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ABSTRACT. Large females are usually associated with substantial provisioning of
offspring. However, the finitude of resources generally results in a trade-off between
investment in offspring size and number in many taxa. Such incidences are poorly
investigated in iteroparous species, which produce multiple broods throughout their
lifespan. Thus, we produced a model to predict how maternal traits (female size and mass)
are associated with offspring traits (number and mass) in an iteroparous scorpion. To this
end, we used a sample of 166 juveniles from 20 Tityus pusillus Pocock, 1893 females
collected from a fragment in the Brazilian Atlantic rainforest. Our results showed that
maternal traits (e.g. size and mass) were not correlated with provisioning, and no statistical
correlation was found between total offspring mass and offspring size. Similar to congener-
ic species, T. pusillus appears to invest in more rather than heavier newborns. In addition
to the deferred fertilization exhibited by this species, such reproductive traits have the
potential to ensure reproductive success and high population abundance.
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PE3IOME. KpymHbIX caMOK OOBIMHO acCOLUHMPYIOT C CYIIECTBEHHBIM OOecIedeHHEeM
nmoroMcTBa. TeM He MeHee, OTPaHHYEHHOCTh PECYpPCOB B OOIEM CIydae MPHUBOAUT BO
MHOTHUX TaKCOHAX K KOMIIPOMHCCY MEK/Ty BKJIA/IOM B pa3Mep TOTOMCTBA U €T0 KOJIMUECTBOM.
DTH acneKThl ¢1ad0 UCCIeI0BaHbl Y HTEPONAPHBIX (IOBTOPHOPOISIIHX) BUIOB, KOTOPbIE
MHOTOKpPATHO MPUHOCST OTOMCTBO B TEYEHHE CBOETO JKU3HEHHOTO ukia. [Ipemioxkena
MO/IEIIb, TIPEJICKa3bIBAIONIast COOTHOIICHHE MAaTEPHHCKUX CBOMCTB (pa3Mep 1 Macca CaMKH)
1 CBOIMCTB MOTOMCTBA (YHCIIO ¥ Macca) y TIOBTOPHOPOASIIEro ckopuoHa. M3y4ensr 166
roBenmteit u3 20 camox Tityus pusillus Pocock, 1893, coOpaHHBIX B TOK/IEBOM TPOITHICCKOM
Jlecy npuatiaHTHueckod bpaswnuu. Hamm pe3ynbTaTsl Mokasajid, YTO MaTEPUHCKHE
CBOIiCTBA (T.€. pa3Mep U Macca) He KOPPEIUPYIOT CO CBOMCTBAMH MOTOMCTBA, TAK)Ke HE
o0Hapy KeHa KOPPEIISIIHS MEKTY Maccoil M pa3MepoM moToMcTBa. OKa3anock, 4To, oJ00H0
JpYTUM BHJaM pona, 7. pusillus BkiaabiBaeT B OOJblIee KOINIECTBO HOBOPOIXK/ICHHBIX,
4eM B OoJiee TSHKeNoe TOTOMCTBO. B TornoTHeHe K OTMEUEHHOMY Y 9TOT0 BU/1a OTJIOXKEHHOMY
OIUTO/IOTBOPEHNIO, TAKHE OCOOEHHOCTH Pa3MHOMKEHHUSI 00ECTIeUNBAIOT PENpPOyKTHBHBINA
yCIleX ¥ BBICOKYIO YHCICHHOCTD MOMYJISAIIUH.
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pacrpe/eseHre pecypcoB; KOMIIPOMHCC MEX/Y Pa3MEPOM U KOJHYECTBOM.

Introduction

Maternal investment in offspring fitness is
one of the most important issues in reproductive
and evolutionary biology (reviewed in Bernar-
do, 1996; Fox, Czesak, 2000). Body size, age,
and environmental conditions are some of the
main features recognized to affect offspring
number, litter mass, survival, and developmen-
tal time (e.g. Metcalfe, Monaghan, 2001; Skow,
Jakob, 2003; Iida et al., 2016; Ma et al., 2018;
Herlinetal.,2019). However, the role of female
size in offspring production remains inconclu-
sive because of the different results obtained in
many studies (Oberhauser, 1997; Kishi, 2014;
Rollinson, Rowe, 2016). For many species, such
as the butterfly Danaus plexippus (L. 1758),
egg weight is positively correlated with mater-
nal size (Oberhauser, 1997). However, female
size in the dung beetle Onthophagus atripennis
Waterhouse, 1875 is not correlated with egg
size, although it can provide larger brood balls
than small females, which supplies more food
for their larvae (Kishi, 2014).

Maternal size is often a proxy of nutritional
conditions and female potential of reproductive
investment, with large females that are general-
ly healthier and better nourished giving birth to
better offspring (Fox, Czesak 2000; Rollinson,
Rowe, 2016). However, several studies have
indicated a trade-off between offspring quality
and quantity (e.g. Limetal.,2014; Stahlschmidt,
Adamo, 2015). Maternal investment in offspring
number can have the opposite effect on off-
spring size, wherein the female produces a greater
number of lighter individuals (Skow, Jakob,
2003; Lim et al., 2014). A possible explanation
for the number-size trade-off stems from the
finitude of resource allocation, which prevents
pregnant females to increase number without
decrease size of offspring and vice versa, as
long as nutrient resources are limited (Stearns,
1992; Fox, Czesak, 2000; Lim et al., 2014). In
ameta-analytical study involving vertebrate and
invertebrate taxa, Lim et al. (2014) investigated
the relationship between female size, offspring
body size, and offspring number in 231 animal
species. These authors found that intraspecifi-
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cally, female size could be positively correlated
with both litter traits, although offspring body
size and number were negatively correlated
when analyzed using a multi-taxa approach.

These trade-offs are less apparent in off-
spring from females that use adult-acquired
resources, females that have parental care and
iteroparous females (i.e., females that allocate
resources through several broods) because such
reproductive strategies make it difficult to quan-
tify variations provided by reproductive invest-
ment (Fox, Czesak, 2000). This reproductive
strategy is commonly found in scorpion species
(Warburg, 2011; Stockmann, Flay, 2010; Albu-
querque, Lira, 2016). In addition, different spe-
cies from this taxon have shown great variation
in adult size and offspring traits (offspring num-
ber and mass) (Brown, Formanowicz, 1995;
Myers, 2001). Such a reproductive mechanism
is profitable for animals with reproductive suc-
cess that is usually associated with availability
of resources and climatic conditions (Polis, Sis-
som, 1990; Dionisio-da-Silvaetal.,2018). Some
species are also capable of storing sperm and
producing multiple broods from a single insem-
ination (e.g. Outeda-Jorge et al., 2009; Ro-
driguez-Cabreraetal.,2015; Albuquerque, Lira,
2016), which is advantageous for reproduction
when environmental conditions are more suit-
able.

To further understand the female reproduc-
tive investment in scorpions, using Tityus pusil-
lus Pocock, 1893 as a study organism, this
research investigated the relationships between
female body size and offspring number and size,
as well as the number-size trade-off. Because of
their high abundance, stable taxonomy, easy
rearing in the laboratory, and some previous
knowledges regarding reproduction and devel-
opment (Albuquerque, Lira, 2016; Dionisio-da-
Silva et al., 2018), T. pusillus seems a good
species for investigating reproductive invest-
ment in iteroparous species. For instance, 7.
pusillus can store sperm, producing up to three
litters from a single insemination with fourto 12
offspring per litter (Albuquerque, Lira, 2016).
According to Brown (2001, 2004) number-size
trade-offs are not an observed pattern and
more empirical studies are needed to deter-
mine how common they could be in scorpions.
Therefore, we hypothesize that larger females
produce more offspring rather than larger off-

spring, like the congeneric species T. stigmu-
rus (Thorell, 1876) and 7. colombianus
(Thorell, 1876) (Lourengo et al., 1996; Aguiar
et al., 2008). Finally, we expected a trade-off
between offspring size and number, resulting
in numerous small offspring.

Material and methods

Data collection

Twenty pregnant 7. pusillus females were
collected from a fragment of Atlantic rainforest
belonging to the Trapiche mill in the municipal-
ity of Sirinhaém, Pernambuco State, northeast-
ern Brazil (08°35"27”S, 35°06"58”W) in Octo-
ber 2012. These individuals giving birth in 1-2
weeks in laboratory, because 7. pusillus fe-
males were field-caught, we were unable to
precisely determine their age or reproductive
history. In the laboratory, the animals were
identified following Lourenco (2002) and indi-
vidually separated in plastic containers (9.5 cm
in diameter and 7.5 cm in depth) with a water
supply for hydration. The scorpions were fed
with a cockroach nymph of Nauphoeta cinerea
(Olivier, 1789) every week and reared at 28 +
3 °Cunder a 12:12 h light/dark photoperiod. As
in previous studies of scorpion ontogeny, only
the carapace length of females was measured by
Lira AFA using a digital caliper under a stere-
omicroscope as a proxy for female size (FS)
(e.g. Lourenco, 1979; Benton, 1991; DeSouza
et al., 2016; Albuquerque, Lira, 2016; Seiter,
Stockmann, 2017). Following the procedures of
Brown (2003) and Aguiar et al. (2008), the body
mass of females was measured every week until
parturition and after birth and dispersal of neo-
nates to estimate female mass (FM). After par-
turition, the offspring number (ON) was also
recorded by counting all individuals on the
dorsum of females, and after dispersal, all living
and dead neonates were counted, except for
those cannibalized. Total offspring mass (TOM)
was measured as the mass of all individuals ina
brood and as a proxy of neonate size. Therefore,
TOM was measured by the difference between
mass of female scorpions in the last week before
parturition by mass of female scorpions after
neonates’ dispersal. All masses were measured
to four decimal places using a precision analyt-
ical balance.
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Fig. 1. Residuals vs Fitted values from Generalized Linear Models of: A — offspring number and B — total
offspring mass in function of female traits of Tityus pusillus Pocock, 1893.

Puc. 1. Ocraro4nble/mo00paHHbIC 3HAUYCHHUSI ICHEPATN30BaHHBIX JMHEHHBIX MOJieNeli: A — KOJIMYecTBa
MoTOMCTBA M B — 00m1eil Macchl mOTOMCTBa Kak (YHKLUH CBOMCTB caMok 7ityus pusillus Pocock, 1893.

Statistical analyses

Initially the data normality was verified us-
ing the Shapiro-Wilk test. We performed gener-
alized linear models (GLMs) for normal distri-
bution with a post-hoc Bonferroni correction to
evaluate the influence of maternal body size and
mass on ON and mass (Neter et al., 1983;
Benjamin, Hochberg, 1995; Walkeret al.,2003).
In model 1, we used ON as the dependent
variable, and model 2 used TOM as the depen-
dent variable. We used FS and FM as indepen-
dent variables in both models. Next, the residual
values of ON and TOM generated by the models
were used to evaluate the correlation between
these offspring traits through Spearman’s corre-
lation between these variables (Brown, 2003;
Walker et al., 2003). TOM rather than mean
offspring mass was used because this latter is a
ratio between TOM and ON, what would cause
a correlation resulted by statistical artifact. All
analyses were conducted using the stats and
Hmisc package in R Studio v. 1.1.463 (Harrel,
2019; RStudio Team, 2019).

Results and Discussion

In this study, we investigated the reproduc-
tive investment of the scorpion 7. pusillus
through the relationship between female body
conditions and offspring traits. Furthermore, we
evaluated whether there was a trade-off be-
tween ON and mass. A total of 166 juveniles
were used, between 3—12 individuals per litter
(mean 8.3 +0.62) and the female traits (size and
mass) were 3.91 + 0.06 mm and 183.27 £ 7.58
mg, respectively (n = 20). Our results showed
that maternal body conditions (FM and FS)
were not correlated with offspring quantity

(GLM for TOM: r = -0.1273, adjusted-P = 1;
Fig. 1A) or quality (GLM for ON: r = 0.2593,
adjusted-P = 0.1018; Fig. 1B). Statistical
summaries of the models are plotted in Figure 2.
Similarly, previous studies have also found no
correlation between maternal condition and off-
spring fitness in different taxa, such as epheme-
ropterans, isopterans, and also scorpions (e.g.
Corkum et al., 1997; Dangerfield, 1997; Aguiar
et al., 2008). In addition, Silva-Junior et al.
(2022) found that nutritional stress causes chang-
es in the progeny of inadequately fed 7 pusillus
females. According to these authors, less-fed
females produce a litter with more juveniles
than well-fed females. Therefore, the lack of
relationship found in our study between mater-
nal body condition and offspring traits may be
related to mother physiological condition. For
some scorpion species, the physiological condi-
tion of the female is a more relevant factor in
determining litter traits than body size (War-
burg, 2001).

Our results also indicated that 7. pusillus
females may balance the investment in each
offspring to optimize offspring fitness through
the absence of correlation between ON and
TOM. A weakly correlation was found between
the ON and TOM residuals (Spearman’s corre-
lation: r = 0.409, P = 0.07453; Fig. 3). Howev-
er, such result can be a false positive because it
does not attend at significant level of 0.05 and it
was interpreted with caution herein. Such result
could be associated with two non-exclusive
explanations. First, female investment in ON is
profitable when offspring survival is low (Forbes,
1991). Second, breeding multiple times is a
better strategy to increase the population rather
than breed only once, as do semelparous organ-
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Dependent variable Predictor variable ~ Std. Error t P
Female size 13.8687 0072 0.944
Offspring number Female mass 209.3621  -0.088 0.931
Female size + mass ~ 76.7528 0.136 0.894
Female size 1.768 1814 0.0962
Total offspring mass Female mass 1.273 245 0.2211
Female size + mass 1456 -1.456 (.1646

Fig. 2. Relationship between Tityus pusillus Pocock, 1893 female body traits (mass and size) and offspring

traits.

Puc. 2. B3anMooTHOIIEHIE MEX Ty CBOHCTBaMU Tena caMku 7ityus pusillus Pocock, 1893 (macca u pasmep)

¥ CBOMCTBaMH ITOTOMCTBA.

T e a1

...............

Fig. 3. Spearman’s correlation among offspring traits
of Tityus pusillus Pocock, 1893.

Puc. 3. Koppemsiuus no CnupMeHy Mexay CBOM-
ctBamu motomctBa Tityus pusillus Pocock, 1893.

isms (Morris 2009). Such profitability may oc-
cur because juvenile survival is generally low
because they are potential prey for adult conspe-
cifics and larger species (Fonseca et al., 2018;
Marques ef al., 2018). This is also realistic for
scorpions with age-size-structured populations,
where cannibalism and interspecific predation
are common (Polis, McCormick, 1987). Thus, a
large investment in ON throughout multiple
broods by one or more intercourse appears to be
a successful tactic for the high abundance of 7.
pusillus populations found in their natural hab-
itats (e.g. Dionisio-da-Silva et al., 2018; Lira et
al., 2019).

Finally, we cannot disregard other mecha-
nisms that may influence 7. pusillus maternal
conditions. Among them, maternal age general-
ly has a negative effect on offspring provision-

ing (reviewed in Bernardo, 1996; Fox, Czesak,
2000). In most arthropods, ON decreases with
maternal age, as seen in lepidopterans and co-
leopterans (reviewed in Fox, Czesak, 2000).
However, some organisms have evolved an off-
setting mechanism, such as the spined soldier
bug Podisus maculiventris (Say, 1832), whose
older females produce larger eggs with shorter
development time than eggs of younger females
(Mohaghegh, et al., 1998). In the current study,
pregnant females were collected from the natu-
ral environment; therefore, their age was un-
known. However, the influence of maternal age
on offspring provisioning has revealed contro-
versial results in scorpions with reduced ONs in
subsequent litters of many buthid species: T.
serrulatus, T. bahiensis, T. kuryi (Lourenco,
1997), T. obscurus (Gervais, 1843), and T.
stigmurus. However, no difference or the oppo-
site trend has been observed in other buthids,
such as Troglorhopalurus lacrau (Lourengo et
Pinto-da-Rocha, 1997), T. costatus (Karsch,
1879), and T. silvestris (Outeda-Jorge et al.,
2009). Therefore, it is difficult to attribute our
results to this factor because there is no general
trend for the influence of maternal age on the
offspring size of scorpions.

In conclusion, our results indicated no rela-
tionship between maternal body conditions and
offspring provisioning (number or mass) or be-
tween offspring number and mass. However,
the absence of a relationship between TOM and
offspring number (or a marginal effect) sug-
gests that 7. pusillus females may balance the
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investment between more and heavier newborns.
Such a balance may also result from the combi-
nation of seasonal reproduction and food
availability during this period. Such a mecha-
nism combined with the production of multiple
broods and sperm storage (Albuquerque, Lira
2016) may be an important factor in the abun-
dance and distribution of these scorpions in the
northeastern Brazilian Atlantic rainforest, as
recorded by Lira et al. (2014, 2019). Further
advances in studies of maternal investment in
iteroparous species could enhance current in-
formation and methods of investigation to pro-
duce a general theory regarding the life history
traits of these organisms.
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