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Abstract

Climate change is leading to substantial global thermal changes, which are particularly pronounced in polar regions. There-
fore, it is important to examine the impact of heat stress on the reproduction of polar terrestrial arthropods, specifically, how
brief extreme events may alter survival. We observed that sublethal heat stress reduces male fecundity in an Antarctic mite,
yielding females that produced fewer viable eggs. Females and males collected from microhabitats with high temperatures
showed a similar reduction in fertility. This impact is temporary, as indicated by recovery of male fecundity following return
to cooler, stable conditions. The diminished fecundity is likely due to a drastic reduction in the expression of male-associated
factors that occur in tandem with a substantial increase in the expression of heat shock proteins. Cross-mating between mites
from different sites confirmed that heat-exposed populations have impaired male fertility. However, the negative impacts are
transient as the effect on fertility declines with recovery time under less stressful conditions. Modeling indicated that heat
stress is likely to reduce population growth and that short bouts of non-lethal heat stress could have substantial reproductive

effects on local populations of Antarctic arthropods.
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Introduction

The climate changes occurring on Earth are causing many
populations to decline or become extinct (Thomas et al.
2004; Keller et al. 2008; Chen et al. 2011), and these effects
are most rapid in polar regions (Turner and Marshall 2011),
where changes in the terrestrial environment are the most
drastic. Permenant terrestrial animals in Antarctica are lim-
ited to invertebrates, and one of the terrestrial invertebrates,
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the Antarctic oribatid mite, Alaskozetes antarcticus, is
among the most common. This mite is found in large aggre-
gations with hundreds to thousands of individuals, present-
ing in all developmental stages (Block and Convey 1995).
Sperm are transferred to the females externally; males
deposit stalked spermatophores that fertilize the females
through their genital aperture (Block and Convey 1995). A
single molt occurs each year, and 4-5 years are required for
the mite to reach maturation due to prolonged periods below
temperatures required for development (Convey 1994a; Mar-
shall and Convey 1999; van Vuuren et al. 2018).

This mite has been the focus of numerous studies on envi-
ronmental stress tolerance that have monitored survival and
metabolism (Young and Block 1980; Hayward et al. 2003;
Benoit et al. 2008; Everatt et al. 2013). Yet, little is known
about the more specific effects of thermal change on mite
physiology. Importantly, the measurements of viability
thresholds using the critical thermal limit (CTL) often over-
estimate the survival and proliferation of populations. Spe-
cifically, male and female fertility can be greatly impacted
by thermal changes lower than the CTL, resulting in popu-
lations becoming unable to produce progeny after exposure
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to short periods of high temperature (Krebs and Loeschcke
1994; David et al. 2005; Zizzari et al. 2011; Sales et al.
2018; Walsh et al. 2019; Tossa 2019; van Heerwaarden and
Sgro 2021). The thermal fertility limit (TFL) of a species
represents an overlooked aspect where sublethal tempera-
ture may impact species’ persistence (Walsh et al. 2019; van
Heerwaarden and Sgro 2021). Tropical species tend to have
a higher temperature limit of fertility than temperate species
(Rohmer et al. 2004). These fertility-associated effects can
even be transgenerational (Sales et al. 2018), with reduced
survival and reproductive potential in surviving offspring.
Few studies have examined the impact of thermal exposure
on the fertility of polar invertebrates. Factors that affect spe-
cies population persistence at sublethal levels need to be
assessed, as thermal bouts are expected to be more frequent
and more extended as climate change progresses (Meehl and
Tebaldi 2004).

In this study, we examined the effect of short bouts of
ecologically relevant heat stress on the fertility of male Ant-
arctic mites. We observed that mites from recently warm
microhabitats produce substantially fewer viable eggs as a
consequence of impaired male fertility. We noted a reduc-
tion in fertility when males from heat-stressed areas were
mated with females from sites not exposed to heat stress.
RNA-seq revealed that male thermal stress leads to increased
expression of heat shock proteins and a general reduction in
male-enriched transcripts. Short heat bouts may pose a threat
by substantially reducing population growth for polar inver-
tebrates and greatly impact the genetic diversity of polar
mite populations that inherently have limited distribution
and lack dispersal options.

Methods
Mite collections

Mites were collected from three islands (Humble, Christine,
and Cormorant) near Palmer Station, Antarctica. Thermal
changes were monitored at each site using a HOBO (Onset
Corp.) thermal logger for 3 days prior to the collection of
the mites in January 2017. The mites immediately used in
the experiments or were held at 4 °C under long day length
(20-h light: 4-h dark), conditions of summer at Palmer Sta-
tion until use in experiments. Algae (Prasiola crispa) and
other organic debris were provided. Sexes and juvenile
stages (specifically tritonymphs, which are the instar prior
to adulthood) were separated based on previously estab-
lished morphological characteristics (Block and Convey
1995; Meibers et al. 2019). For heat-based studies and in
cross-mating of mites from different islands, tritonymphs
were field-collected and stored with ample food sources
until use in experiments. A subset of tritonymphs were held
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individually to ensure the emergence of virgin males and
females.

Egg viability from field-collected sites
and after treatments

Total egg counts were determined by dissection of a subset
of females, which allowed for a census of the number of
developing eggs. For each island, egg viability was deter-
mined by collecting eggs from females that were placed in a
small dish with access to two males from the same island for
1 week. Food sources were supplemented every week with
P. crispa and other organic debris were examined for the
presence of eggs. The mites were then held at 4 °C under a
long day length (20-h light: 4-h dark). The number of juve-
nile mites was tabulated as a proxy for egg viability at 50,
100, and 150 days (results shown in relation to total eggs
produced). These times were selected to encompass two
summer equivalents of degree days, which is the noted time
required for mites to deposit all eggs and to allow time for
emergence. Every 12 h, females were removed and stored
to provide control, virgin females. Following treatments,
groups of three males were placed with a single female,
and juvenile emergence was assessed as before. Differences
between total eggs produced and egg viability levels were
compared with ANOVA followed by a Tukey’s test.

Thermal stress exposure of male mites

Male mites were exposed to thermal stress based on pre-
vious studies (Rosendale et al. 2016a; Fieler et al. 2021).
Groups of 8 mites were held in 1.5 mL tubes with a small
piece of dry filter paper and placed within foam plugged
50 mL centrifuge tubes. One of these centrifuge tubes was
filled with a supersaturated solution of potassium nitrate to
maintain a relative humidity of 93%. The 50 mL tubes were
suspended in an ethylene glycol:water (60:40) solution. The
temperature was controlled with a programmable cold bath
(Arctic A25; Thermo Scientific, Pittsburgh, PA, USA) set at
30 °C to mimic the extreme thermal stress observed under
field observations (Fig. 1). Following treatments, mites were
returned to colony conditions (4 °C under long day length)
and allowed to recover for 24 h prior to survival assess-
ment. After 6 h, a second subset of males was transferred
directly to —70°C for RNA extraction. Mites were marked
as surviving if the individual could move five body lengths
following probing. Lastly, a final subset of males was used
in mating studies.
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Fig.1 Thermal stress directly impacts Antarctic mite egg production.
A Thermal profile of the surface of a rock from three island sites used
for collection of Antarctic mites, Alaskozetes antarcticus, near Palmer
Station, Antarctica, for a single day from midnight (12AM) to midday
(12PM). B Total developing eggs observed within females by dissec-
tion (left) and viable egg number based on the number of observed
nymphs (right). C Impact of male thermal stress on egg viability for
mites collected from Christine Island. Total developing eggs observed
within females by dissection (left) and viable egg number based on
the number of observed nymphs (right). The asterisk indicates signifi-
cantly different at 0.05 based on ANOVA. Each sample was based on
10-12 replicates

RNA-seq analyses following heat stress

RNA was extracted from groups of 20 mites by homogeniza-
tion (BeadBlaster 24, Benchmark Scientific) in Trizol (Inv-
itrogen) based on other acarine studies (Meibers et al. 2019;
Rosendale et al. 2022). DNase I (Thermo Scientific) was
used to remove contaminating DNA and each sample was
cleaned with a GeneJet RNA Cleanup and Concentration
Micro Kit (Thermo Scientific) according to the manufac-
turer’s protocols. RNA concentration and quality were exam-
ined with a NanoDrop 2000 (Thermo Scientific) followed
by an Agilent Bioanalyzer. RNA extracted from 20 mites
represented one biological replicate. Three independent

biological replicates were generated for the control and heat-
stressed males.

Samples were processed and sequenced at the DNA
Sequencing and Genotyping Core at Cincinnati Children’s
Hospital and Medical Center. A Qubit 3.0 Fluorometer
(Life Technologies) was used to quantify and allow for 200
ng of RNA to be used for each sample. RNA was poly(A)
selected and reverse transcribed using a TruSeq Stranded
mRNA Library Preparation Kit (Illumina). Each sample was
barcoded (8-base) for multiplex analysis and amplified (15-
cycle PCR). Each library was sequenced on a HiSeq 2500
sequencing system (Illumina) in Rapid Mode. Each sample
was sequenced with a minimum depth of 30 million paired-
end reads (75 bp). RNA-seq data have been deposited at
the National Center for Biotechnology Information (NCBI)
Sequence Read Archive (Bioproject: PRINA951800).

A previously published de novo assembly based on sex-
specific analyses was used in the RNA-seq analysis to allow
for direct comparison to male-enriched gene sets (Meibers
et al. 2019). Two separate pipelines were used to assess
differential transcript expression. The first method was
with CLC Genomics (Qiagen, version 10) based on previ-
ous methods (Benoit et al. 2014; Rosendale et al. 2016b).
Reads mapped to the contigs were at least 85% of the reads
matching at 90% with a mismatch allowed of two. Each
read was allowed to align to 20 contigs. A Baggerly’s test
(a proportion-based statistical test) was used to test signifi-
cance among samples. Multiple comparison correction was
performed (false discovery rate, FDR). The second method
utilized was Kallisto (Bray et al. 2016) under default set-
ting. Differential expression between contigs was examined
with the DESeq?2 package (Love et al. 2014). A generalized
linear model assuming a binomial distribution followed by
the FDR approach was used to account for multiple tests
(Benjamini and Hochberg 1995). Cut-off values for signifi-
cance were determined as described in the CLC-based analy-
ses. After the identification of the contigs with differential
expression, enriched functional groups were identified with
gProfiler (Raudvere et al. 2018) based on methods described
by Meibers et al. 2019.

Quantitative PCR of targeted male-enriched genes

Expression levels for targeted genes were measured based
on previous methods (Rosendale et al. 2016b; Finch et al.
2020). RNA was extracted as described above. Complemen-
tary DNA (cDNA) was generated with a DyNAmo cDNA
Synthesis Kit (Thermo Scientific). Each reaction used 100
ng RNA, 50 ng oligo (dT) primers, the reaction buffer
containing dNTPs, 5 mM MgCl,, and M-MuLV RNase
H+ reverse transcriptase. KiCqStart SYBR Green qPCR
ReadyMix (Sigma Aldrich), along with 300 nM forward
and reverse primers, cDNA diluted 1:20, and nuclease-free
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water, was used for all reactions. Primers used were designed
with Primer3 (K&ressaar et al. 2018). All qPCR reactions
were conducted using an Illumina Eco quantitative PCR sys-
tem. Four biological replicates were examined for each gene.
Expression levels were normalized to alpha-tubulin using
the AACt methods. Differences between expression levels
were compared with ANOVA followed by a Tukey’s test.

Population-level effects

To assess the impact of a short heat exposure on mite popu-
lations, we used a Leslie matrix approach (Lefkovitch 1965)
previously used to assess population changes for other Ant-
arctic terrestrial arthropods (Finch et al. 2020). The domi-
nant eigenvalue for the matrix is the population growth rate
(4). The life history was simplified into three stages: egg,
pre-reproductive, and reproductive. We assumed no within-
stage transition due to a lack of within-stage survivorship
data, and based estimates on development and reproduc-
tion occurring over the course of 5 years (Convey 1994b;
Block and Convey 1995). For mites under stable conditions
(control), a mean fecundity of 7 eggs with a viability of
0.85 was assumed. For all groups, we assumed a 0.90 prob-
ability of transition from pre-reproductive to reproductive
and mortality after. For mite populations that experienced
a single thermal bout, egg viability declined to 0.55 while
for those that experienced two thermal bouts, egg viability
declined to 0.25. For these analyses, a single fertilization
event was assumed to occur, rather than multiple, as the
impact of multiple mating events has not been studied. The
dominant eigenvalue of each matrix was determined using
the function “eigen” in R.

Results

Differences in egg viability from mites collected
at different sites

When we collected the mites, distinct thermal differ-
ences were noted at the collecting sites (Fig. 1A). Specifi-
cally, temperatures on Cormorant Island were considerably
higher than at the other sites. Mites collected near the sites
of the temperature probes deposited the same number of
eggs (ANOVA, P > 0.1 for all cases) and different levels
of egg viability based on the number of observed progeny
(ANOVA, d.f.,3;, F = 32.21, P < 0.001). Egg viability
was reduced in females collected from Cormorant Island
(Tukey’s, P < 0.0001; Fig. 1B). To determine if a rapid
bout of heat stress is the likely reason for the decline in
fertility, male mites were collected from Humble and
exposed to thermal stress to mimic those observed in
the population collected from Cormorant Island, which
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showed a similar decline in fertility as the field-collected
samples (Fig. 1C, ANOVA, d.f.5 45, F = 21.16, P < 0.001).
During collection, we observed numerous male mites mov-
ing on the warm surface, while most females were pro-
tected underneath rocks and other debris, suggesting the
males are more likely to be exposed to extreme thermal
differences.

RNA-seq analyses revealed thermal stress is likely
to impact male-associated factors

When male mites were exposed to heat stress, there were
only 46 contigs with increased expression (Fig. 2A, FDR
< 0.05, Table S1). These genes were predominantly asso-
ciated with response to heat stress, including a multitude
of canonical heat shock proteins (Fig. 2B). Heat stress
resulted in the suppression of nearly 800 contigs, including
a significant enrichment for contigs previously identified as
male-associated (Fig. 2A, C, Table S2). Of these suppressed
genes, there was enrichment for GO categories associated
with serine/threonine activity, including many contigs that
are likely testis-specific (Fig. 2C, D). This transcriptional
profile highlights the observation that male-associated fac-
tors, specifically those that underlie testis function, declined
in abundance. Results between specific RNA-seq pipelines
gave considerable overlap (Pearson’s correlation = 0.913)
with nearly identical functional GO categories; thus, we
only reported the RNA-seq analysis pipeline with Kallisto
mapping and DESeq?2 for statistical analyses. The general
transcriptome results highlight that a short thermal bout
increases the expression of stress-associated genes at the
expense of the male-associated factors.

Expression levels of specific genes vary for mites
collected on different islands

To confirm whether males from Cormorant Island experi-
enced heat stress, we measured the expression levels for six
contigs identified in the RNA-seq studies to be responsive
to heat stress (Fig. 3). Four of the male-enriched contigs
showed significantly decreased expression in male mites col-
lected from Cormorant Island compared to those from Hum-
ble and Christine Islands (Fig. 3A-D, ANOVA P < 0.05).
By contrast, two transcripts associated with the heat shock
response were elevated in mites from Cormorant (Fig. 3E,
F, ANOVA P < 0.05). These studies confirm that male mites
from Cormorant, but not Christine or Humble, are experi-
encing heat stress that is likely impacting aspects of male
fertility identified in the RNA-seq studies.
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Reduced fertility leads to potential declines
in population levels

When males from different islands were cross-mated, there
were significant declines in fertility (Fig. 4A-B, ANOVA,
df., a1 F =17.62, P < 0.001). Specifically, female mites fer-
tilized by males from Cormorant Island had reduced fecun-
dity (Fig. 4A, Tukey’s, P < 0.001). If males were allowed to
recover for a period of 2 weeks, this reduction in fertility was
eliminated, indicating the impact of heat stress is transient
(Fig. 4A, Tukey’s, P < 0.001). In mites from Humble Island
that were exposed to heat stress, a reduction in male fertility
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similar to that noted in mites directly obtained from Cormo-
rant Island was observed (Fig. 4A, Tukey’s, P < 0.001). This
reduction was also transient, with recovery occurring after
2 weeks under stable conditions (Fig. 4A). These studies
confirm that brief periods of thermal stress are likely a major
factor in the decline of male fertility.

Repeated bouts of heat stress and the associated reduc-
tion in egg survival are sufficiently strong to impact popula-
tion growth (Table 1). Under control conditions, population
growth for mites was estimated as 1 = 1.75 (where 1 = 1
is the replacement rate). One bout of heat stress reduced
population growth to 4 = 1.51, but the population still
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showed positive growth. However, a second bout of heat
stress reduced population growth to below replacement (4 =
0.58), resulting in a population decline. Importantly, many
assumptions were made in the modeling of the population
as studies on this mite are lacking and how heat impacts the
males is not fully understood, but even so, they highlight that
short heat bouts will be likely to reduce mite populations.

Discussion

Our studies provide direct evidence that male fertility in
Antarctic mites is impacted by high-temperature exposure.
This is likely to occur under natural conditions as male
mites collected from areas of high-temperature exposure
show reduced fertility. Transcript level assessment indicated
that males show increased expression of genes associated
with repair and prevention of damage due to heat shock.
This response seems to occur at the expense of factors that
underlie male fertility, specifically those associated with tes-
tis function. Alternatively, the drastic increase in heat shock
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factors and suppression of male-associated transcript could
be required to prevent males from becoming permanently
sterile or succumbing to heat stress. Cross-mating between
mites from different islands and direct heat exposure con-
firmed that short thermal stress bouts cause lower male
fertility. Lastly, our population growth modeling suggests
that these short heat bouts are likely to result in declines in
local populations. Importantly, our studies were conducted
on naturally occurring populations and under thermal expo-
sures already experienced by these mites, highlighting that
these studies are likely to represent frequent and common
thermal stresses.

Heat stress bouts have a multitude of effects on the
survival, growth, and reproduction of terrestrial arthro-
pods (Sales et al. 2018, 2021; Denlinger and Yocum
2019; Walsh et al. 2019). Aspects related to fertility are
altered by thermal stress and range from changes in court-
ship behavior to direct impacts on sperm function (Ara-
ripe et al. 2004; Walsh et al. 2019). Here, we observed
that male mites have reduced fertility when collected
from locations that recently experienced thermal stress.
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Fig.4 Mating of male mites to individuals from different islands to
confirm heat stress reduces fecundity. (Top) Impact of male status
on egg viability for mites. Total developing eggs observed within
females by dissection (left) and viable egg number based on the num-
ber of observed nymphs (right). Each sample was based on 10-12
replicates. Significance was determined with ANOVA followed by a
Tukey’s test

As this mite produces external spermatophores, thermal
stress could impact sperm after being deposited externally
(Block and Convey 1995). This suggests that the decline
in fertility could be the result of two different factors, a
reduction in the production of external spermatophores
and/or spermatophores that contain sperm of lower quality
with impaired fertilization capability. In most other sys-
tems, the impact of male fertility was measured in animals
with direct copulation (Araripe et al. 2004; David et al.
2005; Walsh et al. 2019), rather than the indirect process
used by A. antarcticus. The indirect fertilization used by
mites could result in dual consequences of thermal stress:

Table 1 Modeled population growth of A. antarcticus under heat
stress conditions indicates that multiple heat shock exposures will
decrease population growth

Treatment Year Times Population
growth (1)

Control 1 0 1.75

Heat shock 1 1 1.51

Heat shock 1 2 0.58

males could be directly impacted by heat stress during
sperm production and/or spermatophores could be affected
by thermal exposure once placed in the environment. Our
field studies show that egg viability could be affected by
both processes, but cross-mating studies suggest that direct
impacts on the male likely represent a major influence.

A significant consequence of thermal stress in diverse
systems is defects in sperm function (David et al. 2005;
Vasudeva et al. 2014; Sales et al. 2018). Here, we did not
directly observe sperm function, but instead we note that
heat stress yielded a substantial decline in previously iden-
tified male-enriched factors (Meibers et al. 2019) likely
required for both the generation of sperm and seminal fluid
(Findlay et al. 2008; Avila et al. 2010; Scolari et al. 2016;
Meibers et al. 2019). Specifically, heat stress results in
a critical decline in serine/threonine kinase (TSSK), an
enzyme linked to sperm viability (Spiridonov et al. 2005;
Xu et al. 2008). Serine/threonine kinase transcripts are
abundant in males or male reproductive organs of multiple
mites (Sonenshine et al. 2011; Joag et al. 2016; Mondet
et al. 2018). These expressional profile changes suggest
that sperm generation is likely impaired or poor quality
sperm are generated in heat-stressed A. antarcticus. When
targeted genes were measured directly from field samples,
mites from Cormorant Island had reduced expression lev-
els of male-enriched factors and increased levels of heat
shock genes. These studies suggest that thermal stress
causes males to either generate fewer sperm or sperm of
lower quality.

Studies on the reproduction of arthropods in Antarctica
are limited, with most studies providing a basic description
of reproductive output, while only a few examined effects
at the molecular level (Convey 1998). Two recent studies
reported transcriptional changes in male and female repro-
duction; one study was used to identify male-associated fac-
tors in A. antarcticus (Meibers et al. 2019) and a second
examined male-enriched aspects in the Antarctic midge, Bel-
gica antarctica (Finch et al. 2020). Observations in specific
experimental conditions demonstrate acclimation to thermal
stress increases fertility in the Antarctic midge (Ajayi et al.
2021). Critical thermal limits in relation to the survival of
A. antarcticus suggest that this mite can tolerate tempera-
tures far above those experienced in these studies (Block
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and Convey 1995; Hayward et al. 2003; Everatt et al. 2013)
but at a significant cost in fertility. By examining fertility
limits, we showed that local mite populations are likely to
decline rapidly due to fertility costs following heat stress.
Our modeling suggests that population declines are likely to
occur under field conditions that currently prevail in certain
Antarctic sites, and that estimating the ability of Antarctic
species to survive warming and more fluctuating tempera-
tures due to climate change will require assessing fertility
shifts during thermal stress.
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