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Going underground: short- and long-term ®

movements may reveal the fossorial spatial ™
ecology of an amphisbaenian
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Abstract

Background: The movement and spatial ecology of an animal depends on its morphological and functional
adaptations to its environment. In fossorial animals, adaptations to the underground life help to face peculiar
ecological challenges, very different from those of epigeal species, but may constrain their movement ability.

Methods: We made a long-term capture-recapture study of the strictly fossorial amphisbaenian reptile Trogonophis
wiegmanni to analyze its long-term movement patterns. We also used passive integrated transponder (PIT)
telemetry to detect and follow undisturbed individuals underground, obtaining data of their short-term movement
patterns.

Results: Amphisbaenians showed a high site fidelity, moving short distances and over small areas, and spending
some days without any noticeable movement, even under favorable conditions. We also found differences in
movements between sexes and age classes.

Conclusions: This movement and spatial strategy can be related to the energetic constrains of underground
burrowing, or to the low metabolic requirements of fossorial reptiles, as distances and areas covered were much
smaller than for epigeal reptiles of similar size. Individual differences probably reflect differential reproductive and
social requirements of males and females, and that younger individuals might show more floating behavior until
they can settle in a territory. This study is a rare example describing the movement ecology of a fossorial species
and may contribute to the general understanding of the factors that affect space use and movement decisions in
animals.
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Introduction

Animals do not move and use all the available space at
random but following specific ecological patterns that de-
termine the structure and dynamics of each species and
the entire community [1, 2]. The observed variation in
movement and space use strategies may be explained by
physiological constraints, such as energetic, foraging and
reproductive requirements, or the ability for moving in de-
termined habitats [3-9]. Also, there may be ecological
constraints, such as the density of conspecifics/heterospe-
cifics, or other environmental factors (e.g. availability of
optimal habitats, etc). These factors determine that some
species or classes of individuals are more territorial or sed-
entary, showing high site fidelity to a small area, while
others behave as floaters or nomadic, and move widely
around large areas [10—12]. Furthermore, within the same
species, these variations are often associated with sexual
or ontogenetic differences [10-12]; for example, males
move more often and have larger territories to search and
have access to more females, whereas females’ home
ranges are generally smaller because they primarily de-
pend on food resources [5]. Also juveniles may be more
nomadic, dispersing over large areas before they settle as
adults in a given territory [9, 13]. For these reasons, it is
important to study a broad picture, including microhabitat
selection, movement patterns and home ranges, to under-
stand what drives the animal movements and space use
strategies [14, 15].

Moreover, to understand the general patterns in ani-
mal movement and spatial ecology, we should examine a
large number of species with different adaptations and
types of life styles and not only the most conspicuous or
easy to study. However, among vertebrates, because fos-
sorial reptiles spend all or most of their lives under-
ground, their biology and ecology are much less known
than those of their epigeal relatives. This is an oversight
because fossorial reptiles are nearly 30% of the reptile
species of the world (i.e., more than 2000 species, in-
cluding many skinks, legless lizards, blind snakes and
amphisbaenians) [16, 17]. This lack of information may
be explained by the apparent low population densities of
fossorial reptile species and the difficulty of finding, sam-
pling and observing their behavior [16, 18]. Remarkably,
the study of the movement ecology of fossorial animals
is also essential if we aim to gain a better grasp on the
ecological challenges they withstand, which, as a conse-
quence of their characteristic adaptations to the under-
ground life, might significantly differ from those of
epigeal species [19, 20].

One of the most prominent, but also inconspicuous
and understudied, groups of fossorial reptiles are the
amphisbaenians [20, 21]. These reptiles have very spe-
cialized morphological and functional adaptations to
burrow and feed successfully underground, such as
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reduced vision, narrow heads or loss of limbs [20-23].
These adaptations, however, constrain many aspects of
their ecology [24-27], bringing along challenges for
moving underground over large distances and having
large home ranges. This might be expected due to the
energetic costs of burrowing [28] and the difficulty of
underground orientation and navigation. Unfortunately,
our understanding about amphisbaenians movement
ecology is still very meager.

Here, we studied the movement and spatial ecology of
the fossorial Checkerboard worm lizard, Trogonophis
wiegmanni, an amphisbaenian found in the NW African
Mediterranean [29]. Similarly to other amphisbaenians,
it spends all of its life underground, which likely explains
the lack of information available for its movement
ecology. However, there is increasing knowledge on its
habitat selection patterns [30, 31], thermal biology [32,
33], feeding ecology [23, 34-36], reproduction [34],
population and social biology [37-40] and conservation
problems [41-43].

We used data from a long-term capture-recapture
study (2015-2020) of island populations of T. wiegmanni
amphisbaenians that provided an insight into the long-
term movement patterns of individuals recaptured under
rocks. We also used passive integrated transponder
(PIT) telemetry (i.e., detecting at a distance the radio-
frequency signal of pit-tag-marked buried individuals)
[44—46] to detect and follow undisturbed individuals
underground, obtaining data of their short-term move-
ment patterns. We hypothesized that the fossorial
environment may constraint movement rates, showing
amphisbaenians a high site fidelity. We tested this hypoth-
esis between sexes and age classes. We expected that
differential reproductive and social requirements of males
and females might result in intersexual differences in their
movement and spatial patterns, with males moving more
frequently and over longer distances than females. We
also expected that younger subadult individuals might
show more floating behavior until they can settle in a
territory.

Materials and methods

Study area

We carried out this study at the archipelago of Chafari-
nas Islands (Spain) (35°11" N, 02° 25" W), located in the
southwestern Mediterranean Sea, close to the northern
Moroccan coast (2.5 nautical miles offshore Ras el Ma).
Vegetation is dominated by woody bushes (Salsola,
Suaeda, Lycium and Atriplex), which are adapted to soil
salinity and drought resulting from an arid and warm
Mediterranean climate [47]. Soils are shallow, poorly de-
veloped and immature with a thin A horizon, rich in or-
ganic matter, underlain by the original volcanic rock
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[48]. The amphisbaenian T. wiegmanni is very abundant
at this archipelago [49, 50].

Sampling procedures

We visited the Chafarinas Islands in spring (March—
April) and early autumn (September—October) from
2015 to 2020 during ten field campaigns of 2 weeks dur-
ation each. We delimited three study plots in different
islands: Isabel (area of the plot = 0.14 Ha), Northern part
of Rey (0.40 Ha) and Southern part of Rey (0.58 Ha).
The plots were delimited following geographical feature
limitations and comprised areas with homogeneous
habitat conditions, which were optimal for amphisbae-
nians [31], allowing them to occupy all the surface of the
plots, We walked systematically and intensively the plots
during the morning and afternoon of different days.
Each plot was surveyed completely 2—3 times in each
campaign, with larger plots requiring more time to be
completed. We searched for amphisbaenians by carefully
lifting almost all rocks and stones found inside the plots.
Amphisbaenians were common and easy to find under
rocks [31, 49], which were abundant enough (>40% of
rock surface cover) to allow a large effective survey area.
Individuals were captured by hand and, on the spot,
measured (snout-to-vent length =SVL, tail length and
body weight) and sexed by examining the presence of
hemipenes in the cloacae [38, 39]. As it usually occurs in
reptiles, a previous study [38] showed that different age
classes of this amphisbaenian are characterized by differ-
ent body sizes, with younger individuals being clearly
smaller than older individuals. Thus, we used body size
(SVL) as a proxy of age in analyses.

Immediately after taking measurements, we marked
amphisbaenians at first capture by implanting PIT tags
(8.4 mm x 1.4 mm; Biomark MiniHPT8; Biomark, Inc.,
Boise, Idaho, USA) subcutaneously in the upper right
side of the body [51, 52]. Due to the size of the tags, only
amphisbaenians with a SVL longer than 90 mm (ie.
second year subadults; see [38]) could be marked (for
details and validation of the procedure in this amphis-
baenian see [52]). When captured, we used a hand-held
portable reader (Biomark 601 Reader) to test if the
individual was already marked and, in that case, read the
individual unique code of the tag, or marked it if un-
marked. The location of each individual was determined
with a GPS (GPSmap 62st; Garmin Ltd., Olathe, Kansas,
USA) that included a Quadrifilar Helix antenna. Each
position was recorded for 45 s to increase accuracy (+ 3
m) and the GPS was previously calibrated respect to ref-
erence points in each session to decrease measurement
error, given the accuracy limitations of GPS systems. We
released amphisbaenians at their exact point of capture
in less than 5 min after finding them.
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PIT telemetry

In March 2020, we also surveyed during several days the
entire surface of the study plots using a HPR Plus
Reader equipped with a BP Plus Lite Portable Antenna
(Biomark, Inc., Boise, Idaho, USA). This reader allowed
telemetry detection of PIT tags of marked amphisbae-
nians while they remain buried in any place under the
ground surface, without the need to excavate to bring
them to the surface or find them under a lifted rock (for
the use of this method in other fossorial animals see
[44—46]. Thus, we avoided any possible disturbance to
individuals and any possible bias related to surveys re-
stricted to rocks. Preliminary trials showed that buried
8.4 mm PIT tags could be detected up to about 20 cm
deep (unpublished data; see also [46]). In each session,
the study plot was surveyed in a linear search pattern
beginning at the southern end and moving to the north-
ern side of the plot. While searching, the antenna was
slowly swung from side to side giving sufficient overlap
to cover the ground completely. All plots were searched
as thoroughly as possible, including all open ground
areas, rocks and by inserting the antenna into the bushes
basis. After a PIT tag marked amphisbaenian was ini-
tially detected and located, the individual’s position was
determined with the GPS and the exact location marked
with a surveying flag labeled with the tag number.

We further used this procedure to study daily short-
term underground movements of amphisbaenians only
in the plot located in Isabel Island. As tracked individ-
uals remained underground and were not handled or
disturbed by us during these surveys, we consider that
they moved freely, independently of our short-term re-
peated surveys. We visited the plot for seven successive
days from 7th to 14th March 2020. After the initial de-
tection, during each subsequent visit, we tracked and
tried to relocate all previously detected individuals. If an
amphisbaenian was not found at the previously known
location marked with a flag, we searched for it with the
antenna, starting at the last point detected and continu-
ing in a circular pattern. If it was not detected in a circle
of 3 m radius around the last point, we considered it was
beyond the depth range of the device or had moved far
away, and the individual was noted as missed. If the indi-
vidual had moved and was detected, the shortest lineal
distance from the previous to the current position was
measured with a metric tape to the nearest cm, and the
direction (angle) of this line with respect to the North
cardinal point measured with a magnetic compass to the
nearest 10°. The flag was repositioned to the new loca-
tion and the time spent between successive relocations
was also noted. While we were searching for these indi-
viduals in areas around the flags, we often detected other
previously located but missed individuals or new marked
individuals that were incorporated to the study.
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At the end of the surveys, we gently excavated at the
final location of each individual to try to recapture it. In
this way, we first ensured that individuals that had not
moved from the initial location were alive. This is be-
cause the PIT tag remained underground after an indi-
vidual had died and could actually be detected using the
reader. If we found a PIT tag, alone or inside the re-
mains of a dead amphisbaenian, we discarded its data in
this study. Recaptured live individuals were measured
and returned to their locations immediately. For a few
marked individuals that we followed but could not re-
capture at the end, we estimated their predicted current
body size using measurements from their last previous
recaptures, the time spent since these recaptures until
the current detection, and the mean growth rate for that
size/age class obtained from long-term multiple recap-
ture data of many individuals in that population (unpub-
lished data). Similar calculations comparing predicted
values with actual measurements of some of the recap-
tured individuals showed a high predictive value (Spear-
man’s correlation, r,=0.76, n =53, P < 0.0001).

Analysis of movement data

To study the movements of amphisbaenians, we used
three approaches. First, we studied long-term move-
ments of an individual by calculating the shortest lineal
distance (to the nearest 1 m) between the first capture
and the successive recaptures under rocks made in dif-
ferent field campaigns. These distances did not represent
the total distance moved by an individual in a given
long-term period, as individuals may do multiple move-
ments and follow non-lineal paths. However, we consid-
ered this distance as a measure of long-term fidelity to
the initial capture point. If individuals moved randomly
and over larger areas, then the probability of being
recaptured close to the initial point would be low. On
the contrary, if individuals showed high site fidelity and
moved over small areas, or returned to the same point
after moving, then, the probability of being recaptured
close to the initial point would be high.

We used a second approach because rocks could at-
tract animals for thermoregulation and foraging [33,
53] and, then, recaptures restricted to rocks might
bias the actual movement patterns to other places
underground. Thus, we calculated the long-term
shortest lineal distance (to the nearest 1 m) moved by
each individual between its first capture locations
under rocks (in previous campaigns) and the location
of the point where it was first detected with the
reader in march 2020 in any place underground all
over the surface of the study plots.

For analyzing these long-term movements, we used
three separated Lineal Mixed Models (LMMs) using as
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dependent variables with a normal distribution either i)
the distance from capture to first recapture under rocks
in a different field campaign, ii) the mean distance be-
tween successive recaptures of the same individual under
rocks in different field campaigns, or iii) the distance
from first capture to detection in 2020 when being
underground in any place. We tested for differences be-
tween sexes (fixed factor) or with body size (SVL) (con-
tinuous variable) and considered the interaction between
sex and body size. We also included in the models the
study plot as a random factor, and the time between re-
captures as a continuous covariate to control for a pos-
sible effect of time on distance moved. To characterize
body size, we used SVL of individuals at first capture,
but repeating the LMMs with size at recapture, or the
mean size between values at capture and first recapture,
yielded qualitatively identical results in all cases (results
not shown).

Finally, within the 2020 spring campaign, we calcu-
lated short-term movements (to the nearest 1 cm) of in-
dividuals relocated in any place of only one of the plots
(Isabel) at least twice while they remained underground
and undisturbed. For these short-term movements, given
the skewed non-normal distribution of data, we used
three different Generalized Linear Models (GLZs), with
a Poisson distribution and a log link function, with the
dependent variables being either i) the mean distance
moved per day, or ii) the percentage of days with move-
ments, or iii) the mean distance moved considering only
the days in which a meaningful movement occurred (i.e.,
excluding days without movements). We included in the
models the sex as explanatory fixed factor, body size
(SVL) as a continuous covariate, and the interaction be-
tween sex and body size. When this interaction was sig-
nificant, we made further separated GLZ models for
males and females to explore the meaning and direction
of such interaction.

During the March 2020 campaign, we used the mini-
mum convex polygon (MCP) method [54] to assess the
short-term area covered by individual amphisbaenians
that were followed every day while they moved undis-
turbed underground. This area was not considered to be
equivalent to an entire home range, given the low num-
ber of independent locations used to estimate it and the
limitations of this method [55], However, this area was
considered only as an indicator of the surface that an
amphisbaenian could cover in a few days. To estimate
this area with independent observations, we only used
individuals with at least three different locations in three
different days (only the first one of each day) (mean +
SE=32+0.1 points; range=3-5; n=23 individuals).
The size of the area was not significantly related to the
number of points used to estimate it (Spearman’s correl-
ation, r; = 0.22, n = 23, P =0.30).
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Because of the skewed non-normal distribution of area
data, we used a Generalized Linear Model (GLZ), with a
Poisson distribution and a log link function, with the the
short-term areas covered as the dependent variables,
using the sex as explanatory fixed factor, body size
(SVL) as a continuous variable, and its two-way inter-
action, and the, the number of points used to estimate
the area as a continuous covariate.

Results

Long-term movements based on recaptures under rocks
The distance between the location where an amphisbae-
nian was first captured and the location of its first recap-
ture under rocks in a different field campaign (time
interval, mean + SE =488 + 27 days) was on average (+
SE) of 4.4+0.2m (range =0-16 m, n =166 individuals).
Nevertheless, considering the accuracy limits of the GPS,
the actual mean value of the distance between recpatures
might oscillate between 0 and 10m, and the range of
values might increase until 22 m in one individual, for
the “worst” possible mistake in location measurements.
This distance did not vary significantly between sexes or
with body size in any of the study plots (i.e. among
islands), and it was independent of the time interval be-
tween the first capture and the first recapture (Table 1).
Similarly, the mean distance among all successive recap-
tures under rocks of an amphisbaenian in different cam-
paigns (only the first recapture in every campaign) was
of 4.3+£0.2m, and it did not vary significantly between
sexes, sizes or plots (Table 1).

Long-term movements based on detection of individuals

underground

The distance between the location where an amphisbae-
nian was first captured under rocks and the location
where it was detected with the reader underground in
any place of the plot (time interval, mean + SE =
832 + 43 days) was on average (+ SE) of 4.4+02m
(range = 0-10.2 m, n = 137 individuals). Similarly to recap-
tures under rocks and considering the GPS limitations,

Page 5 of 11

the actual mean distance might oscillate between 0 and
10m. This distance did not vary significantly between
sexes or with body size in any of the study plots, and it
was independent of the time interval between the first
capture and the detection (Table 1).

Short-term movements

The distance moved underground in successive days by
undisturbed amphisbaenians that were followed with the
reader was on average (+ SE) of 46 + 5 cm/day (range =
0-200 cm/day, 7 =80 individuals) (Fig. 1la). Distances
moved by males (54 +9cm/day; n=33) were signifi-
cantly longer than those moved by females (40 +7 cm/
day, n=47; GLZ: x> =75.14, P< 0.0001), and although
there was not an overall significant effect of body size
()(2 =0.45, P = 0.50), its interaction with sex was signifi-
cant (sex x size, x* = 323.84, P< 0.0001). To explore the
meaning of this interaction, we made further separated
GLZs models for males and females, which suggested
that smaller (younger) males moved for longer distances
than larger (older) ones (GLZ: XZ: 144.90, P < 0.0001,
Estimate = — 0.014 + 0.001), while the opposite relation-
ship was observed in females (GLZ: x*=179.39,
P < 0.0003, Estimate = 0.019 + 0.001).

However, in many cases amphisbaenians did not seem
to change their location from 1 day to the other in a
meaningful way, even if, as it occurs during all our sur-
veys, thermal conditions were favorable for activity and
other individuals were moving. Thus, average moving
distance per day was positively correlated with number
of days in which movements occurred (r;=0.78, n = 80,
P <0.0001). The percentage of days on which we de-
tected movements were on average (+ SE) of 65+ 5%
(range = 0-100%, 7 =80 individuals) (Fig. 1b). Males
moved a significantly higher number of days than fe-
males (71 £+ 7% vs. 61 + 6%, GLZ: X2 =29.51, P< 0.0001),
body size was not significant (x*=0.64, P= 0.42), but
the interaction was significant (sex x size, X2:77.21,
P < 0.0001). To explore the meaning of this interaction,
we made further separated GLZs for males and females,

Table 1 Long-term movements of amphisbaenians based on recaptures under rocks (n = 167) or on detections with the reader
underground in any place (n = 137). Results of LMMs testing the effects of sex (fixed factor), body size (continuous variable) and
study plot (random factor) on the distance between locations, including time between recaptures as a covariate

Distance from initial capture to1st
recapture under rocks

Mean distance between
recaptures under rocks

Distance from initial capture to detection
underground in any place

F df P F df P F df P
Sex 081 1 037 0.06 1 081 0.69 1 041
Body size 0.16 1 067 0.28 1 0.60 0.12 1 073
Study plot 220 2 0.11 271 2 0.07 222 2 0.11
Time interval 032 1 057 0.02 1 083 261 1 0.11
Sex x Size 1.04 1 0.31 0.14 1 0.70 0.82 1 037
Error 161 161 130
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which suggested that smaller males moved during more
days than larger ones (GLZ: x*=5.57, P= 0.018, Esti-
mate = — 0.001 + 0.001), while the opposite relationship
occur in females (GLZ: x* = 36.18, P < 0.0001, Estimate =
0.007 £ 0.001).

When we considered only the distances moved greater
than zero (i.e., excluding days without apparent move-
ments and 19 individuals that did not seem to move in
any day), the mean distance was on average (+ SE) of
80 + 8 cm/day (range = 15-332 cm/day, n=61 individ-
uals). This distance was significantly longer (GLZ: x* =
76.54, P < 0.0001) in males (91 + 13 cm/day, # = 27) than
in females (71+9cm/day, n=34), and there was an
overall significant effect of body size (x*=14.88, P=
0.0001), but the interaction was significant (sex x size,
X>=74.87, P< 0.001). Further separated GLZs for
males and females suggested again that, considering only
the days that actually moved, the smallest males moved
significantly longer distances than larger ones (GLZ:
x> =42.35, P< 0.0001, Estimate = —0.008 +0.001), while

the converse occurred in females (GLZ: x*=80.79,
P < 0.0001, Estimate = 0.012 + 0.001).

The total area covered by amphisbaenians during these
short-term successive movements was on average (+ SE)
of 0.50 +0.10 m* (range = 0.02-1.68 m? n =23) (Fig. 2).
This area did not vary significantly with sex (GLZ: x* =
0.08, P = 0.77), body size (x> =0.95, P = 0.33), the inter-
action between sex and size was not significant (x =
0.41, P = 0.52), and the size of the area was independent
of the number of points used to estimate it (x* = 0.05,
P=0.83).

Discussion

Our study provides, for the first time, some insights of
the underground movement and spatial ecology of an
amphisbaenian species. Moreover, these results contrib-
ute to further our knowledge of the movement ecology
of fossorial reptiles, which has been largely understudied.
Long-term recaptures indicated that 7. wiegmanni
amphisbaenians showed high site fidelity with limited
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displacements, considering the distance that they move
away from initial capture points Short-term movement
patterns also indicated short distances moved (but not
necessarily slow movement rates) and small areas cov-
ered. Short-term data further showed the existence of
intersexual and ontogenetic differences probably reflect-
ing different requirements and strategies of movement
and space use.

The long-term recapture observations indicated that
T. wiegmanni amphisbaenians did not move very far
from the initial capture point, even after many days.
Also, short-term daily observations showed short move-
ments over small areas in successive days. Thus, al-
though we could not have estimations of actual home
range sizes, our data suggest that these home ranges
must be very small (just a few m?) in comparison with
epigeal reptiles of similar body size. For example, aver-
age home range size is 0.04 ha in Podarcis wall lizards
[56], 0.09 ha in Zootoca vivipara lizards [57], 0.07 ha in
smooth snakes, Coronella austriaca [58], 0.38 ha in the
slow worm Anguis fragilis [59]. In contrast with epigeal
species, the fossorial lizard Anniella pulchra, that inhabits
sand dunes where burrowing is easy, had relatively small
home ranges (around 0.007 ha for a 95% Kernel and
0.0016 for a 50% Kernel), although with a high interindi-
vidual variability (between less than 0.001 and 0.02 ha)
[44]. Similarly, the semi-fossorial worm snake, Carphophis
amoenus, also has limited movement rates, although not
so small home ranges (0.025 ha) [60, 61].

The most plausible explanation for these differences
between epigeal and fossorial reptiles may be that under-
ground burrowing movements are energetically costly
for fossorial reptiles [19, 22, 28], but see [62], as move-
ments are also costly for subterranean rodents [63, 64].
Probably due to these locomotory constraints, amphis-
baenians [31, 65], other fossorial reptiles [66—69], and
also fossorial rodents [70], usually select microhabitats
with sandy loose soils that are easier for burrowing.
These patterns of soil selection might restrict the avail-
ability of areas suitable for amphisbaenians, and this
limitation might initially be considered as a potential
reason for the observed limited movements. However, in
our study area, sandy soils preferred by this amphisbae-
nian [31] show a high uniform distribution in the study
plots, being the most common of the soil types found.
Therefore, the short distance movements and small
areas covered cannot be explained by a low availability
of optimal habitats (i.e., limited or patchy distribution of
sandy soils easy to dig). Most, if not all, individuals
recaptured could potentially had moved to much longer
distances away from the initial capture points if the ex-
istence of “optimal” soils around was the only constraint.

Additionally, in an interspecific comparison, lizard
home range size was shown to scale directly with ener-
getic requirements [5]. Amphisbaenians and other fos-
sorial reptiles have standard metabolic rates 34—67%
below average for reptiles of their mass, which may be
beneficial in their subterranean habitats [71], and these
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low energy requirements might also explain their low
movement rates and small areas used [5, 7]. Finally, it is
not unlikely that the high density of conspecifics in our
study island sites in comparison with mainland sites (J.
Martin personal observation) Iso contributed to limit the
movements of amphisbaenians, as it occurs in some liz-
ards [57], and the situation might be different in main-
land sites where density is lower. However, we observed
a high overlap of individual locations, suggesting that
maintaining “exclusive” territories was not a fundamen-
tal requisite, or that it was impossible to achieve given
the high density of individuals.

Amphisbaenians were often recaptured under the
same rocks where they were initially found, suggesting
that they probably have high site fidelity and settle
around “favorable” rocks or groups of rocks. Previous
studies have shown that these amphisbaenians select
rocks of an appropriate medium-size to thermorregulate
under them, and because rocks maintain relatively
higher humidity levels [30, 33, 53]. Also, the abundance
and diversity of potential invertebrate prey found shel-
tering under rocks is higher than in open soil [35, 72].
Finally, many social interactions seem to occur under
rocks [37, 40] and all of these benefits can be obtained
while simultaneously being relatively protected by the
rock from epigeal digging predators. This preference for
using some rocks, and the fact that lifting rocks is an
easy way for researchers to locate amphisbaenians, could
have biased our surveys. Individuals might seem to have
short movements just because they would be always
found under the same preferred rocks, while if individ-
uals would move long distances away from rocks, they
could not be detected. However, the surveys using PIT
telemetry allowed us to detect individuals also when they
were underground in areas away from rocks. These sur-
veys showed similar results to those based on recaptures
under rocks alone, indicating that there was not a bias
due to a likely preference for some rocks, and that the
short distances observed reflect the actual space use of
amphisbaenians.

Based on long-term data, it might be initially argued
that amphisbaenians might simply move very slowly over
very short distances in every single day, such that the
final distance measured from capture to the first recap-
ture after many days would be just the accumulative re-
sult of very short daily movements. However, a detailed
analysis of data showed that this is unlikely because
there was a lack of relationship between the number of
days elapsed between successive observations and dis-
tance moved. Moreover, the short-term surveys indi-
cated that, although some amphisbaenians did not seem
to move in a meaningful way from 1 day to the next,
even when environmental conditions were appropriate
for activity, they were also able to move relatively long
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distances in a single day. In fact, many individuals de-
tected were actively moving underground, and making
relatively quick and long displacements in a few minutes
while we tried to determine their location. This suggests
that amphisbaenians might alternate quick bursts of
movements, maybe from one preferred area to another
while looking for food or mates, with relatively motion-
less stop-over periods of prey digestion or social interac-
tions at favorable sites [37, 40].

Some intersexual and ontogenetic differences in move-
ments were found in the study. The short-term surveys,
made during the mating season, revealed that in com-
parison with females, males moved more days and over
longer distances, although covered areas of similar size.
This suggests that males have different reproductive re-
quirements than females and probably have to move
more frequently and for longer distances to locate po-
tential mates, and perhaps to try to maintain territories
relatively free of competitor males. However, these
differences in movements did not seem to result in dif-
ferences in areas covered. In contrast, in both Autarcho-
glossa (e.g., skinks, lacertids, anguimorphs, etc) and
Iguania (e.g., iguanas, chamaeleons, agamids, etc) epigeal
lizard species, males move more and also consistently
have larger home ranges than females (see review in [5]).
Future studies should examine the seasonal variation in
movements and space use of male and female amphis-
baenians using continuous focal observations, and the
potential interactions with other nearby individuals.

In addition, we found some effects of body size/age on
movements that might be explained by different onto-
genetic related requirements and that also varied with
sex. Specifically, smaller (younger) males moved more
frequently and over longer distances than larger (older)
ones, while females followed the opposite trend. With
the current data, we can only speculate about the rea-
sons for these size/age effects based on what is known
for ontogenetic variation in social behavior of epigeal
reptiles [5, 10, 15]. Thus, younger, but already adult,
males might be more nomadic or floaters than older
ones, which might be more settled in a given area and
be more territorial. On the contrary, in females, simply
different body-size-dependent food requirements might
explain that larger individual females had to move more
to find more prey. Further studies are clearly needed to
test these hypotheses. The results of our study may also
be relevant for conservation of amphisbaenians and
fossorial reptiles in general. This is especially important
because the lack of concern of conservationists for fos-
sorial reptiles is notorious [17, 73], so many conservation
threats may be occurring unnoticed [42, 43, 66, 74, 75].
The fact that these amphisbaenians move so little sug-
gests that they have a limited mobility and dispersal cap-
acity in comparison with other reptiles. Thus, damaging
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natural areas where these amphisbaenians live could dir-
ectly endanger a population, because individuals could
not be able to move and naturally recolonize undamaged
or restored nearby areas [76]. Moreover, if there was a
low dispersal ability it may result in low genetic diversity
and high levels of inbreeding, which can in turn increase
the risk of extinction of isolated populations [77, 78].
Therefore, data on movement and sapce use would be
useful for managing populations and designing the size
and location of nature reserves.

Conclusions

We conclude that the low distance movements, small
areas covered and the fact that almost one third of the
days animals did not seem to move in a meaningful way
indicate that T. wiegmanni amphisbaenians show high
site fidelity. This spatial strategy could be explained by
environmental constraints for moving underground, or
the low energetic requirements of fossorial reptiles, but
it also may favor the need to recognize familiar conspe-
cifics and establish stable pairs and family groups as pre-
vious field observations suggested [37, 40]. Individual
differences probably reflect differential reproductive and
social requirements of males and females, and that youn-
ger individuals might show more floating behavior until
they can settle in a territory. Our study is a rare example
describing the spatial ecology of a fossorial species in an
underground environment and may help to complete
the understanding of the general factors that affect the
space use and movement decisions in animals.
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