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ABSTRACT Conservitton and management of small mammals regaires rerable knowledge ot paputanon size, We investigated preasion of
mark—recaptwre and removal abundance estimates generzted from live- wappusg and snap-trapping data collected atsites on Guam (n=7), Ro
(= &), Saipan (2 « 55, and Tmian (5~ 3), in the Marana Istands, We also cvaluared 2 common index, captures per unic effort (CPUE), as «
predicror of abundance. In addinon, we evaluared cost and rime associated with implementing live-wapping and snap-trapping and compared
specics-spaabe capoure rares of selected ve- and snap-traps. Uor alt specics, mark—recuprure estimates were eonsistently more precise
retnoval estunates based on coefiicicnrs of vanation and 95% confidence intervals. The predicnve utitity of CPUL was poor bur inproved with
increasing sampling duration. Nonetheless, modeling of sampling dara revealed that underlying assumprions aritical o application of an 1ndex
af abundance, such as constant capaure probability across space. ume, and individuals, were not met. Although snap-trapping was cheaper and
faster than ve-trapping, the time difference was negligible whea site preparation tune was considered. Rafzus diardrs spp. caprures were grearest
in Hlagurorna lve-traps (Standard Tradiog Co., Honufwu, HI) and Vietor snap traps (Wondstream Corporation, Uiniz, PA). whereas Surrens
marsy and Muas enusaddas caprures were greatest e Sherman live-traps (T, B. Sherman Traps, Ine, Tallahassee, F1) and Muscun Speaial
saap traps (Woodstream Corporation). Although snap-trappiog und CPUE may have ulity after validarion against more rigorous methods,

validation should oceur across the full range of study conditians. Resources required for this level of validatien would Jikely bt

herrer allocated

towards implementing rigomus and robnst methods, (JOURNAL OF WILDLIFE MANAGEMENT 73(3):761-771, 2009)

DOT: 10.2193/2008-180
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ramoval, snap-trapping.

Reliabie information about small-mammal population size s
often necessary for implementation and cvaluation of
conservation and ranagement practices. Unfortunately,
many species are cryptic, nocturnal, and have spatially and
remporally variable densities. Many rescarchers therefore
sclect sampling and data analysis methods percelved to be
tast and inexpensive, such as snap-trapping and indices of
abundance, despite concerns about accuracy and precision of
these methods (Nichols 1992; Anderson 2001, 2003
Sullivan er al. 2003; White 2005).

Live-trapping and snap-trapping are 2 of the most
commonly used small-marmmal sampiing merhods (Wil-
liams et al. 2002). During live-trapping, captured animals
can be uniquely marked and released, where they are
available for recapture during subsequent sampling occa-
sions. In contrast, captured animals are removed from the
population during snap-trapping, eliminating the possibility
of recapture. Ditect comparisons between live-trapping and
snap-trapping, or analogous methods for other taxa, suggesr
that removal of individuals from the population often
produces biased data (Rodgers et al. 1992, Jung ct al. 2002,
Sullivan er al. 2003).

Closed popularion mark-recaprure (live-trapping data)
and removal {snap-trapping data) abundance estimators
assume that capture probability is appropriately modeled
and that the population 1s subject ro no births, deaths,
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emigration, or immigration during sampling (Williams cr al.
2002}, Mark-recapture estimators also assume thar marked
anirnals are correctly identified upon recaprure. Removal
estimators arc subject to an additional restriction, because
captures must dechine over subsequent sampling occasions;
noendeclining captures result in estimates with poor accuracy
and precision (Ous ct al. 1978, White ot al. 1982},

Many rescarchers choose to forge abundance estimation
altogether and instead report only count-based indices of
abundance, such as caprures per unit efforr (CPITE; White
et al. 1982). Index propunents saggest that indices require
less analytical expertise and are subject to fewer or less
restrictive assumptions than abundance estimation metbods
(Engeman 2003, 2003). Carefal consideration of indices,
however, suggests that they are not without restrictive
assumptions (Table 1). For examnple, the inherent assump-
tion of any index of abundance is that the relationship
between the index and rruc abundance is monoronic,
proportional, and constaut across space, time, and individ-
uals (Nichols 1992; Anderson 2001, 2003). Unfortunately,
few researchers test this assumprion, either by evaluating
indices against known popularions {Conn et al. 2006),
double-sampling (Eberhardt and Simmons 1987, Slade and
Blair 2000}, or through simulation (McKelvey and Pearson
2001). Failure to validate indices limits their utility {Nichols
1992; Anderson 2001, 2003).

We evaluated mark-recapture and removal abundance
estimates, wirh the a priori expeetation that mark-recapture
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Table L. Comparisan of the robustness of an index of abundance (caprures per unit effort [CPUE]) and 2 estimares of abundance (removal and mark-
raeapture) o vwolaton of populalion ¢losure and potenual forme uf caprure probabiity vananon.

CPUE

Population attribute

Removal Mark-recapture

Required; unclear how 1o
recognize violalion

Closed poputation

Caprure probability variauon hy:

Space Invalid across space
Time Invalid across tnie
Behaviar Vald; enly first capture

data are utilized

Individual beserogeneiry Invald unless strarified

Required; ditficulc o recognize violation

Valid if modeled
Prablemane; reduced accuracy and preasion
Valid; only Hrst capture daka are uiilized

Peoble - reduced accuracy and preci
roblematc, reduced accuracy and precision

Possible to recognze
wiadation

Valid if modeled

Valid if smodeled

Valid i modeled

Valid it modeled

estimates would be more precise (smaller CV and narrower
95% CI) than removal estimates. We based this hypothesis
on the amount of information uscd to generale estimares
{mark-recapture > removal), as well as the andcipated
robustness of each metric to violations of critical assump-
tions (Tuble 1). We evaluated CPUE as a predictor of
abundance, with the a priorl expectation that violations of
underiying assumptions (Table 1) would likely compromise
this index. Finally, we evaluated effects of sumpling duration
on CPUE, cost and time associated with implementing live-
trapping and spap-trapping, and specics-specific capture
rates of sclected live- and snap-traps.

STUDY AREA

We sampled smadl-mammal populations on Guam, Rota,
Saipan, and Tintn in the Mariana Islands, an archipelago of
15 istands arrayed in a north-soutl ate between 13° N und
21° N and 144° E and 146° E in the tropical northwest
Pacific Ocean,

The small-tnammal community of the Mariana Islands
consisted of =5 introduced species, including Mus musculus,
Ratins cxulans, R. norvegicus, and Suncus muyrinus. Un-
certainty exists regarding the idenaty of an additional Rattus
spedies, thoughe to be either R. ratfus or R. fanezumi
{Musser and Carleron 2005). Preliminary genetic analysis of
randomly selected samples from Guam (n = 17), Rora (n =
10), Saipan {n = 10), and Tinian (» = 10) indicated thac all
wete most closely related to the R. diardii group described
by Robias et al. (2007; S. ). Oyler-McCance and J. St. John,
Unired States Geological Survey, unpublished data).
Although the taxonomic identity of this group is nnder
comprehensive investigation, we refer to them us R drardii
PP
METHODS

Sampling Design

On each 1sland, we identified porential study sites based on
habitat rype and available arca of homogencous habitat
using  1:24,000-scale and 1:25,000-scale United Staccs
Geological Survey topographical maps and 1:20,000-scale
vegeration maps (Falanmw et al. 1989). We selected sites in
4 habitats: grassland, nanve limestone tovest (hereafter,
native forest), secondary forest dominated by the introduced
leguminous tree Leucuena leucocepbaly (hercafter, Leucacna
forest), or mixed habitat (typically a mixture of grassland

and Lewcaena forest). With the exception of mixed habirat,
sites contained >4 ha of homogeneous habitat. We sisnpled
7 sites on Guam, 4 on Rota, 5 on Saipan, and 3 on Tinian,
induding >1 grassland, one native forest, and one Lewcacna
forest site per island, between April 2005 and November
2006, During the same period, we sampled 4 mixed habitat
sites on Guam (7 == 1), Rota (n = 1), and Saipan (n = 2).

At each site, we prepared an 11 X 11 grid with 12.5-m
intervals between each trap stadon (1.56 hu). Sarpling
activities oecurred over 2 weeks and consisted of (in
chronological order) a 2-day live-trap acclimation period, a
5-day live-trapping period, a 2-day snap-trup acclimation
period, and a 5-day snap-trapping period. During live-
rapping, we placed onc standard-length folding Sherman
live-trap (229 X 89 X 76 mm; . B. Sherman Traps, Inc,
Talluhassee, FL) at each trap station (n = 121) and one
Haguruma wire mesh live-trap (285 X 210 X 140 muy
Standard Trading Co., Honolulu, HI} at every other trap
station (25-m intervals; # = 36). Prior to the snap-trap
acclimation period, we replaced each Sherman trap with one
Museum Special snap-wap (141 X 70 X 15 mm; Wood-
strearn Corporation, Liritz, PA} and each Haguruna oap
with one Victor rat snap-trap (175 X 84 X 28 mmy; Model
M201, Woodstream Corporation).

We used 2 types of Live- and snap-rraps to maximize
captures, based on prelimimary testing that indicared thar
Haguruma and Victor traps targeted Ratfus spp., whereas
Sherman and Museum Special traps targeted M. muscufus
and 8. murinus. We based trap spacing on home range and
movement patterns of M. musenlus, S. murinus, and Ratrus
spp. in the Mariana lslands (Baker 1946; Barbehenn 1969,
1974).

We placed traps on the ground and, whenever possible,
next to or beneath clumps of grass, downed woody debris, or
rocks to provide shelter from sun and rain. We baited traps
with a mixture of peanut burter, oats, and food-grade
paraffin and checked them beginning ar 0730-0800 how s
cach day. We dlosed traps throughout the day to mimimize
trap mortality, reopened them at approximately 1600 hours,
and rebaited as necessary. We did not bait traps during
acchmation periods. At each site, we recorded the rime
required to prepare the trapping grid and complete daily
activiries associated with each sampling method, including
trap baiting, trap monitoring, and animal processing.

During live-trapping, we uniquely marked all captured
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animals wirh numbered metal car tags (M. muscu/us and §.
murinus: tags produced by S. Roestenburg, Riverton, UT;
Rattus spp: no. 1005-1, National Band and Tag Co,
Newport, KY). We examined and measured captured
animals to determine species, sex, age, and reproductive
stazus, mass (g), head-body length (mm), tail length (mm),

right hind-feot length \mm), right car length {mm), and
testes length {mmy; if applicable). Capture, handling, and
marking techniques followed guidelines approved by the
Aumnerican Society of Mammalogists (Gannon et al. 2007)
and the Amimal Care and Use Commirttee of the United
Srates Geological Survey Fort Collins Science Cenrer. We
disposed of wnimals captured during snap-trapping away
trom study sites and human-use areas.

Dara Analysis

Qur data analysis followed an information-theoretic ap-
proach involving model selection and multimedel inference.
We based model sclection on Akaike’s Inforination
Criterion corrected for small sample size (AIC,; Burnham
and Aunderson 2002). We considered models competitive
with rhe top-ranked model when the difference (AAIC)
was <2.0 {Burnharn and Anderson 2002), We model-
averaged parameter estimates based on Akaike weights (w;;
Burnham and Anderson 2002) and included the entire
model set except for models with nonsensical i estimates
(c.g., B =—18.6, SE[P] =475.6), which we reinoved prior to
model-averaging. Unless otherwise indicated, estimates are
presented as mean = 1 standard error.

We wreared live-trapping and snap-trapping data similarly
during abundance estimation, with the exception that we
constrained recapture probability to zcro when modeling
snap-trapping data. We generated all abundance estimates
in Program MARK 4.3 (Whire and Burnham 1999) using
the conditional likelihood closcd capture—recapture maodel
developed by Huggins (1989, 1991). This modcl uses
estimates of capture probability and number of individuals
captured to estinate zbundance and can account for
heterogeneity in capture probability from temporal, behav-
1oral, and individual cffects {expressed either as unexplained
heterogeneity, i.c., finite mixture distritbutions [Pledger
2000], or covariate-associated capture heterogeneity [Hug-
gins 1989, 1991]). In this conrext, snixture distribntions arc
an attempt to deal wirh individual capture heterogeneity by
grouping animals witk similar capture probabilities into
discrete classes for moedeling purposes.

In Program MARK, we coded design matrices to allow
sites to be rreated eirher individually or as groups based on
common attributes such as island or habitat. We modeled
capture and recaprure probability across these groups to
wincrease statistical efficiency (i.e., reduce esrimate VEU’JZ.HLC)
and allow abundance estimates to be generated for sites with
few captures or recapeures (Bowden et al. 2003, White
2005). We built models in an iterative tashion, beginaing
with raodels allowing caprure probability to vary by time { t)
behavier (b), lndundual (hetcrogeneiry [h]), combmatlonq
of these factors, or constraining caprure probability to be
constant. We specified heterogeneity models as 2-mixture

maodels, based on concerns that our data ser would not
support a more paramcterized model (Conn et ai. 2006). It
the top model amongst these models included a teroporal
component, we fit a set of necophobia models to the data set.
Neophobia nodels allowed capture probability to vary
during the first {neol) or first and second (neo2) sampling
occasions, while holding caprure probability constant for
remaining sampling occasions. Motivation tor these models
came from literature accounts of neophobia for introduced
Rattus spp. (Temme and Jackson 1979, Inglis et al. 1996,
Clapperton 2006). Building on the framework of the rop
model, we next added a sct of models parameterized to
model caprure probability, recapture probability, or borh
capture and recapture probability as a function of island,
habitat, or site. We hypothesized that capture or recapture
probability would differ berween Guam (where introduced
brown treesnakes [ Boiga srregularis] occur at high densities)
and Rota, Saipan, and Tinian (without cstablished brown
treesnake populations), so we coded the island grouping in 2
ways, with island[4] differcnriating each istand and island{2]
differentiating Guain from the combination of Rota,
Saipan, and Tinian.

Our final sct of models incorporated iudividual and
cuvitonmental covaniates, beginning with the global model
and proceeding through a series of more parsumnonious
models. We assessed covartate importance by examining 5
values and 95% confidence intervals, where we considered
covariates with 95% confidence intervals not overlapping
zero influential on caprure probabilicy. Covariates under
consideration included sex, age, reproductive status, body
condition index, body size, rain previous night, and rain
amount. Reproductive status (repstat) was a categorical
variable that differentiated reproductive and nonreproduc-
tive individuals; we determnined repstat based on mass and
presence of externally visible sexual characteristics such as
descended testes for males or lactation for temales. We
calculated body condidon index (bodycon) as the ratio
between the observed and expected mass of an individual,
where we determined expecred mass from a lincar regression
of the natural log of mass versus the natural log of head-
body length. Tor each specics, we modeled variation in
bodycon as 2 function of island[4], istand]2], and habirar in
an analysis of vagdance framework (Proc GLM; SAS
Institute, Inc, Cary, NC);
specific bodycon model because of sparse dara for some sires,
We included bodycon estimates from the top model (or the
model-averaged estimate) for cach species in MARK

we did not consider a site-

modeling. Body size was a species-specific composite
variable created from a principal components analysis (Proc
FACTOR; SAS Institute, Inc.) of mass, head-body length,
tail length, hind-foot length, and ecar length measured for
cach capturcd mdividual.
(rainprev) was a categorical measure of the presence or

Fipally, rain previous night

absence of rainfall during each trap-nighr and rain amount
(rainamit) was a quantitative measure of total rainfall (mm)
at the center of each trapping grid. Rainamr measurements
enconpassed & 24-hour period, with the exception of the
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Table 2. Number of Mus muicalus, Rattus diards: spp.. and Suncus murines captares (CAP) and caprues per unir effort (CPUL) dunng Lve-teapping (Lave)
) PF ! 3 : A E
and snap-trapping (Soap) . grasstand, [asicaens forest, mixed, und nanve torest habicats o Guai, Rora, Saipan, and Tinan, Marans Tslands, 2005-2006.

M, inusculus

R diardii spp. 8. murinus

Live Snap Live Snap Live Snap
Habitat CAP CPULE CAP CPUE CAP CPUE CAP CPULE CAP CPUE CAFP CPUE
Guam
Grassland 15 2.2 19 2.8 22 32 14 2.1 14 20 19 2%
cucaena forest 1 5 0.7 1 02
{euagna forest 2
Lencama forese 3 13 2.5 3 c.7
Nixed 1 0.1 1 a2 5 10
Nutre forest & 1 2
Nague forest 2
Roa
Grasslund 25 41 24 49 88 14.3 82 169
Loucacna Vovest 19 3.6 9 2.2 42 7.9 20 5.0
Mixed 33 6.1 15 3R 106 203 79 19.9
Nadve forest 1 0.2 11 19 4 1.0
Samran
Grassiand 51 81 52 8.4 41 6.5 32 52 19 30 i2 1.9
Lencaena Torest 2 0.3 50 e 6l 14.7 43 6.8 30 18.7
Mined 1 29 4.8 J4 8.3 9 1.5 14 3.
Mixed 2 1 0.2 8 1.1 15 2.6 47 6.6 20 34
Natiwe forest 24 4.0 28 7.0 19 2 o 67
Tans:
Coragslund 9 1.4 2 03 106 163 145 35.4 1 1.7 6 13
Lewcaena (orest 55 9.0 41 241 93 15.2 G2 137
Natve Lorest 80 12.8 7 19.7 43 6.9 10 2.5

frst sampling cecasion for which rainame included only the
12-16-hour period prior to trap moaitoring. Before
induding rainame in MARK models, we determined that
rainfall averaged across sites did not differ appreciably
between sampling occasions based on overlapping 95%
confidence intervals. Following the addition of covariates,
we generated model-averaged abundance estimares from all
estiniable models (Burnham and Anderson 2002).

Because we did not know true abundance, we compared
mark-recaprure and removal abundance estimates against
each other on a site-specific basis, We evaluated abundance
estimates based on the magnitude of coefficients of variation
and the width f 95% confidence intervals. When mecessary,
we truncated 95% confidence interval lower limics to reflect
the number of unique individuals captured. We considered
estimates wirth small coefficients of variation (<0.30Q} and
narrow 95% confidence intervals to be more precise and,
therefore, more informative, than estimates with large
coeflicients of variarien and wide 95% confidence intervals.

We then used the sampling method producing the greatest
proportion of informative site-specific estimates to evaluare
CPUL generated trom both live-trapping and snap-trapping
dara using regression analyses (Proc REG; SAS Institute),
with regresstons constrained to pass through the ongin. We
present CPUE as captures/100 corrected trap-nights, where
a wap-nighr is defined as one wap active for ome night after
carrecting for sprung traps (Nelson and Clark 1973). We
evaluated CPUE from the firse day of sampling, 3 days of
sarmnpling, and 5 days of sampling to investigate the effect of
samnpling duration on iudex performance. We considered

CPUE predictive utility to be directly related to 95%
prediction inzerval width, where a prediction interval is a
confidence interval for an individual predicted value.

Finally, we compared live-trapping and snap-trapping
based on the effectiveness of cach method tor capturing
target species as well as the cost of implementation, We
evaluated trap effectiveness by comparing species-specific
capture rates {captures/l100 corrected trap-nights) during
live-trapping and snap-trapping. Capture rate calculations
included only sites where we captured a species. We
investigated the cost of cach sampling method by cornparing
the inital cost of supplies required to implement our
sumpling protocol, the mass and volume of those supplies,
and the ume required for site preparaton and activities
directly associated with sampling (i.c., trap baiting, trap
monitoring, and processing of captured animals). We
standardized ime measurements to person-hours to avoid
potential bias resulting from uncqual participation iu timed
activities,

RESULTS

We captured 681 R, diardii spp., 298 S murines, 154 M
mrusertus, 15 R. exulans, and 5 R, norvegicus in 14,915 trap-
nights (12,0115 corrected trap-nights) during Live-trapping
and 642 R. diardii spp., 255 8 murinus, 122 M. myscudus, 14
R. exulans, and 3 R. norvegicus in 14,915 trap-nights (8,952
corrected trap-nights) during snap-trapping (Table 2). Due
to limited captures, we did not inclade R. exw/ans and R.
norvegicus in our analyses. Live-trapping mortality was
minor for R dierdis spp. (2 mortalites out of 681
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individuals captured) and M. mruscudi {2 nmortalities out of
154 indenduals captured). For 8 murinus, the rate was
bigher (16 mortalitics out of 298 individuals caprured).
The top R. diardii spp. mark-recaprure model for live-
trapping data (w, = 0.871) allowed necophobia in capture
probability (neo2) for each island (island{4]) as well as
capture probability variation by the covariates sex, repsrat,
and rainamt, with recapture probability varation by
island| 4]. sex, repstat, and rainame. Covariate effects were
strong and had 95% confidence intervals that did not
overlap zero, Based on the rop model, capture probability
to 3 and
reprocluctively active females were on average more than

inereased 3-5 tumes berween occasion 1
twice s likely to be captured as nonreproductive males (Fig.
1). Capture probability increased with increasing rainfall; for
a reproductively active female, the inicrease was from 0.15 to
0.22 for the lower and upper fifth percentles of rainamt {0
mm and 22 mm). All other models with support conrained a
subset of these covariates and neithet the top model without
covariates (AAIC, = 17.97) nor the p model (constant
capture probability) had support (AAIC, = 105.12).

The top R. diardsi spp. removal model for snap-trapping
cata {(w, = 0.375) allowed capture probability to vary
hetween Guam and the combination of Rota, Saipan, and
Tinian (1sland[2]), sex. repstat, age, and body size. Covariate
effects were strong and had 95% confidence intervals that
did not overlap zero. Based on the top model, capture
probabilitv was approximately 2 times greater tor reproduc-
tively active females than for nonreproductive males,
Capture probability was also greater for adults than juveniles
but lower for the largest individuals within each age clags
(Fig. 1). All other models with supporr contained a subser of
these 4 covariates and neither the top model without
covariates (AAIC. = 12.08) nor the p model had support
(AAIC, =15.09).

The top S murinus mark-recapture model for live-
trapping dawa (w0, = 0.994) allowed both temporal variation
and heterogeneity (2 mixtures) in caprure and recapture
probability, with the temporal recapture probability varia-
tion differing by island{4]. No other models had suppore, Of
the 2 effects on capture probability, unexplained capture
heterogencity was more important, with average capture
probability across all occasions of 0.11 for the low
probability class (65% of the population) and 0.67 for the
high probability class (35% of the population). The top &
mrrrinus removal model for snap-trapping data (z, = 0.836)
allowed ncophobia in capture probability (neol) for ecach
habirat, where ocesston 1 capture probability ranged {rom
0.01 in mixed habitar to 0.09 i grassland. The p model had
no suppor: (AAIC, = 11.90).

The top M. wusarfus mark—recapture model for live-
trapping data (w, = 0.349) allowed both temporal variarion
and hLererogencity (2 mixtures) in captwe and recapture
probability, wirh the remporal variation in capture proba-
bility differing by island[2]. Of these effects, unexplained
capture licterogeneity was more imporeant, with average
capture probability across all occasions ranging from 0.11 for
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Figure 1. Effect of covadatws on Ratfus dierds spp. mark-recapture (upper
panel) and removal (Jower panel) capture probali iy using data from Saipan
(Mariana Tslands) collecred 2005-2006. The top mark-recar
included neaphobia (reduced caprure probabiiity during aecasions 1 and 29,
Sex, Feproductive  status (rcpmducmvl:ly acove = cosed svinbel. non-
reproducove  open symbol), and run amount. The wp removal model
included sex, reproductive stawus, age (ad = large symbo), juy = mull
symbal), and body size (created from a principal components analysis
[PCA] of mass, head~body length, tail length, hind-foor length, and car
length}, where body size increases from left to nght on the x-ans.

4.0

’
ure el

the low probability class (67% of the population} to 0.56 for
the high probability class (33% of the populaton}. The p
model had no support (AAIC, = 35.91). The top A
muscutus removal mode! for snap-rrapping data (w, = 0.745)
allowed neophobia in capture probahility (neol) ditfering by
island| 2], where oceasion 1 capture probability ranged from
0.12 on Rora, Saipan, and Tinian 0 0.32 on Guam, There
was minimal support for the p model (AAIC - 3.85).
Model-averaged mark-recapture abundance estimates
from live-trapping (Binin) and removal abundance esti-
mates from snap-trapping (Nyuag) were often qualiratively
similar, although there was an overall trend of Nipv >
Nyi-g for R. diardii spp. {Table 3) und 8. murinus (Table 4).
For M. musculus, Ny and Nguy were generally similar
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Table 3. Ratrus dndii spp, inedel-a
incervals generated rom live~trappng (Ny. ) s

8 (N [
Craarn, Rot, Smpan, and Tinian, Mariana Islands, 2005-200s,

! mark—recupture and removal abundance estimates, standard ereors, cocflicien
Yand snap-trappag (Npga) dare colleored 1 grassland, Lesezena forest, mixed, and maove Torest habitats on

s of variauon, and 95% confidence

Nvi-n NrEm
Abundance Abundance
{Habitat estimate SE Ccv 95% CI1 estimate SE CV 95t CL
Guam’
Grassland 41.1 9.4 023 22 8-59.5 175 5.2 0.30 14.0-27.7
Le wi Forest 1 6.6 1 0.26 5.0-9.9 L1 0.5 Q.45 1.0-2.1
Lencaena “orest 3 229 58 0.25 13.0-34.3 3.7 14 0.38 3.0-6.4
Mixed 1.8 1.2 0.67 1.0-4.1 1.0 .1 0.10 1.0-1.2
Native torest 1 1.1 0.2 0.18 16-1.3
Rota
1424 228 .10 97.6-187 1 210.0 107.0 051 82.0—1%6
700 129 01y 44 7-95.2 34.9 9.2 (26 200529
1804 31.0 0.17 125.7-247.2 237.0 1i5.0 U.49 79 0—4ed6
17 8 43 0.24 11.0-26.3 9.1 5.2 0.57 4.0-19.3
Swspun
Grassiand 72.2 13.¢ a9 44.9-99 5 65.0 254 .39 32.0-114.8
Lewcaene forest 90.5 17.4 0.192 56.4-124.7 151.5 53.0 0.35 63.0-2554
Muxed 1 548 11.7 0.21 1.9-77.7 §25 JRO6 047 34.0-158.1
Mixed 2 15.0 4.7 031 B.O-24.1 26.3 8.5 032 15.042.9
Nutive {orest 471 1.1 0.24 25.4-68.8 354 15.6 0.30 28.0-87.9
Tinian
Grasasland 194.4 345 G.18 126.8-262.1 474.8 268.6 .57 145.0-1001.2
[ eucaena forest R5.6 14 0.16 58.0-113.2 1228 9.3 (.65 41.00-278.2
Natnve fnrest 146.3 26.3 018 94.6-197.4 210.6 120.6 (.52 79.0-467.1

*We coprured zero R diadii spp ar 2 sites {1 Lewcgena forest and 1 natve forest).

(Table 5). For all species, Np_g were more precise than
Nupn based on cocfficients of variarion and 95%
confidence interval width (Tables 3~5).

When evaluated against our most precise and information-
rich abundance estimate, Ny_g, the width of CPUE 95%
prediction intervals decreased with increasing sampling
duration for live-trapping but was relatively constant for
snap-mapping. For example, a mid-range 1-day R diardii
spp. CPUE from live: trapping (CPUE, ..} predicrs Npsor
of approximarely 5-170 individuals, whereas a mid- range 5-
dav CPUEr .. predicts Naip of approximately 75-125

individuals (Fig. 2). In contrast, there was no improvenient
between mid-range 1-day and 5-day CPUE from suap-
trapping (CPUE,,.p), which predict ;QM__R of approximarely
50-150 and 85-190 individuals, respectively (Fig, 2).
Similar patterns were evident for S murinws and M
musculys, with the exception that M. musculus CPULs,,,
95% prediction interval width decreased shghtly with
ncreasing sampling duration.

We captured R. diardii spp., S. murinus, and M. masculus
1 all traps during live-trapping and snap-trapping, although
effectiveness of each trap differed between species. R. diardii

Table 4. Suncxc murtnus model-averaged mark—recaprure and semoval abundance eswinates, standard errors, coetficients of vaniauon, and 93% confidesce
stervals generated from live-trapping (Nvi_g) and snap-trapping (Ngea) data collected in grassland., Leucaena ferest, mixed, and native {orest habitats on
Guany, Rota, Saipan, and Tinan, Maciana Tslands, 2005-2006. We dul not capsure or observe 8. murinzs on Rota.

Nuig Nagm
Abundance Abundance
Habitat estimate SE Cv 95% CI cestimate 5E Cv 95% CI

Cuam’

Crasaland 2.3 58 0.2¢ 14.0-31.7 809 97.0 1.20 19.0-271 ¢

Niixed 27.9 37.2 1.33 S0-100.7
Saipan

Grassland 288 8.5 0.30 190435 531 63.7 1.24 12.0-181 8

encaena fovest 678 201 0.30 431072 136.8 5500 1.26 80.6-1514 7

wlixed 1 13.6 4.5 0.33 9.0-22.4 80.3 103.8 129 14.0-283.8

Muxed 2 706 19.2 0.27 47.0-108 3 t14.8 1475 1.28 200403 9

Narive forest 30.0 94 031 19.0-45.4 1354 168.8 1.25 27.0—466.2
Tirian

Grassland 173 5.8 0.34 11.0-28.7 26.6 33.6 1.26 60-92.5

Leucacna forest 143.1 39.7 0.28 93.0-220.8 3389 427.2 1.26 62.0-1176 3

Matve forest 637 17.0 .27 43.0-97.0 499 63.2 1.27 10.0173.7

a

We captured zero 8 msrenis at 5 gites (3 Lexcasna forest and 2 native forest).
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Table 5. Mus misculis model-averaged mark—ecapiure and removal abundance estimates, standard errors, coefficients of variation, and 95% confidence
intervals generated from live-trapping (Nay_g) and snap-trapping (Npgay) data collected in grassland, Lewcaena forest, mixed, and native forest habicats on

Guam, Rota. Saipan, and Tinian, Mariana Jslands, 2005-2006.

NM—R NRF_M
Abundance Abundance
Hubitat eyfimarte SE Cv 95% CI estimate SE eV 95% CJ

Guant”

Graseland 175 4.0 0.23 15.0-25.3 35.2 20.7 0.59 19.0~75.7

Grassland 41.5 101 024 23.0-61.3 54.4 37.8 3.69 24.0-128.4

Levicasna lovest 320 £.3 0.26 L9.048.3 20.5 148 0.72 9 (1495

Mixed 53.2 12.7 0.24 32.0-78.1 340 23.9 0.70 15.0-80.9

Native forest 1.7 1.2 0.71 1.0-4.0
Saipan"

Grassland 80.3 174 0.22 51.0-114.6 1179 80.7 0.68 52.0-276.1

1 cucaeng forest 3.2 1.6 (.50 20-63

Mined 2 2.3 23 .00 1068
Timtaw

Grassland 1.6 44 0.30 9.0-23.3 4.5 39 0.87 20-122

We anrured zero M omusadus au 6 sites (3 Leacwena torest, 1 mixed habigal, and 2 native forest).

" W captured zeto AL mue

s at 2 sites (1 muxed habstar and 1 native torest),

W captured were M mngeedus at 2 sites {1 Leuzaena forest and | nanve forest).

spp. caprures were approximately 11 times greater iu
Haguruma hve-traps and Victor snap-traps, whercas §.
murinus and M. snuscidus captures were only shightly greater
in Sherman live-traps and Muscum Special snap-traps (Iig.
3).

Iminal supply cost was much lower for snap-trapping
(approx. USS700 for traps) than for live-trapping (approx.
1J8$3,C00 for traps, car tags, and application pliers). Vicror
and Museurmn Special snap-traps were also smaller and
lighte: {approx. 11 kg) thar Haguruma and Sherman five-
traps {approx. 45 kgi. On average, snap-trapping 1equired
fess time (19.7 person-hr, S == 3.8) over the S-raght
samnpling period than did live-trapping (31.8 person-he, SD
=10.5). However, sampling time was generally less than site
preparation time (48.6 person-hr, SD = 26.9), such chat
overall time requirements were not markedly different
between live-trapping (81.0 person-he, SD = 26.6) and
snap-rrapping (67.9 peeson-hr, SD = 27.2).

DISCUSSION

Mark-Recapture and Removal Abundance Estimates
Using dara collected during consecutive live-trapping and
we demonstrate that mark-recapture

SHAP-TTRPPINgG CVe s,
abundance estimates generated from live-trapping  data
(Nay_p) were more precise than removal abundance
estimates generated from snap-trapping data (Nppyp).
Unfortunately, without knowledge of true abundanec we
cannoft evaluate the accuracy of these estimares, In practice,
truth 1s rarely known and researchers must rely on
abundance estimates 1o answer rescarch quesrions. In that
framework, rthe generally poor precision of Ngpyr, as
demonstrated by large coefficients of variation (>>0.30)
and wide 95% confidence intervals, hmirs the udlity of
these estimartes for conservation or managemncent applica-
tions, In wontrast, most of Nayp kad small coefficients of
variation {<0.30) and 95% confidence intervals. Typically,

bias deccrcases and variance increases as the number of
parameters in a2 model increases (Burnham and Anderson
2002); however, this wus not the case for our mork—
recapture models, which had higher mean parameter counts
(R. diardit spp. = 16, S. murinus = 13, M. musculus = 12)
than did removal models (4, 4, 3, respeetively).

We suspect that the high Ii.rREM varisnce 15 largely
artributable to nondeclining captures over successive sam
pling occasions. Snap-trapping caprures ot new individuals
declined ar only 4 of 14 sites with >5 R diardii spp.
captures, 1 of 9 sites with >5 S murinus caprures, and 2 of 5
sites with >5 M. musculus captures. The obvious explanation
for nondeclining captures is a failure of population closure
(1.c., births, deaths, emigration, or immigradon during
sampling). Of rthese, neither deaths nor emigration can
explain nondeclining captures. In contrast, both births and
imrmigravon would add animals to the sampling area over
time. We suspect that births are unimportane for short-
duration sanpling events, although the maturation of

Juvenile amimals could be important. In fact, R diardic

spp. juvenile captures inereased from 17% of total capturcs
during Jive-trapping to 35% of total captures during snap-
trapping, and juvenile M. muiculus showed a similar increas
from 2% to 12.5% of total caprures. Although these
inereases could indicate that maturation of juvenile aniinals

made them increasingly available for capture, it seems
unlikely that this phenomenon would occur across multiple
sites, habitats, and islands.

A more plausible explanation is that removal of dominant
adules during snap-trapping altered behavior of nondomi-
nant juyeniles, thereby increasing their capture probahilivy
(Summerlin and Wolfe 1973). Removal of animals also
inereases imnugration risk, beeause territorial vacancies may
atrract animals from outside the sampling area (Stickel
1946, Fitzgerald et «l. 1981). It immigration were ocvumring,
we would expeer most new individuals to be captured on the
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Tigure 2. Relationship between Rattus diardri spp. mark—recaprure abundence esumates generated from Iive-trapping data and caprares per urut effort
(CTUE, caprures/100 correcred trap-nights) from 1 day, 3 days, and 5 days of live-trapping (CPUF, ,...) and snap-trapping {CPULL, ) vonducted at sires on

Guam {» 7}, Rota (n - 4}, Saipan (n
the orign: dashed lines indicare 93% prediction snteivals.

perimeter of the gnd, especially during later sampling
oecasions, [However, analysis of captures in perimeter (the 2
cuter gnid rows and columns) and interior traps revealed
little evidence for immigration. Observed caprures in
perimeter and interior waps were generally within 5-10%
of expected captures based on trap availability and never
exceeded expected captures by >>10% during sampling
occasions 3-5. ' X

In a post hee attempt to further evaluate sources ot NrEat
variance, we compared Nupm with removal cstimates

5), and Thnien (2 . 3), Mariana Tslands, 2005-2006. Sotid lines indicare the bese-fii line, copstrained m pass through

generared from cthe hive-rrapping data set after excluding
recaptures. Because these removals weve figuranve, we did not
expect increased capture probability of nondominant indi-
viduals or immigration and, therefore, predicted improved
precision in comparison to ﬁm;}\-}' Contrazy to expecrations,
R diardii spp. removal estimates generated from live-
trapping data generally had larger coefficients of variation
and wider 95% confidence intervals than Jid Nggas In
contrast, §. murinus removal estimates generated from live-
trapping data had smaller cocfficients of variation and
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nasrower 95% confdence intervals than did Nprae M.
pmuscafus coettclents of variation and 95%  confidence
mtervals were generally sinmlar between removal estimates
generated from live-trapping data and Nrew. These results
suggest thal factors other than increased caprure probability
ol nondominant individuals or immigration influenced Nrrm
precision. We suspect that the reduced information conten
used to generate removal estimates (from either live-trapping
or snap-trapping data) limits cheir precision in comparison to

more information-rich mark-recapture estimates.

Count-Based Tndex

hing Nagn as our best measure of small-mammal
abundance, we found that CPUE . gencrally had narrower
95% prediction intervals than CPUEy,,,. The predictive
value of CPUE; . increased with increasing sampling
duration for all species. In contrast, chere was little apparent
benefit to iacreased sampling duranon on the predictive
vatue ot CPUL 0, except tor M. musculus. We suspect that
this improvement may relate 1o M. museuius snap-tapping

caprure suppression by R. diardii spp. or S. smurinus during
early sampling occasions (Brown et al. 1996), which could
inflate 95% predicrion intervals tor CPUES,,,, trom 1 day or
3 days of sampling,

ludices such as CPUE are comionly used when rclative,
rather than absolute, measures of abundance are thought to
be adequate to answer research questions, under the
assumption that they require less costly dara collection and
analysis methods than thosc requived for abundance
estimation {Engeman 2003, 2005). When an index is used
to monitor populations wcross space or time, however, the
implicit assumption is that the reladonship between the
index end true abundance is monotonic and spatially and
temporaily constant {(Nichols 1992; Anderson 2001, 2003);
in classic population moedeling terminology this is analogous
to the constant capture probability {p) model. Without
knowledge of true abundance, we cannor directly evaluate
this relationship, but we can use information provided by
our modeling of live~trapping and spap-trapping data to
evaduate the ussumption of constant capture probability. Our
modeling indicated no support for the p model for R. drardii
spp. and at besr limited support for 8§ mwiinus and M
muscirtus. Instead, capture probability varied over time and
berween habitats or islands for each species. Modeling of R.
digrdii spp data also idendfied several covariates (re., sex,
age, reproductve status, body size, and rain amount) that
influenced capture probabilicy. Similarly, caprure probabilicy
heterageneity (in the form of mixrure models) was
important duving matk—recapture modeling of 8. merinus
and M. mnosulus live trapping data. For chese data, the
assumption of constant capture probability intrinsic to the
application of indices was not mmet.

[n pructice, spatial, teroporal, or individual variation in
capture probability seem likely duting any population study.
Nonetheless, many have argued that when daza ure sparse or
capture probabilities are low, the known negative bias
(unless caprure probability = 1) of count-based indices may
be preterred (McKelvey and Pearson 2007, Engeman 2005)

45

40 [ [
—&— Haguruma
35 1 —&- Sherman
w 30 A —— Victor
ol L 2 Pl ;
E'J 25 | —©— Museum Special
G 20 -
s
154 | JL
10 -
5 | % R
0 j @ * & A

R. diardii spp. S. murinus M. musculus
Figure 3. Mean Rattus duwdsi spp., Suncus snurnus, and Mas musends
captures per unit efforr (CPUE, capruces/100 corrected trap-mghts) i
Haguruma (Standard Trading Co., Ilonoluly, 1) and Shermaa {1 UB.
Sherman Traps, Inc.,, Tallahassee, FL} hve-trups and Vicror and Muscum
Special snap-traps (Woodstream Cerporation, Lintz, PA} duneg small-
mammal sampling on Guam, Rota, Suipan, and Tinian, Marizna Tslands,
2005-2006. Sampling efforr in CPUE caleulations includes only sites where
we captured a species. R diardiy spp , n = 17 sites, S rarinus, n = 10 sires,
and M. mnscwiys, 1 = 9 sires, Bars indicate 95% wenfidence icervals,

over the instability of model selection procedures, unknown
bias, and large standard errors associated with cstimates
generated under these conditions (Otis et al. 1978, Menkens
and Anderson 1988, Manming et al. 1995, Stuniey and
Burnham 1998). Although th
past, advances in popuiation nodeling procedures address

s may lave been true in the

many of these concerns. For example, Program MARK
allows sites to be grouped based on common characteristics,
such as island or habitat, to increase sample size, thereby
reducing negative impacts of sparsc data or low caprure
probabiliry at some sites (Bowden ot al. 2003, White 2005).
Information-theorctic model selection procedures offer
umnprovements over carlier techniques such as those
mplemented in Program CAPTURE (Otis et al. 1978)
and allow generation of model-averaged abundance and
variance estimares (Burnham and Anderson 2002). The
ability to incorporate covariares into population modeling
has also improved flexibility and biological relevancy of
modeling procedures and can tesult in improved paramecer
estimation accuracy and precision (Whice 2005).

Our evaluation of abundance estimates and index pertormn-
ance 15 somewlhat limited because we did not know the true
abundance of the small-mammal populations we sampled.
Woe note, however, that few compuarisons of estmator or
index performance involving snall-mammal poputaticns of
knewn abundance exist (e, Manning et al. 1995,
Panmenter et al. 2003, Conn et 2. 2006}, These controiled
studies may have reduced applicabiiity towards wild <ipail-
mammal populations. For example, it 15 not clear thac
single-species populations 1 small enciosures (e.g., 0.02 ha,
Conn et al. 2006; 0.2 ha, Manning et al. 1995) ot provided
with supplemental food (Conn et al. 2006) are analogous to
wild populations. Further, the cffort involved in studying
enclosed populations necessarily Limits sample size, such thac

Woewel ot d. * Small-Blammal Abundance Estimates and Indices

76



the range of obscrved densities {c.g., 2,700-14,70C M.
museubus/ha, Conn et al. 2006) may not be comparable to
more natural conditions. Similarly, simulation-based evalu-
ation of sampling methods, estimator performance, or index
performance (Otis er al. 1978, Menkens and Anderson
1988, McKelvey and Pearson 2001, Conn ct al. 2004),
although valuable for investigating robustess o violarions
of major assamptions, may not represent the full smire of
conditions encountered during sampling of wild small-
nmmal populanons.

Trap Capture Rates
We tound variable capture rates berween our live- and snap-
traps, most likely due to specics-specific behavioral and
raorphological traies. We suspect that high R diardis spp.
capture rates in Haguruma live-traps relate to the wire-mesh
construction of this trap, which may reduce the neophobic
resporwe observed for many Ratus spp. (Temme and
Jackson 1979, Inglis et al. 1996, Clapperron 2006) relative
to the more enclesed Sherman trap. We suspect thar low
v and M. mwscadus Tlagurama caprure rates relate to
reduced trap etfectiveness due to the combination of feeding
behavior (Jsmired observations suggese that these species
were less likely than R diardii spp. to attempt to remove
bait from the hanging trigger in Haguruma traps) and low
body nass, Sherman traps, which require an animal to walk
across the treadle upon entering the trap, seem more suitable
for capruring low-mass species. Several studies comparing
wire mesh traps (Haguruma or others) with box rraps
{Sherman ov Elliot traps) have noted similar results
{O'TFarrell er al, 1994, Wilson et al. 2007).

We suspeet that differential capture rates in snap-traps
relate primanly te morphology. Low R, diardi spp. capnire
rates i Musearn Special traps likely cecurred because the
wap does not consistendy kill this species, with some injured
animals likely escaping from the trap. Similarly, we suspeet
that the low body mass of M. muscuhus often prevents this
speeies from activating Vicror traps, which have consid-
crable ttigger tension. The cquivalent §. murinus caprure
rate in both snap-traps suggests that this intermediate-sized
species was not subject to the same trap-specific issues as R.
digrdii spp. and M. muscnbus. Other studies comparing snap-
reaps have noted similar species-specific resudes (Wiener and
Smith 1972, Pendleton and Davison 1982, Perry et al.
19963, suggesting th
assessed for targer specics prior o large-scale

al snap-trap effectiveness should be
sampling

activities.

Sampling Cost and Effort

We found that initial supply cost was approximately 4 tires
lower for snap-trapping than for Live-trapping based on our
protacol. Vietor and Musuem Special snap-traps were also
smaller and lighter (approx. 5 times lighter) than IHaguruma
and Skerman live-traps, which could prove advantageous for

research conducted in remote areas, rugged terrain, or dense
Althong

than average .(\.L—‘..lplnn" rme,

thaverage wnap-tapping timne was less
site-speciiic differences

VegCiation.

were ouly pronoanced ar sites wich abundant simali-rnammal

populations. More importantly, when we also considcrcd
site preparation ume there was, on average, only a 1
savings for snap-trapping. We note, hOWCvcr, that rugged
terrain and dense vegetation increased our site preparation
time considerably; preparation time would likely be much

%% time

lower 1n other locations.

MANAGEMENT IMPLICATIONS

In our experience, snap-trapping and CPUE often produce
unrcliuble information about small-mammal populations.
However, continued usc of these methods, espevially CPUE
and other indices of abundance, seems likely due to linited
rescarch budgets. We found that the predictive utilicy of
CPUE improved with mucdamg sarapling duration, largely
negating perceived time savings associated with this index.
Snap-trapping and count-based indices may have uclicy
after validation against more rigorous samphing or cstima-
tion procedures. To be effective, however, validation should
oceur across the full breadtl: of couditions from which index
data will be collected. The resources required for thorough
and repeared validation efforts might be better tnvested in
implemennng rigorous and robust sampling niethods and
populacion abundunce-estimanon procedures,
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