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Summary

1. Open population mark-recapture analysis of unbounded populations accommodates some
types of closure violations (e.g. emigration, immigration). In contrast, closed population analysis of
such populations readily allows estimation of capture heterogeneity and behavioural response, but
requires crucial assumptions about closure (e.g. no permanent emigration) that are suspect and
rarely tested empirically.

2. In 2003, we erected a double-sided barrier to prevent movement of snakes in or out of a 5-ha
semi-forested study site in northern Guam. This geographically closed population of >100 snakes
was monitored using a series of transects for visual searches and a 13 x 13 trapping array, with the
aim of marking all snakes within the site. Forty-five marked snakes were also supplemented into the
resident population to quantify the efficacy of our sampling methods. We used the program MARK
to analyse trap captures (101 occasions), referenced to census data from visual surveys, and quantified
heterogeneity, behavioural response, and size bias in trappability. Analytical inclusion of untrapped
individuals greatly improved precision in the estimation of some covariate effects.

3. A novel discovery was that trap captures for individual snakes consisted of asynchronous bouts
of high capture probability lasting about 7 days (ephemeral behavioural effect). There was modest
behavioural response (trap happiness) and significant latent (unexplained) heterogeneity, with small
influences on capture success of date, gender, residency status (translocated or not), and body condition.
4. Trapping was shown to be an effective tool for eradicating large brown treesnakes Boiga irre-
gularis (>900 mm snout-vent length, SVL).

5. Synthesis and applications. Mark-recapture modelling is commonly used by ecological managers
to estimate populations. However, existing models involve making assumptions about either
closure violations or response to capture. Physical closure of our population on a landscape scale
allowed us to determine the relative importance of covariates influencing capture probability (body
size, trappability periods, and latent heterogeneity). This information was used to develop models
in which different segments of the population could be assigned different probabilities of capture,
and suggests that modelling of open populations should incorporate easily measured, but poten-
tially overlooked, parameters such as body size or condition.

Key-words: behavioural response, Boiga irregularis, capture heterogeneity, ephemeral effect,
Huggins closed capture model, invasive species, size selectivity

Introduction

Density estimation is one of the fundamental steps in model-
ling population dynamics in ecology, and for controlling
invasive spectes, sich as the brown treesnake Boiga irreguluris
(Bechstein 1802), an introduced predator on the Pacificisland
of Guam (Savidge 1987). Search effort indices, and open and
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closed models for density estimation each involve a variety of
assumptions. Prompted by difficulties encountered in past
attempts to obtain precise and accurate estimates of popula-
tion size and composition for B. irreguluris, we aimed to develop
a system for assessing some of these assumptions.

Initial attempts to assess population densities in the 1980s
using search effort indices (numbers of snakes sighted per
hour), failed to reveal high absolute densities, with bias from
variable detection rates and uncontrolled factors such as
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observer, habitat, time, and environmental conditions (Rodda
& Fritts 1992). Mark-recapture trapping studies were also
problematic, with analyses dependent upon unreliable
assumptions of equal catchability (‘open’ models), or
population closure (‘closed’” models) in sites exhibiting
high daily rates of emigration and immigration. This was
illustrated when a study in 2000 at Munitions Storage Area,
Andersen Air Force Base, Guam, showed a high incidence
of bait removal in an area following 11 months of snake
trapping, suggesting that B. irregularis were present in
much higher densities than estimated from the low trap yields
(National Wildlife Research Center 2003). Such results led
to hypotheses of ‘untrappable’ snakes, and concern that
trap capture heterogeneity was causing the trap-based control
programme to miss a significant stratum of the snake popu-
lation (Rodda et «l. 2002).

To address the conflicting assumptions that underlay
previous studies, we used a snake barrier to create a geo-
graphically closed population of B. irregularis, thereby
eliminating immigration and emigration and allowing for use
of closed population models capable of directly estimating
behavioural response and capture heterogeneity. Predator
and prey exclosures and augmentation have been used to
manipulate density of focal species (Crawley 1992; Krebs,
Boutin & Boonstra 2001), but confinement of focal species
was not carried out in these studies, nor was population
estimation the focus of the manipulation. To our knowledge,
physical closure of a population has not been used for refining
population estimation techniques for any species of reptile or
amphibian, and only rarely for other taxa (Parmenter et /.
2003). However, the closure objective of the latter study was
to fix total abundance for validation of various closed model
analyses. Our closure objective was to eliminate population
flux, allowing quantification of behaviours influencing
capture [capture heterogeneity, enduring and ephemeral
behavioural effects (see Yang & Chao 2005)] that are difficult
to assess in an open population. In addition, 45 hand-caught
snakes of varying size and sex were translocated from the
surrounding area into the closed population to provide a
known subpopulation for capture; thus, we could determine
whether any strata of the population were untrappable. We
present mark-recapture analyses from 101 days of trapping,
based on 104 individuals known to have been present based
on a subsequent census via visual surveys.

Materials and methods

STUDY SITE

[n 2003, we created a geographically closed population by erecting a
snake barrier to prevent movement of snakes in and out of a 5-ha
study site on Andersen Air Force Base, northern Guam. The site,
north of the runway complex known as Northwest Field, and described
by Rodda et al. (2007), sits on a coralline limestone plateau about
170 m above sea level (Stone 1970). Representative of B. irregularis
habitat on Guam, the area had been highly disturbed and much of
the native vegetation affected by human activity. Vegetation was a
partially forested mix of trees (Lewcaena leucocephala, Morinda
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citrifolia, Triphasia trifolia and Hibiscus tiliaceous), small shrubs,
invasive herbs (Chromolaena odorata, Stachytarpheta jamaicensis
and S. urticifolia) and herbaceous vines, particularly Mikania micrantha.
Higher-level predators were absent, but prey species were free to
enter and leave the study site. Brown treesnakes were the only snakes
found in the study site, except for tiny subterranean snakes (Ram-
photyphlops braminus), which were not caught by the traps we used.

GEOGRAPHIC CLOSURE

We constructed a double-sided chain-link bulge barrier fence to
prevent migration by snakes in or out of the study site (see Perry
et al. 1998 for single-sided bulge barrier design; double-sided design
illustrated in Rodda et af. 2007). The 1-5-m tall fence, consisting of
support poles sandwiched between two layers of chain-link overlaid
with hardware cloth (6-mm welded steel mesh), incorporated 100-mm
radius overhangs of hardware cloth on the inner and outer faces at
the top. A 0-6-m-wide concrete footer on either side inhibited
vegetation, and anchored a skirt of hardware cloth that extended out
from the base of the fence. Vegetation was cleared from transects and
within 2 m of either side of the fence line, and re-cut as necessary to
maintain these spaces. The inside corners of the fence were two 135°
corners linked by a 3-5-m long diagonal panel (B. irregularis can
climb 90° corners, Perry er al. 1998). The barrier was continuous,
and portable ladders were used for entry and exit by staff. To allow
population equilibration following fence construction, but prior to
data collection, natural woody vegetation was placed against the
fence at 10-20 m intervals for a period of 6~7 weeks, during which
time any snakes displaced by fence construction could enter and
exit. Barrier closure was assessed by monitoring traps outside the
fence for potentia) escapees and marking potential invader snakes.

SUPPLEMENTATION OF SNAKES

To have a known number and size distribution of previously marked
snakes in the study population, we translocated 45 snakes [25
medium/large (SVL >900 mm; mass >100 g), and 20 small snakes
(SVL <900 mm; mass <50 g)] into the fenced site after full closure,
prior to trapping. All were hand-captured during visual surveys
adjacent to the study site, and none had previously experienced a
snake trap. Prior to release at random locations within the site, all
translocated snakes were measured, sexed, and marked following
standard protocols (see below).

TRAPPING

Snake trapping commenced on 2 June 2004, and ran daily until 14
September 2004 (with brief interruptions for typhoons Chaba and
Tingting). The trapping array had 13 x 13 traps equally spaced at
16-m intervals, uniformly covering the study site. Snake traps had
the same entrance flaps used in operational trapping by Wildlife
Services, but the trap bodies were slightly shorter (Rodda ¢r al. 1999a).
As with operational trapping, traps were suspended horizontally
from rebar or natural vegetation on 9-gauge wire at around | m
high. Within each trap, a chamber (200 x 100 x 45 mm) walled with
3-mm metal mesh housed and protected a live attractant mouse.
Traps were checked each morning, and the grain mix and potatoes
providing food and water for mice replenished as needed. Any dead
bait mice were replaced immediately when possible, or within 2 days;
dead mice have been shown to be roughly as effective as live mice for
the first 2-3 days (Shivik & Clark 1997, 1999).
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All trapped snakes were checked for identifying PIT tags and scale
clips. Any unmarked snakes received both unique marks. Measure-
ments of mass (using Pesola® spring scales), SVL and total length
(by gentle stretching against a tape measure) were recorded on the
first three capture occasions for each snake. We determined sex
either by everting hemipenes, or using a suitable-sized snake probe
on the left side of the cloaca only. When gender had been judged the
same over at least three occasions, sexing was discontinued. Similarly,
no more than three Jength and mass measurements were collected
during any 30-day period. These stipulations were designed to
minimize potential impacts to snakes of stretching and probing.
All snakes were released at their point of capture following marking
and measuring (within minutes of trap checking).

VISUAL SURVEYS

One hundred and nine visual surveys of the snake population
were conducted after 101 trapping occasions. These visual surveys
(reported elsewhere) revealed individual snakes that had been present
but undetected throughout the trapping period. These individuals
were added to the trap capture history matrix in the form of an
appropriate string of zero captures, along with their individual
covariates, to provide a more complete portrait of the individual
traits associated with trap capture. To incorporate these untrapped
individuals into the capture probability analysis, a dummy (102nd)
occasion was added to the overall capture history matrix, but
capture probabilities were not estimated for the dummy occasion
(i.e. initial and recapture probabilities were fixed = 1 for this dummy
occasion and did not affect overall capture probability estimates).

ANALYSIS OF CAPTURE HISTORIES TO ESTIMATE
CAPTURE PROBABILITY

Our analysis focused on modelling sources of variation in trappability
and estimating trappability; abundance estimation was excluded.
All models were based on a conditional likelihood (Huggins 1989,
1991), but the usual inferential limitation of this approach (basing
estimates strictly on captured individuals) was overcome by including
untrapped individuals known from the visual surveys to have been
present. In the program MARK, we used closed population mark-
recapture models that allowed individual variation in trappability
by measured covariates, latent (unexplained) heterogeneity through
mixtures, or both. The global model included: effects for capture
occasion (time), individual effects for body size, gender, residency
status (translocated or resident), body condition, recent capture
history, and latent individual heterogeneity.

Following the notation of Pledger (2000), the probability of
capture of animal  on occasion j, p;, is assumed to be 8, which is
modelled with a linear logistic formulation:

8,0,
Iog(l _’; J: BT+ + 1, + (om)y, + B, +B.X, +...+ B.X,

Jjba
where [ is a constant parameter, T, (time) is a fixed main effect
depending on the occasion j, a, is a fixed behaviour main effect
(b= b, =1, if animal i was not caught before occasion j; otherwise
b =2), and 1, is a random main effect for latent heterogeneity where
a=1,..,Awith probabilities &, ..., m,, respectively. The term (an),,
is an interaction between behavioural response and the random
effect for latent heterogeneity, allowing for heterogeuneity in trap
response. The remaining terms (B, X,, ..., B, X,/ represent individual
covariates for each snake. Some covariates required multiple terms.

For example, size was modelled as linear (K =1) and quadratic
(K = 2) functions, as well as, six size classes (K = 5). Significant par-
simony was gained by modelling the time effect (1) as a smooth
function of the 101 occasion parameters (j =1, 2, ..., 101):

=Yk Y Yt

where the ys are the polynomial coefficients.

This is a version of the general M, model of Otis et al. (1978).
Although Pledger (2000) suggested that individual covariates and
mixture models (models that partition animals into two or more groups
with similar capture probabilities) may be combined in closed popula-
tion mark-recapture models, this is the first instance we know of
where field data have been fit to such hybridized models.

Models were fitted to data by maximum likelithood. Candidate
models included subsets of parameters in the global model. Model
selection was based on Akaike's Information Criterion corrected for
small sample size (AIC ) because AIC, approximates AIC as sample
size increases (Burnham & Anderson 2002:66). Models were considered
competitive with the top-ranked model when AAIC, < 2-0. Because
of model selection uncertainty (models with AAIC, <7 can be
plausible; Burnham & Anderson 2002:70), we model-averaged effect
sizes over all 14 models with a weighted average based on Akaike
weights (Burnham & Anderson 2002:253, equation 5-8) to generate
figures.

COVARIATES

As the size and body condition of snakes changed over the trapping
period, multiple body size (SVL) measurements for each snake were
regressed against time to estimate its average growth rate. Based on
these linear regressions, the expected length for each snake on
occasion 51 (midpoint of trapping session) was used in analyses.
Size of snakes detected by visual survey following the trapping
session (but never trapped), was extrapolated from linear regression
of measurements taken during visual surveys, and the expected value
at trapping occasion 51 used in analyses. Nineteen individuals whose
size and growth rate indicated a possible hatching date after the start
of trapping were excluded from this analysis.

Condition index was calculated as the ratio of individual body
mass to expected mass given its length. Expected body masses for a
given length were estimated by linear regression on logarithmic scales,
based on over 5000 records of length and mass of B. irregularis
sampled on Guam during 1980-2004.

In these models, we considered recent capture history as a covariate
to determine whether snakes showed evidence of an ephemeral
behavioural effect having a duration longer than one occasion
(i.e. >24 h), unlike Yang & Chao (2005) who evaluated the ephemeral
effect for only one occasion. Such autocorrelated time effects were
modelled using the results of the immediately preceding 1-12 sample
occasions for each snake, where the covariate equalled | for each
prior occasion on which the snake was captured, and 0 otherwise.
Qur notation for a time lag of n days indicates the model incorporated
inclusion of lagged time effects from days 1, 2, 3 ... ndays (e.g. a model
labelled ‘LAG3’ included three extra parameters: LAG1, LAG2, and
LAG3).

Despite modelling several important covariates, our models also
supported two mixtures, indicating unexplained (latent) capture
heterogeneity. We explored the correlates of this latent heterogeneity
in our top model, using Bayes’ rule to assign snake posterior
probabilities to our two heterogeneity classes: low and high capture
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Table 1. Model selection results from the program MARK (using Huggins Full Heterogeneity Model) for a geographically closed population of
brown treesnakes on Guam, 2004. Models with lowest AIC, are considered best. AAIC, is the difference in AIC, between the current model and
the top model (Burnham & Anderson 2002). X is the number of parameters in each model and w; represents Akaike’s model weight

Models* K AIC, AAIC, W,

T*+b+h+SZ+SEX xCI +SUP + LAG7 23 6708-29 0-00 0-299
T’+b+h+SZ+SEX + SUP + LAG7 21 670835 0-06 0-289
T+b+h+SZ+SEX + LAG7? 20 670970 1-41 0-148
T'+b+h+SZ+SEX +SUP + CI + LAG7 22 6710-14 1-85 0-118
T'+b+h+S8SZ+LAG7 19 671127 2-98 0-067
T'+bxSZ +h+ LAG? 24 6712:59 4-31 0-035
T?+bxh+SZ+LAG? 20 6713-14 4-85 0-026
T'+h+SZ+LAG7 18 6714-07 578 0-017
T'+bxh+SZ+SEXxCI +SUP + LAG? 24 6721:07 12:79 0-001
T'+h+SZ+SEXxCI +SUP + LAG7 22 672412 15-84 0-000
T'+b+hxSZ+ LAG7 24 678013 71-85 0-000
T'+bxh+SZ+SEX xCI + SUP 17 683941 131-12 0-000
T'+b+h+8SZ+SEXxCI +SUP 16 6856-16 147-87 0-000
T'+b+h+SZ 12 6863-83 15555 0-000

*All models listed above used two finite mixtures to approximate individual heterogeneity (K = 1) and contain an intercept term. Capture
probability is modelled as a function of: time in season as a cubic trend (7°); behaviour (b); heterogeneity (h); size class of snake (SZ; K = 5);
sex of snake (SEX); resident status (SUP); condition index (CI); recent capture history used to evaluate ephemeral behavioural effect (LAG7,
K = 6); and the interactions of behaviour and heterogeneity (b x h), behaviour and size class (b x SZ), heterogeneity and size class (h x SZ), and
sex and condition index (SEX x CI). Models containing high order polynomial effects contain the corresponding lower order terms and

interactive models include the corresponding main effects.

probabilities (Pledger, Pollock & Norris 2003). The following five
characteristics, related either to habitat use or body condition
metrics, were compared with assigned posterior probabilities (>0-50,
n = 81) to identify snake traits potentially discriminating between
individuals of low and high recapture: (i) mean log of activity area,
as defined by minimum convex polygon of captures; (ii) mean log
distance moved per day; (iii) habitat associations of capture locations,
in three strata: limestone forest (10-9% of site), degraded forest (44-1%),
and non-forest {45%); (iv) growth index corrected for sex and size
(observed growth divided by expected growth for an animal of that
body length and sex); and, (v) trend of condition index (slope of
regression of each individual’s condition index against date).

Sample sizes differed for body condition trend (n = 72 snakes) and
habitat (1 = 61 snakes) analyses, as we only included snakes with at
least 3 or 4 captures, respectively. Habitat associations were calculated
as the number of captures in a given habitat divided by total captures
for that individual. We used parametric f-tests and nonparametric
tests so that critical assumptions could be met. Two-tailed tests were
used except when testing the proportion of captures of B. irregularis
in non-forest habitat (as low capture probabilities are typically associated
with this habitat type, we predicted that the low capture class would
have a higher proportion of captures relative to the high capture class).
Since several snakes were near the boundary between heterogeneity
classes (e.g. posterior probability of 0-51), we also performed these
analyses on a subset of data that included only individuals with
posterior probabilities >0-75 (1 = 68 snakes).

Results

Recaptures of marked snakes on both sides of the snake
barrier (>350 individuals marked outside; 122 marked inside;
>3000 captures) revealed no emigration or immigration of
snakes across the barrier. Of the 45 snakes translocated into
the population, 44 were recaptured inside the barrier, either
via trapping (1402 captures: 25 of 25 large and 6% of 20 small

snakes), or visual survey (1010 captures: 22 of 25largeand 19
of 20 small snakes). The continued presence of the translocated
snakes (none captured outside, despite presumed motivation
to return to their original location) reflected the effectiveness
of the barrier (Rodda et al. 2007). Closed population
mark-recapture models were therefore used with assurance
of geographic population closure.

There was overwhelming support for time and body size
effects (Table 1), with a positive correlation between size
and trappability (Fig. !), and temporal variation in overall
trappability (best approximated by a third-order polynomial
that allowed smooth variation over trapping period; Fig. 2).
All plausible models contained size as an effect; the best
model withoutsize resulted in a AAIC, of 244-11, indicatinga
total lack of support relative to models with size. Our attempts
to model size effects with continuous polynomial functions
(simple, quadratic, or cubic) failed to improve AIC, beyond
fitting size as a function of six groups (n = 12-37, varying by
group); thus, all subsequent models are based on six 100-mm
wide classes to account for size selectivity of the traps.

The AIC, values for models containing autocorrelated time
effects (LAG7) indicated strong evidence for an ephemeral
behavioural effect in individual snake trappability (Table 1).
The best model without ephemeral trappability resulted in a
AAIC, of 131-12, indicating there was negligible support
for such models in these data. Interestingly, if ephemeral
trappability was excluded, models with heterogeneity in trap
response interactions were favoured over those with additive
trap responses (Fig. 3). It appears that individual temporal
changes in trappability may be confused for traditional trap
behavioural responses, that is, enduring trap-happy or
trap-shy responses (Otis et al. 1978), if individual ephemeral
effects are not modelled. While a modest behavioural response
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Fig. 1. Model-averaged probability of first capture for resident
females of average condition index (CI = 0-914), showing the size
function in trappability for the two distributions that form the overall
mixture (thin lines) and overall mean (heavy solid line). The thin
dashed line is the central tendency of a distribution constituting
62:3% of the population; the remaining distribution (thin solid line)
therefore accounted for 37-7%. The spread between the individual
distributions is a mixture-model representation of the latent individual
heterogeneity not accounted for by the covariates in the model.

persisted (see below) in preferred models incorporating
ephemeral trappability (Table 1), this did not include a strong
enduring behavioural response or an enduring behaviour
response X heterogeneity interaction.

As seen in Fig. 4, inclusion of a capture during each of
LAG1-LAG4 dramatically and cumulatively increased expected
capture probability, but inclusion of LAG5-LAG?7 improved
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Fig. 2. Estimated capture (p, solid line) and recapture (¢, dashed line)
probabilities for large female resident brown treesnakes (900-999
SVL)of average condition index (CI = 0-914) over time, after applying
a third-order polynomial to approximate temporal variation in overall
trappability.

capture probability only relatively modestly. Inclusion of
LAGS captures (not shown in Table 1) marginally decreased
capture probability relative to LAG7. Inclusion of LAGY9-
LAGI2 in models did not improve AIC, and all such addi-
tional covariates had beta values with confidence limits that
broadly overlapped zero. Thus, it appears that most of the
information provided by lags was in the days preceding a
capture event, with negligible improvement in predictability
after 7 days.

A model structure that used results of the prior seven trap
occasions (LAGI1-LAG7) as individual covariates was
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Fig. 3. Inan analysis considering the effects of all covariates except an ephemeral behavioural effect, we found strong support for four- mixture
models versus the same models with three or two mixtures. The presence of four mixtures in the topmodel (7° + b*h + SZ) does not necessarily

imply four discrete classes of snakes, but rather a strong divergence in response to initial () and subsequent capture (¢) as shown in 3A and 3B

>

respectively. The latent heterogeneity from this inodel was approximated by a mixture of four classes that comprised 26%, 15%, 37% and 22%
of the population. Some of this latent heterogeneity in capture probability is explained when the previous-week capture history of an individual
is considered (LAG7) and is demonstrated by a simplification of the distributions for p (Fig. 3C) and ¢ (Fig. 3D) using the top model that
supports two mixtures (7° + b + h + SZ + SEX*CI + SUP + LAG7). In contrast to the four-mixture model, the latent heterogeneity from this
model is approximated by a mixture of two classes that comprise 38% and 62% of the population.
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Fig. 4. Mean recapture probability for female resident of average
condition index (CI=0-914) that has been captured on prior
occasions. 0 = not caught on previous occasion (o), I = caught on
first prior occasion (+), 2 = caught on both first and second prior
occasions (x), 3 = caught on first, second, and third prior occasions
(*).and so on (4 = -, 5= A, 6 = (1) to 7 = caught on all seven prior
occasions (=). The autocorrelation of captures indicates that
individual snakes are going through periods of high capture
probability. This effect is larger than any other covariate in the model.

overwhelmingly supported by these data, and the estimated
effect sizes were much larger than those for any covariate
other than size. For example, estimated mean capture pro-
bability for an average sized female resident increased by
0-11 if she had been caught the previous day. A snake that had
been caught each of the prior seven occasions (an event that
occurred several times) netted an estimated increase in mean
capture probability of 0-41, an effect at least 10 times larger
than those estimated for gender, resident status, enduring
behavioural response, or condition index.

Relatively minor effect sizes were found for the individual
covariates of gender and residency status. For an average sized
snake (900-1000 mm SVL), estimated mean capture prob-
ability differed by only 0-02 between genders, with males 13%
less trappable than females. The effect of being translocated
(supplemented) was similar in magnitude. Estimated mean
capture probability for translocated snakes was 0-03 less
than similar resident snakes in the 900-1000 mm SVL range.
Condition index effects on capture were relatively small in
males, and virtually non-existent in females. The lower and
upper fifth percentiles of condition index were less variable for
males (0-80, 1-03) than for females (075, 1-05). Considering
average sized females, the difference in capture probability for
snakes of these condition index values was only 0-01. However,
the same comparison for males resulted in low condition
index (i.e. skinnier) snakes having estimated mean capture
probabilities 0-04 greater than snakes of high condition index.

Even after accounting for associations between capture
probability and individual covariates, consistent support for
heterogeneity models indicated that a significant amount of
latent individual heterogeneity remained. That is, individual
snakes differed in capture probability in ways that were not
explained by the included covariates. According to the top
model, latent heterogeneity was approximated by a mixture of
two latent classes of snakes that comprised 37-6% and 62-4%
of the population, respectively. The smaller latent class had
lower capture and recapture probabilities than the larger
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latent class; these differences constituted an effect size on par
with those of body size and capture history, much larger than
those measured for gender, residency, or condition index.

Of the five potential distinctions examined in post ioc ana-
lysis of low and high latent heterogeneity classes, only habitat
association explained some of the latent heterogeneity in this
population using posterior probabilities >0-50. A total of
1383 captures were associated with habitat (limestone forest,
degraded forest, or non-forest). As predicted, in non-forest
habitat, snakes assigned to the low capture class actually were
more likely to be trapped than snakes assigned to the high
capture class (%, = 0-51 £ 0:22, n =27, %,, = 0:42 £ 0-20,
n =43; Z = 1-86, P = 0-03); however, there was no difference
between the two groups in either limestone forest (%, =
0112019, n=27, X, =012%020, n=43; Z=-0'16,
P =087) or degraded forest (%,,=039%0-17, n=27,
Xpign = 0452 0-19, n =43, Z=-149, P=014). When the
smaller subset of snakes (with posterior probabilities >0-75)
was used, none of the five characteristics explained latent
heterogeneity at the P < 0-05 level.

Discussion

The physical closure of 4 continuous population allowed us,
on a landscape scale, to assess factors contributing to capture
heterogeneity and thus improve mark-recapture models,
without having to resort to the usual tactics of relying on
habitat discontinuities or short time intervals to mitigate
problems caused by lack of closure (Pollock & Otto 1983;
Kendall, Pollock & Brownie 1995). Heterogeneity may induce
very strong abundance estimation bias when detection
probabilities are low (Pollock & Otto 1983; Pledger 2005),
as in brown treesnakes and other cryptic, nocturnal species,
but the amount of capture heterogeneity in open populations
is almost never quantified (Pledger, Pollock & Norris 2003).
As part of the move to incorporate mechanisms to compare
the relative value of survey techniques for detecting species
(Gompper et al. 2006), we are taking the next step of checking
assumptions underlying the models. For example, the use of
data from visual surveys allowed trappability to be estimated for
the entire population of snakes present during the sampling
period, not just those snakes that were actually captured.
Of the covariates we found to influence capture heterogeneity,
body size was the most important. Capture probabilities for
trapping were high for large snakes (>900 mm SVL), but
negligible for small snakes (<800 mm SVL); with an abrupt
and strong shift in trappability occurring in the 700-900 mm
SVLsize range. Attainment of full trappability coincided with
the onset of reproductive maturity (Savidge, Qualls & Rodda
2007) and dietary shift toward endothermic prey (Savidge
1988). The effect of body size on trappability of brown tree-
snakes has been found in several studies (e.g. Rodda et a/.
1999b, 2002, 2007); and, in combination with present con-
firmation using a relatively large sample size and known
population, evidence for size selectivity in trapping of B.
irregularis is nearly unequivocal. The capture probabilities
we obtained for snakes <800 mm SVL (Figs | and 4) were so
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low that precise population estimates for juvenile sizes would
be difficult to obtain by trapping.

However, after size effects were accounted for, significant
variation among individuals still remained, some of which
could be explained by the snake’s recent capture history,
and some of which was modelled as latent heterogeneity.
Comparatively, differences among gender, residency status,
behavioural response, or body condition indices were small,
but implied that capture probabilities were higher in skinnier
snakes, once-captured snakes, females, and residents. The minor
behavioural response exhibited was one of trap-happiness.
Open models for abundance estimation, which do not easily
accommodate behavioural response, and which relies on the
assumption of equal catchability (all snakes caught with the
probability exhibited by the more trappable snakes), will
therefore underestimate abundance.

Tt was unexpected that snake condition index was only
weakly correlated with capture probability (skinnier snakes
more easily trapped), as capture probability of B. irregularis
was previously found to be strongly correlated with body
condition index at single sites (Gragg 2004; Boyarski 2005),
and in a meta-analysis of multiple sites on Guam (G. H.
Rodda, unpublished data).

The strong temporal autocorrelations were indicative of
individual periods of trappability. That is, individual snakes
appeared to go through periods of higher trappability, then
periods of low trappability. These periods were asynchronous,
and therefore did not manifest as a time effect, as they would
have if snakes were responding to weather or any other con-
currently experienced phenomenon, The lagged model struc-
ture used is essentially the same as autoregressive models in
time-series analysis and the interpretation is the same. The
proximate cause for individual ephemeral trappability is not
known but is unlikely to be associated with traps because
ephemeral effects are also supported when modelling visual
survey data from this population (M. Christy, A. Yackel Adams,
G. Rodda, J. Savidge, and C. Tyrrell, unpublished data).
We have not called this effect a behavioural response (Yang &
Chao 2005), because we are not convinced that the ephemeral
behaviour is a response to the experience of capture. Instead,
our ephemeral effects are hypothesized to be related to
physiological cycles in the snake such as short-term satiety,
moulting, or reproduction. Of these, short-term satiety is the
most likely and plausible for the 7 days length detected, as a
sated snake may be less motivated to enter a trap containing
a prey-based attractant. Moulting also takes about 7 days in
B. irregularis, but occurs only 2—4 times per year (Collins &
Rodda 1994). Reproduction is likely to occur over an appre-
ciably longer period (Whittier & Limpus 1996). As many snakes
probably did not become sated in association with the 7-day
period observed (attractant mice were protected in their own
cages), it is possible that 7 days represent the optimal time
investment before a snake changes foraging location. The snakes
in our study infrequently re-entered the trap they had been caught
in the previous night, but often visited traps nearby. Information
about foraging behaviour should be investigated as a potential
contributor to capture heterogeneity. Likewise, building an

ephemeral behavioural effect into analytical mark—recapture
models may greatly reduce a previously unsuspected source of
capture heterogeneity. Although identification of ephemeral
effect is more difficult to detect with reduced numbers of
occasions, investigators should be alert to the potential for
unmodelled ephemeral effects to create apparent capture
heterogeneity and thereby bias abundance estimates (Fig. 3).

Our discovery that considerable latent heterogeneity
persists after consideration of gender, behavioural response,
size, body condition, residence status, and ephemeral effects
suggests that future research on this species should be
directed at identifying additional covariates that influence
trappability. On a subset of individuals with adequate
information, we screened several additional covariates (growth,
trend of body condition, and habitat) in a post hoc analysis of
the latent heterogeneity groups to identify favorable prospects
for future research. Although only one habitat factor surpassed
the conventional (o = 0-05) statistical threshold, vegetative
structureis a plausible explicator of trappability and warrants
further consideration. Our experimental design precluded
directincorporation of habitat factorsin our primary analysis
because habitats were extensively intermingled in our area
and non-capture events (zeros in the capture history matrix)
could therefore not be associated with a particular habitat.

In addition to complicating population estimation, if high
capture heterogeneity is present and heritable, intensive
trapping pressure in control programmes could result in
selection favouring less-trappable individuals. If so, continued
trapping would make control progressively less effective,
and if trap yield is used as a population index, declining yields
could be falsely interpreted as evidence of progressive
population depletion,

In the short term, trap heterogeneity (whether heritable or
not) poses a serious challenge for those control programmes
directed at eradicating incipient or nearly extirpated popu-
lations, where trappability of the least trappable individual
drives the level of effort needed for eradication success.
Our latent class of less-trappable snakes, like that of the
more-trappable latent class, exhibited size-based differences
in trappability: snakes >900 mm SVL were much more
easily caught than smaller individuals. However, in the less-
trappable class, even large snakes exhibited low trappability
(<0-1).

The major outcomes of this study relevant to wildlife
management are that:

1. Using a physical, landscape scale, enclosure of a popula-
tion of cryptic, nocturnal predators (brown treesnakes), we
tested assumptions about capture heterogeneity that underlie
mark-recapture analyses, and were able to quantify size bias
as well as behavioural and temporal responses.

2. Ourresults suggest that population estimates and strategic
planning for managing species would benefit from incorpor-
ating factors such as body size, heterogeneity, and ephemeral
behavioural effects to detection or control methods such as
trapping. For example, we were able to confirm that trapping
is an effective tool for control of large brown treesnakes
>900 mm SVL, but not for snakes <800 mm SVL. Although
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eradication using traps is feasible for large snakes (all large
snakes in the study site were trapped within 53 days), further
research and development of effective control measures for
small snakes is urgently required.

3. Given appropriate adjustment for behavioural effects and
heterogeneity, previously collected survey data can be reana-
lysed using mark-recapture modelling to provide additional
robust population estimates.

4. If the variation implied by latent heterogeneity has a
heritable basis, trap aversion could evolve in invasive species
subject to control programmes that rely heavily or exclusively
on trapping. Development of other control tools is therefore
important to avoid selecting for trap-avoidance.

Many survey and management efforts assume that all
individuals of the target population are equally detectable or at
equal risk of capture. Failure to recognize an undetectable or
untrappable stratum could invalidate management efforts for
a species, and failure to quantify capturability lags could
suggest the existence of non-existent interactions of hetero-
geneity and behavioural responses. Thus, the challenges revealed
by this novel application of artificial closure could be of
crucial importance in abundance estimation, population
characterization, and control programmes for a wide variety
of applied ecological studies.
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