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Neoichnology of the eastern spadefoot toad, Scaphiopus
holbrookii (Anura: Scaphiopodidae): criteria for recognizing
anuran burrows in the fossil record

Lauren M. Johnson and Daniel I. Hembree

ABSTRACT

Anurans first appear in the Early Jurassic, and although terrestrial anurans are
considered to be ancestral, their early record is less understood than that of aquatic
forms. Many extant terrestrial anurans produce burrows to escape unfavorable envi-
ronmental conditions. Fossil anuran burrows could, therefore, serve as proxies for the
presence of anurans if their morphology was known. The eastern spadefoot toad,
Scaphiopus holbrookii (Anura: Scaphiopodidae), belongs to one of four groups of bur-
rowing terrestrial anurans. This study describes the burrowing behaviors of S. hol-
brookii as well as the qualitative and quantitative morphology of their burrows produced
in laboratory experiments with varying sediment conditions. The toads used a hind-
limb-first burrowing technique moving a minimal amount of sediment to the surface.
Three distinct architectures were produced: isolated, ovoid chambers, vertical shafts
with ovoid chambers, and subvertical shafts with ovoid chambers. The shapes and
sizes of the burrow chambers were similar to the occupying toad. Impressions on the
burrow walls were produced by the hindlimbs and feet of the toads. Qualitative burrow
morphology was consistent between individuals and experiments. Quantitative proper-
ties of the toad burrows were compared statistically to each other and to burrows of
scorpions, salamanders, and skinks. Spadefoot toad burrows were similar to each
other and different from those of the other animals. The results of this study will aid in
the identification of anuran burrows in the fossil record by providing an analog for com-
parison. Application of this data can improve the understanding of the evolution of ter-
restrial anurans, their behavior, and paleoenvironmental significance.
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INTRODUCTION

Trace fossils are the products of behavioral
interactions between an organism and a substrate
or medium (Seilacher, 1967). Interpretations of the
identity and behavior of the trace-making organism
can be made aided by the analysis of trace fossil
morphology (Bromley, 1996). In doing so, biodiver-
sity can be estimated from trace fossil assem-
blages, improving interpretations made from body
fossils alone since trace fossils record the pres-
ence of organisms inhabiting environments with
low preservation potential such as soils (Bromley,
1996; Hasiotis, 2007; Hasiotis et al., 2007). Trace
fossil morphology is also controlled by the environ-
mental conditions under which the trace was pro-
duced allowing for the interpretation of conditions
that cannot be determined from the physical sedi-
mentary record (Bromley, 1996; Hasiotis, 2007;
MacEachern et al., 2007b). As a result, paleoenvi-
ronmental and paleoecological interpretations that
incorporate trace fossils are typically more accu-
rate (Bromley, 1996; MacEachern et al., 2007a).

Members of the modern subclass Lissam-
phibia appear in the fossil record in the Early Trias-
sic and include the orders Urodela (salamanders
and newts), Apoda (caecilians), and Anura (toads
and frogs) (Carroll, 2009). Prosalirus bitis, the earli-
est known anuran, is from the Early Jurassic Kay-
enta Formation of Arizona (Shubin and Jenkins,
1995). Fossil anurans from the Jurassic and Early
Cretaceous are primarily aquatic forms (Nevo,
1968). The fossil record of terrestrial anurans is not
well documented, although these are typically con-
sidered the more ancestral forms of the group
(Carroll, 2009).

Burrowing behaviors are widespread among
many extant terrestrial species of Anura. Anurans
construct burrows in order to avoid extreme envi-
ronmental conditions (Emerson, 1976; Pinder et
al., 1992; Hasiotis et al., 2007). Burrows typically
serve as short-term dwelling spaces for the ani-
mals, but can also be occupied for longer periods
of time when the animal aestivates (Pinder et al.,
1992). Dwelling and aestivating in a burrow below
the sediment surface allows terrestrial anurans to
maintain body water content (Pinder et al., 1992;
Stebbins and Cohen, 1995).

The long evolutionary history of terrestrial
anurans and their tendency to construct burrows in
continental environments suggests that their trace
fossils are likely abundant in the fossil record.
There is, however, a lack of documentation of fossil
anuran burrows. This limited record may be due to
an inability to distinguish fossil toad burrows from
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those of other animals. Interpretations of the bur-
rowing behaviors, burrowing methods, and trace-
makers represented by trace fossils cannot be
accurately deduced without taking into consider-
ation information obtained by neoichnological stud-
ies (Hembree, 2013).

The purpose of this paper is to document the
burrowing techniques, behaviors, and burrow mor-
phologies of a modern species of terrestrial anu-
ran, Scaphiopus holbrookii (Amphibia: Anura)
(Figure 1). The morphology of the burrows con-
structed in different types of sediment are qualita-
tively and quantitatively described and compared
to the burrows of other terrestrial animals produced
in similar conditions. The goal of this research is to
aid in the recognition of fossil anuran burrows by
producing a model that defines the basic morphol-
ogy of modern anuran burrows.

Anuran Ecology and Behavior

The Order Anura consists of approximately
6,436 species divided into the suborders Archaeo-
batrachia (four families, 27 species), Mesobatra-
chia (six families, 168 species), and Neobatrachia
(21 families, > 5000 species) (Frost et al., 2006).
General anuran morphology is characterized by a
short body (< 1 cm to 30 cm) with only eight or nine
dorsal vertebrae, a wide head with a large mouth,
two extra bones in the ankle that significantly
increase the length of their hindlimbs, a long rod-
shaped bone, the urostyle, in the pelvis, and lack of
a tail (Stebbins and Cohen, 1995).

Anurans inhabit a wide range of environments
and climates in North, Central, and South America,
Europe, Asia, Africa, and Australia (Stebbins and
Cohen, 1995). Some anurans inhabit regions that
experience strong seasonality, and a few species
are capable of living in very dry areas such as
grasslands and deserts (Stebbins and Cohen,
1995). The majority of anurans, however, occur in
hot and humid, tropical regions (Stebbins and
Cohen, 1995).

Since the Early Jurassic, the locomotion
mechanism used by anurans has been a unique
saltatory mechanism (Carroll, 2009). Anurans have
long and extensible hindlimbs and more proximally
positioned muscle masses that allow for saltatory
locomotion (Emerson, 1982). The specialized mor-
phology of anurans also enhances their ability to
burrow (Hildebrand and Goslow, 1974). Four
groups of terrestrial anurans are highly specialized
burrowers: Breviceptidae, Bufonidae, Schaphiopo-
didae, and Pelobatidae (Voorhies, 1983). There
are two main types of burrowing techniques used
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FIGURE 1. Anuran morphology. 1, Basic anuran anat-
omy. Inset picture shows an enlarged hindlimb with
tubercles located on the base of the pes. 2, Scaphiopus
holbrookii on the sediment surface. 3, S. holbrookii bur-
rowing beneath the surface.

by anurans: hindlimb-first digging and headfirst dig-
ging. Hindlimb-first digging is considered to have
evolved first in anurans; it is a behavior unique to
anurans and is employed by more than 95% of bur-
rowing species (Emerson, 1976). In hindlimb-first
digging, the well-developed hindlimbs are used to
excavate sediment from behind the anuran while
the animal drops down and backwards into the
developing burrow (Emerson, 1976). The forelimbs
are primarily used to brace the anuran during exca-
vation and to reposition the body (Emerson, 1976).
Headfirst digging involves the use of anuran’s
snout to first penetrate the soil followed by sweep-
ing sediment out of the developing burrow with the
forelimbs (Emerson, 1976). The hindlimbs are
used only to reposition the body as the burrow is
excavated (Emerson, 1976). Headfirst burrowers
tend to be entirely fossorial, developing elongate
tunnels, but include only nine species of extant
anurans (Emerson, 1976). Anurans construct bur-
rows primarily to serve as temporary shelters to
maintain body water content and avoid short-term
extremes in temperatures (Pinder et al., 1992).
Scaphiopus holbrookii, or the eastern spade-
foot toad, is a member of the Family Scaphiopodi-
dae (Figure 1). Three features characterize the
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Family Schaphiopodidae: 1) fusion of the joint
between the sacrum and the urostyle; 2) exostose
frontoparietals; and 3) presence of a metatarsal
spade supported by a well-ossified prehallux (Fig-
ure 1) (Stebbins and Cohen, 1995). In addition, S.
holbrookii has broad, sharp-edged epidermal
tubercles (“spades”) located on the inner edge of
the hind feet that assist in digging (Figure 1.1)
(Voorhies, 1983). Scaphiopus holbrookii inhabits
arid to semiarid regions in fields, farmlands, dunes,
and woodlands and is well-adapted to burrowing
(Pearson, 1955). Spadefoot toads spend most of
their lives in their burrows and come to the surface
at night, when the air is moist, to hunt for food
(Pearson, 1955). They are both active and inactive
hunters that feed on a variety of invertebrates,
including beetles, snails, spiders, and caterpillars
(Pearson, 1955). Spadefoot toads generally use an
ambush method of hunting, staying inside their
burrows waiting for prey to pass by the opening
(Pearson, 1955).

MATERIALS AND METHODS

Four adult individuals of Scaphiopus hol-
brookii were used in three separate experiments.
The toads were housed individually in 20-gallon
(76 L) (601 x 30w x 42h cm) terraria (one toad per
terrarium) filled with sediment composed of organic
matter and sand to a depth of 25 cm. The sediment
surface was smoothed and leveled prior to placing
specimens in the terraria. The moisture content of
the sediment was set at 60%, maintained by daily
spraying of the sediment surface, and checked in
the center of the tank using an Aquaterr EC-300
Multimeter. The air temperature was kept at 25—
30° C and air moisture was 30-50%. The labora-
tory was set on an 8-hour light and 16-hour dark
cycle. The toads were fed live crickets once per
week during and between experiments.

Three experiments were conducted (Table 1).
Experiment 1 was designed as a reference to
observe the burrowing behavior of the toads in a
setting similar to their natural environment. The
composition of the sediment was modeled after the
density and organic content of soil found in a typi-
cal habitat of Scaphiopus holbrookii. The sediment
composition used in Experiment 1 was 100% coco-
nut fiber, an organic-rich, fine-grained medium
(Table 1). The lower 23 cm of the sediment was
firmly packed whereas the upper 2 cm was loosely
packed. Seven trials of Experiment 1 were run
(Table 1); five trials were 10-14 days in duration
and two were 30—40 days in duration to test the
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TABLE 1. Experimental parameters, the number of burrows produced in each experiment, and the distribution of bur-
row architecture among experiments. Terrarium size is in gallons. Sediment moisture values are in percent total vol-
ume. Duration is in days. Burrow architectures: IC = isolated chamber; VS = vertical shaft with terminal chamber; SS =

subvertical shaft with terminal chamber.

1 5 4 20 100% Organic 25 25-30 60 10to14 17 3 5 4
1 2 4 20 100% Organic 20 25-30 60 30to40 18 7 5 4
2 3 4 20 Layered Organic/Sand 25 25-30 60 14 28 10 11 4
3 3 4 20 Mixed Organic/Sand 25 2530 60 7to10 24 7 1 3

87 27 32 15

effects of time of occupation on burrow morphol-
ogy.

The second and third experiments were
designed to observe changes, if any, in burrowing
behavior and burrow morphology in varying sedi-
ment compositions. The sediment composition
used in Experiment 2 consisted of alternating lay-
ers of coconut fiber and sand. The bottom 15 cm of
the terrarium was filled with firmly packed coconut
fiber. The top 10 cm consisted of alternating, 2 cm
layers of coconut fiber and fine- to medium-grained
quartz sand. Four trials of Experiment 2 were run
each lasting 14 days (Table 1). The sediment com-
position of Experiment 3 consisted of a 1:1 (by vol-
ume), homogenous mixture of coconut fiber and
sand. Three trials of Experiment 3 were run each
lasting 7 days, although they were planned for 10—
14 days (Table 1). The duration of Experiment 3
was shortened as a result of observed stressed
behavior from the toads.

In addition to the three experiments, individual
toads were placed in a narrow (10 cm wide) terrar-
ium filled to a depth of 50 cm with 100% coconut
fiber. These terrariums permitted better observa-
tion of the body movements used by the toads
when burrowing and increasing the likelihood of
observing subsurface burrowing.

The toads were observed daily over the
course of the experiments. Using digital photogra-
phy and digital video recordings, each toad’s
behavior associated with constructing and occupy-
ing burrows was documented. Once an experiment
concluded, the toad was removed from the terrar-
ium. Toads not at the sediment surface upon con-
clusion of an experiment were removed from the
terrarium through careful excavation. These exca-
vated burrows were not cast, but their general mor-
phology was noted. The toads remained out of

experiments for a week to provide time for acclima-
tion to background laboratory conditions.

Open burrows were cast with Drystone®© plas-
ter. Once the plaster cured, casts were excavated
and extracted from the terrarium. Burrows were
catalogued with the code SH (Scaphiopus hol-
brookii) and a number based on their order of col-
lection. The burrow casts were described using
qualitative ichnotaxobases including general form,
types of walls, and surface ornamentation. The ich-
notaxobases were used to define distinct and con-
sistent burrow architectures. Following the
methods of Hembree et al. (2012), quantitative
data was also obtained from the casts. Measure-
ments of the depth, length, slope, angle of branch-
ing, tunnel height, width, circumference, and cross-
sectional width-to-height ratio were collected (Fig-
ure 2.1). Depth, length, and circumference were
determined with a tape measure; tunnel width and
height were measured with a digital caliper. Two
scale-independent measurements were calculated:
complexity and tortuosity (Meadows, 1991; Hem-
bree and Hasiotis, 2006). Complexity (C) is calcu-
lated by summing three variables: the number of
openings at the surface of the sediment (e), the
number of segments (s), and the number of cham-
bers present (h): C = e + s + h (Figure 2.2). Tortu-
osity is obtained by dividing the total length of a
segment (u) by the straight-line distance between
the ends of a segment (v) (Figure 2.3). These
scale-independent measurements allow for the
comparison of burrow systems produced by ani-
mals of contrasting size (Meadows, 1991).

Comparative analysis of the quantitative prop-
erties of the toad burrows was performed using the
Bray-Curtis similarity measure, a nonparametric
statistical analysis that determines the degree of
similarity between objects represented by multiple
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FIGURE 2. Quantitative properties of burrows. 1, Measured properties include maximum depth (D), tunnel and shaft
width (w), height (h), and circumference (c), length (L), and slope (S). 2, Complexity (C) is the sum of the number of
surface openings (e), segments (s), and chambers (h) of a burrow. 3, Tortuosity is a measure of the average sinuosity
of all of the segments of a burrow system. The tortuosity of a single segment is calculated by dividing the length (u) by
the straight-line distance (v). Modified from Hembree et al. (2012).

quantitative measurements (Bray and Curtis,
1957). All of the quantitative properties of each bur-
row were statistically analyzed simultaneously. The
Bray-Curtis similarity measure ranks the burrows
based on the similarity of these quantitative proper-
ties. The numerical value representing the degree
of similarity ranges from 0.0 (most dissimilar) to 1.0
(identical). Burrows with a similarity value of 1.0
were considered identical whereas values between
0.9-0.8 were highly similar, 0.7—0.6 were moder-
ately similar, and < 0.5 were dissimilar (e.g., Hem-
bree et al., 2012: Hembree, 2013; Bowen and
Hembree, 2014; Catena and Hembree, 2014; Dze-
nowski and Hembree, 2014; Hils and Hembree,
2015). These analyses were performed to deter-
mine if the toads produced consistent, repeatable
burrow morphologies. The Bray-Curtis test was
then used to compare the toad burrow casts to the
burrow casts of other animals obtained in previ-
ously conducted experiments including scorpions
(Hembree, 2014), salamanders (Dzenowski and
Hembree, 2014), and skinks (Catena and Hem-
bree, 2014). These analyses were used to evalu-
ate the relative uniqueness of toad burrow
morphology.

Cluster analyses were performed using the
Bray-Curtis similarity measure method to produce
similarity dendrograms. The cluster analyses allow
for better visualization of the relationships between
burrow morphology and the tracemaker. Based on
the analytical results of the Bray-Curtis analysis,
the degree of association between burrow mor-
phology and tracemaker can be evaluated with the
cluster diagrams.

The quantitative properties driving the differ-
entiation of burrows into discrete groups were eval-
uated using Mann-Whitney and Kolmogorov-
Smirnov tests. The Mann- Whitney test evaluates
the medians of two samples to determine whether
or not they are from the same population. The
Kolmogorov-Smirnov test determines if two sam-
ples are similar based on the distribution of values
within the sample. Eight individual properties were
compared for each test and included: 1) depth, 2)
length, 3) mean width, 4) mean height, 5) mean cir-
cumference, 6) mean slope, 7) complexity, and 8)
tortuosity. The tests were used to determine if sta-
tistically significant changes occurred in burrow
properties produced by Scaphiopus holbrookii in
the three different sediment compositions, to deter-
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mine if the eight quantitative burrow properties of
S. holbrookii were different from those of other bur-
rowing animals, and to determine which burrow
properties drove the major groupings to occur in
the Bray-Curtis cluster diagrams.

RESULTS

Specimens of Scaphiopus holbrookii pro-
duced permanent, open burrows of three distinct
morphologies based on qualitative and quantitative
properties independent of the sediment composi-
tion: vertical shafts with ovoid terminal chambers
(VS), subvertical shafts with ovoid terminal cham-
bers (SS), and isolated ovoid chambers (IC) (Table
1). A total of 41 complete and well-preserved bur-
row casts were produced from the 13 experimental
trials. All of the experimental trials yielded at least
one well-preserved burrow that could be cast.
Though rare, some burrows were destroyed before
they could be cast primarily due to gravitational col-
lapse. In all of the experiments, however, the archi-
tectural morphology of the burrows in situ was
recorded.

Behavior

Within 1-3 hours after placing specimens of
Scaphiopus holbrookii in the experimental terraria,
open burrows were constructed and the toads
were well beneath the surface of the sediment. For
the brief interval of time before burrowing, the
degree of movement above the surface varied.
Upon placement into the terraria, both highly active
behavior and relative stillness were observed. In
the experiments consisting of terraria filled with
100% coconut fiber, one to four burrows were con-
structed within the first 72 hours of the trial. More
burrows, from four to six, were constructed within
the first 72 hours when the sediment consisted of
alternating layers of coconut fiber and sand or a
mixture of coconut fiber and sand. There was no
consistency regarding the location of burrow open-
ings with respect to the walls of the terraria.

Scaphiopus holbrookii burrowed using a hind-
limb first burrowing technique (Appendix 1). The
hindlimbs of the toad moved in a sweeping motion
against the sediment. While the hindlimbs were
more actively engaged in the burrowing process,
the forelimbs were used to redirect minor amounts
of loose sediment. During the construction of an
open burrow it was observed that the entire body of
the toad would rotate both clockwise and counter-
clockwise around the developing burrow opening
while dropping backwards and downwards
beneath the sediment surface. During initial con-
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struction of the burrow, loosely packed sediment
was deposited above the toad so the opening of
the burrow was partially sealed. The seal on the
opening was removed once the toad exited the
burrow, typically to feed, and thereafter the burrow
remained open. Despite the temporary seal, the
single opening of a burrow remained open for the
majority of a trial. It was observed, however, that
after 12—14 days the openings became filled with
sediment, primary due to gravitational collapse.
The toads came to the sediment surface to feed
and hydrate only at times when the laboratory was
dark.

Open burrows served as temporary to perma-
nent dwellings. Permanent dwellings were defined
as those that were constructed and maintained
throughout the experimental period, even if they
were unoccupied for short intervals. Dwellings that
were abandoned and not later re-occupied during
the experimental period were considered tempo-
rary. It was observed that the toads did not remain
within a burrow for longer than 12—24 hours, leav-
ing typically during dark hours to acquire food. The
toads then either returned to the original burrow or
excavated a new burrow. Toads were observed
occupying and maintaining multiple burrows within
a terrarium. Within the time interval between leav-
ing and returning to a burrow, a varying number of
new burrows were constructed.

Specimens of Scaphiopus holbrookii con-
structed open burrows regardless of the sediment
composition (Table 1). Burrowing was more prolific
in the alternating layers of coconut fiber and sand
and the mixed coconut fiber and sand. This
increased burrowing activity, however, was limited
to the initial 1-3 days of an experimental trial.

Surface Morphology

In all of the experiments, mounds of exca-
vated sediment surrounding the openings of the
burrows altered the surface topography producing
small-scale (1-3 cm) highs and lows. In addition,
shallow pits excavated just below the surface of the
sediment were observed regardless of sediment
conditions (Figure 3.1). The behavior associated
with these pits was not observed and is not clear;
the spatial distribution appeared random. The sur-
face openings of the burrows constructed by S.
holbrookii were circular in shape (Figure 3.2, 3).
Both the size and shape of the openings were sim-
ilar to those of the cross sections of the burrow
shafts. A minimal amount of sediment was trans-
ported to the surface and typically deposited over
or near the burrow opening; this was most appar-
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FIGURE 3. Surface feature produced by Scaphiopus holbrookii. 1, Shallow pit in the sediment surface. 2, Two sepa-
rate, closely spaced burrow openings. 3, A single circular burrowing opening. 4, Excavated sediment (sand) on top of

a burrow opening.

ent in experiments containing sand layers (Figure
3.4).

Burrow Morphology

Burrow morphologies were generally similar
across sediment types. Open burrows had sharp,
irregular walls and showed no evidence of con-
structed lining. Surficial features were abundant on
casts of burrows that were constructed in sandy
media, whether layered or mixed with coconut
fiber. The center of the chamber floors had a raised
ridge preserved as an elongate furrow on the base
of the chamber cast (Figure 4.1, 2). Triangular pro-
trusions made by the pes and hindlimbs during bur-
row construction occurred on chamber walls and
floors (Figure 4.3-6). The size and shape of the
protrusions were consistent with that of the limbs,
with mean lengths and widths of 2.24 cm and 1.20

cm, respectively. Impressions made by the manus
and forelimbs were present as well, but less abun-
dant.

There were three basic burrow architectures
including vertical shafts leading to an ovoid termi-
nal chamber, subvertical shafts leading to an ovoid
terminal chamber, and isolated ovoid chambers. All
three architectures were produced in the three dif-
ferent experiments (Table 1). In addition, each indi-
vidual toad constructed burrows of all three
architectures.

Vertical shafts with ovoid chambers. This bur-
row architecture (n = 32) includes a single opening
with a vertically oriented shaft (70-90°, mean =
89°, SD = 4°) that leads to a subvertically or verti-
cally oriented (10-86°, mean = 55°, SD = 24°),
ovoid chamber (Figure 5; Table 2). The shafts are
circular in cross sections and have a width-to-
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Tcm

T1cm

FIGURE 4. Bioglyphs produced during burrow construction. 1-2, Photo (1) and line drawing (2) of a raised ridge on
the bottom of the terminal chamber (SH11). The arrows in 1 and 2 and circled area in 2 indicate the position of the
ridge on the base of the chamber. 3—-4, Photo (3) and line drawing (4) of an imprint of an individual’s hindlimb (SH11).
The arrows in 3 and 4 and circled area in 4 indicate the position of the imprint on the chamber floor. 5-6, Photo (5)
and line drawing (6) of a terminal chamber showing multiple triangular protrusions (SH25). The arrows in 5 and 6
and circled areas in 6 indicate the positions of the protrusions on the chamber walls.
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FIGURE 5. Vertical shafts with terminal chambers. 1, Side view (SH25). 2, Frontal view (SH33). 3, Side view (SH33).

height ratio of 0.70—1.96 (mean = 1.36, SD = 0.24).
The shafts are 1.42-5.09 cm (mean = 2.94 cm, SD
= 0.49 cm) wide and 1.05-3.61 cm (mean = 2.19
cm, SD = 0.47 cm) high with a circumference of
4.8-14.9 cm (mean = 8.9 cm, SD = 1.1 cm). The
length of the entire burrow ranges from 6.5-11.8
cm (mean = 8.8 cm, SD = 1.5 cm). Chambers are
elliptical in cross section and have a circumference
of 7.3-14.9 cm (mean = 10.5 cm, SD = 1.5 cm). All
vertical shafts possess a complexity value of 3; this
value includes the single surface opening, a single
tunnel, and a chamber. Tortuosity values of the ver-
tical shafts range from 1.01-1.61 (mean = 1.24, SD
=0.18).

Subvertical shafts with ovoid chambers. This
burrow architecture (n = 15) includes a single sur-
face opening leading to a shallowly sloping (40—
70°, mean = 41°, SD = 14°), non-branching shaft
that ends in a subvertically to vertically oriented
ovoid chamber similar to those in vertical shafts
(Figure 6; Table 3). The shafts are 1.76-3.27 cm
(mean = 2.51 cm, SD = 0.49 cm) wide and 1.31—
2.37 cm (mean = 1.74 cm, SD = 0.32 cm) high with
a circumference of 5.9-8.6 cm (mean = 7.3 cm, SD
= 0.9 cm). The width-to-height ratio ranges from
1.06-1.48 (mean = 1.36, SD = 0.14). The length of
the entire burrow including the shaft and chamber
varies from 4.7-12.1 cm (mean = 8.6 cm, SD =1.9
cm). The subvertically oriented shafts are circular
in cross section whereas the terminal chambers
are elliptical in cross section. All subvertical shafts

possess a complexity value of 3; this value
includes the single surface opening, a single tun-
nel, and a chamber. Tortuosity values of the sub-
vertical shafts range from 1.20-2.32 (mean = 1.51,
SD = 0.44).

Isolated ovoid chambers. This burrow architec-
ture (n = 27) includes a single surface opening that
leads directly to a terminal chamber (Figure 7;
Table 4). Chambers are elliptical in cross section
with a width-to-height ratio of 1.01-1.88 (mean =
1.38, SD = 0.21) and have a circumference ranging
from 3.6-14.7 cm (mean = 10.0 cm, SD = 1.5 cm).
The depth of the chambers varies from 2.5-7.9 cm
(mean = 4.7 cm, SD = 1.4 cm), whereas the length
of the chambers ranges from 3.3-9.4 cm (mean =
7.1 cm, SD = 2.0 cm). The chambers are 1.41—
5.71 cm (mean = 3.28 cm, SD = 0.48 cm) wide and
1.13-4.32 cm (mean = 2.44 cm, SD = 0.44 cm)
high. The width-to-height ratio of the chambers var-
ies from 1.01-1.88 (mean = 1.38, SD = 0.20). The
orientation of the chambers with respect to the sur-
face of the sediment varies from 9-90° (mean =
49°, SD = 22°). The isolated chambers possess a
complexity value of 2, which includes a single sur-
face opening and a chamber. The tortuosity of the
isolated chambers varies from 1.06—-2.96 (mean =
1.57, SD = 0.47).

Burrow Analysis

Burrows produced by Scaphiopus holbrookii.
Seventy-four burrows produced by Scaphiopus
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TABLE 2. Quantitative measurements of vertical shafts. All measurements in cm or degrees (slope only). SH# =
Scaphiopus holbrookii burrow cast identification number. Sediment: O = 100% organic coconut fiber; LOS = layered

100% organic coconut fiber and sand; MOS = homogenized mixture of 100% organic coconut fiber and sand.

s 5 £33 &8 & e ¢z 8 £ 2 -
s § 5 5 T 2 2 I & 5 5§ % s 8 72 2 %8 G
g § & £ § £ £ & 5§ 2 £ £ 2 £ & 5 5
SH2 57 68 210 143 181 293 208 252 0.71 7.3 7.0 7.3 90 52 70 3 1.19 (0]
SH3 52 78 340 133 256 235 106 183 140 102 49 7.8 90 30 65 3 1.50 (0]
SH4 47 74 3.04 199 257 240 129 176 146 8.2 4.8 7.3 90 17 50 3 1.57 (0]
SH10 78 99 338 226 278 214 168 184 152 9.0 6.7 7.8 90 50 70 3 1.26 (0]
SH12 6.3 87 391 271 350 214 150 179 196 114 85 9.7 90 46 30 3 1.38 o
SH17 84 86 292 198 250 209 148 187 134 838 6.6 7.5 87 60 64 3 1.02 LOS
SH21 42 68 311 213 274 295 163 232 119 107 75 9.1 90 10 52 3 1.61 LOS
SH25 84 116 340 183 256 224 149 195 131 9.4 6.0 7.7 82 25 25 3 1.38 LOS
SH26 84 106 356 213 280 214 171 202 137 938 6.8 8.9 90 75 40 3 1.26 LOS
SH28 56 82 377 258 333 318 146 238 140 105 70 102 90 44 50 3 146 LOS
SH30 59 78 361 220 296 287 219 226 130 104 6.8 8.9 90 30 89 3 1.32 LOS
SH31 68 85 312 195 258 214 135 288 137 9.1 6.6 7.9 90 47 61 3 1.25 MOS
SH32 70 77 362 231 289 212 185 200 145 96 7.2 8.3 90 68 67 3 1.10 MOS
SH33 6.6 80 208 146 269 344 201 183 147 96 6.4 7.9 90 87 85 3 1.21 MOS
SH36 78 86 424 261 340 262 195 232 146 121 8.2 10.1 90 21 39 3 1.10 MOS
SH38 6.2 79 356 257 293 226 169 197 149 95 7.4 8.4 90 64 78 3 1.27 MOS
SH41 89 100 436 271 353 3.00 199 247 143 121 7.7 9.9 90 65 78 3 1.12 (0]
SH43 86 83 355 230 284 245 190 210 135 99 7.0 8.3 90 86 88 3 0.96 (0]
SH46 74 79 389 220 302 333 161 218 138 9.9 6.6 8.5 90 90 90 3 1.06 LOS
SH47 66 83 412 236 330 207 177 193 170 117 83 102 90 70 79 3 125 LOS
SH48 58 64 372 264 305 221 169 198 154 98 7.0 8.6 90 80 84 3 1.10 LOS
SH51 98 10.7 396 199 250 312 175 228 1.08 10.0 54 8.0 90 40 74 3 1.09 LOS
SH52 96 103 3.63 205 268 258 197 224 117 95 7.4 8.4 90 70 86 3 1.07 LOS
SH53 8.7 102 388 197 289 305 193 212 129 100 6.6 8.4 90 60 73 3 1.17 MOS
SH54 6.7 83 389 218 3.02 242 178 236 142 120 7.1 8.8 90 65 78 3 1.23 MOS
SH56 55 9.1 509 321 407 325 221 263 147 149 105 11.9 90 10 40 3 1.65 MOS
SH59 101 112 472 277 337 364 200 263 128 114 85 9.8 90 45 81 3 111 MOS
SH61 58 88 400 299 351 245 190 225 155 10.7 85 9.7 90 44 64 3 1.51 MOS
SH62 6.1 6.7 447 348 403 317 217 247 163 122 103 114 90 90 90 3 1.09 MOS
SH69 95 110 413 216 209 280 211 249 084 116 74 9.6 90 65 76 3 1.15 (6]
SH70 64 65 324 237 283 293 203 252 112 100 75 8.8 90 85 87 3 1.01
SH71 92 118 439 197 306 336 254 292 105 135 73 9.9 70 70 70 3 1.28

holbrookii were compared to each other to deter-
mine the level of similarity of the burrow morpholo-
gies within the species. All burrows produced by S.
holbrookii, regardless of architecture, have a simi-
larity of 0.36—0.99 with a mean similarity of 0.80.
Similarity values below 0.50 only occur when com-
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paring burrow SH16 to the other burrows produced
by S. holbrookii. Excluding this burrow, similarity
values range from 0.50-0.99 with a mean similarity
of 0.80. A cluster analysis of the 74 burrows sepa-
rates them into two major groups, Cluster 1 and
Clusters 2, 3, and 4. These two groups have a sim-



FIGURE 6. Subvertical shafts with terminal chambers.
1, View from the back of burrow (SH11). 2, Side view
(SH11). 3, Side view (SH14).
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ilarity of 0.71 (Figure 8). Cluster 1 is composed of
11 isolated chambers as well as three subvertical
shafts and one vertical shaft. Burrows in Cluster 1
have a similarity of 0.79. Cluster 1 differs from
Clusters 2, 3, and 4 in 11 quantitative properties
(Appendix 2.1). Clusters 2, 3, and 4 consist of all
three burrow architectures produced by S. hol-
brookii (vertical shafts, subvertical shafts, and iso-
lated chambers) and have a similarity of 0.81.
Cluster 2 includes a mixture of burrow architec-
tures (43% vertical shafts, 36% subvertical shafts,
and 21% isolated chambers) which differ from bur-
rows in Clusters 3 and 4 in terms of slope and tor-
tuosity (Appendix 2.2). Clusters 3 and 4 consist of
mostly vertical shafts (58% vertical shafts, 16%
subvertical shafts, and 26% isolated chambers)
with a similarity of 0.85 and differing in 12 quantita-
tive properties (Appendix 2.3). Cluster 3 contains
almost an equal amount of subvertical shafts and
isolated chambers (43% subvertical shafts, 50%
isolated chambers, and 7% vertical shafts)
whereas Cluster 4 consists of mostly vertical shafts
(81% vertical shafts, 3% subvertical shafts, and
16% isolated chambers).

Comparisons with burrows of other animals.
Burrows produced by Scaphiopus holbrookii were
compared to burrows produced by emperor scorpi-
ons (Pandinus imperator), tiger salamanders
(Ambystoma tigrinum), and gold skinks (Mabuya
multifasciata) (Figure 9). While these three species
each produced a variety of different burrow archi-
tectures, only morphologies similar to the toad bur-
rows were considered.

Comparison with Pandinus imperator burrows.
Casts of nine subvertical tunnels produced by Pan-
dinus imperator were compared to the 74 burrows
produced by Scaphiopus holbrookii. Mann-Whitney
and Kolmogorov-Smirnov tests show that 16 quan-
titative burrow properties are significantly different
between burrows produced by S. holbrookii and
burrows produced by P. imperator (Appendix 3.1).
Bray-Curtis results show that the burrows of S. hol-
brookii and P. imperator have a similarity of 0.36—
0.92 with a mean similarity of 0.62. A cluster analy-
sis separates the burrows into two main clusters,
designated A and B, with a similarity of 0.56 (Fig-
ure 10). Clusters A and B differ in 16 out of the 17
quantitative properties (Appendix 3.2). Cluster A
includes eight of the nine scorpion burrows as well
as the one burrow produced by S. holbrookii
(SH16) that was found to be dissimilar to all of the
other anuran burrows. Cluster A has a similarity of
0.66 including SH16. The eight scorpion burrows
within Cluster A, however, have a similarity of 0.77.

1
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TABLE 3. Quantitative measurements of subvertical shafts. Refer to Table 2 caption for legend.

£ £ £ 2 B 3 = e g g2 & F =2
s § 5 5 % 2 : f$ & 5 § 2 8 3 ©° o3z & B
SH5 7.0 9.5 344 280 312 369 201 294 106 129 6.6 10.5 75 44 50 3 1.36 o
SH7 3.7 8.5 427 248 349 3.08 134 237 147 116 7.0 10.0 67 44 40 3 2.29 (6]
SH8 4.1 6.8 278 176 229 227 131 198 1.16 9.0 6.5 7.7 62 25 45 3 1.65 o
SH11 6.3 9.0 407 248 326 285 163 219 149 107 5.9 9.3 75 30 20 3 1.42 (6]
SH13 4.2 4.7 357 3.01 334 337 204 259 129 116 9.1 10.7 85 18 50 3 1.1 LOS
SH14 9.2 121 389 183 284 261 157 228 125 10.6 6.7 8.8 65 38 51 3 1.31 LOS
SH22 6.4 6.9 367 216 279 222 150 182 1.44 9.8 6.4 7.8 76 60 68 3 1.08 LOS
SH34 34 79 415 331 377 325 200 264 142 116 8.6 10.5 24 24 23 3 232 MOS
SH37 71 85 437 261 355 277 192 254 140 119 6.6 10.1 39 39 25 3 119 MOS
SH42 5.6 8.5 344 279 307 278 211 230 133 10.0 8.2 9.5 32 10 22 3 1.52
SH44 9.0 1.0 348 223 269 237 183 200 1.34 9.6 7.4 8.0 64 20 40 3 1.22
SH45 8.3 9.4 363 210 285 313 156 214 133 10.0 7.2 9.3 64 36 50 3 1.13
SH49 6.4 75 420 327 365 267 150 226 1.61 1.1 7.9 9.9 63 45 53 3 1.20 LOS
SH57 6.7 10.7 4.09 285 353 353 237 232 134 121 8.3 10.3 59 38 46 3 159 MOS
SH74 3.3 7.4 338 207 278 289 142 191 145 9.2 7.4 8.3 60 20 30 3 2.24 (6]

Cluster B includes 73 of 74 anuran burrows as well
as one scorpion burrow and has a similarity of
0.72. Cluster B in this analysis consists of the
same four clusters containing the same burrows as
the dendrogram produced when comparing all bur-
rows produced by S. holbrookii (Figure 8, Clusters
1-4). A single scorpion burrow clusters among the
burrows produced by S. holbrookii (Figure 10,
P12_SR). Other burrows in this cluster are the
same burrows in Cluster 1 from the S. holbrookii
dendrogram that is dominated by isolated cham-
bers (Figure 8).

Comparison with Mabuya multifasciata bur-
rows. Casts of 12 subvertical tunnels produced by
the skink Mabuya multifasciata were compared to
the anuran burrows. Burrows produced by M. mul-
tifasciata differed significantly in 13 quantitative
properties from those of Scaphiopus holbrookii
(Appendix 4.1). The similarity values of the bur-
rows produced by M. multifasciata and S. hol-
brookii range from 0.44—0.96 with a mean similarity
of 0.68. A cluster analysis results in two separate
groups (Figure 11). The first group, Cluster A, con-
sists of all but two burrows produced by S. hol-
brookii and has a similarity of 0.82. Cluster A
corresponds to Clusters 2—-4 in the Scaphiopus
dendrogram (Figure 8). The two skink burrows in
Cluster A have the highest slope values of all the

12

skink burrows analyzed and higher slope values
than the mean slope of all burrows in Clusters B
and C. The second main group includes Clusters B
and C and consists of 24 burrows, 14 produced by
S. holbrookii and 10 produced by M. multifasciata.
Burrows in Clusters B and C differ from those in
Cluster A in terms of depth, slope, and complexity
(Appendix 4.2). Burrows in Clusters B and C have
a similarity of 0.77. Clusters B and C differ in nine
quantitative burrow properties (Appendix 4.3).
Cluster B includes only burrows produced by anu-
rans and consists mostly isolated chambers (86%)
with a similarity of 0.84 (Figure 11). Cluster B cor-
responds to Cluster 1 in the Scaphiopus dendro-
gram. Cluster C consists of 10 of the 12 burrows
produced by M. multifasciata and one burrow pro-
duced by S. holbrookii (SH42) with a similarity of
0.82. The single toad burrow in Cluster C has the
lowest minimum slope of all burrows produced by
S. holbrookii excluding SH16, and a lower mini-
mum slope than the mean slope calculated for
Cluster B.

Comparison with Ambystoma tigrinum bur-
rows. Casts of 42 subvertical tunnels produced by
the salamander Ambystoma tigrinum were com-
pared to the anuran burrows. Burrows produced by
A. tigrinum differ from burrows produced by
Scaphiopus holbrookii in 12 quantitative properties
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FIGURE 7. Isolated chambers. 1, Side view (SH20). 2, Frontal view (SH20). 3, Frontal view (SH67).

(Appendix 5.1). The similarity values of the bur-
rows produced by A. tigrinum and S. holbrookii
range from 0.33-0.97 with a mean similarity of
0.79. A cluster analysis results in five clusters with
a total similarity value of 0.73 (Figure 12). In gen-
eral, at lower values of similarity (0.73 to 0.81) the
distribution of burrows produced by S. holbrookii
and burrows produced by A. tigrinum is scattered.
At higher levels of similarity (= 0.81), however, the
burrows of the two species tend to cluster among
themselves. Cluster E contains an approximately
even mix of anuran and salamander burrows (58%
anuran burrows and 42% salamander burrows)
with a similarity value of 0.81. Cluster E differs from
Clusters A, B, C, and D in terms of depth, mean
width, slope, complexity, and tortuosity (Appendix
5.2). Clusters A, B, C, and D have a similarity of
0.80. Cluster A includes mostly anuran burrows
(85% anuran burrows and 15% salamander bur-
rows). Cluster A differs from Clusters B, C, and D
in depth, minimum tunnel width, mean height, cir-
cumference, slope, complexity, and tortuosity
(Appendix 5.3). Cluster B, C, and D have a similar-
ity of 0.84. Cluster B includes mostly anuran bur-
rows (91% anuran burrows and 9% salamander
burrows) and differs from Clusters C and D in
length, maximum tunnel height, maximum circum-
ference, slope, complexity, and tortuosity (Appen-
dix 5.4). Clusters C and D have a similarity of 0.88
and differ in depth, length, mean tunnel width,
slope, and tortuosity (Appendix 5.5). Cluster C
includes only burrows produced by anurans and
Cluster D includes mostly salamander burrows
(78% salamander burrows and 22% anuran bur-
rows). A single anuran (SH16) and salamander
(AT5_SR) burrow did not sort into any of the five

clusters and share a similarity of 0.76 with one
another. The salamander burrow (AT5_SR) has the
lowest maximum slope value of all burrows pro-
duced by salamanders and the anuran burrow
(SH16) has the lowest maximum, minimum, and
mean slope values of all burrows produced by anu-
rans.

Comparison of burrows of all four species. A
combined cluster analysis of the burrows of all four
species results in six main clusters (Figure 13;
Appendix 6). Altogether the six clusters have a
similarity of 0.60. Cluster A has a similarity of 0.77,
consisting only of burrows produced by Pandinus
imperator and is different from Clusters B, C, D, E,
and F in all quantitative properties (Figure 13;
Appendix 6.1). Within Cluster A, similar properties
include width, height, width-to-height ratio, mini-
mum circumference, complexity, and tortuosity
(Appendix 7.1). The remaining five clusters (B—F)
have a similarity of 0.71 and include burrows pro-
duced by Scaphiopus holbrookii, Ambystoma tigri-
num, Mabuya multifasciata, and one burrow
produced by P. imperator (Figure 13). Approxi-
mately 92% (n = 31) of the burrows in Cluster B are
produced by S. holbrookii and 8% (n = 3) are bur-
rows produced by A. tigrinum. Within Cluster B,
similar quantitative burrow properties include width,
height, width-to-height ratio, circumference, com-
plexity, and tortuosity (Appendix 7.2). Cluster C is
composed of 63% (n = 25) A. tigrinum burrows,
35% (n = 14) S. holbrookii burrows, and 2% (n = 1)
M. multifasciata burrows. Similar properties within
Cluster C include width, height, width-to-height
ratio, circumference, complexity, and tortuosity
(Appendix 7.3). Cluster D is composed of 88% (n =
14) S. holbrookii burrows, 6% (n = 1) A. tigrinum

13
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TABLE 4. Quantitative measurements of isolated chambers. Refer to Table 2 caption for legend.

s § £ E o2 B oo, , ¢ o1 3 B o2 o2 .

8 8 £ £ 2 £ £ = & 2 £ = =2 £ 2 8§ & &
SHA1 3.5 76 3.07 190 349 419 3.03 251 139 1.0 105 109 30 30 30 2 217 (0]
SH6 6.9 84 395 248 332 328 167 254 131 109 6.8 9.7 50 50 63 2 1.22 (0]
SH9 2.7 59 321 156 259 203 1.13 174 148 9.2 3.6 7.6 34 34 34 2 2.18 (0]
SH15 3.1 3.7 378 3.00 339 254 219 240 141 126 102 11.3 40 40 40 2 1.19 LOS
SH16 25 3.3 352 330 341 325 3.00 312 1.09 136 123 13.0 9 9 9 2 1.32 LOS
SH18 2.8 51 3.00 229 273 315 146 231 182 9.9 84 88 24 24 24 2 1.82 LOS
SH19 4.9 58 324 219 287 214 162 193 148 9.9 84 90 90 90 90 2 1.83 LOS
SH20 4.7 50 357 261 325 206 1.93 207 157 94 8.3 91 80 80 80 2 1.06 LOS
SH23 6.2 80 335 141 274 274 138 229 119 115 66 99 65 65 65 2 1.29 LOS
SH24 56 78 403 378 394 261 211 231 170 115 105 11.2 28 28 28 2 1.39 LOS
SH27 4.3 82 323 265 287 271 147 211 135 107 7.0 96 40 40 40 2 1.95 LOS
SH29 6.6 88 355 233 310 292 206 235 132 84 84 84 46 46 46 2 1.33 LOS
SH35 6.4 82 408 237 340 305 155 234 145 110 79 9.7 35 35 35 2 1.28 MOS
SH39 54 6.2 363 202 289 244 130 205 141 10.0 55 8.6 73 73 39 2 1.14 MOS
SH40 7.9 93 383 199 311 330 201 262 119 1M1 85 9.9 52 52 52 2 1.17 MOS
SH50 3.1 92 360 298 330 213 1.83 201 164 9.6 7.7 8.8 20 20 20 2 2.96 MOS
SH55 3.9 6.9 3.17 293 3.05 274 213 276 129 10.0 9.2 9.5 60 60 60 2 1.76 MOS
SH58 56 11.0 328 190 268 328 163 230 1.16 11.0 56 8.1 60 40 53 2 1.96 MOS
SH60 34 3.6 342 279 317 277 221 254 124 99 93 9.6 90 90 90 2 1.06 MOS
SH63 5.2 6.0 399 300 355 219 269 188 188 116 9.0 104 90 90 90 2 1.15 MOS
SH64 54 94 571 379 466 388 293 334 140 16.0 126 139 60 70 60 2 1.74 0
SH65 3.9 45 382 348 365 386 333 354 101 129 101 114 28 28 28 2 1.15 (e}
SH66 5.7 85 440 312 359 328 204 266 134 119 88 107 90 34 50 2 1.49 (0]
SH67 4.1 87 476 279 420 432 197 318 132 147 95 122 34 34 34 2 2.12 (e}
SH68 4.7 86 410 236 375 342 177 278 134 122 75 105 57 57 57 2 1.83 0
SH72 54 70 337 284 310 350 142 261 118 120 84 103 90 26 52 2 1.30 (e}
SH73 4.3 64 310 248 283 269 177 218 129 93 73 8.3 71 25 49 2 1.48 0

burrows, and 6% (n = 1) M. multifasciata burrows.
Within Cluster D, similar properties include width,
height, width-to-height ratio, circumference com-
plexity, and tortuosity (Appendix 7.4). Cluster E
consists of 90% (n = 10) M. multifasciata burrows
and 10% (n = 1) S. holbrookii burrows. Within Clus-
ter E, similar properties include depth, width,
height, width-to-height ratio, minimum and mean
circumference, complexity, and tortuosity (Appen-
dix 7.5). Cluster F is made up of 54% (n = 13) S.
holbrookii burrows, 42% (n = 10) A. tigrinum bur-
rows, and 4% (n = 1) P. imperator burrows. Within
Cluster F, similar properties include depth, width,

14

height, width-to-height ratio, mean circumference,
complexity, and tortuosity (Appendix 7.6).

Environmental Controls on Burrow Morphology

Mann-Whitney and Kolmogorov-Smirnov tests
were used to determine if there was any variation
in quantitative burrow properties due to sediment
properties and experimental duration (Appendix 8).
There was minimal effect on burrow properties as a
result of sediment composition. When comparing
the burrow properties of burrows constructed
during Experiment 1 to those constructed during
Experiment 2, the maximum tunnel height and
mean tunnel height are significantly different
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FIGURE 9. Three different species and their respective burrows produced in previous studies. 1, An emperor scorpion
(Pandinus imperator). 2, A subvertical tunnel produced by P. imperator. 3, A gold skink (Mabuya multifasciata). 4, A
subvertical tunnel produced by M. multifasciata. 5, A tiger salamander (Ambystoma tigrinum). 6, A subvertical tunnel

produced by A. tigrinum.

(Appendix 8). Both the maximum tunnel height and
mean tunnel height values are higher for burrows
constructed in Experiment 1. Minimum slope is the
only burrow property that is significantly different
between burrows constructed in Experiment 1 and
Experiment 3. Burrows constructed during Experi-
ment 3 had higher values of minimum slope. Only
values of minimum tunnel width were significantly
different between burrows constructed during
Experiment 2 and Experiment 3. Burrows produced
during Experiment 3 had higher values of minimum
tunnel width.

16

Experimental duration had a greater effect on
quantitative burrow properties. Eight quantitative
properties differed as a result of increased duration
of the experiment (Appendix 9). Burrows con-
structed during the longer duration experiment had
higher values (mean, median, standard deviation,
and range) for maximum and minimum tunnel
width, mean tunnel width, and circumference. The
standard deviation and ranges calculated for maxi-
mum and minimum tunnel height, width-to-height
ratio, and minimum circumference are higher for
burrows constructed in the shorter duration experi-
ment (Appendix 9).
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FIGURE 10. Cluster analysis of burrows produced by Scaphiopus holbrookii and Pandinus imperator. Major clusters discussed in the text are denoted with the letter

of the cluster in a yellow circle. The color of the burrow specimen number indicates the tracemaker: green = S. holbrookii; red

the clusters are marked with an arrow and a number.
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descriptions refer to the captions of Figures 10-12.



TABLE 5. Width and height of each toad compared to
mean width and height values of the terminal chambers

produced by each toad. All measurements are in cm.

Body Chamber
Measurements Measurements
Width  Height | Width Height

Specimen 1 4.00 3.50 4.00 4.75
Specimen 2 4.00 3.50 4.10 3.65
Specimen 3 3.00 2.50 3.72 3.23
Specimen 4 3.50 3.50 3.36 3.61

DISCUSSION
Burrow Morphology and Tracemaker

Scaphiopus holbrookii produced a terminal
chamber with a consistent overall shape regard-
less of burrow architecture, sediment composition,
or experimental duration. Chambers have a consis-
tent and unique morphology reflective of the toad
body form: the chamber is asymmetrical with broad
and tapered ends. These correspond to the posi-
tion of the posterior and anterior ends of the toad,
respectively. The dimensions of the burrow cham-
ber correspond to the dimensions of the individual
toad responsible for the construction of the burrow
(Table 5). The raised ridge in the center of the
chamber floor is the impression of the underside of
the toad’s body, which is raised in relation to the
limbs (Figure 4.1). In addition, bioglyphs that
appear in several burrow casts resemble the hind-
limbs and pes of S. holbrookii (Figure 4.2, 3). The
hind-leg burrowing technique that is used by S. hol-
brookii results in distinct impressions of the pes on
the walls of the burrow.

Comparison of burrows produced by three
other species (scorpion, skink, and salamander)
results in further defining the morphology of bur-
rows produced by anurans. Results of the cluster
analyses indicate a low degree of similarity
between burrows produced by Scaphiopus hol-
brookii and Pandinus imperator despite the similar-
ity in architecture. Burrow properties that are
significantly different between the two species can
be linked to the morphology of the individual spe-
cies. Properties of burrows produced by the scor-
pion P. imperator are an expression of the cross-
sectional shape and dimensions of the animal
(Hembree, 2014). Pandinus imperator is character-
ized by a relatively wide, but low body with an ellip-
tical cross section that is carried close to the
ground (Hjelle, 1990). In general, the body of P.
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imperator has a more elliptical cross-section than
that of S. holbrookii, which results in significantly
different tunnel widths, heights, and width-to-height
ratios (Appendices 5, 6).

Burrows produced by Scaphiopus holbrookii
differ in 12 quantitative properties from those pro-
duced by Mabuya multifasciata and, therefore,
have low degrees of similarity. As with Pandinus
imperator, the difference in burrow properties is
partially a result of the difference between body
morphologies. Overall, M. multifasciata has a
smaller body width, height, and circumference
compared to S. holbrookii. This is consistent with
the relatively lower values of tunnel width, height,
and circumference in burrows produced by M. mul-
tifasciata (Appendix 4). Width-to-height ratios are
not significantly different between the two animals,
however; both S. holbrookii and M. multifasciata
have relatively circular trunk cross sections and
produce burrows with similar forms.

A moderate degree of similarity exists
between burrows produced by Scaphiopus hol-
brookii and Ambystoma tigrinum, although 11
quantitative burrow properties are significantly dif-
ferent between the burrows produced by the two
species (Appendix 5). The lengths, heights, widths,
and width-to-height ratios of burrows produced by
A. tigrinum are consistently greater than the dimen-
sions of the salamanders and so the burrows size
cannot be related to the size of the tracemaker
accurately (Dzenowski and Hembree, 2014). The
overall shape, however, is related to the trace-
maker and can further aid in distinguishing a bur-
row produced by a salamander from a burrow
produced by an anuran. Unlike the circular cross
section of burrows produced by S. holbrookii, the
elliptical cross-sectional of burrows produced by A.
tigrinum is a reflection of the salamanders’ elliptical
body plan (Dzenowski and Hembree, 2014). Well-
preserved and distinct bioglyphs produced during
burrow construction by A. tigrinum are different
than bioglyphs produced by S. holbrookii during
burrow construction as a result of different body
morphologies. Most bioglyphs produced by A. tigri-
num are rounded to elongate protrusions, but
some are bilobate or heart-shaped markings. Bio-
glyphs produced by A. tigrinum are similar to the
relative shape and size of the limbs and head of
the salamanders (Dzenowski and Hembree, 2014).
Bioglyphs produced by S. holbrookii are similar to
the shape and size of the limbs of the toads and
appear as triangular protrusions.
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FIGURE 14. Anomalous burrow architecture (SH16) defined as a resting trace. 1, View from the side. 2, View from

the bottom of the burrow.

Burrow Morphology and Behavior

The three burrow architectures produced by
Scaphiopus holbrookii are constructed for dwelling
purposes. Scaphiopus holbrookii produces dwell-
ing burrows beneath the surface due to stable envi-
ronmental conditions within the sediment and to
avoid light, predators, and desiccation (Pearson,
1955). Burrows produced by S. holbrookii also
allow for a passive, ambush hunting technique
(Pearson, 1955).

Morphological similarities between the three
different burrow architectures are most likely a
result of the similar behavioral purpose of the bur-
rows (i.e., Hembree, 2014). The vertical shafts and
subvertical shafts were unoccupied less often
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during the experiments than the isolated cham-
bers, and so served as more permanent burrows.
The most dissimilar anuran burrow, the isolated
chamber SH16, has been defined as a resting
trace and is the only burrow with this form pro-
duced by S. holbrookii in the experiments (Figure
14). The depth, length, and slope values for burrow
SH16 are lower than burrows associated with
dwelling behaviors and are the lowest for all bur-
rows produced by S. holbrookii. In contrast, values
of maximum, minimum, and mean circumference
are higher than values obtained for burrows asso-
ciated with dwelling behaviors (Table 6).

Burrow morphology is also influenced by the
burrowing techniques employed. Scaphiopus hol-
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TABLE 6. Properties of dwelling traces (VS and SS) and a single resting trace (SHT16). Burrow architectures: VS =
vertical shaft with terminal chamber; SS = subvertical shaft with terminal chamber; RT = resting trace.
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VS Mean 7.18 876 368 226 294 268 180 219 135 1046 7.23 8.89 89.00 54.99 67.80 3.00 1.24
SD 160 153 061 047 048 047 031 030 023 153 122 113 3.78 23.53 18.23 0.00 0.18
SS Mean 6.04 856 376 251 313 289 173 230 135 1078 7.23 9.30 60.63 32.66 40.80 3.00 1.50
SD 196 186 043 048 042 044 032 032 014 116 092 1.07 16.90 13.25 14.00 0.00 0.43
RT 250 330 352 330 341 325 3.00 312 1.09 13.60 1230 1295 9.00 9.00 9.00 2.00 1.32

brookii uses a hindlimb-first burrowing technique
that was consistent across the construction of all
74 burrows. Using this method, Scaphiopus com-
presses sediment against the walls of the burrow
as it descends backwards into the substrate. This
results in distinct impressions of the hindlimbs and
pes along the side of the shafts and at the base of
the chambers. Less distinct impressions of the
front legs also occur along the side of the shafts
and at the base of the chambers. While in their bur-
rows the toads did not turn around, but remained
with their heads facing the burrow openings.
Variations in the behaviors and burrowing
techniques of Scaphiopus holbrookii, Pandinus
imperator, Mabuya multifasciata, and Ambystoma
tigrinum result in differences between the burrow
morphologies. Pandinus imperator constructs bur-
rows for dwelling and feeding purposes (Hembree,
2014). Chambers of burrows produced by P. imper-
ator are laterally expanded over time, which allows
the scorpions to turn around and face toward the
burrow opening to ambush prey (Hembree, 2014).
The expansion of chambers is reflected in values
of tunnel width, tunnel height, and width-to-height
ratios that are higher than those of burrows pro-
duced by S. holbrookii. Pandinus imperator uses a
direct-excavation burrowing technique in which the
walking legs of the animal are used to excavate,
lift, and carry material out of the burrow (Hembree,
2014). Elongate grooves and nodes preserved on
the floors and walls of the burrow casts are a result
of the burrowing technique employed by P. impera-
tor. These surficial features record the scraping of
sediment from the tunnel walls by the walking legs
(Hembree, 2014). In addition, the overall elliptical
cross-sectional form of the burrows is partially a
result of the burrowing technique. Continuous

movement of the scorpion in and out of the burrow
causes some compaction of the burrow floor. The
deposition of excavated sediment from deeper in
the burrow along the upper tunnel floor evens and
flattens the base of the burrow (Hembree, 2014).

Burrows produced by Mabuya multifasciata
serve as temporary, subsurface dwelling structures
(Catena and Hembree, 2014). Mabuya multifasci-
ata uses an intrusion burrowing technique (Catena
and Hembree, 2014). Burrowing by intrusion tends
to produce burrows with dimensions that closely
match the dimensions of the tracemaker and may
also possess compression linings (Bromley 1996;
Catena and Hembree, 2014). Hembree and Hasio-
tis (2006) and Hembree (2009) observed this rela-
tionship with other soil-burrowing animals such as
amphisbaenians and millipedes, respectively. Most
burrows produced by M. multifasciata have flat-
tened elliptical cross-sections with moderately con-
cave roofs and floors, and short, arching walls
(Catena and Hembree, 2014). This morphology
reflects the morphology of the skink with the excep-
tion of the width-to-height ratios; these are, on
average, greater than 1.2 resulting from the undu-
lating body movement the skinks employ (Catena
and Hembree, 2014). In addition, skinks use their
cone-shaped heads to aid in burrow construction
producing distinct, triangular-shaped, irregularly
spaced divots along the walls of the tunnels (Cat-
ena and Hembree, 2014).

Burrows produced by Ambystoma tigrinum
are used for dwelling purposes and are produced
by a combination of excavation and compaction
burrowing techniques (Dzenowski and Hembree,
2014). Initially, individuals of A. tigrinum excavate
their burrows head first by bracing their bodies
against the sediment surface with their hindlimbs
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and thrusting their forelimbs into the sediment
(Dzenowski and Hembree, 2014). After the burrow
is started, the method of burrowing switches to
compaction as the limbs and head are used to
compress sediment against the walls of the burrow
(Dzenowski and Hembree, 2014). The process of
compaction results in rounded to elongate protru-
sions as well as some bilobate or heart-shaped
markings produced by the manus and pes (Dze-
nowski and Hembree, 2014).

Burrow Morphology and Sediment
Composition

The qualitative morphology of burrows pro-
duced by Scaphiopus holbrookii did not vary
across the three different types of sediment. The
three burrow architectures produced by S. hol-
brookii were constructed in all three experiments
(Table 1). In addition, minimal differences in quanti-
tative burrow properties resulted from variations in
sediment composition (Appendix 8).

Sediment composed of alternating layers of
organic matter and sand (Experiment 2) resulted
burrows with lower values of maximum and mean
tunnel heights compared to burrows produced in
100% organic matter (Appendix 8). Scaphiopus
holbrookii produced burrows more quickly in sedi-
ment composed of alternating layers. Generally the
burrows produced consisted of two to three iso-
lated chambers with a high slope (80-90°) and one
to two vertical or subvertical burrows with cham-
bers. The depth of the initial isolated chambers
was as deep as the second, sometimes only the
first, layer of sand. The depth of the vertical and
subvertical burrows varied, but penetrated at least
two layers of sand. The deepest burrow produced
during Experiment 2 was a vertical shaft. The ter-
minal chamber of the burrow was located as deep
as the second layer of sand with a depth of 9.8 cm.
Several shallow pits, 2-3 cm deep, were also
observed on the surface of the sediment during
Experiment 2.

Sediment composed of a homogenized mix-
ture of organic matter and sand (Experiment 3)
produced burrows with a higher value of minimum
slope compared to burrows produced in 100%
organic matter. Vertical shafts were the most com-
mon architecture of the burrows produced in
Experiment 3 (52% vertical shafts, 14% subvertical
shafts, and 33% isolated chambers). Within the
first 72 hours of placing the toads in the terraria,
five to six burrows were produced, higher than in
any trials of Experiments 1 and 2. Within the first
four to five days of the first trial of Experiment 3,
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toads were observed at the surface more fre-
quently than during previous experiments. The
experimental duration was shortened due to the
increased frequency of surface activity, since this
was considered a sign of distress.

Identifying Anuran Burrows in the Fossil
Record

In order to identify tracemakers of fossil bur-
rows it is first necessary to recognize the architec-
ture and surficial morphologies of burrow produced
by modern animals (Hembree, 2014). There is a
general lack of understanding of the fossil record of
terrestrial anurans. Due to the fact that extant ter-
restrial anurans spend most of their lives in bur-
rows, their traces should be abundant in the fossil
record. The lack of documentation of anuran trace
fossils is likely due to a failure to recognize
observed fossil burrows as records of anuran
behavior.

Ichnotaxonomic characters known as ichno-
taxobases are used to classify trace fossils (Brom-
ley, 1996). Ichnotaxobases consist of aspects of
trace fossil morphology including overall shape,
orientation with respect to the sediment surface,
architecture, and surficial features (Bromley, 1996;
Bertling et al., 2006). In order to identify and inter-
pret the paleoecological and paleoenvironmental
significance of trace fossils it is necessary to docu-
ment a set of ichnotaxobases of burrows produced
by modern organisms (Hasiotis and Mitchell,
1993).

Architecture. Anuran burrows include vertical and
subvertical shafts that end in ovoid chambers as
well as isolated ovoid chambers.

Overall shape. Shafts and tunnels are circular in
cross section whereas chambers are elliptical in
cross section. Tunnel and shaft widths are approxi-
mately 0.7-2.0 times larger than tunnel and shaft
heights. Chambers are commonly 1.0-1.5 cm
wider than tunnels and shafts.

Orientation. Most burrow shafts are subvertically
(40-70°) or vertically (70-90°) oriented relative to
the surface; burrow chambers may be oblique to
vertical (9-90°).

Internal structure. Burrows are not lined. The bur-
row walls consist of compacted sediment that has
an irregular surface. The burrows are not actively
filled; instead passive filling occurs from overlying
sediment collapse.

Surficial features. Shaft, tunnel, and chamber
walls commonly possess raised, triangular bio-

glyphs.



These ichnotaxobases are likely representa-
tive of the burrows of many hindlimb-first digging
anurans, although there may be some variation
between the burrows of different genera or fami-
lies. Head-first digging anurans engage in a signifi-
cantly different burrowing technique that likely
leads to distinct types of burrows with their own set
of ichnotaxobases. These ichnotaxobases are pre-
sented as a model for anuran burrows with the
understanding that other morphologies are possi-
ble.

CONCLUSIONS

Scaphiopus holbrookii produced three differ-
ent burrow architectures including vertical to sub-
vertical shafts with ovoid chambers, as well as
isolated ovoid chambers. All three architectures
were produced regardless of individual, sediment
composition, or the duration of occupation. All bur-
rows produced by S. holbrookii consist of a single
surface opening, an ovoid terminal chamber that is
elliptical in cross-section, tunnel shafts that are ver-
tically or subvertically oriented relative to the sur-
face, as well as bioglyphs reflective of the anuran
body outline and burrowing techniques. Quantita-
tively, burrows produced by S. holbrookii are highly
distinct from scorpion burrows and moderately sim-
ilar to burrows of skinks and salamanders. Addi-
tionally, qualitative differences, such as bioglyphs
and overall shape, aid in the distinction of anuran
burrows from burrows produced by other spe-
cies.

Establishing the existence of anurans in strata
lacking body fossils can aid the understanding of
the paleoenvironmental and paleoecological condi-
tions. Interpretations concerning the moisture con-
tent can be estimated because the moisture of
soils inhabited by extant anurans is fairly restricted.
The abundance of burrows produced by anurans
can also aid in interpreting environmental condi-
tions. For example, in these experiments the high-
est abundance of anuran burrows were produced
in sandy sediment. Since burrowing continental
animals play a fundamental role in pedogenesis,
neoichnological studies can also aid in paleosol
interpretations (Hasiotis, 2007). Anuran burrows
can be found in a variety of soil types from Histo-
sols to Oxisols, although they are generally found
in sandy soils. Given observation from these
experiments, anurans can affect pedogenic pro-
cesses by compacting, loosening, and mixing soil,
contributing fecal material, denuding vegetation,
and enhancing erosion. Open burrows also
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increase the porosity and permeability of the soil
and serve as conduits for fluid flow (Lavelle and
Spain, 2005). The paleoecology of units containing
anuran burrows can be interpreted to have charac-
teristics similar to modern ecosystems containing
anurans. Anurans are members of the third trophic
level represented by secondary consumers (Steb-
bins and Cohen, 1995). The second trophic level is
represented by primary consumers (i.e., insects)
and includes the prey of anurans (Stebbins and
Cohen, 1995). On the other hand, anurans are
prey of fourth trophic level which is represented by
tertiary consumers (i.e., lizards, birds) (Stebbins
and Cohen, 1995). Organisms similar to those that
comprise the modern anuran food web can be
inferred to have been present in the environment
as well.

Terrestrial environments and ecosystems of
the past can be better understood with the use of
neoichological studies, which allow the connection
of burrow morphologies to tracemakers (Hasiotis,
2007; Hasiotis et al., 2007). Documenting the bur-
row morphologies, burrowing techniques, and
behaviors of extant species enables an accurate
assessment of possible tracemakers and thus the
presence of an organism without requiring body
fossils. Consistent properties among the three bur-
row architectures produced by Scaphiopus hol-
brookii, the direct relationship between the size
and overall shape of the terminal chambers and
the toads’ bodies, and bioglyphs that reflect the
size and shape of the toads’ pes and hindlimbs
help to strengthen the interpretation of the trace-
maker. The accurate interpretation of toad burrows
will aid in understanding and reconstructing the
biodiversity of terrestrial ecosystems in the fossil
record.
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APPENDIX 1.

Video of Scaphiopus holbrookii burrowing in an organic-rich sediment. Electronic file available at palaeo-
electronica.org/content/2015/1299-neoichnology-of-toads.

APPENDIX 2.

Mann-Whitney (MW) and Kolmogorov-Smirnov (KS) test results (p values) from the comparison of burrow
properties in each of the clusters generated when comparing burrows of Scaphiopus holbrookii (see Figure
8). 1, Burrows in Cluster 1 compared to those in Clusters 2—4. 2, Burrows in Cluster 2 compared to those in
Clusters 3 and 4. 3, Burrows in Cluster 3 compared to those in Cluster 4. Highlighted values in the upper
tables indicate statistical difference (p < 0.05). Mean, median, standard deviation, and range are given in
the lower tables for burrow properties that are statistically different. Highlighted values of properties in the
lower tables are the greater of the two. Electronic file available at palaeo-electronica.org/content/2015/
1299-neoichnology-of-toads.

APPENDIX 3.

Mann-Whitney (MW) and Kolmogorov-Smirnov (KS) test results (p values) from the comparison of the
properties of burrows produced by Scaphiopus holbrookii and Pandinus imperator (see Figure 10). 1, All
burrows produced by S. holbrookii compared to all burrows produced by P. imperator. 2, Burrows in Cluster
A compared to those in Cluster B. See Appendix 2 caption for further table description. Electronic file avail-
able at palaeo-electronica.org/content/2015/1299-neoichnology-of-toads.

APPENDIX 4.
Mann-Whitney (MW) and Kolmogorov-Smirnov (KS) test results (p values) from the comparison of the
properties of burrows produced by Scaphiopus holbrookii and Mabuya multifasciata (see Figure 11). 1, All
burrows produced by S. holbrookii compared to all burrows produced by M. multifasciata. 2, Burrows in
Cluster A compared to those in Clusters B and C. 3, Burrows in Cluster B compared to those of Cluster C.
See Appendix 2 caption for further table description. Electronic file available at palaeo-electronica.org/con-
tent/2015/1299-neoichnology-of-toads.

APPENDIX 5.

Mann-Whitney (MW) and Kolmogorov-Smirnov (KS) test results (p values) from the comparison of the
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properties of burrows produced by Scaphiopus holbrookii and Ambystoma tigrinum (see Figure 12). 1, All
burrows produced by S. holbrookii compared to all burrows produced by A. tigrinum. 2, Burrows in Clusters
A, B, C and D compared to those in Cluster E. 3, Burrows in Cluster A compared to those in Clusters B, C,
and D. 4, Burrows in Cluster B compared to those in Clusters C and D. 5, Burrows in Cluster C compared
to those in Cluster D. See Appendix 2 caption for further table description. Electronic file available at
palaeo-electronica.org/content/2015/1299-neoichnology-of-toads.

APPENDIX 6.

Mann-Whitney (MW) and Kolmogorov-Smirnov (KS) test results (p values) from the comparison of the
properties of burrows produced by Scaphiopus holbrookii, Pandinus imperator, Mabuya multifasciata, and
Ambystoma tigrinum (see Figure 13). 1, Burrows in Cluster A compared to those in Clusters B, C, D, E,
and F. 2, Burrows in clusters B and C compared to those in E and F. 3, Burrows in Clusters B and C com-
pared to those in Cluster D. 4, Burrows in Cluster B compared to those in Cluster C. 5, Burrows in Cluster
E compared to those in Cluster F. See Appendix 2 caption for further table description. Electronic file avail-
able at palaeo-electronica.org/content/2015/1299-neoichnology-of-toads.

APPENDIX 7.

Burrow properties and the resulting mean, median, standard deviation, maximum, minimum, and range
values for individual clusters generated when comparing properties of burrows produced by Scaphiopus
holbrookii, Pandinus imperator, Mabuya multifasciata, and Ambystoma tigrinum (See Figure 13). 1, Cluster
A. 2, Cluster B. 3, Cluster C. 4, Cluster D. 5, Cluster E. 6, Cluster F. Highlighted values indicate burrow
properties that are similar within an individual cluster based on standard deviation and range. Electronic
file available at palaeo-electronica.org/content/2015/1299-neoichnology-of-toads.

APPENDIX 8.

Mann-Whitney (MW) and Kolmogorov-Smirnov (KS) test results (p values) from the comparison of the
properties of burrows produced by Scaphiopus holbrookii in varying sediment compositions. Highlighted
values indicate statistical difference (p < 0.05). O = 100% organic coconut fiber, LOS = layered 100%
organic coconut fiber and sand, MOS = homogenized mixture of 100% organic coconut fiber and sand.
Electronic file available at palaeo-electronica.org/content/2015/1299-neoichnology-of-toads.

APPENDIX 9.

Mann-Whitney (MW) and Kolmogorov-Smirnov (KS) test results (p values) from the comparison of the
properties of burrows produced by Scaphiopus holbrookii during 10-14 day and 30-40 day trials. High-
lighted values indicate statistical differences (p < 0.05). Electronic file available at palaeo-electronica.org/
content/2015/1299-neoichnology-of-toads.
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