mine suitable filters, and SNP sequences matching the fol-
lowing parameters were removed from the dataset: average
reproducibility ! 95%, call rate ! 75%, minor allele fre-
quency (MAF) ! 0.05, and a read depth ! 3. Quality con-
trol filtering removed 4,151 SNPs, or 33.16% of SNPs (see
table S1; tables S1–S9 are available online). After quality
control, 8,367 high-quality SNPswere identified for further
analysis.
Phenotypic Analysis

All phenotypic analyses were conducted in R (ver. 4.0.2; R
Core Team 2019). The package MCMCglmm was used to
model variation in phenotypic traits using a mixed model
approach (Hadfield 2010). We carried out a separate anal-
ysis for each response variable (untransformed), with re-
productivemode (assumed to be sexual formixed-sex pop-
ulations and asexual for all-female populations), habitat
type (Benstonea swamp or Pandanus beach), and their in-
teraction modeled as fixed effects. Model specifications are
shown in table S2. All models also included year and a ma-
trix representing genetic structure as random effects.
Sample sizes differed for different phenotypic variables

(for all summary statistics, see table S3). Pronotum length
was analyzed with a Gaussian model. Presence of fungal/
bacterial infections and arthropod parasites were com-
bined into one response variable (ectoparasites) analyzed
with a categorical (binary) model. The summed number
of missing legs and antennae was modeled as a single re-
sponse variable. This was analyzed with a Poisson model
because there were no individuals with all appendages
missing, and thus, in practice, there was no upper bound
on the variable. Presence/absence of mild and severe wing
deformities was analyzed with categorical (binary) models.
Hatching success of eggs collected from wild females was
also analyzed as a binary variable representing success or
failure to hatch for each egg. Fecundity (number of eggs
laid per day) was analyzed using a Gaussian model.
Host plant type is strongly correlated with habitat type,

with Pandanus sp. host plants typically growing along
beach margins and Benstonea sp. host plants growing
along margins of streams and swamps in closed-canopy
rainforest. We therefore characterized habitat type as Pan-
danus beach or Benstonea swamp. All models initially in-
cluded the interaction between reproductive mode and
habitat, but this interaction was dropped if its inclusion
increased the deviance information criterion. However, the
main effects of reproductive mode and habitat type were
retained in all models (see table S4). For each phenotypic var-
iable, we also included the matrix representing population-
level phylogenetic information (i.e., genetic structure, de-
termined via analysis of SNP data) and used this to cal-
culate the broad-sense phylogenetic heritability (H 2). The
H 2 represents the contribution of phylogeny (and therefore
genotype and any shared plastic responses resulting from
common environments shared by related populations) to
variation in a phenotypic trait and is calculated as the ratio
of the variance in trait values among individuals that is
due to their phylogenetic relationship (i.e., their belonging
to a particular population or group of related populations)
to the total variance in that trait (Housworth et al. 2004;
Hadfield 2010). A highH 2 indicates that much of the phe-
notypic variation is due to the phylogenetic relatedness
of the samples. Phylogenetic information used in themod-
els was collected using the gl.dist.pop() function in the R
package dartR, and inverse phylogenetic covariance matri-
ces were created using the function inverseA().
Population Structure and Genetic Diversity

We investigated the genetic relationships between popula-
tion samples by calculating a dissimilarity matrix using the
bitwise.dist() function in the R package poppr (Kamvar
et al. 2014) based on Hamming distances (see Wang et al.
2015). This matrix was then used with pvclust() to create
a dendrogram based on correlation distance between indi-
viduals, and 10,000 bootstrap iterations were done to de-
termine the level of support for each node (Suzuki and
Shimodaira 2006). Several clustering methods were com-
pared (see supplemental file testing_clustering_methods
.html in the Dryad Digital Repository [https://doi.org/10
.5061/dryad.n02v6wx1g; Miller et al. 2023]), but all meth-
ods yielded similar genetic structure. Pairwise FST valueswere
calculated using the function stamppFst() with 10,000 boot-
strap iterations used to obtain confidence limits for each
pairwise difference (Pembleton et al. 2013). Nonmetric
multidimensional scaling (NMDS) using metaMDS() was
then used to visualize the genetic structure as a complement
to the cluster analysis (Dixon 2003).
We calculated the observed SNP heterozygosity (HO) of

each individual using the function gl.report.heterozygosity()
from the package dartR with the argument methodp
“ind” (Gruber et al. 2018; table S5). SNP heterozygosity
is based on variable genomic regions only and can be bi-
ased when sample size is small, whereas whole-genome
heterozygosity is less subject to bias (Schmidt et al. 2021).
For comparison, we therefore also estimated observed whole-
genome heterozygosities based on monomorphic as well
as polymorphic sites in our reduced-representation se-
quence data (see Schmidt et al. 2021). We also calculated
expected heterozygosities (HE) based on observed allelic di-
versity and the assumption of Hardy-Weinberg equilibrium
and FIS of each population sample (see table S6).

https://doi.org/10.5061/dryad.n02v6wx1g
https://doi.org/10.5061/dryad.n02v6wx1g
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To test whether observed heterozygosity levels differed
between mixed-sex and all-female populations, we fitted
a linear mixed model using the lme4 package (ver. 1.1-
29; Bates et al. 2015) to individual SNP HO values, with
population type (mixed sex or all female; transitional pop-
ulation samples were removed) as a fixed effect and the
location as a random effect. Whole-genome HO estimates
were very strongly correlated with SNP HO estimates
(Pearson correlation 1 0.99), and analysis of whole-
genome estimates yielded qualitatively identical results
(not shown).
Shannon’s diversity metric (hereafter, “allelic diversity”)

was quantified using the function gl.report.diversity(), as
described by Sherwin et al. (2017) to quantify differences
in allelic diversity between populations. Shannon’s diver-
sity (1H) is an abundance-sensitivemeasure of allelic diver-
sity based on the summed proportional abundances of each
allele present in a population. A higher 1H value means that
there is greater uncertainty about the identity of a randomly
sampled allele.
Isolation by distance was determined using the function

gl.ibd() from the package dartR (Gruber et al. 2018). Gene
flow between populations was estimated using discrimi-
nant analysis of principal components (DAPC). DAPC
uses K-means and model selection to determine genetic
clusters in lieu of known populations or genetic groups
(Jombart et al. 2010). The optimal model had 17 genetic
clusters, identified using the Bayesian information crite-
rion (BIC; see fig. S4) and DAPC cross validation using
the function xvalDapc(). Output based on 16 and 21 ge-
netic clusters (corresponding to the second- and third-
lowest BIC values) is shown for comparison in the files
assignment_probabilitiess_k16.csv and assignment_
probabilitiess_k21.csv in the Dryad Digital Repository
(https://doi.org/10.5061/dryad.n02v6wx1g; Miller et al. 2023).
Six discriminant analysis axes were retained based on the
a score.Membership probabilities were estimated for each
individual in each identified genetic cluster, and ggplot()
was then used to visualize the admixture proportions of
each individual’s genotype. Populations with fewer than
two sampled individuals were excluded from these analy-
ses. The data that support the findings of this study are
openly available in the Dryad Digital Repository (https://
doi.org/10.5061/dryad.n02v6wx1g; Miller et al. 2023).
Results

Sex Ratio and Reproductive Mode

Sex ratio was bimodally distributed, with either only fe-
males or an approximately equal number of females and
males observed at nearly all locations (see table 1). With
one exception (see below), we did not find any locations
where adult males were present but rare (and the absence
of such locations is supported by population genomic anal-
ysis, described below). In several cases, all-female and
mixed-sex populations were found to occur in close prox-
imity and with no obvious barriers to dispersal. For exam-
ple, mixed-sex populations B4 and VR are separated by
!2 km of contiguous rainforest from all-female popula-
tions B1 and CB, and the all-female population NS is sepa-
rated by !1 km of rainforest from adjacent mixed-sex pop-
ulations (see fig. 4). Despite the close proximity of males
to some all-female populations, sex ratios were consistent
over 4 years of surveys at nearly all populations (see the file
sex_ratio_by_year.csv in the Dryad Digital Repository
[https://doi.org/10.5061/dryad.n02v6wx1g; Miller et al. 2023]).
Eggs collected frommost all-female populations typically

produced 100% female hatchlings, whereas eggs collected
frommixed-sex populations produced approximately equal
numbers of female and male hatchlings (see table S7). We
observed only two exceptions to this pattern. A sample of
eggs from the all-female population TB produced one
hatchling that was phenotypically male-like, and geno-
typing showed that this hatchling was not a hybrid between
locations. This hatchling was therefore either a rare sponta-
neous male (see “Discussion”) or a phenotypically atypi-
cal female. In addition, at one location (NN) where only
females had been observed before 2022, eggs collected from
one female in 2021 produced several male hatchlings, and
genotyping indicated either that this female was a migrant
from an adjacent, genetically similar mixed-sex location
(BK or NW) or that this female had mated with a male mi-
grant. The following year adult males were observed at NN,
and this population therefore appears to be undergoing a
transition from all female to mixed sex.
Morphology, Fecundity, and Egg Hatching Success

Wedid notfind clear and consistent evidence of an effect of
reproductive mode across the fitness-related phenotypic
traits measured (see fig. 5B, 5C; for all summary statistics,
see table S3). Mean fecundity and egg hatching success
were ∼12% and 19% lower, respectively, in all-female than
inmixed-sex populations, but there was a great deal of var-
iation in these variables among both mixed-sex and all-
female populations (fig. S5). Adult females from all-female
populations were more likely to exhibit mild (pMCMC !

0:001; fig. 5G) and severe (pMCMC ! 0:005; fig. 5H) de-
formities in their wings than were females from mixed-
sex populations. Relative to females in mixed-sex popula-
tions, adult females in all-female populations had more
ectoparasites in Benstonea swamp habitats but not in Pan-
danus beach habitats (population type # habitat inter-
action: pMCMC ! 0:005; see fig. 6). Post hoc Tukey tests

https://doi.org/10.5061/dryad.n02v6wx1g
https://doi.org/10.5061/dryad.n02v6wx1g
https://doi.org/10.5061/dryad.n02v6wx1g
https://doi.org/10.5061/dryad.n02v6wx1g


Consequences of Asexuality in the Wild 81
showed that this interaction is driven by a near-significant
difference between parasitism rates between all-female and
mixed-sex populations within Benstonea swamp habitats
(P p :054), whereas no other pairwise comparisons ap-
proached statistical significance (all P 1 :2; see table S8).
Overall, mean rates of ectoparasitism andwing deformities
were ∼19% and 91% higher, respectively, in females from
all-female locations. Additionally, mean numbers of miss-
ing legs and antennae were∼40% higher in adult females in
all-female populations, but among-population variation
was considerable, and there was no support for an overall
difference in rate of appendage loss betweenmixed-sex and
all-female populations (pMCMC p 0:34).
Estimated phylogenetic heritability (H2) values sug-

gested effects of phylogenetic relatedness (i.e., genotype
and any environmental variation shared by related popula-
tions) for the presence of ectoparasites (H2 p 0:64) and
egg hatch rate (H2 p 0:87). There was moderate support
for an effect of genotype on missing antennae and legs
(H2 p 0:41) and fecundity (H2 p 0:49) but little support
for effects of genotype for mild (H2 p 0) or severe
(H2 p 0) wing deformities or for pronotum length (H2 p
0:12; see table S4).
Population Structure

Genotypes clustered by geographical location rather than
by sex ratio. Two major genetic clusters were observed, a
northern cluster and a southern cluster separated by the
NoahCreekmouth. Themouth ofNoahCreek (∼150mwide
at its widest point) therefore appears to serve as a barrier to
Megacrania batesii dispersal and gene flow. The northern
cluster consists mostly of mixed-sex populations, while
the southern cluster consists mostly of all-female popula-
tions, but both genetic clusters contain both population
types (see fig. 7). Pairwise FST values likewise showed that
population samples separated by greater geographic dis-
tances tended to be less closely related (see table S9), and
this pattern was supported by isolation-by-distance analysis
(Mantel test based on Pearson’s product-moment correla-
tion: Mantel r p 0:366, P ! :001). The FST values between
the populations varied between 0.19 and 0.95, with lower
Table 1: Sample sizes and sex of Megacrania batesii adults and nymphs that could be sexed found in the field at each of the surveyed
locations (summed over the 4 years of the study)
Location
 Population type
 No. males
 No. females
 Total
 Sex ratio
 P
EC
 All female
 0
 27
 27
 1
 !.001

MS
 Mixed sex
 85
 94
 179
 .53
 .10

MK
 Mixed sex
 69
 58
 127
 .46
 .09

MB
 Mixed sex
 24
 34
 58
 .59
 .09

CO
 Mixed sex
 105
 116
 221
 .52
 .08

RP
 Mixed sex
 20
 37
 57
 .65
 .02

BK
 Mixed sex
 21
 36
 57
 .63
 .03

NW
 Mixed sex
 21
 33
 54
 .61
 .06

NN
 Transitional
 4
 30
 34
 .88
 !.001

NS
 All female
 0
 65
 65
 1
 !.001

TB
 All female
 0
 46
 46
 1
 !.001

TS
 All female
 0
 12
 12
 1
 !.001

B1
 Putative all female
 0
 3
 3
 1
 .125

B4
 Mixed sex
 2
 2
 4
 .50
 .75

CB
 All female
 0
 223
 223
 1
 !.001

CN
 All female
 0
 62
 62
 1
 !.001

VR
 Mixed sex
 13
 15
 28
 .54
 .28

VS
 Mixed sex
 6
 10
 16
 .63
 .24

MA
 All female
 0
 16
 16
 1
 !.001

KB
 All female
 0
 31
 31
 1
 !.001

KR
 All female
 0
 24
 24
 1
 !.001

FC
 All female
 0
 7
 7
 1
 !.01

EB
 All female
 0
 27
 27
 1
 !.001

BL
 All female
 0
 18
 18
 1
 !.001
Note: At locations where we found only females, a binomial two-tailed test was used to determine the probability that a population is a mixed-sex population
(even sex ratio) based on the number of individuals seen. At locations where males and females have been seen, the population is mixed sex by definition, so we
used the binomial test to calculate the probability that the sex ratio of individuals photographed at each location deviated significantly from 50%. At the tran-
sitional location (NN), only females were seen in 2019–2021, but males were found in 2022.
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values between mixed-sex populations in the northern clus-
ter and higher values between all-female populations in the
southern cluster. NMDS analysis (fig. S6) produced a pat-
tern consistent with the population structure obtained from
genetic cluster analysis, with the biggest separation found
between populations north versus south of the Noah Creek
mouth.
Admixture analysis revealed that the 155 individuals

sampled across the study area belong to 17 genetic popula-
tions, with little gene flow detected between populations.
Most individuals had 1.0 membership probability in a sin-
gle population (fig. 7B). Two sets of population samples
found near one another (!1,000m) had the same genotype
but differing reproductive modes and heterozygosity levels
(B1-B4 and NN-NS-NW).
Allelic Diversity and Heterozygosity

All-female population samples had nearly fivefold lower
allelic diversity (Welch’s two-sample t-test: P ! :001; fig. S7)
relative to mixed-sex population samples. However, there
Figure 4: Geographical variation in sex ratio in Megacrania batesii. Two isolated all-female populations occur at the southern limit of the
known range ofM. batesii in Australia, and a spatial mosaic of all-female and mixed-sex populations occurs ∼160–180 km north of this area
between Forest Creek and Emmagen Creek. Noah Creek is inferred to act as a gene flow barrier separating the northern and southern ge-
netic clusters (see fig. 7). Locations are characterized as mixed sex, putative all female, or all female based on the sex of adults and nymphs
photographed at each location (see table 1). The transitional location was all female in 2019–2021, but males were found at this location in
2022. Map source: National Base Map (Geoscience Australia). A color version of this figure is available online.
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was substantial variation in allelic diversity between mixed-
sex population samples: for example, allelic diversity was
more than fivefold higher at CO than at B4 (fig. S7). Like-
wise, observed individual SNP (i.e., variable-region) het-
erozygosity estimates were nearly fivefold lower, on aver-
age, in all-female population samples than in mixed-sex
population samples (linear mixed model: P ! :001; fig. 7C).
Whole-genome heterozygosity estimates were less than
SNP estimates for every individual, with a mean within-
individual difference of 8.4% in all-female population
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Figure 5: Phenotypic values for Megacrania batesii females in mixed-sex and all-female populations. A, Pronotum length as a measure of
body size. B, Hatching rate of eggs. C, Number of eggs laid per day as a measure of fecundity. D, Number of missing legs and antennae per
individual. E, Percentage of adult females observed at each location with visible ectoparasites (fungus/bacteria, biting midges, or mites).
F, Percentage of adult females from each location with wing deformities (mild or severe). G, H, Percentage of wild M. batesii individuals
with mild (G) and severe (H) wing deformities at each of the sampling locations. Data shown in G and H are derived from F. In A–D, means
(bars), interquartile ranges (boxes), and nonoutlier ranges (whiskers) of individual values are shown. Violins indicate the distribution of
individual values. Populations with information from fewer than three individuals were excluded from this analysis. A color version of this
figure is available online.
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samples and 8.1% in mixed-sex population samples. A few
individuals sampled from mixed-sex populations had ob-
served heterozygosities comparable to individuals from
all-female populations, suggesting that these individuals
were produced asexually (see fig. 7C). Additionally, three
individuals from all-female populations CB, TB, and TS
had relatively high heterozygosity, comparable to heterozy-
gosity values in the least heterozygous mixed-sex popula-
tions (VR, VS, and B4; fig. 7C). This suggests that partheno-
genesis inM. batesii can produce variable genetic outcomes
(see “Discussion”).
Discussion

Genetic relatedness and admixture analysis indicated mul-
tiple independent transitions from sexual reproduction to
parthenogenesis in wild Megacrania batesii. At one loca-
tion we also observed an ongoing invasion of males into
a previously all-female population. We found that local
transitions to asexual reproduction resulted in dramatic
losses of allelic diversity and heterozygosity, but the conse-
quences of these genomic changes for fitness appeared to
be inconsistent and context dependent. Asexual reproduc-
tion promoted wing deformities but not appendage loss
and resulted in elevated ectoparasite loads in Benstonea
swamp but not in Pandanus beach environments. We
found no statistical support for an overall effect of repro-
ductive mode on body size, fecundity (measured as egg
output over 7–12 days), or egg hatching success. Rather,
all phenotypic traits varied substantially among both all-
female and mixed-sex populations. Our findings suggest
that genotype (or unmeasured, site-specific environmental
parameters) is more important than reproductive mode
in determining phenotype and fitness in M. batesii and
that some all-female populations possess high-fitness
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genotypes that might enable them to thrive asexually for
many generations.
Cluster analyses showed that M. batesii population

samples grouped together according to geographic loca-
tion rather than reproductive mode. With one exception
(the transitional locationNN), this pattern remained stable
over 4 years of sampling. We can infer at least four inde-
pendent transitions from sexual to parthenogenetic repro-
duction, resulting in all-female populations: the assumed
transition from a sexually reproducing ancestral popula-
tion to an all-female population that gave rise to the ge-
netic cluster south of Noah Creek and three more recent
transitions resulting in all-female populations EC, NS,
and B1, all of which are close spatially and genetically to
mixed-sex populations. Admixture analysis showed little
gene flow between populations despite geographical prox-
imity (see fig. 7B). It is not known how long ago population
divergence and reproductive mode transitions occurred.
However, the close geographical proximity and genetic re-
latedness of some mixed-sex (sexual) and all-female (asex-
ual) populations suggest recent establishment. For exam-
ple, population samples B1 and B4 as well as NW and NS
exhibit differing reproductive modes but belong to the
same genetic population.
We identified two main genetic groups separated by a

large estuary (Noah Creek) that appears to act as a barrier
to dispersal. The northern group consists of mainly sexual
populations, and the southern group consists of mainly
asexual populations. Results of interpopulation crosses
(to be presented in a separate article) show that individuals
from southern, northern, sexual, and asexual populations
are interfertile and can therefore be regarded as a single
species. This geographical pattern partially resembles the
pattern of geographic parthenogenesis observed in other
phasmids, whereby parthenogenetic populations occur at
higher latitudes than sexual ones (Law and Crespi 2002;
Buckley et al. 2009; Morgan-Richards et al. 2010). How-
ever, the northernmostM. batesii population (EC) is all fe-
male, while some southern populations (VS, VR, B4) are
mixed sex. Thus, rather than a clear latitudinal gradient,
M. batesii appears to exhibit a mosaic of sexual and asexual
populations or, alternatively, a pattern of peripheral par-
thenogenesis with a centralmixed-sex area near Cape Trib-
ulation surrounded by all-female populations. In species
that display geographical parthenogenesis, asexual popula-
tions are often found in marginal habitats, typically at a
higher elevation or latitude than sexually reproducing pop-
ulations (Lynch 1984; Kearney 2005; Tilquin and Kokko
2016). However, all Australian M. batesii populations in-
habit similar tropical rainforest habitats spanning a small
latitudinal range (0.247 for our main study area between
Forest Creek and Emmagen Creek; 1.87 for the total species
range including isolated southern populations EB and BL),
with little variation in temperature, humidity, or precipita-
tion between locations. Additionally, sexual and asexual
populations were found with approximately equal fre-
quency in each of the two major habitat types (Pandanus
beach and Benstonea swamp). Thus, climate and habitat
differences do not appear to explain the variation in repro-
ductive mode.
The lack of obvious environmental barriers or differ-

ences in habitat between sexual and asexual populations
suggests that spatial variation in reproductivemode results
from factors intrinsic to the biology of M. batesii. Four
processes might have contributed to the observed spatial
pattern.
First, if females disperse more than males, they could

travel farther from themixed-sex populations and establish
all-female populations that could avoid male invasion for
many generations. Moreover, all-female populations could
persist once established if parthenogenetically produced
females exhibit reduced propensity to mate and reduced
benefits of mating, as reported for the related phasmid Ex-
tatosoma tiaratum (Burke and Bonduriansky 2022). How-
ever, mark-resighting studies show that M. batesii adults
of both sexes disperse similar distances (Boldbaatar 2022).
Nonetheless, occasional random dispersal of eggs, nymphs,
or adults (e.g., on rafting vegetation) could contribute to this
process because a single unmated female could found a new
(albeit perhaps transient) all-female population. The iso-
lated all-female population EB may have originated in this
way, since EB clusters genetically with TB despite being lo-
cated ∼175 km away (fig. 4).
Second, sexual populations south of Noah Creek (VR,

VS, B4) could have arisen as a result of males from the
north invading southern all-female populations. How-
ever, none of these populations show evidence of genetic
admixture from northern populations. Nonetheless, we
observed an apparent ongoing transition from all female
to mixed sex at a northern population (NN), showing
that male invasion of all-female populations is possible
when all-female and mixed-sex populations occur in close
proximity.
Third, spontaneous (parthenogenetic) production of

males could have given rise to southern sexual populations
(VS, VR, B4). Spontaneousmale genesis is possible in diploid
species with XX XO sexual karyotypes, where meiotic/devel-
opmental error results in the loss of one X chromosome in
parthenogenically produced XX offspring (Pijnacker and
Ferwerda 1980; Scali 2009). The viability and reproductive
functionality of spontaneous males have not been studied
in any phasmid (seeMorgan-Richards et al. 2019). However,
in the obligate asexual snail Potamopyrgus antipodarum, low
rates ofmale production and reduced functionality in asex-
ually producedmales were found tomakemale invasion in
asexual populations unlikely (Neiman et al. 2012; Jalinsky



Consequences of Asexuality in the Wild 87
et al. 2020). The karyotype of M. batesii is unknown, but
diploid phasmids typically have either XX XY or XX XO
sexual karyotypes (Scali 2009; Schwander and Crespi
2009). If spontaneous males are possible inM. batesii, data
from our laboratory experiments (not shown) show that
spontaneousmales are extremely rare (!1/1,000 partheno-
genetic eggs). From533 field-collected eggs from all-female
populations, we found onemorphologicallymale-like hatch-
ling. Morphologically ambiguous hatchlings are occasionally
found, and this hatchling was not reared to adulthood, so it
was not conclusively determined to be a functional male.
From 1,083 eggs produced parthenogenetically in the lab,
no male hatchlings were obtained. Thus, spontaneous
emergence of sex in all-female populations seems unlikely
in M. batesii.
Fourth, all-female populations could result from local

extinction of males. Northern all-female populations
(EC, NS) could have resulted from male extinction, while
southernmixed-sex populations (VS, VR, B4) could repre-
sent remnants of an ancestral mixed-sex population. Just
as small, isolated sexual populations are susceptible to sto-
chastic extinction (see Pianka 2000), small, isolatedmixed-
sex populations of facultative parthenogens are susceptible
to stochastic extinction of males. In a smallM. batesii pop-
ulation, total failure of males to survive or fertilize eggs
in a single year would result in local loss of sex. Male ex-
tinction might be even more likely if female resistance to
mating evolves. Sexual reproduction is costly (Otto and
Lenormand 2002; Lehtonen et al. 2012), and in facultative
parthenogens such costs could generate sexual conflict and
favor parthenogenetic reproduction (Kawatsu 2013; Ger-
ber and Kokko 2016; Burke and Bonduriansky 2019). In
mixed-sex M. batesii populations, continuous guarding
of adult females by males could interfere with female for-
aging (Boldbaatar 2022). Gerber and Kokko (2016) found
that female resistance is most beneficial at low population
densities, such as those observed in manyM. batesii popu-
lations. Moreover, we found that some individuals from
mixed-sex populations have heterozygosities comparable
to those of asexual populations, suggesting that females in
mixed-sex populations sometimes avoidmating or fertiliza-
tion. If selection favors asexual reproduction, this could
potentially lead to the evolution of behavioral or physiolog-
ical mechanisms of female resistance (Burke and Bondur-
iansky 2022).
Individuals from asexual populations had on average

78% lower heterozygosity than did individuals in mixed-
sex populations, and asexual populations had 78% less al-
lelic diversity than sexual populations. The cytological
mechanism of asexual reproduction determines howmuch
heterozygosity is maintained across generations (Moritz
et al. 1990; Stenberg and Saura 2009). Preliminary results
(S. M. Miller, unpublished data) suggest that parthenogen-
esis in M. batesii results in substantial (but not complete)
loss of heterozygosity over a single generation of partheno-
genetic reproduction, consistent with automixis via either
terminal fusion or central fusion (Stenberg and Saura 2009).
Both terminal fusion and central fusion allow for variation
in the amount of heterozygosity maintained in partheno-
genetically produced offspring, possibly explaining the pres-
ence of a few individuals with relatively high heterozygosity
levels in all-female populations (fig. 7C). However, some
phasmids exhibit multiple mechanisms of parthenogenesis
within species (Craddock 1972). If diverse mechanisms of
parthenogenesis are present in M. batesii, this could also
explain the observed variation in heterozygosity within all-
female populations.
Despite the dramatic loss of genetic diversity in asexual

populations, we found little evidence of a consistent cost of
asexual reproduction in fitness-related traits, including
body size, number of missing appendages, and female re-
productive output (measured over 7–12 days). Although
mean phenotypic values were inferior in all-female popu-
lations relative tomixed-sex populations, therewas consid-
erable variation between populations within each repro-
ductive mode and no statistical support for an overall
effect of reproductive mode on these traits.
We observed a consistent effect of reproductive mode

only onwing development:M. batesii females from asexual
populations had higher rates of both mild and severe wing
deformities (see figs. 3, 5G, 5H). Low heterozygosity could
explain these findings. Parthenogenetically produced E.
tiaratum females exhibit higher rates of wing deformities
thando sexually produced females (Burke andBonduriansky
2022). Likewise, multiple homozygous loss-of-function
mutations cause wing defects in Drosophila (Terriente-
Félix et al. 2010; George et al. 2019). If M. batesii shares
any of these loci, homozygous genotypes of asexually pro-
duced females may result in the loss of function of genes
involved in wing development. This could cause develop-
mental instability, as seen with wing asymmetry in pea
aphids (Hammelman et al. 2020). However, given that both
sexes of M. batesii are flightless, wing deformities might
have little or no effect on fitness.
Our finding of considerable among-population varia-

tion in performance suggests that some asexualM. batesii
lineages are well adapted to their environment. The ab-
sence of mating and sexual recombination could promote
the evolution of coadapted gene complexes in asexual pop-
ulations, potentially resulting in “general-purpose” geno-
types that are well adapted to the full range of conditions ex-
perienced by those lineages over many generations (Lynch
1984). For example, such genotypes might enable mecha-
nisms of adaptive plasticity that promote survival and re-
production under a range of conditions. The evolution of
general-purpose genotypes might contribute to the success
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of asexualM. batesii populations despite low heterozygosity
and allelic diversity.
However, while locally adapted or general-purpose

genotypes might allow asexual populations to thrive in
relatively benign and stable habitats, our data also suggest
that such genotypes might not cope as well with the added
challenge of high parasite abundance. We found that some
M. batesii individuals had brown or black spots on their
head, thorax, abdomen, or legs that appeared to be a fungal
and/or bacterial infection, and some individuals carried
mites and/or biting midges (fig. 2). Theory suggests that
no single genotype will confer long-term resistance to para-
sites; rather, success will depend on the ability to keep up in
the coevolutionary chase against parasites. Sexual repro-
duction is predicted to confer an advantage in such Red
Queen arms races because sex promotes genotypic diversity
(Hamilton and Zuk 1982; Hamilton et al. 1990). Indeed,
Hite et al. (2017) found higher frequencies ofmales and sex-
ually produced offspring in Daphnia dentifera during nat-
ural and artificial fungal epidemics, and Lively (1987) found
thatmale abundance was correlatedwith parasite infections
in the New Zealand mud snail, P. antipodarum. We found
no overall effect of reproductive mode on ectoparasite load.
Instead, we observed an interaction between reproductive
mode and habitat type, whereby asexual populations had
higher rates of infection on Benstonea host plants in
closed-canopy rainforest swamps but not onPandanus host
plants along beach margins. This suggests that asexual M.
batesii populations are disadvantaged in their ability to cope
with ectoparasites only in certain parts of their range, such
as areas with very high humidity that might promote para-
site reproduction.
Alternatively, it is possible that successful all-female

populations owe their success not to their genotypes but
to the habitat patches where they occur. Because we quan-
tified phenotypes of wildM. batesii individuals, our analy-
sis cannot differentiate between genotypic variation and
unmeasured variation among habitat patches as sources
of variation in phenotype. However, environmental varia-
tion is unlikely to account for the lack of overall effects of
reproductive mode on phenotypic traits because we sam-
pled multiple all-female and mixed-sex populations across
the species range and in both major habitat types.
In conclusion, our findings show that transitions to par-

thenogenetic reproduction lead to rapid and dramatic loss
of allelic diversity and heterozygosity inM. batesii but also
suggest that these genomic changes might have little im-
pact on fitness. Our results suggest that some locally
adapted asexual lineages (such as the southern all-female
populations) can persist for many generations, but some
all-female populations might quickly revert to sexual re-
production (as suggested by the ongoing male invasion
in a formerly all-female northern population). Reversions
to sex could reintroduce allelic and genotypic diversity.
However, the all-female populations examined in this
study showed very low levels of allelic diversity and hetero-
zygosity, suggesting that such reversions are rare or have
only transient effects. Our findings also suggest that, in
the long run, environmental changes—such as increased
parasite abundance or diversity—might push all-female
populations toward extinction as a result of failure to
adapt. Large mixed-sex populations are expected to have
a greater capacity for adaptive evolution in response to
parasites and environmental change and might therefore
fare better than all-female populations in the long run.
By contrast, small mixed-sex populations could fail to reap
substantial benefits from sexual reproduction because of
low allelic diversity and inbreeding depression. Indeed, in
small mixed-sex populations of facultatively parthenoge-
netic animals, it is possible that asexual reproduction both
confers individual-level advantages for females (thereby gen-
erating sexual conflict) and enhances population viability.
Nonetheless, we do not yet know how all-female pop-

ulations are typically established in M. batesii or other
facultative parthenogens or how such populations avoid
invasion by males. We also do not know what processes
generate the highly bimodal distribution of sex ratios
among populations—a pattern that suggests that sex ra-
tios between 0% and ∼50%male are unstable inM. batesii.
Understanding the processes that shape variation in re-
productive mode in facultative parthenogens could help
to answer fundamental questions about the evolution of
sexual and asexual reproduction.
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