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Recent theory suggests that global warming may be catastrophic for tropical ectotherms. Although most
studies addressing temperature effects in ectotherms utilize constant temperatures, Jensen’s inequality and
thermal stress considerations predict that this approach will underestimate warming effects on species
experiencing daily temperature fluctuations in nature. Here, we tested this prediction in a neotropical
pseudoscorpion. Nymphs were reared in control and high-temperature treatments under a constant daily
temperature regime, and results compared to a companion fluctuating-temperature study. At constant
temperature, pseudoscorpions outperformed their fluctuating-temperature counterparts. Individuals were
larger, developed faster, and males produced more sperm, and females more embryos. The greatest impact
of temperature regime involved short-term, adult exposure, with constant temperature mitigating
high-temperature effects on reproductive traits. Our findings demonstrate the importance of realistic
temperature regimes in climate warming studies, and suggest that exploitation of microhabitats that
dampen temperature oscillations may be critical in avoiding extinction as tropical climates warm.

P
redicting how climate change will impact on biodiversity requires detailed understanding of the fitness
consequences of temperature increase for tropical terrestrial arthropods, the most diverse animals on earth.
With metabolic rate in ectotherms increasing exponentially with temperature1,2, recent theory suggests that

the physiological effects of warming may be most severe for terrestrial ectotherms inhabiting tropical regions3,4.
Although median surface temperatures in the tropics are projected to increase by 3.5–4.0uC by the end of the
century5, tropical terrestrial ectotherms, such as arthropods and reptiles, are adapted to an already hot envir-
onment, and therefore have high baseline temperatures and narrow thermal safety margins that may limit their
capacity to tolerate even small increases in temperature3,4,6.

Most studies addressing the effects of temperature on fitness traits in ectotherms have been conducted under
constant temperature conditions (reviewed in Refs. 7–11). However, this approach may yield unrealistic results
for the many organisms that experience regular daily temperature fluctuations in nature. Although rarely taken
into account in climate change research11,12, diurnal variance in temperature can potentially influence fitness
traits, and mathematical theory suggests that temperature fluctuations are likely to be particularly important for
tropical ectotherms that function close to their critical maximum temperatures. Jensen’s inequality is a math-
ematical property that applies broadly to biological processes, involving non-linear relationships, ranging from
metabolism to species interactions13,14. It states that the average result of a nonlinear function, �f xð Þ , does not equal
the function evaluated at the average value of x, f �xð Þ, with variance in x lowering the response variable, if the
function is decelerating, and raising it, if the function is accelerating13. Because ectothermic metabolic rate is an
accelerating function, i.e., it increases exponentially with temperature, the average metabolic rate of an ectotherm
across a range of diurnal temperatures will always be greater than its metabolic rate at the average daily
temperature14.

While there is little seasonal variation in temperature in the tropics, temperatures typically vary by approxi-
mately 8uC on a regular daily basis (NOAA National Climate Data Center web site, http://www.ncdc.noaa.gov/).
For example, at the El Claro site on Barro Colorado Island in lowland central Panamá, shaded air temperature
ranged, on average, from a daily minimum of 23.3uC to a daily maximum of 31.5uC during the period 1994 to
200515. In a recent simulated climate warming study, carried out at fluctuating temperatures that closely mim-
icked this natural diurnal temperature cycle, the 3.5uC increase that has been predicted for the tropics by the end
of the century5 had highly detrimental consequences for the neotropical pseudoscorpion, Cordylochernes scor-
pioides16. Although elevated temperature significantly reduced survival, size and level of sexual dimorphism, its
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greatest impact was on reproductive traits in the two sexes. At high
temperature, males produced only 45% as many sperm as control
males, and females were rendered sterile.

Characteristics of its biology make C. scorpioides a model system
for investigating the life history, morphological, and reproductive
consequences of climate warming in a tropical ectotherm. Sperm
transfer in this pseudoscorpion is indirect, with males transferring
discrete packets of sperm to females by means of a stalked spermato-
phore deposited on the substrate (Fig. 1a). Indirect sperm transfer
provides a window on ejaculate characteristics that is absent in spe-
cies that transfer sperm directly via copulatory organs. Immediately
following spermatophore deposition, matings can be interrupted and
sperm packets retrieved for evaluation of sperm quality and quant-
ity17. Females are live bearing, and nourish developing embryos in an
external, translucent brood sac (Fig. 1b) that overlies the genital
opening18,19. This ‘external womb’ mode of viviparous reproduction
enables non-invasive monitoring of female reproductive status and
embryological development20.

The strongly negative effects of high temperature on fitness-
related traits in C. scorpioides16 may have been at least partially the
result of the fluctuating regime that subjected individuals to tem-
peratures between 34uC and 35uC for several hours each day.
Averaging daily temperature eliminates this upper temperature
extreme, and, according to Jensen’s inequality13, should reduce high
temperature induced metabolic stress in this tropical ectotherm.
Here, we tested this daily temperature regime hypothesis by repeat-
ing the simulated climate warming study, but substituted constant
mean temperature for the diurnally fluctuating temperature regime.
In a split-brood experiment, we randomly assigned newborn off-
spring from replicate full-sibling C. scorpioides families to control
and high temperature treatments. The control and high temperatures
were determined by averaging the diurnally fluctuating temperatures
used in the previous study16. Nymphs were reared to adults, and we
assessed the effect of temperature treatment on survivorship, devel-
opmental rate, and sexually monomorphic and dimorphic morpho-
logical traits, as well as on sperm number and viability, and female
reproductive function. In addition, to distinguish between long-
term, developmental and short-term, adult-exposure temperature
effects on male fertility and female reproductive function, we carried
out a second experiment, in which adults were switched between
temperature treatments 7 days before sperm assessment in males
and mating in females. Data from the constant and fluctuating tem-
perature studies were then pooled, in order to assess the effect of daily
temperature regime on response to increased temperature in this
pseudoscorpion.

For nearly all traits, including reproductive traits in both males
and females, pseudoscorpions at constant temperature outper-
formed their fluctuating-temperature counterparts. Cordylochernes

scorpioides individuals experiencing constant temperature developed
faster and were significantly larger. Males produced more sperm and
a higher percentage of viable sperm, and females were more likely to
become gravid and produced a greater number of early-stage
embryos. The most striking impact of temperature regime involved
short-term, adult exposure, with constant temperature alleviating
high-temperature effects on reproductive traits. If these findings
are found to be broadly applicable, the differing effects of constant
versus fluctuating daily temperatures have important implications
not only for the design and interpretation of simulated climate
warming studies but also for the impact of warming on the com-
munity composition of tropical terrestrial ecosystems.

Results
Constant temperature regime. Life history and morphological traits.
The high temperature (H) treatment, which involved a 3.5uC
increase above the current mean temperature of 27.3uC (the con-
trol (C) treatment) in a forested region of central Panamá, had a
significant impact on survivorship, developmental rate, morph-
ology and level of sexual dimorphism. In the H treatment, the
mean proportion of pseudoscorpions surviving from birth to adult
was 0.67 compared to 0.80 in the control (F1,35 5 9.19, P 5 0.0046).
Temperature treatment did not significantly affect sex ratio (F1,35 5
1.62, P 5 0.2113), but the average proportion of adult male offspring
was lower in the H treatment (0.42) than in the control (0.47).

Developmental time at elevated temperature was significantly
reduced in both sexes (main effect of temperature: F1,139 5 96.22,
P , 0.0001; xx– 6 SE: C females 5 40.38 days 6 0.70, H females 5
34.80 days 6 0.71; C males 5 44.41 days 6 0.71, H males 5 37.06
days 6 0.75). Females developed significantly more rapidly than
males (main effect of sex: F1,139 5 18.19, P , 0.0001) but the inter-
action between sex and temperature was not significant (F1,139 5
1.03, P 5 0.3113). More rapid maturation at high temperature was
associated with significantly smaller size for all morphological traits
in the two sexes (P , 0.0001). Reduced size and sex-specific effects of
elevated temperature on morphology were most apparent in sexually
dimorphic traits of the pedipalps, appendages that are used in prey
capture and male combat21. Chela hand depth, the most sexually
dimorphic trait (main effect of sex: F1,130 5 122.64, P , 0.0001),
displayed a much larger reduction in males than in females (sex x
treatment interaction: F1,130 5 21.58, P , 0.0001). Consequently,
degree of sexual dimorphism, i.e., mean male size relative to mean
female size, decreased from 127% in the control to 113% in the high
temperature treatment (Fig. 2). Differences between the sexes in
response to elevated temperature was less apparent in cephalothorax
length, a sexually monomorphic trait, (main effect of sex: F1,139 5
0.85, P 5 0.3588; sex x temperature interaction: F1,139 5 7.93, P 5

0.0056). Within each sex, scaling between chela hand depth and ceph-

Figure 1 | Male and female reproductive traits in Cordylochernes scorpioides. (a) A sperm packet (stained red) with everted tube and evacuated

sperm (stained green). (b) Ventral view of a female carrying a brood sac of approximately 100 early-stage embryos. The images are reproduced from

Ref. 46.
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alothorax length was unaffected by temperature (males: t202 5 1.22, P
5 0.2237; females: t201 5 1.00, P 5 0.3166). Across the two temper-
ature treatments, however, the allometric coefficient (6SE) was sig-
nificantly higher in males than in females (males: b 5 1.430 6 0.045;
females: b 5 0.841 6 0.044; t404 5 9.367, P , 0.0001). These results
indicate that differences between males and females in allometry can
explain the reduced level of sexual dimorphism at high temperature.

Male fertility traits. Temperature during development from birth to
adult, and temperature experienced as an adult were treated as fixed
factors in these analyses, each with C and H treatment levels. We
controlled for potential age and size effects on fertility traits in males
by including male chela hand depth and male age as covariates, but
neither significantly affected sperm number or sperm viability (P .

0.05). Continuous exposure to high temperature during develop-
ment dramatically reduced sperm number (F1,79 5 56.00, P ,
0.0001). Males that developed to sexual maturity at high temperature
and remained at high temperature as adults (H males) produced only
32% as many sperm as control males (C males) (xx– 6 SE: C males 5

1,447 6 112, H males 5 457 6 126). The short-term, 7-day exposure
of C and H adult males to the alternative temperature treatment (C
R H and H R C males) did not significantly affect sperm number
(F1,79 5 0.26, P 5 0.6137) but the developmental x adult treatment
interaction effect was significant (F1,79 5 4.46, P 5 0.0378). For
sperm viability, the main effects of developmental temperature and
adult temperature were not significant (F1,73 5 0.17, P 5 0.6842 and
F1,73 5 1.51, P 5 0.2226, respectively). However, there was a signifi-
cant interaction between developmental and adult temperature treat-
ments, with a mean sperm viability (6SE) of 0.91 6 0.02 in H males
compared to 0.96 6 0.02 in C males (F1,73 5 5.21, P 5 0.0253).

Female reproduction. Fecundity was evaluated by counting early-
stage embryos, and female reproductive success was quantified based
on the number of nymphs born to each female (see Ref. 19 for
details). Female reproductive success is a function of both the
female’s fecundity and the fertility of her mate. We therefore assessed

the effect of temperature experienced throughout development and
adulthood on reproduction in females, by pairing virgin females and
males in all four possible treatment combinations: CRxC= (n 5 16);
CRxH= (n 5 16); HRxC= (n 5 15), and HRxH= (n 5 13). The
proportion of females that produced a brood sac containing early-
stage embryos varied significantly across the four female x male
mating combinations (Fisher’s exact test P 5 0.0105), with only five
of 28 H females (HRxC= and HRxH=) becoming gravid (Fig. 3).
Females reared and maintained as adults at high temperature pro-
duced significantly fewer early-stage embryos than their control tem-
perature counterparts (xx– 6 SE: 3.29 6 4.32 versus 27.91 6 3.97;
main effect of female temperature treatment, F1,55 5 16.39, P 5

0.0002). In addition, females mated to males reared at high temper-
ature produced significantly fewer embryos than females mated to
control males (xx– 6 SE: 1.06 6 4.19 versus 30.13 6 4.11; main effect
of male temperature treatment, F1,55 5 24.46, P , 0.0001). Male
treatment effects were limited to C females because very few H
females produced embryos. There was nonetheless a significant
interaction between male and female treatment effects (F1,55 5

12.28, P 5 0.0009; Fig. 4). The pattern for number of nymphs born
was similar to that for early embryo production (main effect of
female treatment: F1,55 5 17.41, P 5 0.0001; main effect of male
treatment: F1,55 5 19.95, P , 0.0001; female treatment x male treat-
ment: F1,55 5 17.41, P 5 0.0001).

Switching females between high and control incubators 1 week
prior to mating demonstrated a rescuing effect of short-term adult
exposure to the control temperature for females that had developed
at high temperature, with 18 of 29 producing embryos, compared to
three of 15 H females maintained at high temperature as adults
(Fisher Exact Test, P 5 0.0114). By contrast, 18 of the 30 C females
switched to the H environment became gravid, compared to 11 of
16 C females maintained as adults at the control temperature, indi-
cating that females may be resistant to short-term exposure to high
temperature as adults (Fisher Exact Test, P 5 0.7500). For numbers
of embryos produced and nymphs born, developmental and adult

Figure 2 | Size and level of sexual dimorphism decline significantly in response to high temperature. Shown are means (6SE) of chela hand depth in

males (triangles) and females (circles) under control and high temperature conditions. The image at the lower left indicates the measured trait, chela hand

depth. Images of average-sized males from the control and high temperature treatments are shown at the upper left and lower right of the figure,

respectively.
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temperature regimes were again analyzed as fixed factors, each with
C and H treatment levels. Both the temperature at which females
developed (F1,67 5 10.14, P 5 0.0022) and the short-term temper-
ature exposure at the adult stage (F1,67 5 8.04, P 5 0.0060) had
statistically significant effects on the average number of early-stage
embryos produced. The interaction between developmental and
adult treatments was not significant (F1,67 5 0.46, P 5 0.4979).
This pattern was also evident for the number of nymphs born (main
effect of developmental treatment: F1,67 5 14.76, P 5 0.0003; main
effect of adult treatment: F1,67 5 13.08, P 5 0.0006; developmental
treatment x adult treatment: F1,67 5 1.76, P 5 0.1888).

Comparison of constant versus diurnally fluctuating temperature
regime effects. For these analyses, data from this constant diurnal

temperature study and the previous diurnally-fluctuating tempera-
ture investigation16 were pooled, and temperature regime incor-
porated as an additional fixed factor in the models. Temperature
regime did not significantly affect the impact of the projected
3.5uC increase in temperature on survival from birth to the adult
stage or the proportion of male offspring produced (P . 0.05; data
not shown). However, there were significant regime effects on
developmental time, morphological traits, male fertility traits and
female reproductive function.

The effect of regime on development time was large and highly
significant (F1,265 5 66.75, P , 0.0001), with exposure to constant
temperatures reducing developmental period for all possible regime
x temperature x sex treatment comparisons (Fig. 5). For both the
sexually dimorphic trait, chela hand depth, and the sexually

Figure 3 | Proportion of females becoming gravid depends on both female and male temperature treatment. Shown are the mean proportion of females

producing a brood sac of early-stage embryos as a function of the female’s temperature treatment and the temperature treatment of her mate.

Figure 4 | Temperature treatment experienced by females and their mates significantly affects embryo production. The mean (6SE) number of early-

stage embryos is shown for the four experimental treatments. C and H (control and high temperature, respectively) indicate temperature treatment

experienced by an individual throughout development and adulthood.
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monomorphic trait, cephalothorax length, there was a significant
main effect of regime, with larger size under the constant temper-
ature regime (chela hand depth: F1,256 5 6.06, P 5 0.0145; cephalo-
thorax length: F1,265 5 4.41, P 5 0.0366) and a significant interaction
between regime and temperature (chela hand depth: F1,256 5 12.71, P
5 0.0004; cephalothorax length: F1,265 5 6.00, P 5 0.0150).

Sperm number was also significantly higher under the constant
temperature regime (F1,173 5 5.96, P 5 0.0156). Exposure to fluc-
tuating temperatures decreased sperm number for all regime x tem-
perature combinations, with the effect of regime most apparent in C
males switched to high temperature as adults (Fig. 6). A similar
pattern was evident for sperm viability (F1,154 5 11.97, P 5 0.0007;
Fig. 7). Overall, females were much more likely to become gravid
under the constant temperature regime than under the fluctuating

regime (56% versus 25%), and this difference was highly significant
(Fisher Exact Test, P 5 0.0001). While the proportion of females
becoming gravid was higher for all female treatment categories under
constant temperature, the effect of regime was again most apparent
in the control to high temperature switch treatment. Sixty percent of
the 30 constant regime C R H females became gravid, compared to
0% of the 21 fluctuating regime C R H females (Fisher Exact Test, P
, 0.0001). The effect of regime on number of early stage embryos
produced by females was also statistically significant (F1,122 5 9.66, P
5 0.0023). As with sperm number and sperm viability, exposure to
constant temperatures resulted in a higher number of embryos for all
possible regime by temperature treatment combinations, but again,
the effect of regime was greatest in CRH treatment (Fig. 8).
Although females also gave birth to more nymphs at constant

Figure 5 | Constant temperature regime decreases development time of males and females at both control and high temperatures. The mean (6SE)

development time in days from birth to adult is shown for each of the eight experimental treatments.

Figure 6 | Constant temperature regime increases sperm number in all regime x temperature combinations. The mean (6SE) number of sperm per

sperm packet is shown for each of the eight experimental treatments.
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temperature than under fluctuating temperature conditions, the
main effect of regime on number of protoymphs born was not stat-
istically significant (F1,122 5 1.91, P 5 0.1695).

Discussion
In a recently published study carried out under diurnally fluctuating
temperature regimes designed to simulate current and predicted
temperatures in the species’ natural environment, the projected
3.5uC increase in tropical temperatures by the end of the 21st century
had extremely detrimental consequences for important fitness-
related traits in the harlequin beetle riding pseudoscorpion, C. scor-
pioides16. In the companion study reported here, the same
experimental design performed under constant diurnal temperatures

yielded results that were qualitatively but not quantitatively similar to
the fluctuating temperature regime study. In both studies, the pro-
jected increase in temperature resulted in a marked reduction in
survival, size, level of sexual dimorphism and sperm number, and
dramatically decreased female fecundity and reproductive success.
However, for most of the assayed fitness-related traits, pseudoscor-
pions exposed to constant temperatures were superior to their fluc-
tuating-temperature counterparts. At constant temperature, C.
scorpioides individuals were larger and developed faster than pseu-
doscorpions that experienced diurnally fluctuating temperatures.
Males produced more sperm and a higher percentage of viable
sperm, and females were more likely to become gravid and produced
a greater number of early-stage embryos.

Figure 7 | Constant temperature regime increases sperm viability in all regime x temperature combinations. The mean (6SE) proportion of live sperm

per sperm packet is shown for each of the eight experimental treatments.

Figure 8 | Constant temperature regime increases number of embryos produced by females in all regime x temperature combinations. The mean

(6SE) number of embryos per brood sac is shown for each of the eight experimental treatments.

www.nature.com/scientificreports
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The strong effects of daily temperature regime reported here
underscore the importance of taking into account both Jensen’s
inequality13 and thermal stress-mediated physiological disruption
in investigating the effects of climate warming on tropical ecto-
therms. Because ectothermic metabolic rate increases exponentially
with temperature, the average metabolic rate of an ectotherm across a
range of diurnal temperatures should exceed its metabolic rate at the
average daily temperature. This variance-driven increase in meta-
bolic rate is likely to reduce both the optimum and critical maximum
temperatures, as has recently been demonstrated empirically in the
mosquito, Anopheles stephensi, and theoretically in four tropical
insect species11. In addition, under fluctuating high temperature
regimes, daily exposure to temperatures approaching the critical
maximum temperature for tropical arthropods is likely to generate
physiological stress, damage associated with the metabolic produc-
tion of reactive oxygen species22, and/or stress-induced activation or
increased expression of transposable elements23–25. Heat shock
experienced during larval development has been shown to disrupt
adult wing morphology in Drosophila26, and genes regulating physio-
logical responses to heat shock appear to be particularly vulnerable to
transposable element-induced mutagenesis resulting from the inser-
tion of P elements into their promoters27. With diurnal temperatures
in the tropics typically varying by approximately 8uC (NOAA Na-
tional Climate Data Center web site, http://www.ncdc.noaa.gov/),
studies based on constant temperature regimes are likely to signifi-
cantly underestimate the negative effects of climate warming on the
many tropical terrestrial ectotherms that experience daily fluctua-
tions in temperature.

In our study, depending on the traits involved, both variance-
driven and stress-related mechanisms appear responsible for the
reduced performance of individuals subjected to fluctuating tem-
peratures. Temperature regime did not significantly affect survival
and sex-specific survival to the adult stage, but fluctuating tempera-
tures did result in small but significant reductions in developmental
rate and body size, which, taken together, are consistent with predic-
tions of Jensen’s equality. However, the effects of temperature regime
were most marked in the experimental treatments involving short-
term, adult exposure, with constant temperature alleviating high-
temperature effects on reproductive traits. For example, at constant
temperature, the sperm packets of males switched to the elevated
temperature as adults contained an average of 1,646 sperm, com-
pared to an average of only 1,051 for C R H males under the fluc-
tuating temperature regime (Fig. 6). Similarly, at constant
temperature, females switched as adults to high temperature pro-
duced an average of 35.73 embryos, while none of their counterparts
produced embryos under fluctuating temperature conditions
(Fig. 8). These results suggest that physiological stress resulting from
an increase in daily maximum temperature rather than increase in
mean daily temperature is the most critical factor undermining
reproductive success in this pseudoscorpion, and that C. scorpioides
could at least partially circumvent the threat posed by climate warm-
ing through adult exploitation of microhabitats that dampen daily
fluctuations in temperature. At a broader level, species that repro-
duce and develop in exposed environments, such as phytophagous
beetles, bugs and butterflies, might be at much greater risk from
climate warming than species, such as ants, bees and termites with
subterranean nests, whose microhabitat use and/or social systems
buffer diurnal temperature fluctuations.

It is important to acknowledge that several factors, in addition to
microhabitat-based dampening of diurnal temperature fluctuations
could alleviate the negative impacts of climate warming on tropical
ectotherms. From an abiotic perspective, climate models predict that
diurnal temperature range will decrease due to greenhouse warming,
with daily maximum temperatures rising less rapidly than daily min-
imum temperatures5. However, this prediction has received equi-
vocal empirical support, with diurnal range declining through the

mid 1980s28 but then followed by an increase between 1987 and
201029. Tropical ectotherms could respond to elevated temperature
by range shifts to higher elevations or higher latitudes, although
latitudinal range shifts in the tropics are complicated by shallow
latitudinal temperature gradients30. However, shifting range bound-
aries upslope is a plausible option for C. scorpioides and other
saproxylic species in mountainous regions of Central and South
America. In the province of Chiriqui in western Panamá, for
example, the elevational range of this pseudoscorpion spans at least
1500 m31. Nonetheless, warming-driven upward shifts in range are
likely to result in the loss of considerable biodiversity, since tropical
lowlands have no source pool of species that have adapted to with-
stand higher temperatures30. Finally, populations of tropical
ectotherms could respond through acclimation32, reduced metabolic
sensitivity33 or adaptation34 to elevated temperatures, although
recent studies suggest that tropical ectotherms have limited heritable
genetic variation for heat resistance35,36.

The natural history of C. scorpioides illustrates the complexity of
species interactions in tropical ecosystems and their vulnerability to
climate warming. Cordylochernes scorpioides is distributed through-
out rain forests in Central and South America, and inhabits decaying
trees in the families Moraceae and Apocynaceae, particularly Ficus
species. The pseudoscorpion disperses between these rich but patch-
ily-distributed and ephemeral habitats by hitchhiking under the ely-
tra of the giant harlequin beetle, Acrocinus longimanus21. Dying and
newly dead trees bring in A. longimanus adults for mating, oviposi-
tion and larval development. The wood-boring activity of the beetle
larvae then creates a microhabitat of exfoliating bark and frass that is
exploited by a diverse community of invertebrate species that col-
onize the decaying tree31,37. While the significance of fig trees as
keystone resources for folivorous and frugivorous vertebrates and
invertebrates has been extensively documented (reviewed in Ref.
38), the post-mortem importance of Ficus in providing a habitat
for saproxylic invertebrates that play an essential role in nutrient
recycling is less well appreciated.

Ficus species are unique in possessing an enclosed inflorescence,
the syconium, and are pollinated through reciprocally obligate rela-
tionships with agaonid fig wasps that have an adult life span of only
1–2 days39. Although evaporative cooling in developing syconia
moderates temperatures that would otherwise be lethal to fig wasp
larvae40, recent research suggests that an increase of 3uC in daytime
temperature would reduce adult lifespan in four species of fig wasps
by 33%–60%41. If fig wasps are more vulnerable to increased tem-
perature than longer-lived tropical species, the fate of the harlequin
beetle riding pseudoscorpion and the myriad of other invertebrates
and vertebrates that depend on fig trees may ultimately hinge on the
ability of fig wasps to live long enough to disperse and pollinate Ficus
in a rapidly warming tropical climate.

Methods
With the exception of constant temperature, the experimental methods employed in
this study were identical to those reported for the diurnally fluctuating temperature
study16 and will therefore be described only briefly here.

Study population and design of experiment. Cordylochernes scorpioides were drawn
from a subsequent generation of the same large laboratory population used in the
diurnally fluctuating temperature regime investigation16. To provide full-sibling
families for this study, one virgin female from each of 36 families was mated to a
randomly selected, unrelated male. Thirty of these families were derived from the
same matrilines represented in the diurnally fluctuating temperature study16. We
employed a split-brood design, and randomly assigned 24 first-stage nymphs
(protonymphs) from each female, 12 to a 27.3uC control treatment (C) and 12 to a
30.8uC high temperature treatment (H). These temperatures were determined by
averaging the diurnally fluctuating temperatures used in the previous study16.
Identical Percival I-36NL incubators were used for the H and C temperature
treatments, the incubators were located in the same room, and relative humidity was
maintained at 85% in both temperature treatments. Nymphs were reared in
individual vials to ensure virginity, as described elsewhere42. Developmental time was
determined by daily visual inspection of vials for the presence of an adult during the
period between 27 days and 70 days after birth. We emptied and inspected vials not

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 4 : 3706 | DOI: 10.1038/srep03706 7

http://www.ncdc.noaa.gov


yielding an adult after 70 days. If no nymphs or adults were found, individuals in these
vials were scored as having died during development. The two sexes are
morphologically indistinguishable as nymphs, and gender was therefore assessed only
for individuals that survived to the adult stage (n 5 620). The effect of high
temperature on male and female survivorship was assessed, using a paired
comparison by full-sibling family, of the proportion of survivors that were male in the
two temperature treatments.

Morphometrics. To evaluate high temperature effects on male and female size and
degree of sexual dimorphism, adult morphometric data were obtained by holding
individuals flat under a glass slide with the right pedipalp fully extended, and
photographing them at high magnification (approximately 303)16. ImageJ 1.43
(National Institutes of Health, USA) was then used to measure five pedipalp and
cephalothorax trait for a large sample of these images (n 5 488). These traits, i.e.,
movable finger length, chela hand length, chela hand depth, tibia depth and
cephalothorax length, are fixed in size at the final molt to the adult stage. We used
principal components analysis to extract composite measures of size (PC1) and shape
(PC2) from these five traits. As in the previous study16, hand depth in males (r 5 0.99)
and cephalothorax length in females (r 5 0.92) were found to be the traits most closely
correlated with PC1 score. Because of the strength of these correlations, female
cephalothorax length and male hand depth were used as size covariates in analyses of
treatment effects on female and male reproductive function (see below).

Male fertility traits. We evaluated male fertility traits for a subset of males (n 5 139),
reared and maintained at either the high or the control temperature, by staging
matings between experimental males and non-experimental, virgin females,
collecting sperm packets and quantifying sperm number and sperm viability, as
described elsewhere17. Briefly, each male was placed in an arena with a female, and the
mating was observed under a stereomicroscope. Immediately after the
spermatophore was deposited, the mating was interrupted, and the sperm packet
collected. Sperm packets were ruptured in phosphate buffered saline and stained with
SYBR 14 and propidium iodide (Invitrogen Live/Dead Sperm Viability Kit). Each
11 mL stained sample was pipetted onto a hemocytometer, and viewed under an
Olympus BX51 fluorescence microscope. We estimated total number of sperm by
multiplying sperm counted in a 0.9-mL volume of the sample by a factor of 12.2
(11 mL/0.9 mL). Sperm viability was estimated as the proportion of live sperm in the
sample. In addition, 20 C males and 15 H males were switched between treatment
incubators seven days before mating, in order to distinguish between long-term,
developmental and short-term, adult exposure effects of temperature on male
reproductive traits. Sperm number and sperm viability were then measured for these
switch treatment males, as indicated above.

Female reproductive function. Virgin females were paired with males in the four
possible treatment combinations (CRxC=; CRxH=; HRxC= and HRxH=). Pairs were
placed in a mating arena, and given 40 min to mate. Typically, males produce a
spermatophore within 7 min of encountering a female, and previous research has
established that 98% of virgin females are sexually receptive20,43. Cordylochernes
scorpioides mated females exhibit one of the three possible outcomes: (i) failure to
become gravid; (ii) production of a brood sac containing embryos followed by
spontaneous abortion of the entire brood, or (iii) brood production, in which
embryos are carried to term, and nymphs are born simultaneously. Beginning on the
fifth day after mating, each female was monitored until she gave birth, spontaneously
aborted her brood of embryos or failed to become gravid within 30 d. Females that
became gravid were gently removed from their vials as soon as individual embryos
became clearly discernable, and digital images were taken of their brood sacs for early-
stage embryo counting, as described elsewhere19. We then returned females their vials,
and monitored them until they gave birth or spontaneously aborted the brood.
Females remain in a silken nest constructed on the vial wall throughout gestation, and
embryonic development and brood status can therefore be monitored without further
disturbance to the female20. Nymphs were removed from the nest and counted within
24 h of birth.

In order to differentiate between long-term, developmental and short-term, adult-
exposure temperature effects on the ability of females to reproduce, we carried out a
second experiment, in which, seven days prior to mating, 30 females from the control
treatment and 29 females from the high temperature treatment were switched
between temperature treatment incubators. We controlled for male effects in this
‘‘switch’’ experiment by mating all females to C males. Matings were carried out, and
female fecundity and reproductive success were evaluated, as described above.

Statistical analyses. Temperature effects on survival, developmental time,
morphology and male and female reproductive traits under the constant diurnal
temperature regime were analyzed, using a general linear mixed model (GLMM), as
performed in PROC GLIMMIX in SAS, v9.344. We avoided pseudoreplication and
controlled for genetic and maternal effects by including full-sibling family identity in
the models as a random effect. Because morphological traits were normally or
approximately normally distributed, GLMMs for analyzing these variables
incorporated a Gaussian (Normal) distribution, an identity link function, a Laplace
maximum likelihood approximation, and the SAS containment method for
determining degrees of freedom44,45. Embryo and protonymph count data were
square root transformed and analyzed as above. To accommodate non-normality and
overdispersion in the developmental time and sperm number data, GLMMs for
analyzing these variables incorporated a log link function, a Gauss-Hermite

Quadrature maximum likelihood approximation, and a generalized Poisson mixed
model for overdispersed count data (see Ref. 44, pp. 3123–3124). Sperm viability was
evaluated as the proportion of live sperm in an ejaculate and was not normally
distributed. We therefore analyzed this response variable, using the GLIMMIX logit
link function to fit a binomial response variable44.

To assess the effects of experimental diurnal temperature regime on C. scorpioides’
response to the 3.5uC projected temperature increase in the tropics, data from this
constant daily temperature study and the previous fluctuating temperature study16

were pooled and analyzed, as above, with diurnal temperature regime incorporated as
an additional fixed factor in the models. For all hypothesis testing, we used two-tailed
P values.
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Acta Math. 30, 175–193 (1906).

14. Ruel, J. J. & Ayres, M. P. Jensen’s inequality predicts effects of environmental
variation. Trends Ecol Evol 14, 361–366 (1999).

15. Paton, S. Meteorological and hydrological summary for Barro Colorado Island.
Smithsonian Tropical Research Institute (1994–2005).

16. Zeh, J. A. et al. Degrees of disruption: projected temperature increase has
catastrophic consequences for reproduction in a tropical ectotherm. Glob. Change
Biol. 18, 1833–1842 (2012).

17. Bonilla, M. M., Zeh, D. W., White, A. M. & Zeh, J. A. Discriminating males and
unpredictable females: males bias sperm allocation in favor of virgin females.
Ethology 117, 740–748 (2011).

18. Weygoldt, P. The Biology of Pseudoscorpions. Harvard University Press,
Cambridge (1969).

19. Koop, J., Zeh, D. W., Bonilla, M. M. & Zeh, J. A. Reproductive compensation
favours male-killing Wolbachia in a live-bearing host. Proc. R. Soc. Lond. B 276,
4021–4028 (2009).

20. Newcomer, S. D., Zeh, J. A. & Zeh, D. W. Genetic benefits enhance the
reproductive success of polyandrous females. Proc. Natl. Acad. Sci. USA 96,
10236–10241 (1999).

21. Zeh, D. W., Zeh, J. A. & Bermingham, E. Polyandrous, sperm-storing females:
carriers of male genotypes through episodes of adverse selection. Proc. R. Soc.
Lond. B 264, 119–125 (1997).

22. Yang, L. H., Huang, H. & Wang, J. J. Antioxidant responses of citrus red mite,
Panonychus citri (McGregor) (Acari: Tetranychidae), exposed to thermal stress.
J. Insect Physiol. 56, 1871–1876 (2010).

23. Ratner, V. A., Zabanov, S. A., Kolesnikova, O. V. & Vasilyeva, L. A. Induction of
the mobile genetic element Dm-412 transpositions in the Drosophila genome by
heat-shock treatment. Proc. Natl. Acad. Sci. USA 89, 5650–5654 (1992).

24. de la Vega, E. et al. Stress-induced gene expression profiling in the black tiger
shrimp Penaeus monodon. Physiol. Genomics 31, 126–138 (2007).

25. Desalvo, M. K. et al. Differential gene expression during thermal stress and
bleaching in the Caribbean coral Montastraea faveolata. Mol. Ecol. 17, 3952–3971
(2008).

26. Williams, K. D., Helin, A. B., Posluszny, J., Roberts, S. P. & Feder, M. E. Effect of
heat shock, pretreatment and hsp70 copy number on wing development in
Drosophila melanogaster. Mol. Ecol. 12, 1165–1177 (2003).

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 4 : 3706 | DOI: 10.1038/srep03706 8



27. Walker, J.-C., Chen, B. & Feder, M. E. Heat-shock promoters: targets for evolution
by P transposable elements in Drosophila. PLoS Genet 2, e165 (2006).

28. Vose, R. S., Easterling, D. R. & Gleason, B. Maximum and minimum temperature
trends for the globe: An update through 2004. Geophys. Res. Lett. 32, L23822
(2005).

29. Rohde, R. et al. A new estimate of the average earth surface land temperature
spanning 1753 to 2011. Geoinfor Geostat: An overview. 1, 1 (2012).
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