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Abstract

Remarkably little is known about the demography of snakes in the family

Boidae. This lack of information may be attributed, in part, to low population

densities on the Neotropical mainland, rendering capture-recapture methods

impractical for many species. Conversely, islands support fewer species but

snake densities can be much higher. Corallus grenadensis is an arboreal boid

endemic to the Grenada Bank and, relative to mainland boids, can be amaz-

ingly abundant. As young, its diet is comprised largely of native Anolis lizards,

a ubiquitous and abundant food source; it then undergoes an ontogenetic shift

in diet to a less abundant resource, rodents. From 2015 to 2019, we marked

254 C. grenadensis and used capture–recapture models to estimate abundance,

capture probabilities, survival, and the proportion of transients. We hypothe-

sized that the transient effect would increase with body size (snout–vent length
[SVL]), prompted by their ontogenetic shift in diet. Capture probabilities

increased with sampling effort and decreased with increasing SVL. Abundance

ranged from 96 to 141 individuals and annual resident survival was 0.71, 95%

confidence interval (CI) = 0.54–0.83. The proportion of transients increased

with increasing SVL, with the estimate being distinguishable from zero

starting at �810 mm SVL, coinciding with the size at which their dietary shift

from ectothermic to endothermic prey begins. Ontogenetic dietary shifts are

widespread in snakes and occur in at least 11 of 17 species of West Indian

boids. Thus, the prominence of transients in our study may be indicative of its

demographic and ecological importance among other snake species.
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1 | INTRODUCTION

Despite the iconic presence of boids in the popular and
technical literature and their potential for becoming inva-
sive species (Angeli, Coles, McKinley, & Mulcahy, 2019;

Reed & Rodda, 2009), little is known about their demog-
raphy. An extensive and detailed review of the popula-
tion biology of snakes (Parker & Plummer, 1987) made
no mention of any species in the family and, 33 years
later, field studies with a focus on demography remain
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conspicuously rare. Similarly, no boids were included in
a review of annual survival that tabulated 65 studies of
45 snake species (King, Stanford, & Jones, 2018). The
family Boidae is comprised of five genera and 36 currently
recognized species, of which 19 (4 genera) occur on the
Neotropical mainland or associated continental islands
and 17 (3 genera) are restricted to the West Indies; the
genera Boa and Corallus are shared between the main-
land and the Antilles (Reynolds & Henderson, 2018).
Compared to research conducted in temperate regions
(Europe, North America), the number of studies focused
on snake ecology and demography in the tropics con-
tinues to lag (Shine & Spawls, 2020). Although species
richness is much higher in the tropics, population densi-
ties are typically much lower. Lower population densities
and the increased complexity of tropical ecosystems con-
tribute to making tropical demographic studies more
challenging to conduct than their temperate counterparts
(Wasko & Sasa, 2010). A lack of population-level research
has also been identified as a shortcoming in quantifying
the extent of decline in Neotropical squamates (Urbina-
Cardona, 2008).

The treeboa genus Corallus includes nine recognized
species. Seven of the nine occur on the Neotropical main-
land and two are restricted to the Lesser Antilles
(Reynolds & Henderson, 2018). Estimates of population
densities are available for two species of mainland Cor-
allus: 0.37/km2 in Corallus batesii in Peru (Schulte, 1988)
and 11.022/km2 for Corallus ruschenbergerii in Trinidad,
but its distribution is largely mainland (Taylor, Nelson, &
Lawrence, 2011). No population data have been publi-
shed for any island populations, and no survival esti-
mates have been published for any boids.

Corallus cookii is endemic to St. Vincent and Corallus
grenadensis is endemic to the Grenada Bank, where it
occurs on Grenada and on at least 10 of the Grenadine
Islands. Despite its multi-island distribution,
C. grenadensis has an alarmingly small geographic range
(<400 km2), occurs almost entirely in severely altered
habitats, lives in close proximity with humans, and is ille-
gally collected for the pet trade (Hierink et al., 2020;
Reynolds & Henderson, 2018). On Grenada,
C. grenadensis occurs in a variety of habitats ranging
from xeric coastal scrub to lush forests at higher eleva-
tions, but virtually all habitats have been severely dis-
turbed and fragmented. Because of their small island
areas (<1.0–32 km2), habitats on the Grenadines have
been even more disrupted and fragmented than on Gre-
nada, and boas live near and often among humans
(Henderson, 2015; Henderson & Powell, 2018).

Corallus grenadensis is nocturnal and employs both
active and sit-and-wait (i.e., ambush) foraging modes. Its
diet includes native Anolis lizards, taken by young boas,

and shifts largely to introduced rodents (Mus and Rattus)
as boas grow (Henderson, 2015). As the spatiotemporal
distribution of snakes likely is directly associated with
prey availability (Wasko & Sasa, 2012), the combination
of an ontogenetic shift in foraging strategies and diet
coupled with variation in prey availability may contribute
to differences in migration patterns among age classes in
C. grenadensis population demographics.

Corallus grenadensis can be amazingly abundant
(e.g., 20–30 encountered/night; Henderson, 2015, 2019)
relative to mainland boid populations in general and Cor-
allus populations in particular. The high abundance of C.
grenadensis at some sites on the Grenada Bank has
afforded us the opportunity to estimate several demo-
graphic parameters. We used capture–recapture models
to estimate abundance, capture and recapture probabili-
ties, survival, and the proportion of transients (i.e., pro-
portion of the population that was captured only once
and then emigrated from the study site). We hypothe-
sized that the transient effect would increase with body
size (snout–vent length [SVL]), likely prompted by the
ontogenetic shift in diet from abundant Anolis lizards to
the less abundant introduced rodents. Although this type
of dietary shift is not unique to C. grenadensis, especially
on the lizard-rich islands of the West Indies and espe-
cially within the boid fauna (e.g., Chilabothrus spp. and
Corallus spp.; Henderson & Powell, 2009; Reynolds, Hen-
derson, Díaz, Rodriguez-Cabrera, & Puente-Rolón, in
press), whether demographic consequences are associ-
ated with the shift is unknown. That is, with the change
to a less abundant prey base, will the study site sustain
all of the boas of the size class that preys on rodents? We
evaluated several lines of evidence and provide first time
estimates of capture probabilities and abundance for
C. grenadensis. We also provide the first estimates of sur-
vival for any species of boid.

2 | METHODS

2.1 | Fieldwork

2.1.1 | Study site

At 32 km2, Carriacou (12�290N, 61�250W), situated
�35 km north of Grenada, is the largest of the Grenadine
Islands. This study complied with all applicable animal
care guidelines and was approved by the Department of
Forestry, Grenada. Our �4.48-ha study site traversed a
1.0-km stretch of road (8–12 m wide) with elevations
ranging from 4.0 to 27.0 m above sea level. The site was a
mixture of native and introduced tree species. It was
largely open (i.e., sun-drenched by day) and dominated
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by scrubby vegetation. Conspicuous vegetation included
Apocynaceae: Cryptostegia grandiflora (or Cryptostegia
madagascariensis); Boraginaceae: Cordia obliqua,
Myriopus volubilis, Varronia curassavica; Euphorbiaceae:
Cnidoscolus urens, Croton flavens, Hippomane man-
cinella; Fabaceae: Bauhinia aculeata, Tamarindus indica,
Vachellia nilotica; Nyctaginaceae: Guapira fragrans; Rub-
iaceae: Randia aculeata; Schoepfiaceae: Schoepfia
schreberi; and Verbenaceae: Citharexylum spinosum.
Between June 5, 2015 and October 26, 2019, we con-
ducted 57 nights of surveys during 14 separate visits to
Carriacou. Two to five people participated in each survey
for a total of 490 person hours of searches.

All surveys were conducted at night, during wet and
dry seasons, and under all phases of the moon. The pres-
ence of tapetum lucidum in the retinas of the eyes of all
species of Corallus produces a bright reflection when hit
with the beam of a headlamp (Henderson, 2002). Thus,
when searching for Corallus, one's search image is not
that of a snake, but rather the bright yellow-orange
reflection from a boa's eyes. Depending on the size of the
snake and the density of the vegetation, the reflection
could be seen easily from distances of 10 to 30 m.

The 1-km transect was marked (flagged) in twenty
50-m sections so that surveyors knew where in the tran-
sect they were during the course of a survey and they
monitored both sides of the road. When encountered,
boas <3.0 m above ground were usually captured by
hand. If higher, poles of varying lengths were used to
either hook them off a branch or entice them to crawl
onto the pole. Rarely were boas so high in the vegetation
that capture was impossible. For each boa captured, we
recorded (a) GPS coordinates; (b) activity: usually snakes
were sprawled on vegetation and moving slowly
(i.e., sprawl-crawl), coiled (resting), or motionless in an
ambush posture; (c) sex; and (d) SVL (measured with a
metal tape measure); although we recorded additional
information on each boa, those data are not addressed in
this paper. If the snake had an obvious prey item, we
tried to determine the type (lizard, bird, mammal) with-
out causing the snake undue stress (i.e., we did not pal-
pate snakes to encourage regurgitation of prey). After all
data were collected, a Trovan passive integrated tran-
sponder (i.e., PIT tag) was injected subcutaneously
followed by an application of a “liquid bandage” at the
injection site and several strokes from a paint pen to
three sites on the snake's body. A boa was generally
released at the exact site of capture within 5 to 15 min,
depending on whether it was a new (unmarked) boa or a
recapture. Paint pens were used to mark snakes so that
they were not collected again on the same night on which
they were first caught during a particular survey period.
A different color paint was used each night and boas that

were paint-marked on previous nights were recaptured,
identified (by PIT tag), their locality recorded (transect
section and GPS), and released (usually within 5 min of
capture). Boas that had been captured were frequently
observed foraging later on the same or subsequent nights
after being captured.

2.2 | Population models

2.2.1 | Growth

We fit Fabens (1965) von Bertalanffy growth models to
SVL data for individuals with known sex captured ≥2
times (N = 125). We used SVL measurements from the
first and last capture of each individual to address
pseudoreplication and calculated time between SVL mea-
surements (Δt). To fit models and test for sex differences
in growth parameters, we used the nlstools (Baty
et al., 2015) and FSA (Ogle, Wheeler, & Dinno, 2020)
packages in program R (R Core Team, 2020). We used a
likelihood ratio test to compare a model with sex effects
in asymptotic size (SVL∞) and the growth rate constant
k (Model 1) to a model without a sex effect in either
parameter (Model 2):

Model 1: SVLlast = SVLfirst + (SVL∞[Sex] − SVLfirst)
(1 − e−k[Sex]Δt)

Model 2: SVLlast = SVLfirst + (SVL∞ − SVLfirst)
(1 − e−kΔt)

We detected no difference between sexes (χ2 = 1.0,
p = .60). Therefore, we refit Model 2 to estimate k and
SVL∞ using data on both known and unknown sex indi-
viduals captured ≥2 times (N = 127). To include SVL as
an individual covariate in our capture–recapture analysis,
we used asymptotic size and k to recursively estimate an
individual's predicted SVL for each survey year an indi-
vidual was not reencountered (Hansen, Scherer, White,
Dickson, & Fleishman, 2015). Briefly, if individual i was
captured in occasion j but not in occasion j + 1, we calcu-
lated its SVL for occasion j + 1 as follows, with Δt indi-
cating the time difference between the mid-points of the
two sampling occasions:

SVLi,j+1 =Δtk SVL∞−SVLi,j
� �

+SVLi,j

For any occasion when an individual was captured,
we used its actual SVL (or a mean if captured multiple
times) as the covariate and estimated the following year
by starting with that value. To avoid estimating any SVLs
that decreased over time, individuals captured with an
SVL greater than the estimated asymptotic size were
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allowed to remain that size for subsequent occasions in
which they were not recaptured, rather than applying the
above equation.

2.2.2 | Age-specific growth

Because of the dearth of age-specific size data on
C. grenadensis, we also estimated the growth trajectory of
the population using captures and recaptures (N = 228) of
known-age individuals (N = 97) to fit a three-parameter
von Bertalanffy growth model derived by Beverton and
Holt (1957). However, since our dataset included only
known-age animals ≤4 years and growth did not asymp-
tote by age four, we did not use the growth parameters
estimated by this model to extrapolate/interpolate our
SVL covariate for capture–recapture analysis. Similar
to our analysis of individuals captured ≥2 times, we first
used data from only individuals with known sex and com-
pared a model with sex differences in asymptotic size
(SVL∞), growth rate constant k, and x-intercept (t0)
(Model 3) to a model in which none of the parameters dif-
fered by sex (Model 4), with each model estimating SVL
at age t:

Model 3: SVLt =SVL∞ Sex½ �× 1−e−k Sex½ � t− t0 Sex½ �ð Þ� �
Model 4: SVLt =SVL∞ × 1−e−k t− t0ð Þ� �

We detected no difference between sexes (χ2 = 5.31,
p = .15, likelihood ratio test). Therefore, we refit Model
4 using all captures of individuals of both known and
unknown sex and plotted the growth trajectory using the
ggplot2 package (Wickham, 2016).

2.2.3 | Capture–recapture analysis

We used the Huggins closed-capture robust design
model implemented in Program MARK version 9.0 to
estimate survival, temporary immigration and emigra-
tion, capture and recapture probabilities, and abun-
dance, which is derived (Huggins, 1989, 1991; Kendall,
Nichols, & Hines, 1997; White & Burnham, 1999). To
meet the model requirements of having primary and
secondary occasions, we treated each year (2015–2019)
as a primary occasion during which the population was
assumed to be open among years to births, deaths, and
temporary migration. Within the five primary occasions,
we included 18 secondary occasions consisting of 3, 4, 4,
5, and 2 occasions for each respective year when the
population was assumed to be demographically and geo-
graphically closed (Supporting Information I). We
addressed low daily encounter rates by pooling daily

surveys so that each of the 18 secondary occasions con-
sisted of 2 to 3 survey days. To adequately meet the
assumption of closure across secondary occasions within
a given year, each closed period was constrained to
≤122 days (approximately November through
February), on average 82.4 days. Because sampling is
assumed to be instantaneous during primary occasions,
we used the mid-point of each primary occasion to esti-
mate the number of days between primary occasions
and adjusted uneven time intervals to 365 days to esti-
mate annual survival.

Goodness-of-fit assessments are not available for the
robust design model or models that include covariates.
Therefore, we assessed model fit under Cormack–Jolly–
Seber (CJS) assumptions in U-Care (Choquet, Lebreton,
Gimenez, Reboulet, & Pradel, 2009) by pooling within-
year secondary occasions. We found no evidence for trap-
dependence (TEST2.CT and TEST2.CL), but in the tests
for transience (TEST3.SR and TEST3.SM), TEST3.SR was
significant, indicating an excess of snakes never detected
after their initial capture (Supporting Information II).
Because previous work on this species revealed no evi-
dence of tag loss or mortality caused by “handling
effects” (R. W. Henderson, personal observation) and our
dataset included captures of individuals marked at vari-
ous size classes, we hypothesized the transience effect in
survival was due to unmodeled individual heterogeneity
in snake size (i.e., SVL), snakes leaving the study area
due to an ontogenetic shift in prey preference, or a com-
bination of these factors. Therefore, in our global model,
we included an interaction between residency status (res-
ident or transient) and SVL to explain differential sur-
vival among individuals. We modeled transience as a
two-age class, time-invariant effect on survival (i.e., ϕa2,

using the notation of Pradel, Hines, Lebreton, &
Nichols, 1997) in which initially captured animals were
allowed to differ in survival from recaptured animals
based on an interaction between residency status and
SVL. For capture and recapture probabilities, our global
model included additive effects of sex, time, and behavior
for 2016–2018, but only additive effects of sex and time
for 2015 and 2019 because data were sparse in those
years. We coded sex as an individual covariate (male = 1,
female = −1, unsexed = 0).

We used the CJS model ϕa2 p (sex + t) as a surrogate
model for our robust design Markovian global model
(detailed below), but structured sex as a grouping vari-
able rather than a covariate so that we could estimate
overdispersion using the Fletcher and median ĉ methods
in Program MARK version 9.0 (White & Burnham, 1999).
Neither method detected overdispersion (i.e., ĉ>1 ).
Therefore, we set ĉ=1. This is a reasonable assumption
given that our global model included additional
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parameters not found in the CJS model and consequently
should improve fit.

We used an information theoretic approach and
Akaike's Information Criterion adjusted for small sample
size (effective sample size = 442) for model selection
(AICc) (Akaike, 1973; Burnham & Anderson, 2002). We
also used a two-stage step-wise model-building strategy
to reduce the number of possible models to a manageable
size. First, we evaluated three general models that were
structurally identical to the survival, capture, and recap-
ture probability submodels described above, but differed
in how temporary migration was specified. Temporary
migration was modeled as a nonexistent (γ00 = 0, γ0 = 1),
random (γ00 = γ0), or Markovian (γ00 ≠ γ0) process
(Hileman, King, & Faust, 2018). We found strong evi-
dence for no temporary migration (Table 1). Therefore,
we evaluated all iterations of the models listed in Table 2
using the no temporary migration parameterization.

Including the three initial temporary migration models
and a single null model for capture and recapture proba-
bilities resulted in 27 candidate models. Because we
found strong evidence of transients even after a size
covariate was included (Table 3), we model averaged
across all models including transient effects and used
unconditional standard errors to account for model
uncertainty rather than model averaging the entire
candidate set.

To calculate the proportion of the population that
was captured only once and then left the study site
(i.e., permanent emigrants and transiting individuals),
hereafter, the proportion of transients (Pradel et al.,
1997), we used results from the top-ranked Huggins
robust design model. Because the transience effect is the
product of true survival and transience, we calculated the
proportion of transients by removing the effect of true
survival, where i is a time varying individual covariate:

Proportion of transients= 1−
1� 1+ e− β0transients + β1 × SVLi½ �� �

1� 1+ e− β0residents½ �� �
0
@

1
A

We used the beta values and variance–covariance
matrix to simulate multivariate normal data using the
R package mvtnorm (Genz et al., 2020; Genz &
Bretz, 2009) and estimated the 95% confidence interval
(CI) based on the 97.5% and 2.5% quantiles from
1,000,000 iterations.

TABLE 1 Step one in the two-stage step-wise model selection

process for Corallus grenadensis on Carriacou, Grenada, 2015–2019.
We evaluated the three temporary migration models to reduce the

number of possible models

Model AICc ΔAICc ω i K Deviance

No movement 1856.99 0.00 0.881 27 1799.34

Markovian 1861.29 4.30 0.103 32 1792.13

Random 1865.01 8.02 0.016 31 1798.17

TABLE 2 Survival (S), capture (p), and recapture (c) probability models considered using 2015–2019 data collected from Grenada

treeboas Carriacou, Grenada, 2015–2019

Probability model Definition

Survival

1. S (transients/residents * SVL) Survival varies by an interaction between residency status and SVL

2. S (transients [.], residents [SVL]) Survival is constant for transients but varies for residents by an additive effect of SVL

3. S (transients [SVL], residents [.]) Survival varies for transients by an additive effect of SVL but is constant for residents

4. S (transients/residents [.]) Survival varies between transients and residents by a constant

5. S (SVL) Survival varies by an additive effect of SVL

6. S (.) Survival is constant

Capture and recapture

1. p = c (sex + SVL + t), p = c (sex
+ SVL + t + b)

Capture and recapture probabilities equal but vary by additive effects of sex, SVL, and time (2015,
2019), and sex, SVL, time, and behavior (2016–2018)

2. p = c (SVL + t), p = c (SVL + t
+ b)

Capture and recapture probabilities equal but vary by additive effects of SVL and time (2015,
2019), and SVL, time, and behavior (2016–2018)

3. p = c (SVL + effort) Capture and recapture probabilities equal but vary by additive effects of SVL and sampling effort

4. p = c (effort) Capture and recapture probabilities equal but vary by an additive effect of sampling effort

5. p = c (.)a Capture and recapture probabilities equal and constant

aOnly evaluated in a single model where both survival and capture and recapture probabilities were treated as constant.
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3 | RESULTS

3.1 | Descriptive statistics and growth

From June 5, 2015 to October 26, 2019, we captured
254 individuals 680 times. Snout-vent length ranged from
349 to 1,190 mm for males and 341 to 1,501 mm for
females. Using SVLs of individuals captured ≥2 times, we
estimated SVL∞ = 1,250.47 (SE = 47.31) and k = 0.254
(SE = 0.026). These parameter estimates yielded
predicted growth based on size (Figure 1) and were used

to estimate missing SVL covariate values for the capture–
recapture analysis. Using the von Bertalanffy analysis of
known-age individuals, we estimated a population mean
SVL of 384 (95% CI = 362–406) mm at age 0, 603 (95%
CI = 592–613) mm at age 1, 742 (95% CI = 730–754) mm
at age 2, 831 (95% CI = 813–851) mm at age 3, and 888
(95% CI = 857–923) mm at age 4 (Figure 2).

3.2 | Capture–recapture analysis

Of the 27 candidate Huggins robust design models evalu-
ated, the top 8 models garnered >99% the model weight

TABLE 3 Step two in the two-stage step-wise model selection process for Grenada treeboas on Carriacou, Grenada, 2015–2019. Model

parameters include survival (S), capture (p), and recapture (c) probabilities. Top 8 of 27 Huggins closed robust design models are shown

Model ΔAICc ω i K Deviance

S (transients [SVL], residents [.]); no movement; p = c
(SVL + effort)

0.00 0.409 6 1823.80

S (transients/residents [.]); no movement; p = c (SVL
+ effort)

1.83 0.164 5 1827.68

S (transients/residents * SVL); no movement; p = c
(SVL + effort)

2.06 0.146 7 1823.79

S (SVL); no movement; p = c (SVL + effort) 2.27 0.131 5 1828.12

S [.]; no movement; p = c (SVL + effort) 3.41 0.074 4 1831.31

S (transients [.], residents [SVL]); no movement; p = c
(SVL + effort)

3.43 0.073 6 1827.23

S (SVL); no movement; p = c (effort) 12.31 0.001 4 1840.20

S (transients [SVL], residents [.]); no movement; p = c
(effort)

13.23 0.001 5 1839.08

FIGURE 1 Predicted size of Corallus grenadensis 1 year after

capture (Year 2), based on size at capture (Year 1), Carriacou, Grenada,

2015–2019. Dashed line represents the von Bertalanffy growth function

using Fabens' (Fabens, 1965) method [SVL2 = SVL1 + (1250.47 − SVL1)

(1 − e−0.254)] fit using snout-vent-length measurements for the first and

last captures of all individuals captured ≥2 times. Gray shaded area

represents the bootstrapped 95% confidence interval

FIGURE 2 Growth trajectory for known-age Corallus

grenadensis, Carriacou, Grenada, 2015–2019. Dashed line

represents the von Bertalanffy growth function [SVLt = 987.75 ×
(1 − e−0.45(t + 1.09))] fit using all snout–vent-length measurements of

known-age individuals (points). Gray shaded area represents the

bootstrapped 95% confidence interval
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(ωi) (Table 3). The top three models included transience
effects. However, the third-ranked model included an
additive SVL effect on residents that was uninformative
(Table 3). Excluding models with this uninformative
effect, transient models still accounted for 73% ωi and the
top-ranked model accounted for 52% ωi. Models that
treated capture and recapture probabilities as equal but
differed by additive effects of SVL and sampling effort
accounted for >99% ωi (Table 3).

Capture probabilities increased with sampling effort
(Figure 3) and decreased with increasing SVL (Figure 4).
Estimates of abundance ranged from 96 to 141 individuals,
but confidence intervals overlapped among years (Table 4).
Based on the proportional standard error (CV), the most
precise estimates of abundance were in 2017 and 2018
(Table 4). This coincides with the years with the highest
sampling effort and number of secondary occasions (2018
only). Annual survival of residents was 0.71, 95%
CI = 0.54–0.83. The proportion of transients increased with
increasing SVL, with the estimate being distinguishable
from zero for snakes �810 mm SVL (Figure 5).

4 | DISCUSSION

Thirty-three years after Parker and Plummer (1987), we
still do not know a great deal about boid population ecol-
ogy. Estimates of population densities have been deter-
mined for two species of anacondas (Eunectes murinus
and Eunectes notaeus) and for two species of Corallus
(one mainland, one on Trinidad), but no population data
have been published for any of the eight species of

Epicrates or for mainland populations of Boa. We have
learned, however, that population densities of snakes on
islands, including those in the Neotropics, are often
much higher than on the mainland and these have facili-
tated investigations that would have been difficult
to impossible to conduct with mainland populations
(Bonnet, Pearson, Ladyman, Lourdais, & Bradshaw,
2002; Henderson, 2019; Martins & Lillywhite, 2019). For
example, although population-level studies of the iconic
species of Boa (e.g., Boa constrictor and Boa imperator) on
the mainland are missing, some population parameters
have been studied in B. imperator on islands satellite to
Belize (Boback, 2005) and Honduras (Reed et al., 2007).
In the West Indies, population densities have been deter-
mined for several species of Chilabothrus and Boa
orophias, and two species of Chilabothrus are the current

FIGURE 3 The effects of (a) sampling effort in person-minutes

on (b) capture probability, controlling for snout–vent length in a

given year in Corallus grenadensis from Carriacou, Grenada,

2015–2019. Each sampling occasion includes 2–3 consecutive
survey days. Gray shaded area represents the 95% confidence

interval

FIGURE 4 Effect of snout–vent length on Corallus grenadensis

capture probability based on a sampling effort of 1,065 min,

Carriacou, Grenada, 2015–2019. Gray shaded area represents the

95% confidence interval

TABLE 4 Grenada treeboa abundance estimates resulting from

the Huggins closed robust design analysis, Carriacou, Grenada,

2015–2019. Columns represent sampling year (year), the unique

number of snakes captured (Mt + 1), estimates of abundance N̂ð Þ,
standard error (SE), 95% confidence interval, and coefficient of

variation (CV)

Year Mt + 1 N̂ SE 95% CI CV

2015 51 127 20 89–166 0.15

2016 73 141 17 107–174 0.12

2017 83 125 11 104–147 0.09

2018 74 112 10 92–131 0.09

2019 40 96 13 70–122 0.14
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focus of long-term population studies (Petersen, Tolson, &
Jackson, 2015; Reynolds & Gerber, 2012).

4.1 | Survival

No survival estimates have been published for any other
boid. The annual survival of resident C. grenadensis (0.71;
95% CI = 0.54–0.83) is comparable to that in late-maturing
temperate colubrids and some viperids (King et al., 2018;
Parker & Plummer, 1987). Annual survival of the insular
Neotropical pitviper, Bothrops insularis, ranged from 0.55 to
0.79 with males and females having slightly higher survival
in the wet season than the dry season (Guimaräes,
Munguia-Steyer, Doherty Jr., Martins, & Sawaya, 2014). An
annual adult survival estimate is available for only one
other West Indian snake, Borikenophis portoricensis, a
largely ground-dwelling, diurnally active, mildly venomous
dipsadid native to the Puerto Rico Bank; it was 0.50 (95%
CI) in males (0.34–0.66) and females (0.33–0.66) (Hileman
et al., 2017).

4.2 | Capture–recapture probability

We recaptured 127 of the 242 C. grenadensis (52.4%) that
had the potential to be recaptured (i.e., those marked
before October 2019) within our �4.48-ha study site. Boas
were recaptured 1 to 7 times, with an average of 2.3
recaptures/boa. Predictably, an increase in sampling
effort resulted in an increase in capture probability
(Figure 3). Capture probability was high for boas

<800 mm SVL, but then continued to decline with
increasing size (Figure 4), suggesting smaller snakes
remained in the study site and were detected for years.
The highest ranked models showed that recapture proba-
bility was equal to capture, indicating no support
(weight = 0.00010) for a behavioral effect of capture on
recapture probabilities (Figure 3). After being released,
boas were routinely observed having resumed the typical
sprawl–crawl foraging behavior later during the night of
release and on subsequent nights during multiday sur-
veys. Using the reflection from a boa's eyes as the pri-
mary method of detection likely negated any behavioral
effect on recapture probabilities.

Relative to other capture–recapture studies on boids,
our recapture rate was high. Tolson (1997) marked 22 indi-
viduals of the Puerto Rican endemic Chilabothrus port-
oricensis and made no recaptures, and Wunderle Jr.,
Mercado, Parresol, and Terranova (2004) marked 70 snakes
of the same species and made one recapture (1.4%).
Mulero-Oliveras (2019) marked 50 C. portoricensis and reca-
ptured 5 (10%), and A. R. Puente-Rolón (in litt., 23.vi.2020)
recaptured 5 of 37 (13.5%) boas at a cave site on Puerto
Rico. On Big Ambergris Cay (Caicos Bank, Turks, and
Caicos Islands), 1,098 Chilabothrus chrysogaster were mar-
ked but only 125 different boas have been recaptured
(11.4%) (R. G. Reynolds, in litt., 25.vi.2020). Boback (2005)
marked 18 B. imperator on a small (5.35-ha) cay off Belize
in 2001 and made two recaptures (11.1%) in 2002. During
5 sampling periods and 42 nights of fieldwork over a span
of 2 years (2002–2004) at a site on Grenada,
69 C. grenadensis were marked on a 510-m transect along a
narrow trail; 12 different boas were recaptured (17.4%;
RWH, unpublished data). Relative to our Carriacou site,
instead of large expanses of acacia and cactus, the Grenada
habitat was more intact, lusher, and trees were routinely
taller with more broadleaf species; vehicular traffic was
absent and pedestrian traffic was rare. Because of the struc-
ture of the vegetation, many boas were uncatchable at the
Grenada site, possibly contributing to the much lower rate
of recapture.

One comparison with a pythonid is appropriate.Morelia
viridis is an arboreal species native to northern Australia
and New Guinea. It is morphologically and behaviorally
convergent with two species of Corallus (C. batesii and Cor-
allus caninus), and, like C. grenadensis, it employs both
active and ambush foraging strategies and undergoes a shift
in diet from ectotherms (lizards) to endotherms (largely
murid rodents; Natusch & Lyons, 2012, 2014). Of
47 M. viridis captured at one site, eight were recaptured
(17%) and of 131 captured at a second site, 35 were reca-
ptured (26.7%; Natusch & Natusch, 2011).

Although the eye reflection of C. grenadensis is criti-
cal to finding them on a nightly basis, the high recapture

FIGURE 5 Effect of snout–vent length on the proportion of

transient Corallus grenadensis, Carriacou, Grenada, 2015–2019. The
dashed black lines represent the 95% confidence interval. The

arrow indicates the inflection point (�810 mm SVL) where the

lower bound begins to exclude zero

8 HENDERSON ET AL.



rate is aided by the sedentary behavior of resident boas
largely <800 mm SVL. Movements (based on GPS data)
of <5.0 m (mean = 2.2 ± 0.3 m; 78–480 elapsed days;
n = 10) were made by boas with a mean SVL of
701.6 ± 47.4 mm (range = 596–1,081 mm). Movements
of 5–10 m (mean = 7.5 ± 0.3 mm; 81–475 elapsed days;
n = 31) were by boas with a mean SVL of
787.3 ± 30.6 mm (range = 488–1,136 mm). Most of those
boas were of the size class that fed predominantly
on sleeping anoles or were just beginning the shift to
mammalian prey. Of the boas recaptured, 56.3% were
recaptured more than once, suggesting that once reca-
ptured, the likelihood of being captured again remained
relatively high as these boas often stayed in close proxim-
ity to previous capture sites.

4.3 | Abundance

Our abundance estimates (Table 4) include residents and
transients. Largely due to varying methods, relating our esti-
mates to other studies is difficult. The most relevant com-
parison is with the study by Natusch and Natusch (2011) of
M. viridis. They surveyed transects of varying lengths and
widths and their two most successful transects were 9.1 and
12.8 km in length, which yielded population estimates of
25 ± 23 and 104 ± 90 pythons, respectively. By contrast,
our two most precise estimates of abundance were 125 ± 11
and 112 ± 10 C. grenadensis along a 1-km transect.
Although neither the two species (M. viridis and
C. grenadensis) nor the respective study sites are fully com-
parable, the Carriacou site appears capable of supporting a
remarkable number of boas, especially those that are of
small to medium size (<800 mm SVL). Henderson, Berg,
Harrison, Sajdak, and Felski (2013) encountered 50
C. grenadensis on Carriacou in 179 min of searching and
33 of those observations were along the road that became
our study site 2 years later. Elsewhere, Taylor et al. (2011)
observed 32 C. ruschenbergerii over 115.97 km of transect
distance surveys in Trinidad's Caroni Swamp, and P. de
Costa Silva (in Henderson, 2015) observed 39 Corallus
hortulana along 1.5 km of creek on Batatas Island
(Parnaíba Delta), Piauí, Brazil. Over three nights on Big
Ambergris Cay, 37 C. chrysogaster were collected in 90 min,
47 in 100 min, and 56 in 110 min; only eight of those boas
were recaptures (5.7%) (R.G. Reynolds, in litt., 6.viii.2019).

4.4 | Residents, transients and prey

The resident population of C. grenadensis in our study
site is comprised largely of snakes <800 mm SVL and
which feed predominantly on Anolis lizards (Anolis

aeneus and Anolis richardii). In a sample of 59 prey items
recovered from preserved specimens of C. grenadensis
from throughout the Grenada Bank, Anolis lizards
accounted for 95.7% of the prey in boas <700 mm SVL
and no mammals were recovered; in boas 700–799 mm
SVL, anoles represented 64.7% of prey items and mam-
mals 29.4%; at SVLs ≥800 mm, mammalian prey
increased to 73.7% (Henderson, 2015). Of 16 prey items
recovered by Pendlebury (1974) from C. grenadensis on
Carriacou, 12 were anoles, 1 was an Iguana iguana,
1 was a bird, and 2 were mammals. Among the boas we
marked, 26 had obvious prey in their stomachs that could
confidently be identified as either lizard or endotherm.
With a mean SVL of 641.1 ± 148.9 mm, 15 contained liz-
ard prey; the other 11 contained endotherms and their
mean SVL was 925.9 ± 167.3 mm. Although we do not
have data specific to Carriacou, at multiple sites on Gre-
nada anole densities of 830–12,000/ha have been esti-
mated (Harris, Yorks, Bohnert, Parmerlee Jr., &
Powell, 2004; Stamps, 1983; Poche Jr., Powell, &
Henderson, 2005). This ubiquitous and abundant food
source keeps young (<3 years old) boas from having to
move long distances in search of prey. During our study,
the mean distance moved between recaptures by boas
<700 mm SVL was 27.2 ± 46.5 m (range = 0.0–337.7 m;
n = 53). As snake size increased, so too did their move-
ments: boas 700–900 mm SVL moved 39.6 ± 63.3 m (2.6–
468 m; n = 89), those >900 mm SVL moved
48.5 ± 51.6 m (2.5–243.0 m; n = 55); no relationship was
evident between distances moved and elapsed time (days)
between recaptures.

Although not infrequently encountered during sur-
veys, rodent prey was not as abundant as the ubiquitous
Anolis lizards (RWH, personal observation). Coincident
with an increase in SVL and the shift in prey is an appar-
ent change in frequency of feeding. In a sample of 76 pre-
served C. grenadensis <750 mm SVL, 44.7% had food in
their stomachs, 94.1% of which was comprised of Anolis
lizards; of 59 boas 750–950 mm SVL, 27.1% contained
prey, 25% anoles and 75% endotherms; only 16.9% of
59 boas >950 mm SVL had prey and 80% was mamma-
lian (Henderson, 2002). Most boas >900 mm SVL (almost
exclusively predators of mammals) were transients and
did not remain in the study site. Either they quickly
transited through the site or, if they remained for any
time, they were likely soon forced to move on because
rodent abundance was inadequate to sustain them in
addition to what was necessary to support mammal-
eating resident boas. The more reliant on rodent prey (=
larger), the greater the probability a boa was a transient
(Figure 5).

Although there are no comparable demographic stud-
ies of any boid species, our study provides a foundation
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upon which future studies can build, as well as parameter
estimates important for conservation planning (Tucker,
McGowan, Mulero Oliveras, Angeli, & Zegarra, in press).
We found strong evidence of transience and no evidence
of tag loss or mortality attributable to our survey
methods, which might otherwise explain the transient
effect we observed. When combined with supporting evi-
dence, including the ontogenetic shift in diet and
increased movement associated with increased body size
of C. grenadensis, it suggests that the transient effect we
found represents an important ecological phenomenon.
As noted by Wasko and Sasa (2012), “Strong selective pres-
sures exist for snakes to behaviorally maximize foraging
efficiency and energy intake, as many of their traits are
fairly plastic and strongly dependent upon food acquisi-
tion….” Although our study site is capable of supporting a
substantial resident population of C. grenadensis that
relies on Anolis lizards as prey, it supports a much
smaller resident population of larger boas that subsists
largely on introduced rodents. Most large boas that were
encountered in the site were transients and quickly
(or eventually) abandoned it (i.e., permanent emigration),
ostensibly to search for more trophically promising habi-
tat that would “maximize foraging efficiency and energy
intake.”

Snakes in general have notoriously low encounter
rates (Parker & Plummer, 1987; Steen, 2010). This prob-
lem is exacerbated for most tropical species, which may
contribute to why evidence of transience is lacking
(i.e., insufficient statistical power) in most snake studies
(Bradke et al., 2018; Cayuela et al., 2019; Lelièvre
et al., 2013; Sewell, Baker, & Griffiths, 2015), except in
rare instances where transience has been detected and
treated as a nuisance parameter to correct for bias in
survival estimates (Jones, King, & Sutton, 2017; Koons,
Birkhead, Boback, Williams, & Greene, 2009). We simi-
larly used the transient effect to correct bias in survival;
however, we also removed the effects of resident sur-
vival to estimate the proportion of transients and
included supporting evidence to link this population-
level effect to an ontogenetic shift in diet. Ontogenetic
dietary shifts are widespread among snakes (reviewed in
Shine & Wall, 2007) and at least 11 of 17 species of West
Indian boids exhibit an ontogenetic dietary shift, either
from ectotherms (mostly Anolis) to introduced rodents,
or from one type of lizard (e.g., diminutive
Sphaerodactylus geckos) to larger species of lizards
(Anolis, Leiocephalus, Cyclura, Iguana; Reynolds
et al., in press). Thus, the prominence of transients in
our study of C. grenadensis may be indicative of its
potential demographic and ecological importance
among additional snake species.
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