
lable at ScienceDirect

Animal Behaviour 165 (2020) 97e106
Contents lists avai
Animal Behaviour

journal homepage: www.elsevier .com/locate/anbehav
Short-term water deprivation has widespread effects on mating
behaviour in a harvestman

Daniel A. Sasson a, b, *, Todd D. Johnson a, Emily R. Scott c, Kasey D. Fowler-Finn a

a Department of Biology, Saint Louis University, St Louis, MO, U.S.A.
b SCDNR Marine Research Resources Institute, Charleston, SC, U.S.A.
c Department of Integrative Biology, University of Colorado Denver, Denver, CO, U.S.A.
a r t i c l e i n f o

Article history:
Received 18 November 2019
Initial acceptance 7 January 2020
Final acceptance 6 April 2020

MS. number: A19-00766R

Keywords:
condition dependence
daddy longlegs
dehydration
mate choice
mating cost
nuptial gift
* Correspondence: D. A. Sasson, SCDNR Marine Rese
Fort Johnson Rd., Charleston, SC, 29412, U.S.A.

E-mail address: danielsasson@gmail.com (D. A. Sa

https://doi.org/10.1016/j.anbehav.2020.04.026
0003-3472/© 2020 The Association for the Study of A
Individual variation in resource acquisition prior to mating can influence the expression of sexually
selected traits and mating dynamics. One important resource that has the potential to affect mating is
water; however, little is known about whether variation in individual hydration status impacts mating
behaviour. Here, we investigate the effects of short-term water deprivation on mating behaviour in the
harvestman Leiobunum vittatum, commonly known as daddy longlegs. These harvestmen follow ste-
reotyped stages of mating during which males attempt to clasp females in a ‘mating embrace’, then
attempt to copulate, and may guard females after copulation; females are able to resist male attempts at
each stage to end the interaction. During these interactions, males pass fluid nuptial gifts to females for
their consumption. We tested how short-term water deprivation affects mating dynamics in harvestmen
using a fully factorial, single-choice mating trials between males and females that were deprived or not
deprived of water for 4 h. Water deprivation affected behaviour at multiple stages of mating. Females
deprived of water were less likely to resist male advances but also less likely to be embraced by males.
Most dramatically, the duration of intromission was greatly reduced in trials where both sexes were
water-deprived. Together, these results suggest that even short periods of water deprivation impact
mating-related behaviour of both sexes and may be an important but neglected factor in sexual selection.
© 2020 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.
The condition dependence of many traits and behaviours
important for mating is well established (Cotton, Small, &
Pomiankowski, 2006; Rowe & Houle, 1996). Resources acquired
during adulthood e such as food and nutrients e can significantly
influence the expression of sexually selected traits and behaviours,
consequently affecting mate acquisition and mating outcomes
(Miller & Svensson, 2014). Suboptimal resource acquisition can
impact behaviour from all stages of mating, including precopula-
tory displays and receptivity (Bilde, Tuni, Elsayed, Pekar, & Toft,
2007; Kotiaho, 2000, 2002; Wagner & Hoback, 1999; Yuval, Kaspi,
Shloush, & Warburg, 1998), pericopulatory behaviours such as
copulation duration and sperm transfer (Field& Yuval, 1999; Fricke,
Bretman, & Chapman, 2010; Perry & Rowe, 2010), and post-
copulatory behaviours such as intersexual cannibalism and
remating rates (Abraham, Goane, Cladera, & Vera, 2011; Andrade,
1998). Many of the mating behaviours impacted by nutritional
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status can consequently affect reproductive success (e.g. Andr�es &
Rivera, 2000; Arnqvist; Danielsson, 1999; Bertram, Whattam,
Visanuvimol, Bennett, & Lauzon, 2009; Blay & Yuval, 1997;
Mappes, Alatalo, Kotiaho, & Parri, 1996). Thus, resource acquisi-
tion during adulthood can play a key role in determining individual
reproductive fitness.

The majority of work on resource acquisition and sexual se-
lection has focused on food and nutrients (Cotton, Fowler, &
Pomiankowski, 2004). However, another critical but under-
studied resource e water e has the potential to affect mating
behaviour because of its importance in the expression of a wide
suite of behavioural traits (e.g. Doi & Toh, 1992; Friedman,
Greene, & Gordon, 2019; Krause et al., 2011). Importantly, hy-
dration status affects the expression of a number of behaviours
that could consequently affect how animals interact in a mating
context, including gregariousness (Cook, 1981; Stamps, 1976),
activity levels (Davis & DeNardo, 2009; Lorenzon, Clobert,
Oppliger, & John-Alder, 1999), physical performance (Beuchat,
Pough, & Stewart, 1984), speed of locomotion (Prates, Angilleta,
Wilson, Niehaus, & Navas, 2013) and movement patterns
(Fryxell, 2008). Furthermore, many mating behaviours are
evier Ltd. All rights reserved.
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physiologically expensive and may result in water loss (e.g.
Franklin, Squires, & Stuart-Fox, 2012; Saeki, Kruse, & Switzer,
2005; Sparkes, Keogh, & Pary, 1996; Watson, Stallmann, &
Arnqvist, 1998), posing an additional cost to mating when water
is scarce. Animals may thus regulate mating-related behaviour
when the risk of dehydration is high: for example, adult male
toadlets reduce signalling when occupying dry nests (Mitchell,
2001) and terrestrial gastropods limit the duration of copula-
tion due to the threat of desiccation (Baur, 1992).

Despite the potential for water acquisition to have wide-
reaching effects on mating-related behaviours, the effects of
direct water acquisition (as opposed to water acquired through
food consumption) has been almost entirely ignored in sexual
selection research. What we do know about direct water acqui-
sition and mating is limited to the effects of long-term water
deprivation on female mating behaviour in two groups of insects
that naturally experience long-term water limitation in their
environment. In both decorated crickets, Gryllodes sigillatus, and
seed beetles (Callosobruchus maculatus), the hydration status of
females affects receptivity and mating rates (e.g. Fox & Moya-
Lara~no, 2009; Ivy, Johnson, & Sakaluk, 1999). Specifically, fe-
male decorated crickets that are water-deprived consume addi-
tional spermatophylaxes from males (Ivy et al., 1999), and female
seed beetles that are water-deprived mate more often (Fox &
Moya-Lara~no, 2009; Harano, 2012; Ursprung, den Hollander, &
Gwynne, 2009). Obtaining water through mating interactions
may allow females to produce more offspring (Ivy et al., 1999),
while providing hydration to females may benefit males by
reducing female remating rates and thus lowering the risk of
future sperm competition (Edvardsson, 2007). These studies on
decorated crickets and seed beetles clearly demonstrate that
long-term water deprivation (i.e. 24 e 48 h to most of adulthood)
can impact female mating behaviour in taxa where long periods
without access to water may be common. However, due to wide-
ranging effects of hydration status on behaviour discussed above,
it would be surprising if water consumption did not affect a
broad range of taxa and mating behaviours of both males and
females.

In this study, we test, for the first time in any species, the in-
dependent and combined effects of short-term water deprivation
(4 h) on male and female mating-related behaviour and their
consequences formating outcomes.We do so using the harvestman
(commonly known as daddy longlegs) Leiobunum vittatum
(Arachnida: Opiliones), a species found widely throughout eastern
and central North America in deciduous forests (Burns, Hedin, &
Shultz, 2013). Reliable access to water is critical for members of
this species due to their large surface area/volume ratio (primarily
because their legs are long and thin), which makes them suscep-
tible to water loss (Machado & Macías-Ord�o~nez, 2007). In fact,
death by desiccation can occur in less than a day in some members
of the genus (Edgar, 1971).

Mating interactions in L. vittatum occur over distinct pre-, peri-
and postcopulatory stages (Fowler-Finn, Triana, & Miller, 2014;
Machado, Requena, Toscano-Gadea, Stanley, & Macías-Ord�o~nez,
2015); each stage potentially poses unique challenges that require
sufficient water stores for optimal performance by either or both
sexes. Prior to copulation, males grapple with and embrace fe-
males using their legs and pedipalps and females can resist em-
braces using a number of defensive behaviours (Fowler-Finn et al.,
2014). Once embraced, males evert their genitalia using hydraulic
pressure, sometimes everting and then withdrawing the penis
over 100 times prior to mating (Fowler-Finn et al., 2014). Addi-
tionally, males orally pass glandular secretions containing essen-
tial amino acids as nuptial gifts to females prior to or during
copulation (Burns et al., 2013; Kahn, Cao, Burns, & Boyer, 2018;
Machado & Macías-Ord�o~nez, 2007). If these nuptial gifts are
composed of a significant amount of water, hydration status could
potentially affect the composition or quantity of this nuptial gift.
Once copulation has ended, some males remain with and guard
the female by clasping her leg(s) (Fowler-Finn et al., 2014). Low
water stores may impede the ability of males to perform any of
these actions, reduce the ability of females to resist or control
interactions and hamper the assessment of mate quality for both
sexes. Furthermore, mating interactions in L. vittatum are long e

sometimes exceeding 3 h (Fowler-Finn et al., 2019) e and these
extended interactions may lead to significant water loss for both
sexes. For example, locomotion in males has been observed in
multiple field and laboratory situations to be severely hampered
following copulation, with males in the laboratory regaining the
ability to walk properly only after access to water (K. D. Fowler-
Finn, personal observation).

Based on the behavioural information presented above, we
tested the hypothesis that short-term water deprivation has sex-
specific effects on mating dynamics because water deprivation
will affect motivation and/or performance in the sexes in different
ways. Broadly, we predicted that dehydrated males would be less
willing or able to mate, have a harder time securing females and be
less likely to mate-guard following copulation compared to hy-
drated males. The predictions for the effects of water deprivation
on females are less straightforward. Water-deprived females may
be more likely to mate and show less resistance if they can recoup
water through the nuptial gift, but less likely to mate if nuptial gifts
are not typically hydrating. Finally, given that predictions for
dehydration in males oppose predictions for females, we made no
specific predictions regarding the effects of hydration status when
both sexes are water-deprived. To test the effects of water depri-
vation on male and female behaviour, we withheld water from
males, females, both, or neither sex for 4 h prior to single-choice
mating trials. We then examined mating behaviour and outcomes
across pre-, peri- and postcopulatory stages of mating. We found
that the effects of water deprivation depended both on the stage of
the mating interaction and on which sex was deprived of water.
Given the extensive consequences of short-term dehydration on
mating behaviour in L. vittatum, we suggest that hydration status
may be an overlooked, but important, factor in mating dynamics in
many taxa.
METHODS

Husbandry

We collected adult L. vittatum from vegetation, leaf litter and a
dry creek bed found in a forested area near St Louis, Missouri, U.S.A.
(38�330100N, 90�3203500W) in September 2016 and in September and
October 2017 and brought them to the laboratory at Saint Louis
University. We determined the sex of each individual, gave each
individual a unique identity number and housed them in individual
plastic deli cups (10 cm diameter� 7.6 cm depth). Males can be
distinguished from females by their smaller bodies and larger
pedipalps (Burns et al., 2013). We covered the deli cups with
mosquito netting and a lid with a hole cut out to allow airflow. The
mosquito netting on the top of the container and a popsicle stick
provided surfaces onwhich the harvestmen could climb (Appendix,
Fig. A1). We provided water and food, consisting of crushed fish
flakes, ad libitum, and changed cages as needed to keep them free
of mould. All harvestmen were kept in the laboratory at room
temperaturewith ~65% relative humidity. All animals were handled
and kept in concordance with the ASAB/ABS Guidelines for Use of
Animals in Research.



Figure 1. A male (left) and female (right) Leiobunum vittatum in a stereotypical
embrace.
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Water Deprivation Treatments

Males and females were randomly assigned to one of two
treatments: (1) deprived of water (N ¼ 30 for both males and fe-
males) or (2) not deprived of water (N ¼ 43 for both males and
females). To deprive individuals, we placed them in a new enclo-
sure with a popsicle stick but no water or food for 4 h. Those
assigned to the no deprivation treatment were placed in a similar
enclosure for 4 h, but with a dish of water. Thus, the only difference
between treatments was whether or not an individual had direct
access to water. Many mating interactions can exceed 3 h, and
preliminary qualitative observations showed that 4 h of water
deprivation results in normal feeding and locomotion but slowed
reaction times (K. D. Fowler-Finn, personal observation).

Mating Arenas

Mating trial arenas were set up similarly to Fowler-Finn et al.
(2014, 2018, 2019). In brief, we made a circular arena measuring
25.5 cm in diameter with 11.5 cm high walls constructed from
transparent acetate to prevent harvestmen from climbing. The floor
of the arena consisted of white printer paper. We wiped down the
arenawith ethanol and replaced the paper floor in between trials to
remove any potential chemical cues.

Mating Trials

We used a fully factorial design to randomly pair individuals for
mating trials, inwhich the male, female, neither or both individuals
were deprived of water prior to a trial. After 4 h in their respective
treatments, we transferred each harvestman into individual 8 cm
acetate holding pens within the mating arena (Appendix, Fig. A2).
After 2 min of acclimation, or when the individuals were settled
(which never took longer than 5 min), we lifted the holding pens to
allow the harvestmen to freely interact until the end of the trial.
Trials ended once an embraced pair broke apart and ended contact
(whether or not intromission occurred), when a female rejected the
male's attempt to embrace three times, or after 3 h, whichever
condition came first (following Fowler-Finn et al., 2014, 2018, 2019).
We recorded all trials on a Canon digital camera (model: Vixia HF
R52) for later behavioural analyses. We ran 40 trials in September
and October 2016 and 33 trials in September and October 2017. All
mating trials were started between 0900 and 1700 hours.

Overall Trial Outcome

We recorded the overall outcome of the mating trials as follows:
(1) a failure to embrace if the male never successfully embraced the
female; (2) an embrace with no intromission if the male embraced
the female but never copulated; or (3) a successful mating if the
male both embraced and copulated with the female (identified by
when the male inserts his penis into the female's genital opening
and inflates his haematodocha; Fowler-Finn et al., 2014). These
three possibilities represent the stages at which mating in-
teractions can break down and may allow us to distinguish the
causes of failed mating attempts.

To test the role of water deprivation on overall trial outcome, we
ran a nominal logistic regression model with mating outcome as
the dependent variable. The model contained male water depri-
vation treatment (yes/no), female water deprivation treatment
(yes/no) and a male treatment by female treatment interaction
term as independent variables. The model also included male body
size, female body size, a male treatment by male body size inter-
action and a female treatment by female body size interaction as
additional independent variables. Given that mating dynamics can
vary seasonally (K. D. Fowler-Finn, personal observation), we also
included Julian day (days from 1 January) as a covariate in the
model. Two trials ended prematurely and so were excluded from
the analysis of overall outcome.

Behavioural Analyses

In addition to the overall outcome of the trial, we scored several
mating behaviours within each of the three stages of L. vittatum
mating (precopulation, pericopulation and postcopulation).

(1) Precopulatory behaviours involve the male's attempts to
position himself to mate (and sometimes female resistance to these
attempts). Once contact occurs, the male almost always grapples
with the female in an effort to embrace the female in a position that
limits her movements. This position consists of the male and fe-
male oriented towards each other, with the male's pedipalps
hooking the female behind the coxae of her second legs (Fig. 1;
Fowler-Finn et al., 2014, 2018, 2019). Males that are not able to
embrace the female on their first attempt usually try again once
contact with the female is re-established. During the precopulatory
phase of mating, we scored three behaviours (all previously
described in Fowler-Finn et al., 2014): (a) whether females resisted
male embraces (identified when a female fled, bobbed violently
and/or dipped her frontal end in a downward position to seemingly
make herself difficult to grasp); (b) whether males successfully
embraced females on their first attempt; and (c) whether males
successfully embraced a female in any of his first three attempts.

(2) Pericopulatory behaviours occur when pairs are in intro-
mission. During this phase of mating, we scored whether embraced
pairs copulated and, if so, the duration of intromission.

(3) Postcopulatory behaviours occur after intromission has
finished. During this phase, we scored whether males that copu-
lated subsequently guarded the females (i.e. whether pairs stayed
in contact for > 15 s after intromission ended, usually with themale
gripping the female's leg with his own second legs and following
her around the arena, which has also been observed in the field; K.
D. Fowler-Finn, personal observation) and the duration of post-
copulatory contact.

We tested whether water deprivation affected the presence/
absence of mating behaviours scored during each stage of mating
by running nominal logistic regressions. The dependent variables in
these models were female resistance (yes/no), embrace on male's
first attempt (yes/no), any successful embrace over the course of
the trial (yes/no), intromission for pairs that embraced (yes/no) and
postcopulatory guarding for pairs that copulated (yes/no). The
models included male water deprivation treatment (deprived/not
deprived), female water deprivation treatment (deprived/not
deprived), and a male treatment by female treatment interaction
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term as independent variables. We additionally included the
following independent variables in the model: male body size, fe-
male body size, a male treatment by male body size interaction, a
female treatment by female body size interaction, and Julian day as
a covariate. Due to a smaller sample size and the issue of statistical
separation (Allison, 2008), the model for postcopulatory guarding
did not include male by female treatment interaction as a fixed
effect. We have incomplete data for two trials where precopulatory
behaviours could not be scored because of incomplete filming; we
include these trials in all analyses except for the analyses of female
resistance and embrace on first attempt.

We tested whether water deprivation affected the duration of
intromission and the length of postcopulatory guarding using
parametric survival models with either intromission duration or
postcopulatory guarding duration as the dependent variable. Per
Akaike's information criterion (AIC) scores, a Weibull distribution
fit best for the intromission duration model while an exponential
distribution fit best for the postcopulatory guarding model. Thus,
we used these distributions for their respective models. In each
model, we included male water deprivation treatment (deprived/
not deprived), female water deprivation treatment (deprived/not
deprived) and a male treatment by female treatment interaction
term as independent variables. Additionally, we included in the
models male and female body size, a male treatment by male body
size interaction and a female treatment by female body size inter-
action as independent variables. Julian day also was included as a
covariate. Six trials ended with mated pairs still in postcopulatory
contact (some pairs stayed in contact for > 160 min); we used the
censor function of the survival analysis to account for these trials in
the postcopulatory guarding analysis (SAS Institute, 2018).

Body Size Measurements

Both male and female body size impact maleefemale in-
teractions in L. vittatum (Fowler-Finn et al., 2014, 2018) and are
therefore important to measure and statistically control for when
quantifying the effects of water deprivation on mating behaviours
and outcomes. Thus, once trials were complete, we preserved all
individuals in 70% ethanol for morphological analyses.We took two
photographs of the dorsal surface of each harvestman e

remounting the individual in between photos e using a Leica
camera (MC170 HD) attached to a Leica microscope (M205 C). We
oriented every individual in a standardized position with the
pedipalps facing forward. We used these pictures to measure
cephalothorax width using Leica's LAS X software (v.3.0.4). Ceph-
alothorax width is a good proxy for static body size measurements
commonly used for arachnids (e.g. Fowler-Finn & Hebets, 2006;
Hebets, Gering, Bingman, & Wiegmann, 2014; Rittschof, 2010;
Sasson, Johnson, & Brockmann, 2012) and is measured in harvest-
men as the width from the end points of the carapace between the
right and left second and third pairs of legs (Fowler-Finn et al., 2014,
2018). For every individual, we measured each of the two pictures
twice and then took the mean of means for the cephalothorax
width measurement.

The Effect of Water Deprivation on Body Mass

In 2017, weweighed a subset of individuals at three time points:
just prior to placing them in their assigned treatment for 4 h,
immediately prior to the start of the behavioural trial and imme-
diately after the mating trial ended (N ¼ 20 for each sex). We
weighed individuals to the nearest 0.1 mg using a balance (Mettler
Toledo XS104). We used the difference in mass before and imme-
diately after the treatment to assess the impact of the water
deprivation treatment on mass. We used the difference in mass
before and after the mating trial to test for the possibility that
intromission and/or hydration status affected the change in mass
during a mating interaction. Changes in mass could be due to en-
ergetic expenditures during the mating interaction or the passing
of a nuptial gift and/or ejaculate from the male to the female, all of
which could be affected by the hydration status of each sex. One
male and three females excreted faeces and/or fluids during the
mating trial and were thus excluded from this analysis.

We first tested whether individuals from the two treatments
differed in mass prior to undergoing the treatment using t tests run
separately for each sex. Next, to determine the effect of water
deprivation treatment on body mass, we compared mass lost/
gained across the two treatments using a separate t test for each
sex.

We used general linear models to test whether water depriva-
tion and intromission affected mass loss over the course of the trial
for pairs that embraced, as might be expected if water deprivation
limits the amount of fluid males pass to the female during copu-
lation. In these models, the dependent variable was the amount of
mass lost while the independent variables were deprivation
treatment for both the male and the female, whether intromission
occurred, trial duration (log transformed) and the mass of both the
male and the female at the start of the trial. We ran separatemodels
for mass lost by males and mass lost by females. Additionally, we
tested whether male and female mass loss within a trial were
correlated by running a Pearson product-moment correlation.

We used general linear models to test whether water depriva-
tion affected mass loss for pairs that copulated. Because only in-
dividuals that copulated were included, we reduced the number of
variables to accommodate the smaller sample sizes in these models
(N ¼ 9 formales,N ¼ 8 for females). In thesemodels, the dependent
variable was the amount of mass lost during the trial while the
independent variables were water deprivation treatment (coded as
neither deprived, male deprived, female deprived, or both
deprived), trial duration (log transformed) and the mass of both the
male and the female at the start of the trial. We ran separatemodels
for mass lost by males and mass lost by females. Additionally, we
tested whether male and female mass loss within a trial were
correlated by running a Pearson product-moment correlation.

All statistics were conducted using JMP 14.0 (SAS Institute, Cary,
NC, U.S.A.).

RESULTS

The Effects of Water Deprivation on Overall Outcomes

Sixteen per cent of trials endedwithout an embrace, 42% of trials
endedwith an embrace but no intromission, and the remaining 42%
of trials ended in an embrace with intromission (N ¼ 71 trials).
Mating trial outcome was affected by female, but not male, water
deprivation: mating trials with water-deprived females were more
likely to end without a successful embrace, although the difference
was marginally nonsignificant (P ¼ 0.052; Table 1, Fig. 2). Addi-
tionally, trials were somewhat more likely to result in intromission
following a successful embrace when females were water-deprived
(Fig. 2). The only other factor influencing trial outcome was female
size: trials were more likely to end without an embrace when fe-
males were small (Table 1).

The Effects of Water Deprivation on Presence/Absence of Mating
Behaviours

Females that were not water-deprived were more likely to resist
male attempts to embrace (Table 1) but also more likely to even-
tually be secured in an embrace, although this latter result was
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marginally nonsignificant (P ¼ 0.051; Table 1). Additionally, female
size affected resistance and successful embraces: smaller females
were less likely to resist but also less likely to be embraced on a
male's first attempt or at any point during the trial. Male water
deprivation by itself did not influence the likelihood of any of the
mating behaviours measured, but it did interact with male body
size to affect two behaviours (Table 1): water-deprived males that
were largeweremore likely to face female resistance and less likely
to secure a female.
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Figure 2. The likelihood that Leiobunum vittatum mating trials ended without an
The Effects of Water Deprivation on Intromission and Postcopulatory
Guarding

While neither male nor female water deprivation affected the
likelihood of intromission (Table 1), both male and female water
deprivation significantly affected the duration of intromission
(Table 2). The duration of intromission was especially short when
both sexes werewater-deprived (Table 2, Fig. 3). We found no effect
of water deprivation of either sex on the likelihood or duration of
postcopulatory guarding (Tables 1, 2, Appendix, Fig. A4).
embrace (,), ended with an embrace but no intromission ( ), or ended in intromis-
sion if an embrace was achieved (-) when females were water-deprived (N ¼ 41) or
not deprived of water (N ¼ 30). Numbers within each panel indicate the number of
trials with that outcome.

Table 2
Statistical results from our models on the effects of water deprivation, male and
female carapace width (CW) and their interactions on the duration of intromission
and postcopulatory guarding

Duration of intromission
(N ¼ 30)

Duration of postcopulatory
guarding (N ¼ 22)

c2 P c2 P

_ Deprivation 4.2 0.042 0.37 0.544
_ CW 0 0.977 0.69 0.405
_ Deprivation � _ CW 0.58 0.447 1.4 0.231
\ Deprivation 14.2 <0.001 0.00 0.965
\ CW 0.09 0.763 0.04 0.832
\ Deprivation � \ CW 0.09 0.767 0.60 0.438
_ Deprivation � \

deprivation
10.8 0.001 1.0 0.310

Julian day 2.3 0.133 1.2 0.271

Bolded P values indicate significant effects.
The Effects of Water Deprivation on Body Mass

Prior to the experimental treatment, the mass of individuals did
not significantly differ between the two treatments (Appendix,
Table A1). Both males and females assigned to the water depriva-
tion treatment lost significantly more mass during the 4 h of water
deprivation than individuals not deprived of water (Fig. 4, Appen-
dix, Table A1).

All individuals lost mass over the course of the trial (Appendix,
Fig. A3). For pairs that embraced during a trial, neither treatment
nor intromission affected the mass lost during the trial for males or
females (Appendix, Table A2). In fact, none of the factors tested
affected mass lost by females over the course of the trial, but both
the trial duration and the starting mass of the female significantly
affected mass lost by males over the course of the trial: males lost
more mass if paired with heavier females and if the trial was long
(Appendix, Table A2). We also found that the amount of mass lost
by males and females within a trial were positively correlated
(Pearson correlation: r14 ¼ 0.61, P ¼ 0.01).

When we examined just those pairs that copulated, we again
found that none of the factors tested affected the amount of mass
lost by females over the course of the trial, but that the amount of
mass lost by males was affected by trial length: heavier males and
those in longer trials lost more mass (Appendix, Table A2). Males
also tended to lose more mass when paired to heavier females,
Table 1
Statistical results from our models on the effects of water deprivation, male and female c
overall mating outcome and the likelihood of exhibiting each mating behaviour

Overall outcome (N ¼ 71) Precopulatory behaviours

Female resistance
(N ¼ 71)

Embrace on
(N ¼ 71)

c2 P c2 P c2 P

_ Deprivation 1.1 0.587 0.64 0.423 0.73 0.393
_ CW 0.18 0.915 3.9 0.049 0.31 0.578
_ Deprivation � _ CW 4.7 0.097 4.4 0.036 0.9 0.333
\ Deprivation 5.9 0.052 6.2 0.013 2.5 0.117
\ CW 11 0.004 12 <0.001 4.5 0.034
\ Deprivation � \ CW 3.4 0.182 0.4 0.53 2.8 0.096
_ Deprivation � \

deprivation
0.5 0.783 0.1 0.758 1.1 0.298

Julian day 2.9 0.233 1.3 0.256 2.4 0.122

Bolded P values indicate significant effects and italicized P values indicate marginally no
although this result was marginally not significant. The amount of
mass lost by males and females within a trial was not significantly
correlated (r6 ¼ 0.59, N ¼ 8, P ¼ 0.13).
arapace width (CW), the interaction of water deprivation and CW, and Julian day on

Peri- and postcopulatory behaviours

1st attempt Any successful embrace
(N ¼ 71)

Intromission
(N ¼ 60)

Guarding
(N ¼ 30)

c2 P c2 P c2 P

0.18 0.668 0.86 0.353 1.4 0.238
0.03 0.873 0.04 0.836 0.67 0.413
3.5 0.060 1 0.324 0.5 0.464
3.8 0.051 2 0.156 0.8 0.379
11 0.001 0.4 0.512 0.3 0.585
3 0.084 0.4 0.554 0.1 0.789
0.1 0.757 0.3 0.590

2.6 0.108 0.4 0.513 0.2 0.655

nsignificant effects.
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DISCUSSION

We found widespread effects of male and female short-term
water deprivation on mating dynamics in the harvestman
L. vittatum during pre- and peri- (but not post-) copulatory stages.
While female water deprivation had direct effects on mating
behaviour, the effects of male water deprivation were primarily
mediated by male size. Furthermore, we found that male and fe-
male deprivation had sometimes similar, and other times opposing,
effects. Notably, intromission length was dramatically reduced
when both sexes were water-deprived. We also found that female
deprivation increased female resistance and decreased the likeli-
hood of a successful embrace. While we found no evidence for the
transfer of a substantial nuptial gift, greater male weight loss in
longer trials suggests that mating interactions are hydraulically
costly. While food acquisition is well known to affect sexually
selected traits and behaviours (e.g. Abraham et al., 2011; Alujua
et al., 2001; Bertram et al., 2009; Fricke et al., 2010; Wagner &
Hoback, 1999; Yuval et al., 1998), the considerable effects of
short-term water deprivation that we found here indicate that the
acquisition of water by itself may affect mating and reproductive
success and could be an important but overlooked resource to
consider in sexual selection research.

One dramatic effect of water deprivation on mating interactions
that we found was a nearly order of magnitude reduction in intro-
mission duration when both sexes were water-deprived (mean of
22 swith both sexes deprived versus 180 s for all other trials).While
nutritional status affects copulation duration in some taxa (Aluja,
Rull, Sivinski, Trujillo, & P�erez-Staples, 2009; Field & Yuval, 1999),
this study is the first to our knowledge to show similar effects due to
hydration status. If copulation duration in L. vittatum correlateswith
sperm transfer and/or reproductive fitness as it does in many taxa
(Andr�es& Rivera, 2000; Arnqvist&Danielsson,1999; Edvardsson&
Canal, 2006), water deprivation could directly reduce reprodutive
fitness for both male and female harvestmen. The cost of reduced
intromission length could be particularly costly to water-deprived
males if sperm competition is present, which seems likely given
that both male and female L. vittatum are promiscuous (Macías-
Ord�o~nez, 1997). Males that mate for brief periods may transfer few
sperm and thus have a low chance at fertilization if sperm compe-
tition occurs in the female reproductive tract. Females that mate for
brief periods may be sperm-limited and unable to fertilize all their
eggs, whichwould be especially costly if futuremating attempts are
limited. More broadly, the result of dramatically reduced intromis-
sion durations when both sexes were water-deprived underscores
the importance of quantifying the interactive effects of male and
female status, whether hydration or otherwise, on reproductive
outcomes, particularly for animals with limited opportunities to
mate.

Water deprivation in females directly affected the progression of
mating interactions: water-deprived L. vittatum females were less
likely to resist male attempts but less likely to embrace. While this
may at first appear paradoxical, two nonmutually exclusive possi-
bilities may explain the pattern. First, females may be able to
indicate their unwillingness to mate to reduce male attempts. In
support of this idea, we found that in most trials that ended
without an embrace, the females showed no resistance (8 of 11
trials), a pattern found in multiple species in the genus (Fowler-
Finn et al., 2018). Second, males may assess female hydration sta-
tus and avoid water-deprived females if hydration status correlates
with a measure of female quality such as egg production (e.g.
Benoit et al., 2010; Broufas, Pappas, & Koveos, 2009). Male choice is
well known in many taxa (e.g. Jones, Monaghan, & Nager, 2001;
Lüpold, Manier, Ala-Honkola, Belote, & Pitnick, 2010; Sargent,
Gross, & Van Den Berghe, 1986), and, in at least one harvestman
species exhibiting exclusive paternal care, males seem to evaluate
female quality based on cues present on the female's tegument
(Requena & Machado, 2014). Furthermore, male L. vittatum some-
times show reluctance to mate, perhaps after some assessment of
female quality (Machado et al., 2015), and show discrimination
against females of other species in the genus (K. D. Fowler-Finn,
personal observation). Thus, hydration status may affect not only
an individual's behaviours but also the assessment of that indi-
vidual by others. Further testing to discriminate between these two
possibilities could prove insightful.

Even though water-deprived females were less likely to
embrace, they tended to be more likely to copulate once embraced.
This pattern may result from increased female receptivity when
water-stressed (e.g. Fox & Moya-Lara~no, 2009; Harano, 2012),
which could be beneficial if mating allows females to recoup lost
water, possibly through male nuptial gifts or male ejaculate (Ivy
et al., 1999; Ursprung et al., 2009). Like other members of the
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genus, L. vittatum males pass fluid nuptial gifts to females during
mating (Burns et al., 2013; Kahn et al., 2018; Machado & Macías-
Ord�o~nez, 2007). However, we found no effect of intromission or
of female water deprivation on changes in mass for either sex,
suggesting that males are not passing large amounts of fluid to the
females. Given that mating behaviours are often energetically
expensive (Franklin et al., 2012; Sparkes et al., 1996; Watson et al.,
1998), females may be more likely to mate if it reduces the ener-
getic or hydraulic costs of mating interactions. We found a positive
correlation betweenmale and female mass loss, andmale mass loss
increased with longer interactions, which suggests some in-
teractions may be more costly than others. However, females that
mated did not lose less mass than females that did not mate, as
would be expected if copulating were a strategy to reduce energetic
costs. Thus, it remains unclear whether increased female mating
receptivity in L.vittatum buffers the effects of dehydration, as has
been proposed for other taxa (Edvardsson, 2007; Harano, 2012; Ivy
et al., 1999).

In contrast to females, male hydration status did not have any
direct effects on the progression of mating interactions. Despite our
prediction that water-deprivedmales would be less likely to pursue
mating, we found that water-deprived males were equally likely as
their hydrated male counterparts to attempt to mate, embrace fe-
males on their first attempt or at any point in the trial, and progress
to intromission once embraced. Given the evidence that mating
interactions are costly (males lost more mass in trials that were
longer and when paired with heavier females), it appears that even
water-deprived males are willing to incur the costs of any increased
stress due to water lost during mating interactions. Furthermore,
water-deprived males were also just as likely mate-guard. Given
the prevalence and significant benefits of mate guarding in this
species (Fowler-Finn et al., 2019; Macías-Ord�o~nez, 1997), the will-
ingness to guard, even when dehydrated, could have significant
reproductive benefits that outweigh any costs associated with
extended contact with females after intromission.

The effects of male water deprivation on mating interactions e
apart from intromission duration e were mediated by male size.
For example, largemales that had access towater were less likely to
embrace the female, a pattern wemight expect if large males are in
better condition, since males in better condition are often pickier in
mate selection (e.g. Amundsen & Forsgren, 2003; Preston,
Stevenson, Pemberton, Coltman, & Wilson, 2005; Shine, Phillips,
Waye, LeMaster, & Mason, 2003). However, all of these large hy-
drated males attempted, but failed, to embrace the females. This
pattern suggests that females may control the progression of
mating (Fowler-Finn et al., 2014).We found that femalesmore often
resisted when paired with large males, especially when the males
were water-deprived. Interestingly, females did not resist in the
majority of trials that ended without an embrace, which occurred
more often when males were large and not deprived of water. This
result could be evidence that females are signalling their willing-
ness to mate upon contact and that these large and hydrated males
are heeding those signals. Conversely, large dehydrated males may
be ignoring these female signals/cues and thus experience more
female resistance. Males in poor condition or those with low life
expectancy often increase reproductive effort (Sadd et al., 2006;
Thanda Win, Kojima, & Ishikawa, 2013); water-deprived
L. vittatum males may be more likely to ignore female cues if
these males assess that their future reproductive success is low due
to dehydration. Finally, we did not find any effects of water depri-
vation or intromission on mass loss in males, suggesting that
nuptial gifts in L. vittatum are not substantial. Thus, whether water
deprivation affects nuptial gifts remains an intriguing question that
may be better answered in taxa where the quantification of nuptial
gifts is more tenable.
Conclusions

The role of water deprivation on mating behaviour remains a
relatively unexplored topic in sexual selection research, with this
study being the first (to our knowledge) to examine the effects of
short-term water deprivation of both sexes on mating behaviours.
We found that even short periods of water deprivation have sig-
nificant sex-specific and interactive effects. Short pulses of dehy-
dration may be common for many taxa, either due to
environmental availability or trade-offs with other activities. Thus,
we suspect that hydration status is likely to have broad effects on
mating across diverse taxa and should extend beyond systems
living in arid environments. Furthermore, since many animals ac-
quire water from food they ingest, our results suggest that future
research investigating the impacts of food acquisition on sexually
selected traits and behaviours may benefit from disentangling the
specific effects of the nutrients and water acquired from the food.
With the occurrence of drought and the decreased reliability of
water sources on the rise globally (Dai, 2013; van Aalst, 2006), the
impact of water in mating interactions should only increase, and
thus, we encourage more widespread tests of water deprivation on
mating behaviour and reproductive success.
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Appendix
Table A1
Effect of water deprivation treatment on mass in Leiobunum vittatum

Mean ± SE mass (mg)

Before treatment After tre

Males
Deprived 83.1 ± 3.6 79.8 ± 3
Not deprived 84.3 ± 3.7 84.3 ± 3

Females
Deprived 181.2 ± 9.3 176.8 ±
Not deprived 182.4 ± 16.1 184.8 ±

Table A2
The effect of intromission, water deprivation, starting mass and trial duration on
mass lost during trials for pairs that embraced, and the effect of treatment, starting
mass and trial duration on mass lost during trials where intromission occurred

Factor Males Females

F ratio N P F ratio N P

Trials with embrace 17 15
Intromission (Y/N) 1.8 0.212 0.53 0.487
Male deprivation 1.5 0.253 0.44 0.524
Female deprivation 0.23 0.639 0.51 0.494
Male mass 0.08 0.788 0.45 0.521
Female mass 7.0 0.024 0.51 0.494
Trial duration 5.8 0.037 2.0 0.192
Trials with intromission 9 8
Treatment 6.1 0.144 7.3 0.264
Male mass 24.8 0.038 9.7 0.198
Female mass 10.7 0.08 12.7 0.174
Trial duration 40.6 0.024 5.4 0.259

Trial duration and intromission duration were log-transformed prior to analysis.
Bolded P values indicate significant effects while italicized P values indicate almost
significant effects.

Figure A1. Cages used to house harvestmen. Photo credit: Leticia Classen-Rodriguez.
Mean % mass lost

atment Lost

.6 3.2 ± 0.2 3.8

.5 0.0 ± 0.8 0.0

9.0 4.3 ± 0.8 2.4
15.4 -2.4 ± 1.6 -1.3

Figure A2. Male (left) and female (right) in the mating arena prior to being allowed to
interact.
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Figure A3. Mass lost during trial by sex. All individuals lost weight during the mating
trials. Box plots show median mass with first and third quartile ranges. Dots represent
observed data points. Sample sizes are given above box plots.
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Figure A4. Duration of postcopulatory guarding by male Leiobunum vittatum that were
deprived (,) or not deprived ( ) of water when paired with females that were or were
not deprived of water. Box plots show median postcopulatory guarding duration with
first and third quartile ranges. Dots represent observed data points. Sample sizes for
each treatment are given above the box plots.

D. A. Sasson et al. / Animal Behaviour 165 (2020) 97e106106


	Short-term water deprivation has widespread effects on mating behaviour in a harvestman
	Methods
	Husbandry
	Water Deprivation Treatments
	Mating Arenas
	Mating Trials
	Overall Trial Outcome
	Behavioural Analyses
	Body Size Measurements
	The Effect of Water Deprivation on Body Mass

	Results
	The Effects of Water Deprivation on Overall Outcomes
	The Effects of Water Deprivation on Presence/Absence of Mating Behaviours
	The Effects of Water Deprivation on Intromission and Postcopulatory Guarding
	The Effects of Water Deprivation on Body Mass

	Discussion
	Conclusions

	Acknowledgments
	References
	Appendix


