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Abstract

Animals may build refuges to avoid predation, to communicate, to mate, and to protect against extreme temperatures, among
other factors. Allocosa senex is a wolf spider that constructs burrows in the coastal sand dunes of South America. The dis-
tribution of A. senex includes beaches with different granulometry, which could affect burrow characteristics and energetic
costs of excavation. Males are the digging sex and their burrows are mating and oviposition sites. We aimed to test substrate
preference of males of A. senex simultaneously exposed to coarse- (CS) and fine-grain sand (FS) (n=30) and study digging
behavior in both substrates. Regardless of their substrate of origin, males significantly preferred CS for digging (males from
CS habitat, 23/30, P=0.001; males from FS habitat, 20/30, P =0.02). Males from the FS habitat showed higher weight and
better body condition. Digging behavior showed similar patterns in both types of substrate but resting duration was longer
when males dug in CS. Although males of A. senex can dig in both substrates, this study shows their preference for digging
in CS, a substrate that is possibly less energetically demanding for that behavior.

Keywords Substrate choice - Energetically demanding activity - Burrowing spiders - Digging plasticity

Introduction

Constructions such as shelters, burrows, or nests may allow
their inhabitants to avoid predators, attract mates, and pro-
tect themselves and their progeny from extreme weather
conditions (Hansell 2005). Construction processes imply
considerable energetic costs that often involve a trade-off
with other physical or behavioral traits (Okano et al. 2010).
The quality of the materials used in these constructions may
affect construction behavior and the final structure, there-
fore influencing the future success of the builder. Several
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coastal animal species transform their extreme and/or
unpredictable microhabitats by constructing structures that
generate more stable conditions for protection, mating, or
brooding offspring. These constructions can vary according
to the type of sediment. Austrohelice crassa (Dana 1851),
a crab inhabitant of intertidal sediments of northern New
Zealand, constructs shelters that vary in height according to
the topography and geochemistry of the sediment (Morrisey
et al. 1999). Another interesting example is that of the sand
crab Emerita analoga Stimpson, 1857 that constructs bur-
rows in the swash and shallow subtidal zones of Californian
beaches. In this species burrowing time is dependent not
only on sediment grain sizes but also on body size, parasite
load and reproductive condition of the individuals (Dugan
et al. 2000; Kolluru et al. 2011).

Several arachnid species construct burrows where they
reside temporarily or permanently (Gwynne and Watkiss
1975; Henschel and Lubin 1992; Henschel 1995; Tso et al.
2003; Pérez-Miles et al. 2005; Suter et al. 2011; Hembree
2013). Spider burrows are frequently lined with silk, several
threads of which are sometimes interlocked in a complex
manner (Foelix et al. 2017). In scorpions and solpugids, bur-
row digging consists of extracting and tamping the substrate,
but without using any connecting or cementing substances
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(Polis 1990; Warburg and Polis 1990; Punzo 1998). Spider
burrows can be relatively simple modifications of natural
fissures in the ground, or complex deep constructions with
one or more openings, or with trapdoors (Foelix 2011). Fur-
thermore, burrows can externally show turrets, aboveground
extensions of the construction composed of silk, particles of
soil or sand, plant debris or pebbles. The possible functions
of these external constructions are detection of potential prey
outside the burrow, protection from predators and prevention
of flooding inside the burrow (Shook 1978; Alderweireldt
and Jocque 1991; Henschel 1995; Henschel and Lubin 1997,
Logunov 2011). Retreats also buffer temperature and humid-
ity variations, providing a safe refuge in which to hide, mate,
oviposit and/or brood progeny (Aisenberg et al. 2011a; Suter
et al. 2011). Soil characteristics in the digging site will affect
the energetic costs of the excavation activity, the dimensions
of the resultant structure and, consequently, its effectiveness
(Henschel and Lubin 1997; Suter et al. 2011).

The nocturnal wolf spider Allocosa senex (Mello-Leitdo,
1945), recent revalidated with the junior synonym Allo-
cosa brasiliensis (Petrunkevitch, 1910) (Simé et al. 2017),
inhabits the sandy coasts of Argentina, Brazil and Uruguay
(Capocasale 1990). Individuals build silk-lined burrows in
which they remain during the day and in winter, becoming
active during summer nights (Costa 1995). Male burrows
are longer than those of females (under laboratory condi-
tions, 10 cm and 3.5 cm length, respectively) (Aisenberg
et al. 2007). This species shows a reversal in typical sex
roles expected in spiders, as well as in sexual size dimor-
phism: males are sedentary and larger than females, remain-
ing within their burrows for long periods, while females are
the mobile sex which looks for males and initiates courtship
(Aisenberg et al. 2007; Aisenberg 2014). Copulation occurs
inside the male burrow and after it ends the male exits and
the female seals the burrow entrance from inside. The female
lays the egg sac inside the male burrow and leaves it when it
is time for the progeny to disperse (Aisenberg et al. 2007).
Both sexes are selective at the time of mating: females
prefer to mate with males who own the longest burrows,
whilst males choose virgins females in good body condition
(Aisenberg et al. 2007, 2011b). According to recent studies,
males of A. senex modify their building behavior and elon-
gate their burrows according to the availability of females
(Carballo et al. 2017). Summarizing, the male burrow is a
refuge, mating site and breeding nest, so high selective pres-
sures are expected to determine male digging in this species.

A. senex has a wide geographical distribution (Capocasale
1990; Sim6 et al. 2017) that includes beaches with dras-
tic differences in substrate granulometry and composition.
However, information about the potential costs of digging
in different substrates and how this might affect male fitness
or female choice (strong sexual selection on burrow length)
in A. senex is unknown. Furthermore, plasticity of male
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burrowing behavior in different substrates could be crucial
for the species’ survival under climate change and human
disturbances or habitat degradation. The objectives of this
study were to test substrate preference in males of A. senex
simultaneously exposed to coarse sand (CS) and fine sand
(FS) and compare burrow building behavior between the two
substrates. We expected that males would prefer coarse sub-
strate due to the lower number of silk layers needed to main-
tain a stable burrow in this substrate. We also expected to
find variations in burrow digging according to the substrate.

Materials and methods
Study site, field captures and breeding

We performed granulometry analyses of sand samples from
the beach at San José de Carrasco, Canelones, Uruguay
(34°51'06.06"S, 55°58'46.71"W) and Paso del Molino,
Lavalleja, Uruguay (34°16'40.10"S, 55°14'00.80"W), at the
Departamento de Evolucién de Cuencas, Facultad de Cien-
cias, Universidad de la Republica, Montevideo, Uruguay.
The sand was sifted to measure the proportion of grains of
each size in the sediment sample. We confirmed that San
José de Carrasco shows a higher percentage of FS compared
to Paso del Molino beach which shows a predominance of
CS (Table 1).

We collected 30 adult males of A. senex at each beach
between January 2013 and March 2015 (n=60). We cap-
tured individuals overnight using a miner flashlight. We
placed the specimens individually in Petri dishes of 9.5 cm
in diameter and 1.5 cm high, with sand from their original
location as substrate and water provided ad libitum using a
moist cotton wick. We maintained spiders under natural light
cycles. The temperature during maintenance was 26.25 °C
(% 1.5 SD) and humidity averaged 66.25% (+5.41 SD). We

Table 1 Results of granulometry analyses showing the weight of
substrate grains at San José de Carrasco beach [fine-sand (FS) beach,
Canelones, Uruguay] and Paso del Molino beach [coarse-sand (CS)
beach, Lavalleja, Uruguay]

San José de Car- Paso de Molino beach

rasco beach n=30
n=30

Grain diameter Weight (g) Weight (g)

>2mm 0 177.5

1 mm 0.5 111.2

500 pm 52.7 48.1

250 ym 63.3 13.0

125 ym 232.6 1.1

63 ym 7.3 0.2

< 63 um 0.1 0.4
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fed spiders three times a week with one larva of Tenebrio
molitor Linnaeus 1758 (Coleoptera, Tenebrionidae).

Substrate choice tests

We used males in the trials 7 days after their capture for
their acclimation to laboratory conditions. We placed each
male (n=30 males from each location) in a glass terrarium
of 30-cm length, 16-cm width and 20-cm height, with sand
as substrate and a layer of 5 cm of moistened sand at the
base (Aisenberg et al. 2007, 2011b). Each male was selected
only once for observation. We placed FS and CS from the
original sampling localities in one half each of the terrarium,
without barriers between the two. The animals were intro-
duced into the terrarium where the two types of substrates
met. Once inside, the animals inspected the substrates and
walked around the terrarium until finally selecting the place
where they started to build their burrows (Fig. 1). The sub-
strates used in the tests originated from the original loca-
tions of the spiders. The position of the CS and FS in the
terrarium was alternated between the tests (right and left
side of the terrarium) to reduce the potential effects of the
method. Forty-eight hours after placing each male in the ter-
rarium, we checked for burrow occurrence and, if present,
measured the dimensions (burrow length and diameter). A.
senex males construct their burrows against terrarium walls
(Aisenberg et al. 2007, 2011b), which allowed us to measure
burrow dimensions through the glass wall. We measured
carapace width [a characteristic considered representative
of body size in spiders (Marshall and Gittleman 1994; Eber-
hard et al. 1998)], opisthosomal width, and weighed each
individual immediately before the trials. We considered the
index opisthosomal width/carapace with as representative of
body condition, following Moya-Laraifio et al. (2003).

Male
burrow

/

Coarse sand

Fine sand

Fig. 1 Experimental design for substrate selectivity. Right Fine sand
(FS) from San José de Carrasco, Canelones, Uruguay; left coarse
sand (CS) from Paso del Molino, Lavalleja, Uruguay. The positions
of FS and CS were exchanged between the trials

Burrow-digging behavior

As fine-scale data on male burrow digging of A. senex
from the FS substrate at San José de Carrasco, Canelones,
Uruguay, were available (Aisenberg and Peretti 2011), we
decided to record male burrow digging only for CS and
then compare the results for both types of substrate.

To record male burrow digging in CS, we collected
another 20 adult males of A. senex between Decem-
ber 2014 and January 2015 at Paso del Molino (CS)
(34°16'40.10"S, 55°14'00.80"W) Lavalleja, Uruguay.
Feeding and maintenance conditions were similar to those
described in the first section of Materials and methods.
During burrow digging observations the temperature
averaged 25.90 °C (x2.80 SD) and humidity was 64.00%
(+3.10 SD). Each male was placed individually in a glass
terrarium (30 cm X 16 cm X 20 cm), with CS from its origi-
nal location as substrate. We placed 15 cm of dry sand
and 5 cm of moistened sand on the base of the terrarium
following the protocol of Aisenberg and Peretti (2011). We
performed the observations between 2 and 5 p.m. to exam-
ine rapid burrow construction as a response to daylight,
again in agreement with Aisenberg and Peretti (2011).

We recorded building behavior by ten males of A. senex
during 1 h after the males started removing the sand with
their chelicerae, forelegs and palps. If digging behavior did
not begin in the first 30 min, we finished the observation.
After 1 h of observation, we measured burrow dimensions
(length and diameter). We recorded all the observations
with a Sony DCR-SR85 video camera. We analyzed the
number of occurrences and duration of digging behavioral
patterns with J Watcher software (Blumstein et al. 2000).

Statistics

We analyzed the results using NCSS (copyright 2000 Jerry
Hintze) and Past Paleontological Statistics, version 1.18
(Hammer et al. 2003) statistical packages. We compared
the frequencies of burrow digging in each substrate with
a binomial test. We compared burrow dimensions (length
and width) between the burrows constructed in each sub-
strate and body characteristics of males from each loca-
tion. We also compared the number of occurrences and
duration of burrowing behaviors in CS with those reported
for FS by Aisenberg and Peretti (2011). We checked for
normality (Shapiro—Wilk test) and homogeneity of vari-
ances (Levene test) of the data, and accordingly applied
Student z-tests (parametric test) or Mann—Whitney U-tests
(non-parametric test). We deposited voucher specimens
from each beach at the arachnological collection of the
Facultad de Ciencias, Montevideo, Uruguay.
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Results
Substrate selectivity tests

We summarize the results on substrate preferences and
burrow dimensions in Figs. 2 and 3, respectively. Males
belonging to both the FS and CS groups showed prefer-
ence for digging their burrows in CS (Fig. 2). In general,
we did not find differences in burrow dimensions between
males from FS or CS locations that constructed burrows in
each substrate. However, males from FS that constructed
in CS built longer burrows than CS males that dug burrows
in the same substrate (Fig. 3).

Fig.2 Number of males from

Binomial test

Data on body characteristics of males from each location
are summarized in Table 2, with their corresponding statis-
tical comparisons. We did not find differences in body size
between FS and CS males. Nevertheless, FS males weighed
more and had higher body condition indexes than CS males
(Table 2).

Burrow-digging behavior

The average depth of burrows by males in CS during 1 h was
3.76 +1.11 cm, with an average width of 1.44+0.11 cm.
The burrows were tubular and vertical with a single entry.
We distinguished eight behaviors associated with burrow
digging: extracting sand, exiting the burrow, entering the
burrow, laying silk on burrow walls, releasing silk around

Binomial test
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Fig.3 Box plots showing length and width of burrows constructed in FS or CS by males from each location (FS or CS beaches), with the results

of their corresponding statistical comparisons. For abbreviations, see Fig. 1
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Table2 Mean values and SDs of carapace width, weight, and body
index of males of Allocosa senex captured from FS and CS beaches

FS males CS males Statistics
Carapace width (mm) 5.53+0.61 5.79+0.95 U=350.5
P=0.14
Weight (g) 0.49+0.17 0.41+0.13 U=306.0
P=0.03*
Body condition index 0.97+0.13 0.89+0.14 t=2.19
(opisthosomal width/ P=0.03%*

cephalothorax width)

For each variable we include the results of the statistical comparisons
between the groups of males (Student #-test or Mann—Whitney U-test)

* P<0.05 (significant difference between groups)

entrance, turning, blocking entrance, and resting (Fig. 4).
After 1 h of observations, burrow length values were higher
in CS compared to previous observations in FS under similar
conditions (Aisenberg and Peretti 2011) (FS: 2.45+0.39 cm;
t=-3.23, P=0.006). Also, burrows were wider in CS com-
pared to FS (FS: 1.01 +0.02 cm; t=-6.68, P=0.0001).

The number of occurrences and duration of burrow-
digging behavioral patterns in CS (present study) and FS
(Aisenberg and Peretti 2011) are summarized in Fig. 4.
The construction of burrows began with the removal of
sand to make a hole (hollowing); once inside the hole, the
spider began to extract sand using its chelicerae, forelegs
and pedipalps. Males repeatedly left the burrow to deposit
the sand outside, then returned inside the burrow. They
combined sand extraction with silk deposition on the inner
walls of the burrow and resting. Three of ten individuals
did not close their burrows. When males blocked their bur-
rows, they closed them by depositing silk and sand until
a complete plug had been created. When we compared
burrow digging in CS with data on FS, general digging
patterns were similar, but occurrences and duration of rest-
ing behavior were higher in CS compared to FS (Fig. 4).
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Discussion

This study shows that males of A. senex, when given the
choice, prefer to dig in CS compared to FS, independently
of their substrate of origin. Possibly, in this species, the
choice of substrate is influenced by characteristics of the
sand such as grain size and hardness, among other fac-
tors, which could play an important role when burrows
are built. A. senex individuals use their palps, forelegs and
chelicerae during digging (Aisenberg and Peretti 2011),
and possibly males test substrate characteristics with these
appendages during the first digging event, when making
the initial hole.

Males of A. senex may prefer CS because digging is
faster or less energetically demanding in this substrate than
in FS; this is in agreement with the creation of longer
burrows in CS compared to FS after 1 h of observation.
Silk production and deposition have been reported as ener-
getically demanding activities in spiders (Prestwich 1977;
Henschel and Lubin 1992). Burrow construction in the
sand implies the deposition of several layers of silk to
maintain a firm structure, particularly in FS. The deposi-
tion of multiple layers of silk during burrow construction
has been described for other wolf spiders inhabiting sandy
habitats (Gwynne and Watkiss 1975; Henschel 1990; Foe-
lix et al. 2017). In A. senex, burrows of males are their
refuges but also the place where mating, oviposition and
brooding of the spiderlings occur (Aisenberg et al. 2007;
Aisenberg 2014). Furthermore, there is strong female
choice for male burrow length. However, in this study we
did not find higher frequencies of duration of silk deposi-
tion in FS, so hypothesize that mechanical properties of
CS, such as grain composition and weight, but not differ-
ences in silk deposition behavior, are crucial for determin-
ing the observed preference by males of A. senex. Soil
hardness, particle size, and sediment density have been
reported as important factors determining habitat selec-
tion and burrow architecture in other spiders (Main 1982;
Punzo and Henderson 1999), scorpions (Polis 1990), and
harvestmen (Lamoral 1978). On the other hand, though
we did not find differences in the number of occurrences
or duration of silk deposition units between the two sub-
strates, other unregistered characteristics such as the type
of silk mesh or the thickness of the silk fibers could vary
in FS and CS burrows. According to recent studies on A.
senex and other burrowing spiders, silk mesh complexity
seems to be an essential factor for providing stability to the
burrow when digging on sand (Foelix et al. 2017).

The burrows constructed by males of A. senex in CS
were tubular with a single entry, similar to those described
for this species in FS (Aisenberg et al. 2007; Albin et al.
2015). Though general digging patterns in FS or CS
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agreed, resting behavior occurred more frequently and for
a longer duration in CS. This result, in addition to the
longer burrows dug in coarse substrate in a similar period,
indicate that digging is faster in CS and that males reach
a minimum optimum of burrow length in a shorter time
period in this substrate. Moreover, it is remarkable that
males from FS constructed longer burrows in CS com-
pared to males that originated from the CS location.

Males from the CS locality showed lower weight and
body condition values compared to FS males. Intraspecific
differences in body characteristics between localities have
been reported for other animal groups (Bansemer et al.
2002; Schiduble 2004), and arachnids such as scorpions
(Olivero et al. 2012), spiders (Gonzélez et al. 2015; Puzin
et al. 2014), and particularly for A. senex (Bollatti et al.
2017). Variations in the microhabitats and prey availability
in each location could shape body differences, affecting
not only morphology, but also physiology and behavior of
the individuals (Berger et al. 2012; Hausch et al. 2013).
Prey abundance could in turn determine the availability
of fat reserves and affect energy expenditure during dig-
ging, and consequently resting needs, of males of A. senex.
Males from the locality with FS may require better body
condition for the more demanding burrowing effort in this
substrate.

Though males of A. senex preferred digging in CS,
they showed the ability to dig similarly long burrows in
both substrates. Phenotypic plasticity allows an organism
with a given genotype to change its phenotype in response
to changes in the environment (Réale et al. 2003; Nussey
et al. 2007), i.e. the ability of individuals to change behav-
ior in situations that may have important ecological and
evolutionary implications for them (West-Eberhard 1989).
Due to a strong anthropogenic impact, the Uruguayan coast
has been modified adversely during the last decades (Costa
et al. 2006) affecting the populations of A. senex. Sand dunes
there have been drastically reduced, fragmented and modi-
fied due to the introduction of exotic vegetation, which has
gradually changed the composition, hardness and compac-
tion of the substrate where A. senex constructs its burrows
(Jorge et al. 2015). Thus, adaptation to different substrates is
of vital importance for the existence of this species in sandy
environments in Uruguay.

It will be interesting to determine whether burrow-dig-
ging duration and burrow architecture of males of A. senex
vary in different substrates under natural conditions. Finally,
in future studies we will test the costs associated with bur-
rowing behavior of males of A. senex through immunocom-
petence tests performed before and after burrow digging,
testing the costs associated with oxygen consumption during
the process in order to determine if the high male reproduc-
tive investment in this trait, and burrow delivery after mat-
ing, shape male mate choice in this species.
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