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Abstract

Intensive snake husbandry requires evidence-based approaches to environmental man-
agement and animal welfare. This study characterized substrate use in six juvenile South
American rattlesnakes (Crotalus durissus) by comparing a familiar substrate (corrugated
cardboard) with four novel substrates (Sand, Gravel, Dry leaves, and Sphagnum) during
diurnal and nocturnal periods. Behaviour was continuously recorded over 288 h, and the
proportion of time spent in five body-contact categories, ranging from 100% to 0% con-
tact with the novel substrate, was analyzed using Beta Generalized Linear Mixed Models
(GLMMs). The familiar cardboard area (category E; 0% contact with the novel substrate)
accounted for the largest proportion of total observation time. However, a complementary
analysis comparing No contact (category E) with Any contact (categories A-D combined)
revealed no significant overall difference between contact categories. Instead, a significant
Contact x Substrate interaction indicated substrate-specific patterns of contact, with Any
contact accounting for a greater proportion of time on Sand and Sphagnum, whereas No
contact was more prevalent on Gravel and Dry leaves. No significant effect of experimental
period was detected. These findings indicate that juvenile rattlesnakes displayed different
patterns of contact with novel substrates while continuing to use the familiar area within
the enclosure, suggesting that substrate characteristics and familiarity may both contribute
to patterns of substrate use. From a husbandry perspective, these results highlight the value
of considering familiarity alongside the physical properties of substrates when designing
environmental complexity for captive rattlesnakes. Behavioural assessment of substrate
contact may therefore provide a useful approach for characterizing how juvenile snakes
interact with different environmental substrates and informing husbandry practices.

Keywords: environmental enrichment; husbandry; snake; Viperidae; welfare

1. Introduction

The intensive husbandry of snakes in a vivarium is fundamental to advancing scien-
tific research, encompassing the production of antivenom and pharmaceutical bioactives,
alongside studies on physiology, reproduction, and conservation [1]. Within this context,
optimizing management practices is vital to safeguard animal welfare, which directly
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modulates individual health and overall production parameters, such as venom quality
and yield [1-3].

Among the various components of captive environments, the substrate serves as a
pivotal structural and functional element of the habitat [4-6]. Beyond providing mechanical
support, it acts as a form of environmental enrichment by offering sensory stimuli that
facilitate species-specific behaviors, including burrowing, exploration, and thermoregu-
lation [7-10]. Accumulating evidence indicates that environmental complexity correlates
positively with behavioral indicators of enhanced welfare, such as increased exploratory
activity and greater use of enriched zones during choice tests [9-12]. Conversely, simplified
substrates, such as corrugated cardboard or uniform paper, can restrict these essential
expressions; for example, juvenile rattlesnakes (Crotalus horridus) exhibit significantly more
efficient odor-trailing behavior on natural substrates like sand and leaf litter than on
homogeneous surfaces [13].

Although historically underexplored in reptiles, environmental enrichment has gained
increasing traction as studies reveal that simplified captive conditions can impair behav-
ioral expression, cognitive performance, and overall health [14,15]. In snakes, the absence
of suitable substrates or adequate space restricts natural repertoires and elevates stress
levels, whereas complex substrates foster greater environmental interaction and enhance
performance in behavioral tasks [12,16-19]. Moreover, physical interaction with the habi-
tat, particularly the extent and nature of body contact with the substrate, is critical for
locomotion, postural stability, and thermoregulation, highlighting the intrinsic functional
importance of substrate characteristics [20-22].

To evaluate substrate use and suitability, experimental designs that simultaneously
expose animals to different environmental conditions can provide useful insights into
how individuals interact with available substrates [23-25]. Within such designs, mea-
sures such as dwelling time and body contact can be used to quantify patterns of space
and substrate use, providing behavioural indicators of how animals interact with differ-
ent environmental conditions [26,27]. Previous research suggests that snakes may alter
their use of environmental features when exposed to enriched or structurally complex
conditions [10,12], highlighting the potential value of controlled behavioural assessments
for informing evidence-based husbandry.

Beyond dwelling time, the specific modalities of physical interaction with a substrate
offer deeper insights into its suitability. In snakes, the proportion of body contact with
the substrate can reflect mechanical support, physical comfort, and heat-exchange effi-
ciency, providing a complementary postural metric to interpret spatial utilization [11,28,29].
Despite its clear relevance, the integration of temporal (time-based) and postural (contact-
based) measures remains largely underexplored, particularly within intensive husbandry
frameworks [10,17].

In juvenile snakes, behavioural responses to novel environments may be influenced
by ontogenetic vulnerability and early life experiences. Neonatal rattlesnakes are highly
susceptible to predation and may exhibit pronounced responses to novel stimuli as an
adaptive risk-minimization strategy [30]. In the genus Crotalus, this early developmental
period may also involve maternal attendance, with females typically remaining with their
offspring for several days post-birth until the completion of the first neonatal ecdysis [31].
This early maternal association may contribute to behavioural development and envi-
ronmental exploration in neonates [32]. However, because the juveniles in the present
study were separated from their mothers immediately after birth, and no maternally reared
control group was included, the extent to which early maternal separation may have in-
fluenced their responses to novel substrates cannot be determined [33,34]. Consequently,
investigating how early separated juveniles interact with novel substrates may contribute
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to understanding both their behavioural ecology and the implications of early rearing
conditions for captive management.

Characterizing substrate use in snakes can contribute to our understanding of be-
havioural ecology while also informing captive management and animal welfare prac-
tices [35]. Identifying how snakes interact with different substrates may help guide hus-
bandry decisions, although behavioural responses alone may not fully determine substrate
suitability or its effects on physiological health and welfare [1,36]. In this context, the
present study evaluated substrate choices and patterns of contact in juvenile South Amer-
ican rattlesnakes by quantifying the proportion of time spent in different body contact
categories across familiar and novel substrates.

2. Materials and Methods
2.1. Animals, Housing, and Maintenance

Six juvenile rattlesnakes (Crotalus durissus) were used, comprising three males and
three females, sourced from the colony of the Laboratory of Ecology and Evolution at the
Instituto Butantan, Brazil. The juvenile snakes used in this study were separated from their
mothers immediately after birth and prior to their first neonatal ecdysis (shedding), which
typically occurs between 6 and 10 days post-parturition in the genus Crotalus [31,34]. The
animals were housed individually in lockable plastic enclosures measuring 65 cm in length,
445 cm in width, and 24.5 cm in height (a volume of 42 L).

The snakes were maintained in a climate-controlled room with temperatures ranging
from 21 to 25 °C and a relative humidity of approximately 60%. Both variables were
monitored daily using a thermo-hygrometer (Incoterm™). The light-dark cycle was set to
12 h (06:00-18:00 light; 18:00-06:00 dark). Snakes were fed pre-euthanized rodents (Mus
musculus) every 15 days, in accordance with Brazilian animal welfare standards. Fresh
water was provided ad libitum in plastic containers of approximately 300 mL.

2.2. Experimental Protocol

The animals were individually subjected to four substrate-use trials, each involving
exposure to a familiar cardboard area and a novel substrate. In all trials, the enclosure was
divided into two equal sections: one containing only the familiar cardboard substrate and
the other containing cardboard combined with an additional substrate type. The novel
substrates tested were: (1) dry leaves, (2) gravel, (3) sand, and (4) sphagnum (Figure 1).
Each substrate treatment was evaluated during two distinct periods: diurnal (06:00-18:00)
and nocturnal (18:00-06:00), resulting in eight experimental conditions.

To monitor snake behavior, four closed-circuit cameras were installed, each directed
at an individual enclosure, allowing for continuous recording of each animal under its
respective treatment and period [37,38]. The time spent on each substrate was quantified
as the total duration in seconds for each combination of substrate type and body contact
category, defined by body position and the proportion of the body in contact with the
substrate. Body contact categories were defined as follows: (A) 100% of the body in contact
with the substrate; (B) two-thirds of the body; (C) one-third of the body; (D) head only; and
(E) 0% of the body in contact (Figure 2). Quantification was performed using the Behavioral
Observation Research Interactive Software (BORIS).

Each experimental trial lasted 6 h (21,600 s), corresponding to either the diurnal or
nocturnal phase. Each individual was subjected to 8 trials (4 substrate treatments x 2 peri-
ods), resulting in a total observation time of 48 h per animal. Across all individuals, the
total sampling effort amounted to 288 h of behavioral observations. For each treatment-
period combination, the total observation time was standardized at 21,600 s, ensuring equal
sampling effort across treatments and individuals.
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Experimental photoperiod protocol (12:12 h)

dark phase (12 h)

@

Figure 1. Photographic representation of the four substrate-use treatments used in the study. In each
trial, enclosures were divided into two equal sections: one containing only the familiar cardboard
substrate and the other containing cardboard combined with one of the following novel substrates:
(1) dry leaves, (2) gravel, (3) sand, and (4) sphagnum. Each treatment was evaluated during both
diurnal (light) and nocturnal (dark) periods.

Figure 2. Schematic representation of the body contact categories used to classify snake—substrate
interactions, based on the proportion of the body in contact with the substrate: (A) 100%; (B) two-
thirds; (C) one-third; (D) head only; and (E) no contact.

To minimize potential positional effects, the side of the enclosure containing the novel
substrate was randomly assigned and varied among trials. The cardboard substrate was
replaced between trials, and the enclosures were cleaned and disinfected between trials to
minimize the accumulation and carry-over of potential olfactory cues. Because cardboard
was the familiar substrate in the home enclosures, familiarity with this material may never-
theless have influenced substrate use during the trials. Although cleaning and disinfection
were performed between trials to reduce the accumulation of deposited chemical cues,
the experimental design does not allow us to completely exclude the presence of residual
chemical cues or other carry-over effects as potential influences on substrate use.

2.3. Statistical Analysis

Data normality was assessed using the Shapiro-Wilk and Anderson-Darling tests,
implemented through the nortest 1.0-4 package [39] in R. Generalized Linear Mixed Mod-
els (GLMMs) were fitted to evaluate the effects of substrate type and period on behav-
ioral responses. To identify the most appropriate error distribution, alternative model
structures were compared using different distributions (Gaussian, Gamma, Beta, and
log-Gaussian) [40,41]. The Beta distribution was selected as the best-fitting model based
on Akaike’s Information Criterion (AIC = —1202.1), which was substantially lower than
alternative distributions (AAIC > 1150). Models were thus fitted using the glmmTMB
1.1.14 package with a Beta family distribution and a logit link function, which is specifi-
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cally designed for proportional data bounded between 0 and 1 [42]. The model was fitted
using the proportion of time spent in each body contact category as the response variable,
calculated for each individual, substrate, and period combination. To accommodate the
requirements of the Beta distribution, which does not accept exact 0 or 1 values, proportions
equal to 0 or 1 were adjusted using the transformation (p x (n — 1) + 0.5)/n, where p is the
observed proportion and n is the number of categories contributing to the corresponding
proportion estimate.

Two complementary GLMMs were performed. First, a detailed model included
substrate type (sand, gravel, dry leaves, and sphagnum), body contact proportion categories
(A, B, C, D, and E), and their interaction as fixed effects, while period (diurnal versus
nocturnal) was also included as a fixed factor. Individual identity was incorporated as a
random effect to account for repeated measures across observation days.

Second, to examine overall substrate contact, a complementary GLMM was fitted
comparing category E (0% body contact with the novel substrate) against categories A-D
combined (any contact with the novel substrate). In this revised model, the binary variable
“Contact” (No_contact vs. Any_contact) replaced the five-level categorical variable, while
retaining the same fixed effects (substrate type, period, and their interaction) and random
effect structure (individual identity). This analysis provided a complementary test of
the distribution of time between no contact and any contact with the novel substrates,
irrespective of the degree of body contact. The initial model therefore allowed for detailed
comparisons among the five body contact categories, whereas the complementary analysis
provided a broader assessment of substrate use by distinguishing between no contact and
any contact with the novel substrates.

Model diagnostics were performed using the DHARMa 0.5.0 package [43,44], including
tests for uniformity, dispersion, and outliers. The Variance Inflation Factor (VIF) was used
to assess multicollinearity among predictors. For both models, the significance of fixed
effects and their interactions was assessed using Type Il Wald x? tests. When significant
effects were detected, estimated marginal means and post hoc pairwise comparisons were
obtained using the emmeans package [45], with Tukey adjustment for multiple comparisons.
For the second model, estimated marginal means were also used to compare No contact and
Any contact within each substrate, allowing the direction of substrate-specific differences
to be examined [45]. The random effect of individual identity was included to account for
repeated measures, and its variance was estimated to assess individual-level behavioural
variation. All statistical analyses were conducted in the R environment (version 4.5.0) [46],
adopting a significance level of 0.05. Figures were produced using the ggplot2 4.0.3 package.

3. Results
3.1. Overall Time Spent in Each Body Contact Category

The analysis of time allocation across body contact categories revealed a clear pattern
of substrate use (Figure 3). The distribution of individual observation times (Figure 3A)
showed that category A (100% body contact) had the highest median values (~10,000 s per
observation), indicating that when snakes engaged in full body contact with the substrate,
they tended to do so for extended periods. Category B (two-thirds body contact) showed
intermediate median values (~5000 s), followed by category C (one-third body contact;
~4000 s) and category D (head only; ~3000 s). Interestingly, category E (0% body contact, i.e.,
remaining exclusively on the familiar cardboard area) showed the lowest median values
(~2000 s per observation), suggesting that time spent on the cardboard area occurred in
shorter individual bouts.

Despite the shorter individual durations, category E accounted for the highest propor-
tion of total observation time, representing 52.1% of all recorded time (Figure 3B). Category
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C was the second most frequent category, with 25.7% of the total time. The remaining
categories showed substantially lower proportions: category B represented 8.6%, category
A represented 8.0%, and category D (head only) represented the smallest proportion at
5.7% (Figure 3B).

A =100% contact, B = 2/3 body, C = 1/3 body, D = head only, E = 0% contact

A B
Distribution of time Proportion of time
60
10000 i 52.1%
) S
* k= 40
& 1000 N
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[0) . Q
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5.7%
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Body contact category Body contact category

Figure 3. Overall time spent in each body contact category. (A) Boxplot showing the distribution
of time (log scale) spent in each body contact category (A-E) across all substrates combined. The
boxes represent the interquartile range, the horizontal line indicates the median, and the whiskers
show the range of the data. Individual data points are overlaid as jittered dots to illustrate the full
distribution of observations. (B) Bar plot showing the proportion of total time (%) spent in each
body contact category (A-E). Values above the bars indicate the percentage of total observation time
accounted for by each category. Categories: A = 100% contact, B =2/3 body, C = 1/3 body, D = head
only, E = 0% contact.

When examined separately by substrate type, time allocation revealed marked varia-
tion in body contact patterns (Figure 4). The distribution of individual observation times
(Figure 4A) showed variation in the median duration of each body contact category among
substrate types. Category E (0% body contact, i.e., remaining on the familiar cardboard
area) showed the highest median values for Gravel, Dry leaves, and Sphagnum, whereas
category C (one-third body contact) showed the highest median values for Sand. Categories
A (100% body contact), B (two-thirds body contact), and D (head only) generally presented
lower median values across substrates.

The proportion of total time spent in each category (Figure 4B) varied among substrate
types. Category E represented the highest proportion of time for Gravel (76.99%), Dry
leaves (69.15%), and Sphagnum (30.79%), whereas category C was the most frequent
category for Sand (57.01%), followed by category E (31.27%). Category C was also the
second most frequent category for Dry leaves (25.06%). For Sphagnum, categories A
(20.18%), B (17.38%), C (18.28%), and D (13.37%) showed more balanced proportions. For
Gravel, after category E, all other categories represented less than 12% each, with category
A at 11.52%, D at 8.21%, C at 2.39%, and B at 0.89%.

3.2. GLMM Analysis of Body Contact Patterns

Snakes interacted with the different substrate types in distinct ways, exhibiting vary-
ing proportions of body contact with the surface. The Beta regression model revealed
differences in the estimated proportions of time allocated among body contact categories.
Category E (0% body contact with the novel substrate) accounted for 50.8% of the total
observation time (95% CI: 44.1-57.4%), which was significantly higher than category A
(100% body contact; 22.3%; 95% CI: 17.8-27.7%; odds ratio = 0.279; p < 0.001), category B
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(two-thirds body contact; 22.8%; 95% CI: 18.2-28.3%; odds ratio = 0.287; p < 0.001), category
C (one-third body contact; 33.0%; 95% CI: 27.2-39.3%; odds ratio = 0.477; p = 0.001), and
category D (head only; 21.5%; 95% CI: 17.0-26.7%; odds ratio = 0.265; p < 0.001). No
other body contact categories differed significantly from category A: category B (p = 0.999),
category C (p = 0.054), and category D (p = 0.999).

A =100% contact, B = 2/3 body, C = 1/3 body, D = head only, E = 0% contact

Sand Gravel

T | ;1{0

Dry leaves Sphagnum

o =°o [ “I =
— ; e

11.2%
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c D E A B C D E
Body contact category

Sand Gravel
7%
57%
31.3%
11.5% 8.2%
. o 0.9% 2.4% 2
Dry leaves Sphagnum
69.2%
30.8%
25.1%
20.2% 17.4% 18.3% 13.4%

Body contact category

Figure 4. Time spent in each body contact category by substrate. (A) Boxplots showing the distribution
of time (log scale) for each body contact category (A-E) across the four substrate types (Sand, Gravel,
Dry leaves, Sphagnum). The boxes represent the interquartile range, the horizontal line indicates the
median, and the whiskers show the range of the data. Individual data points are overlaid as jittered
dots to illustrate the full distribution of observations. (B) Bar plots showing the proportion of total
time (%) spent in each body contact category (A-E) for each substrate type, with values above the
bars indicating the percentage of total observation time accounted for by each category. Categories:
A =100% contact, B=2/3 body, C =1/3 body, D = head only, E = 0% contact.
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The interaction between substrate type and body contact category was not significant
(all interaction terms p > 0.05; Figure 5), indicating that the relative distribution of time
among the body contact categories did not differ significantly among substrates. Across
substrate treatments, the model estimated that snakes spent approximately 44-52% of
their time in category E (0% contact with the novel substrate). This lack of interaction
suggests that the overall patterns of contact were broadly similar across substrate treatments,
although the raw proportions showed some variation in the distribution of individual
categories. While the raw proportions (Figure 3B) reflect the observed distribution of
time, the GLMM-estimated proportions (Figure 5) are model-based marginal estimates that
control for individual variation, substrate type, and period. The estimated proportions from
the GLMM are not constrained to sum to 100%, as each category is estimated independently.
Overall, both approaches identified category E (cardboard only) as the category with
the highest proportion of time, although the estimated proportions provide the basis for
statistical comparisons. No significant effect of period (diurnal vs. nocturnal) was detected

(p = 0.916), and the estimated variance associated with individual identity was close to zero
(02 =1.18 x 10719),

Error bars represent 95% confidence intervals

22.3%

50.8%

33%

22.8%

21.5%

B C D
Body contact category

Figure 5. Estimated proportions from the five-category GLMM. Bar plot showing the estimated
marginal proportion of time spent in each body contact category (A-E) from the beta regression
model. Error bars represent 95% confidence intervals. Estimated proportions are model-derived
marginal means and are not constrained to sum to 100%, because the beta GLMM provides a category-
specific marginal mean for each level of body contact category and does not impose a compositional
sum-to-one constraint across categories, while accounting for individual variation, substrate type,
and period. The corresponding raw observed proportions are shown in Figure 3B.
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When comparing No contact (E) with Any contact (A-D), the revised GLMM showed
no significant overall difference between the two contact categories (OR = 1.068, 95% CI:
0.797-1.433, p = 0.659). However, a significant Contact x Substrate interaction was detected
(x? = 27.44, df = 3, p < 0.001), indicating that the relative allocation of time between No
contact and Any contact varied according to substrate type (Table 1). Estimated marginal
means showed that snakes spent a greater proportion of time in Any contact than in
No contact on Sand (58.8% vs. 41.2%; OR = 0.491, 95% CI: 0.273-0.882, p = 0.017) and
Sphagnum (58.9% vs. 41.1%; OR = 0.486, 95% CI: 0.270-0.873, p = 0.016). Conversely,
No contact accounted for a greater proportion of time than Any contact on Gravel (62.2%
vs. 37.8%; OR = 2.701, 95% CI: 1.493—-4.885, p = 0.001) and Dry leaves (58.7% vs. 41.3%;
OR =2.025, 95% CI: 1.127-3.638, p = 0.018). Thus, although there was no overall difference
between No contact and Any contact, the significant interaction indicated that their relative
allocation varied according to substrate type. No significant effect of period was detected
(p = 1.000), and the estimated variance associated with individual identity was negligible
(0% =491 x 10711,

Table 1. Summary of the GLMM comparing No contact (E) and Any contact (A-D). Estimated
marginal proportions, odds ratios (ORs), and 95% confidence intervals (Cls) are shown for contact type
overall and for the Contact X Substrate interaction. The model was fitted using a Beta distribution
with a logit link and individual identity as a random effect. ORs represent the odds of No contact
relative to Any contact within each substrate. OR < 1 indicates greater odds of Any contact, whereas
OR > 1 indicates greater odds of No contact. The Contact x Substrate interaction was significant
(x? = 27.44, df = 3, p < 0.001).

Proportion Odds

Variable Level (%) 95% CI Ratio 95% CI p-Value
Contact type
No contact (E) 50.8 45.6-56.0 — — —
Any contact (A-D) 49.2 44.0-54.4 — — —
Contrast: No contact vs. Any contact — — 1.068  0.797-1.433 0.659
Contact x Substrate
No contact vs. Any contact: Sand — — 0.491 0.273-0.882 0.017
No contact vs. Any contact: Gravel — — 2.701 1.493-4.885 0.001
No contact vs. Any contact: Dry leaves — — 2.025 1.127-3.638 0.018

No contact vs. Any contact: Sphagnum

0.486 0.270-0.873 0.016

4. Discussion

The present study aimed to characterize patterns of substrate use in juvenile South
American rattlesnakes by quantifying the proportion of time spent in different body contact
categories across familiar and novel substrates. Overall, category E (0% body contact with
the novel substrate, corresponding to remaining exclusively on the familiar cardboard
area) accounted for the largest proportion of total observation time. The complementary
analysis comparing No contact (category E) with Any contact (categories A-D combined)
revealed no significant overall difference between the two contact categories. Instead,
the significant Contact x Substrate interaction indicated that the relative allocation of
time between No contact and Any contact differed among substrates, with Any contact
exceeding No contact on Sand and Sphagnum, whereas No contact was more prevalent
on Gravel and Dry leaves. Thus, the results suggest that patterns of substrate use varied
according to the substrate presented, rather than showing a consistent pattern of reduced
contact with novel substrates.

The distinction between total time and individual observation duration is particularly
informative: category E accounted for the largest proportion of total observation time despite
having the shortest median duration of individual observations, whereas categories involving
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greater body contact generally contributed less to total time but included longer individual
observations. This pattern indicates that the overall contribution of a behavioural category to
total observation time was not determined solely by the duration of individual observations.
The predominance of category E is compatible with the possibility that novelty influenced
substrate use. Neophobia has been described as an adaptive response to unfamiliar stimuli
and is well-documented in squamate reptiles [47—49], potentially being particularly relevant
in juvenile rattlesnakes, who experience high predation risk during early ontogeny [50,51].
The relatively prominent partial-contact categories, particularly category C on Sand (57.01%
of total observation time), may likewise be consistent with different degrees of interaction
with unfamiliar substrates, as described in other reptiles [52-56], although the present data
cannot establish whether such patterns represent cautious exploration, assessment of substrate
properties, or another behavioural process [57]. At the same time, the predominance of
category E does not necessarily indicate reduced use of novel substrates: the familiar cardboard
area may have functioned as a safe refuge, providing a familiar and structurally stable location
that could be used alongside interaction with novel substrates.

This interpretation is consistent with the natural history of juvenile rattlesnakes, who
tend to maintain restricted activity ranges and use structurally stable shelters and mi-
crohabitats that provide protection and favorable environmental conditions [28,58—61].
Juvenile crotalids may also favour stable cover over loose or structurally heterogeneous
substrates [51,62], potentially making the flat and homogeneous cardboard area a function-
ally distinct space within the experimental enclosure. In natural settings, rattlesnakes use
heterogeneous environments containing vegetation, rocks, soil, litter, burrows, and other
structural features that provide opportunities for shelter, movement, thermoregulation, and
predator avoidance [28,58-61]. Juvenile rattlesnakes may be particularly dependent on suit-
able microhabitats because of their small body size and vulnerability to predators [50,51].
Microhabitat use in this context involves interactions among environmental accessibility,
physical stability, protection, and thermal conditions, and juvenile pitvipers have been
associated with protected and structurally defined microhabitats, including vegetation,
burrows, rocks, and other forms of cover [51,59-62].

The use of the familiar cardboard area may therefore be compatible with the im-
portance of stable and predictable surfaces during early ontogeny, while the continued
interaction with the experimental substrates indicates that juveniles were capable of incor-
porating materials with different physical characteristics into their immediate environment.
Thus, the experimental responses may reflect the behavioural flexibility required to negoti-
ate heterogeneous microhabitats rather than reflecting a simple response to a particular
substrate type. Accordingly, novelty-related caution and the use of a familiar area as a safe
refuge may represent complementary processes contributing to substrate use, rather than
mutually exclusive explanations.

The substrate-specific differences observed in the present study are biologically rel-
evant because sand, gravel, dry leaves, and sphagnum differ markedly in particle size,
surface structure, stability, compressibility, and resistance to movement. Such characteristics
can influence locomotion and body posture in terrestrial animals [22], while substrate type
has also been shown to affect behavioural responses such as scent-trailing in snakes [13].
In rattlesnakes, the different patterns of body contact may therefore reflect how juveniles
interacted with the particular physical properties of each material. In particular, the greater
proportion of time spent in contact with Sand and Sphagnum, compared with No contact,
contrasts with the greater allocation of time without contact observed on Gravel and Dry
leaves. These patterns suggest that substrate use may involve different modes of physical
interaction according to the characteristics of the material, rather than representing a simple
response to novelty alone. More broadly, this finding reinforces the importance of consid-
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ering the physical properties of substrates when evaluating environmental complexity in
captive snakes.

Early life experiences may also influence behavioural responses to novel environ-
mental conditions in reptiles [32,34]. In some rattlesnakes, post-birth maternal attendance
contributes to offspring development and affiliative behaviours [31,34]. Although all ju-
veniles in the present study underwent identical early maternal separation—precluding
direct evaluations of rearing history—their combined use of familiar and novel substrates
raises relevant questions for captive management. Future comparative studies examining
different rearing conditions could clarify whether early maternal interaction modulates
environmental exploration and substrate use in young rattlesnakes.

The absence of a detectable effect of the experimental period is also relevant to the
behavioural ecology of C. durissus. Rattlesnakes show diel and seasonal variation in activity,
thermoregulation, and microhabitat use [28,58—-61]. Under the controlled conditions of the
present experiment, however, the overall allocation of time among contact categories did
not differ detectably between the diurnal and nocturnal periods.

This suggests that the broad pattern of interaction with the experimental substrates was
maintained across the two observation periods, despite the pronounced temporal variation
that can characterize rattlesnake activity under natural conditions. The consistency of
substrate use across experimental periods therefore suggests that the behavioural responses
to the materials were not strongly dependent on the diurnal or nocturnal phase under the
conditions tested.

From a captive-management perspective, these findings are relevant because sub-
strates are not merely passive flooring materials. They contribute to enclosure complexity
and can influence locomotion, posture, sensory stimulation, environmental exploration,
and opportunities for species-typical behaviour [4,6,7,14,17-19]. Studies of captive reptiles
have shown that environmental enrichment and habitat modification can alter behavioural
patterns and provide opportunities for more diverse interactions with the enclosure [8-10].
The present findings extend this perspective by showing that juvenile rattlesnakes inter-
acted differently with alternative substrates and that the degree of physical engagement
varied according to the material provided. In particular, the substantial interaction with
Sand and Sphagnum demonstrates that novel substrates can provide opportunities for
physical engagement even when a familiar substrate remains available. This suggests that
environmental complexity in captive rattlesnakes should be considered not simply in terms
of adding naturalistic materials, but in terms of the behavioural opportunities and forms of
interaction that different substrates provide.

These findings are also relevant to the welfare-oriented management of captive snakes.
Behavioural responses are an important component of welfare assessment because they
provide information about how animals interact with and respond to features of their
captive environment [6—12]. In the present study, the coexistence of substantial use of the
familiar cardboard area with continued interaction with novel substrates suggests that
familiarity and environmental complexity can provide complementary elements of the
captive environment: a familiar substrate may offer a stable and predictable area, while
alternative substrates can provide opportunities for investigation and physical interaction.

This perspective is consistent with approaches to enrichment that emphasize oppor-
tunities for behavioural choice and species-appropriate interaction rather than the simple
presence of naturalistic materials [6,7,14,15]. Thus, familiar and novel substrates need not be
viewed as mutually exclusive components of enclosure design; instead, their combination
may provide a broader range of environmental opportunities for juvenile rattlesnakes.

This perspective may be particularly relevant in captive venomous-snake manage-
ment, where environmental provision must also be compatible with routine husbandry
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and venom-production programmes [1]. The present results do not suggest that cardboard
should replace naturalistic substrates, but rather that substrate selection can benefit from
considering familiarity, physical characteristics, and the behavioural responses elicited by
each material. Providing a familiar substrate alongside alternative materials may allow
animals to interact with environmental complexity while retaining access to a predictable
area within the enclosure. Such an approach could be particularly useful when introduc-
ing new substrates during early ontogeny and may provide a practical framework for
integrating environmental enrichment with the husbandry requirements of venomous
snakes [1,4,8-10,14,15].

Finally, the behavioural patterns observed in the present study provide a useful start-
ing point for considering individual variation in substrate use. Individual behavioural phe-
notypes can influence ecological decisions and responses to environmental conditions [63],
and personality-related differences have been documented in snakes [64]. Although the
models attributed little residual variation to individual identity, this finding should be inter-
preted as a description of the variation captured under the present experimental conditions
rather than as evidence that juvenile rattlesnakes are behaviorally homogeneous.

These findings should be interpreted with caution. An important limitation of the
experimental design is that it does not allow us to fully distinguish whether the observed
use of the cardboard area was related to familiarity with the material, its physical properties,
olfactory cues, or differences in structural complexity between the experimental conditions.
Although the cardboard substrate was replaced and the enclosures were cleaned and
disinfected between trials, and the position of the novel substrate was randomly assigned
among trials, these measures cannot completely exclude the presence of residual chemical
cues or other carry-over effects. Moreover, because cardboard was the familiar substrate in
the home enclosures, familiarity with this material may have contributed to the observed
pattern of use. Thus, the present experimental design does not allow for the relative
contribution of familiarity, substrate properties, olfactory cues, and structural complexity
to be disentangled.

Another limitation is that microclimatic conditions at the substrate level were not
directly measured. Although ambient relative humidity was maintained at approximately
60% and the substrates were replaced daily, the different substrate types differed sub-
stantially in their water-holding properties and may therefore have generated different
micro-humidity conditions. Daily substrate replacement reduced the possibility of progres-
sive changes in substrate moisture resulting from prolonged exposure or animal-derived
inputs, but it does not exclude differences in substrate-level microclimate among treatments.
Such differences could potentially have influenced substrate use independently of the other
substrate characteristics considered here. Because substrate-level humidity was not quanti-
fied, we cannot determine whether microclimatic variation contributed to the behavioural
responses observed. Future studies should incorporate measurements of substrate-level
temperature and humidity to better separate responses to substrate characteristics from
responses to associated microclimatic conditions.

A further limitation concerns the early separation of the juveniles from their mothers.
All individuals were separated immediately after birth, before their first ecdysis, and our
study therefore cannot disentangle species-typical juvenile responses from potential effects
associated with early maternal separation. Consequently, any relationship between early
rearing history and responses to novel substrates should be regarded as a hypothesis for
future investigation rather than as a demonstrated effect. Additionally, the study was
limited to six individuals (three males and three females). While the repeated-measures
design yielded multiple observations per snake, the small sample size inherently restricts
statistical power and the generalizability of these findings. For this reason, sex was not
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included as a predictor in the GLMMs, as three individuals per sex were insufficient for a
robust assessment of sex-related differences. Similarly, although the estimated variance
associated with individual identity was close to zero, this estimate should not be interpreted
as evidence that individual behavioural variation is negligible, given the small number of
individuals available to estimate between-individual variability. Accordingly, the present
results should be considered exploratory and preliminary rather than definitive. Future
studies should include larger cohorts, experimentally compare different rearing histories,
and investigate responses to novel substrates across ontogenetic stages and ecological con-
texts. Experimental designs in which substrate properties, familiarity, structural complexity,
olfactory cues, and position can be independently controlled would be particularly valuable
for determining the factors underlying substrate use. Incorporating additional behavioural,
physiological, and health-related measures would further strengthen the assessment of
substrate suitability and its potential implications for captive welfare. Long-term studies
are also needed to determine whether sustained exposure to specific substrates is associated
with changes in health, stress physiology, or venom production.

5. Conclusions

In conclusion, juvenile rattlesnakes exhibited substrate-specific patterns of physical
contact and space use, combining the use of a familiar cardboard area with variable levels
of interaction with novel materials. Rather than demonstrating an absolute preference or
avoidance, their behavioural responses varied depending on the physical characteristics of
the substrate provided. From a practical perspective, these preliminary findings suggest
that both familiarity and the physical properties of substrates should be considered when
designing enriched environments for captive snakes. Assessing body contact and spatial
allocation offers a useful, non-invasive approach to inform husbandry practices, though
further studies with larger sample sizes are required to confirm these trends across different
developmental stages and management contexts.
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