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Summary 

t. For most ecologists. detection probability (p) is a nuisance variable that must be modelled to esti
mate the state variable of interest (i.e. survival. abundance. or occupancy). However, in the realm of 
invasive species control, the rate of detection and removal is the rate-limiting step for management 
of thi~ pervasive environmenlal problem. 

2. For strategic planning 01' an eradicalion (removal of every individual), one must identify the leas! 
likely individual to be removed. and deLennine lhe probabilily of removing it. 
J. To evaluate visual searching as a control tool for populalions of the invasive brown treesnake 
Boiga irregular is', we designed a mark-rccapture study to evaluate detecrion probability as a 
[unction of time, gender, size, body condition, recent detection history, residency status, searcher 
team and environmental coval'iates. 
4. We evaluated these factors using 654 captures resulting from visual detections of 117 snakes 
residing in a 5-ha semi-forested enclosure on Guam. fenced to prevent immigration and emigration 
of snakes but not their prey. Visual detection probability was low overall (p' = 0·07 per occasion) 
but reached 0'18 under optimal circumslances. 
5. Our results supported sex-specific differences ill detectability tha[ were a quadratic func[ion of 
size, with both small and large females having lower detection probabilities than males of those 
sizes. There was strong evidcnce for individual periodic changes in ddcclability of a few days dura
tion, roughly doubling detection probability (comparing peak to non-elevated dctections). Snakes 
in poor body condition had estimated mean detection probabilities greater than snakes with high 
body condition. Search teams wilh high average detection rates exhibited detect.ion probabilities 
about twice that of search teams with Iowa verage detection ratc~. Surveys conducted with bright 
moonlight and strong wind gusts exhibited moderately decreased probabilities of detecting snakes. 
6. Synthesis andapplications. By emphasizing and modelling delc(·tion probabilities, we now know: 
(i) that eradication of this spccics by searching is possible, (ii) how much searching efforl would be 
required, (iii) under what environment:t1 conditions searching would be most efficient, and (iv) 
several t~tctors that are likely to modulate this q uiilltificalion when searchi ng is applied to new areas. 
The same approach can be use for evaluation of any contl'ollechnology or population monitoring 

progrmume. 
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Vi.</lal rf~lecrion prooahililics for an invasive species lO7 

e,timaLing and modelling individU<ll detection probability (P) 

is a key component for strategic planning of control or eradica

tion programmes for invasive species. Focus on central ten

dency Vi>. distribution of p depends on whether one is aspiring 

(0 conlt'Ol the population or eliminate il. For control. mean 

removal rate (jJ) is the value to be maximized. If eradicafwlI is 

the goal, however- one must maximize the detection probabil

ity of thc least dctccLable individual (minimum individualp), as 

the effort needed to remove thilt last individual will determine 

rhe cf!ort needed for a successful emdication. fn mark-recap

ture analysis, individual variation in detection prohahility can 

either be associated "'ith a recognizable dass of individuals 

(through individu<ll covariates) or be unidenliHed (latent indi

vidual heterogeneity). 

QuantifIcation of detcctabiIily for the pll!1Jose of evaluat

ing control tools has rarely hcen conductcd; the few exam

ples arc !nosily from brown treesnakes Bo~!!,a irregularis. 

Savarie 1'1 (1/. (200 I) evaluated a brown treesnake toxieanl 

application, bul quantifJed only mean removal rate (jf), 

which highlights expeditious population reduction. TyueH 

t'I al. (2009j used mark -recapture to estimate individual 

detection probahilitics of invasive brown tnx:sllakcs suh

jected to t.rapping. and found that smaller snakes were com

pletely refractory to trap capture (minimum p = 0) and 

therefore trapping could not be used for eradication. KL'ry 

(2U02) ;ltlempted to estimate the effolt needed to detect a 

single average individual of several species of European 

snakes using occupancy modelling. However. OC(;llpancy 

rnod~lIing is limited to estimating a pop"la[ion'~ detection 

plObabililY, not difrerences in delectability among specific 

individuals, which was our goal. 

Eradication of invasive brown treesnake populations is a 

top conservat.ion priority because of the ecological damage 

wrought on Guam and thc prospect that similar damage is 

likely upon the snake's arrival on other islands (Savidge 1987; 
Fritls & Rodda 1998). Brown treesnakes have been detecled in 

cargo or arriving as stowaways on many Pacific islHnds (Flitts, 

McCoid & Gomez 1999: SIan ford & Rodda 2007). Eradication 

is a goal on Guam. and is planncd for any incipicnt population 

dsewbere. Unfortunately, eradiealion cfforts to date ha ve been 

hampered by the absence of control toob that capture evcry 

indi\·iduai (e.g. the toxicant and trap studies cited above; see 

also Rodda el al. 2007). 

One pOlcntial control tool for incipient populations of this 

SflC~les IS visual searches. In a prcliminary exammation of 

visual surveying. Rodda 1'1 ai. (2007) demonstrated that 

v·tsual searching was capable of putting all individual~ of 

B. irregldaris at risk of capture, but they did not quantify 

delectability or individual Vf1riation iu Jeteclability. If an 

adequate detection probabilily for all individuals could he 

demonstrated, visual searching might constitute a viable 

ma.nagement tool. at least for eradication. However, we do 

nOI fully under:>tand the various factors afreeting OUI" ability 

to visually detect this eryplic spt.,"des. To that end, wc gco

graphical1y enclosed. censused, and individual1y marked a 

popuhnion of B. irreglflads to identify factors afrecting visual 

detection of the species. 

Materials and methods 

STUDY SITE 

Our geographit,>:'!!)" closed population sludy .~il" (5 ha) Wa.~ on Ander
sen Air Force Ba~e (AAFH) in northern Guam. We con.structcd 
a douhle-sided chn;n-lillk bulge bani"r Ii:nce to pl'cvcnl llligralJon 
by snake:; ill or Oul ,,[the area Werry el al. 1998; Rodda Nul. 20(\7). 

A O·5·m wide concrete looter on ellher side of Ihe [enIX: inlllbiK"(] 3dja
cenl vegetative growth. and anchored a skirt of hardware cl(llh that 
extended out 0·2 m from each side of the base of tile fence. Vegetatioll 
was ckared from tranSt'C!:s alld within 2 m or either side or the r.:nce 
line. and maintained dllring the study. 

VISUAL SURVEYS 

Twenty-six parallel transects were cut aeros~ the study arca ~ t R-nl 

lJllervab. The enlire area was surveyed al J(,-111 interlals ror cach 
search o~eaSlon (onc IlIglltl, with the othcr sci of 13 transecls searched 
the rollowing occasion. fhe entire perimeter ortlle snake bamer was 
,earched each nighL A nigl\l.ly search was conducted by four ;eard!
ers worl..ng in [earns or lwo; each learn search.ed 220-m long transects 
(one searcher per qide) in 30 min per t"unsect «(1'5 km h-'). Search 

order ofrrmm'Ctfi was randomized and visual scarching Iypically took 
pl1lCc five nights a \\·eek. We conducled 109 visual searches belween 
27 September 2(X>4 and 7 April 2005. All !makes were checked for 
identification (PIT t~gs and scale clips), Jnd unmarked sn,,)'"s 
received both lJl\Ique mark,. Measurements of mass (by Pesol~" 

spring scales) and ~nout.vcnllength(SVL) were recorded on multiple 
occasions ror each snake Ie> acconnt ror change in size tlnd body 
condition. The :;!ender of each snake was determined on al leastlhree 
sC(x,rute occasion$ by cwrting the hell1ipt"lle:; Or hy llsing J sexing 

probe (Jordan & R0dda 1994). 

To mintic typical visual survey conditions (sean,hing along 
transect,). \\'e eons'truclro our capture history matrIces u~ing only 
snake d~tccl.ions from transects (i.e. not perimeter searches). How
ever, pcnmdcrdt'I~'l;tions (along the barrier) during the vi~ILal ~urYeys 

r~ve<1led the pr~seJlce or 1'001' snake.s that weJe never detect~d 011 trail
secls: tliese undelC'Cted individuals wcre added to the visual capture 
hislory matrix. along wilh their covariate:;, to provide a more 
complde portrait orthc eh.aracLcristic traits associatcd wilh det,xtion 
during visual ~llrveys. To incoTJlor~lc these 'undetected' snakes IlllO 

the 41l.alys\s, we added a dummy first occasion 10 the overall caplure 
hlstoty mauix rollowed by 109 zeros to indicate their presence but 
lack or detection during slandard surveys. Therefol"C, all tOI sn;lkes 
known 10 t'c present rrom the previous trapping bout in lhls enclosed 
swdy arca (2 June 2004 t4 Septcmber 20(4) received a v"lue of one 
on the dummy occasion. Additionally. J6 har.ch.lings calculaled (0 

have beeil born dlll'ing thc visual Sllrwy peri(}{1 received a vnlne or' 
7.erO Qn the dummy (xca<ion b.:cause these indi,·iduals were un,wail
able for c1cteetJon dUlin:;! this oce:tsil'll (the dctcxotion vahl" fQr l.his 
dummy occ~sion was llxeJ = 1). We estimaled halch d,lles ror small 

sllak" by back-extrapolating from their first detectiOn size to their 
latest probable halch dare, a"SlIming a growth rate or 1·24 mm day
(upper9S% CL ofinitial growth of 1\ small ,nakescaught during Ihis 
study and n~captured at SVL < 500 mm) and a halch. SVL of 
375 mm. 

ESTIMATING DETECTIDN PROBABILITIES 

We estimated apparent smvil'al, detection probability (p). nnd 
recruilment UStng rhe Pr~dcl survivul Rnd recrui,menlmodd (Pradcl 
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1996) in program MARK (White & Burnham 1<)<;9). We evaluaI~d 

two S{ru~turallimitationsof using the Pradd model ror these dilta: (I) 

capture prohabilitio::< are estimated a, a Single parameter (1') ralher 

llwn initial and recapturc separately and (il) latent hCterogcneity of 

captureprobability~anllOlbe moUelleU. We ass,""eu these lim1l8liolls 

by using a c1l1sed mouel (l-luggins 199<;, 1991) 111 program "'lARK 

(n = 109 l}Ccasit1ns). Closed models wcre uscu with ",suraTicc ofg,'o

grllphic population closure becau~ rec,lptufes of mmked snakes 011 

bolh sKlcs of the barder (:»50 individuals marked tlmsldc: 122 
markeu insiue; > 3000 captures) Teve:.led 110 emigwlit\n or ;mnllgra

[jon. To meet the a..%\I1l1ptions of demograpltic closure, we excluded 

snHh, thought to havc uieu (/1 = 12 snakes nOl subsequently 

detecled) and those known 10 havc been born (n .= 16). bllmatmg 

caplUrc probabililies as a :lingle parameter appcared to be a reason

able constra;nl for these dala btx'ause the doseu model sbo\\'oo no 

eVI(knce of a behm'iollT effect on rccapture I~ .. -0'044,9:;% CL 

-0'401,0'312). !\uditionally, ",e found f1egli~~blc latenl helcmgcncity 

",ith these data; the closed model appro~imilted d mlxrure 01' t\Yo 

latenl classes ofsnakes. but almost all snakes (95%) were rcpn::sellt~-d 

in the firsl mlxturc class. Based on these lindings. we us<: the Prauel 

model 10 :iccommoda Ie tbe 12 dcaths and 16 births. 

Our moddling cmphasis was On dell'>.:liol1 probahility b~ausc thal 

was the parameter of interest to us from a management perspective. 

In modelling detection probabuity witb the Prad~l modd, we Illod

elled survival as a function of the additive eITecls or ~cx, body condi

tion index (CI) (definitiou provided below), anu SYL. while 

rccruiltne-nl was modelled us a linear function or timc. A !lumber of 

factor; are suspe.;:ted to influence ttetecllon probat>ility of ll. 'I"rei{tlhms; 
our covariatc definilio!ls and a 1'/";01"; hypotheses addreSSing Ihese 

potentIa I sources ofvarialion were: 

I. Scx: Based on sliglllly higher female trap c.:rplure rale than males 

in B irregu!ori.< (Tyrrell el (I/. 2009), we <I1Iticipatcd a .,,,nilar cITeet of 

g..~nder 011 VL<IlHI dwxtioll probability. 

2. Snout-yent kngth: Baseu on thc wlde range or sizes ucleeted \·isu

ally (Rouua el Cli. 2007). we anticipated a negligible or wea~ effect'lf 

SVL un visllal detection probability. Wc cst.imate<! average growth 

for e<lch snake by fitting u line to individual rcgreSS1(\nS of SVL on 

capture dates across all caprutes for that inuivldual. We use..! Ihe 

resulting expected SVL for each sn.1ke at the miupoint of the visual 

,urve)'> (clapscd day 91) in the analySiS. A lincar si7e function would 

not Idled a possible bimodal pattem of detection which might resuh 

if there were diff=nees in delcctabilily due lo small ~Ilake SILCS To 

evaluate this possibility, we fit a quadratic size modcl. 

3. Body CI: We cxplored the eft\.'Ct 01' three body condition mct

ric,: CI, Cl trenu and growth indcx. CI WaS c:,l,;uialed for ear:h 

individllal as Ihe· ralio of mass to its cxpoctcd mass given itS length. 

E'pecleu m'L% for a givcn :ci:r.e was estimated by linear regrcssil1n 

on logaritlunic scales. basoo on over 10000 records of lJ. irrl'gula,·i.l 
length anu mas., sampled from Guam from 19110 10 2004. We 

uefined CI trenu as the slope of the regresslOll of cach lOdivldudl'S 

Cl against datc. Growth index was calculated as thc obserwd 

growth rate minus exp~ted growlh rale. wllh the lalla e~l101atcd 

by linear regression of sex-specific growtb rates on 5VI._. We antici

paled skinn.iee and fasteT growing snakcs WIth negative CI trend 

values 10 be m"re ueteclablc hecause of IIlcreased foraging rale'. 

4. Supplcmented snakes (SUP): To have a known number and sIZe 

di"lribuliOIl ofprevitlUsly marke<.! snakes in the .sludy lhlpulalion. l'Ie 

Wlns/ocated 45 snakes [25 medium/lar!.'c (SV l > 9011111nl: mass 

> 100 g). an..! 20 small (SVL < 900 mm: mass < 50 gi] inl() the' 

fenced ~'rea 4 mont.hs prior t.o t.he commencement of visuai ,1Irveys. 

Tyrrell £'1 (II. (1D09) fou.nd that Ihese supplemented snakes had a 

slightly lower trap capture probabilily. We did not flnU':lpale lhat 

residency stams would affect visua..! delcctability becausc ,nake tmIl-

location oecllfT~-d 118 days priOT to this study. 

5. Recenl uetection hi.story (LAG): We anticipated a strong increase 

In dClcclion probat>ility for snakes {hat had bccn rlx,ent]y det,"'tcd, 

ba~ on periodIcity of this species' Hap vulnerability [b(Hlt, of de

v'Hed e"plliTc probability lastcd aboulseven consecu.tive days: Tyrrell 

"1 "I. (2009 I]. Cons;deTations ofsuch a uto-corrc!ateu time dkeb were 

Inlludled using lhe re~ults of the immeuiately pre.::eding 1 4 "<lmple 

o,'caslOns for each snakc, where thc covariate cqualled I I'or each 

prior occasIOn on which lhe$mlk~ W(J:idClCo(;te,:u, and 0 otherwise Our 

notaliotl ror a lime lag of" occa.,ions indicat.es the mOdellnwrpo

rated onelu,ioll of laggcu lime circets from prior occasions 1.2, 3... /1 
(e.g. a modcl labelled 'LAG2' included the parameters: LAGI anu 

LAG1). Occasion, inllUs Sl\ouy were not always co nseClluve days, lhe 

mean occasion Ienglh ~ t·77 day, " 1'30 SD with Ihe mode ~ I 

day 

6. Time (T, T' antI T J ): Due to Ihe Inng duration of the study. we 

considered t.emporal variation in detectiou probability by II1cxldlll1g 

1mcar (T). quadratic (T~) aUG third-order polynomial (7") time 

trends 

7. Seareher team (TEAM): BlXause searchers were grouped in teams. 

ddccted ~nakc.s on a glVcn (}ceasion could riot be (ls.~ociatl;;d wnh a 

unique >e"reher. Therefore, we modelled only the aggregate e)fecl of 
each scaTch team. We nr,t ealculated a mean detl-ctjon rate pCT obser

ver (based on the entire data set) and then summoo the values for the 

four search lellm mcmbers to assign to cach occ[lSion a TEAM enec

livencss covariate. We anticipatcd that sC<JTehers with high sighlin~ 

r~ltes (working as a team of four drawn from a pool of 10) would 

increase detection probabilities compared to teams wilh low S1gllling 

rilles. 

II. We "xplored the ~fl"cct of fivc environmental covariates on the top 

nwuel. We prcuiClcu Ihn[ rainlaJI in Ihe previous 6 h would be tikdy 

to ekvnte m,wemenlS of lJ. irrl'gulal'is uuc to reuued dcsfttation 

slTess or increased prey availability (DaHl) e( "I. 19n). Howevcr, 

Ih1s dk<:t might be negated by the ra.in Impeding visibihl}' alld the 

seardler" abilily 10 work effectively (the glimmeT of shiny vcntral 

S<:<lles is haTder to spOI among foliage glislening with raill elmps). 

Searcbcs were IIOt conducted durin!!. heavy rains. In open areas 01:1 

Guam, B. irregul""i,' have shown a reduction of aCtivit~ uuring 

nights or bng)ll moonlight (Rodda & Fritts 1992; see also Campbell. 

Mad:essy & Clarke 2008); [here/ore, wc anticlpatoo a reduction "f 

Jetectab;lily under these conditions. Relative brighmcss "flhe moon 

(MOON) was claSSified intO th.ree distinct calegones [0 = none. 

1 - some (brig.ht moon low on horizon or monn frequently 

obscun:d by clotlds); 2 "" nearly full mcxm usually in a mostly "leu 
sky and well above the horizon). We anticipaled surveys wllh sus

lalOe<.! winJ (WI ND) dnd slrong gusts (GUSTS; maximum vdlue) to 

re<.llKe snake detect<lbility because: (i) incrcased visued nOI.>e from 

s\,aying tree hmbs would Tcdu~'C UII: abuit)· or observers (0 ca,ilv 

detecl. lJ. irrcgularis, (ii) increased Illovemem of tree limbs would 

potenllally reduce 8. irregu!ari, activily after snakes sought shelter 

and became less visually Uctectable. Wind speed was approximated 

hy the aver'llte condition Tccorucd foe ellch occa.,ion using the Ikau

fort o.;cuk~. 

We considered only 11"0 potenlial interaction teTms (SEX x CIl 
and (SEX" SVL, SEX x SVL1

). Modcl selL-ction was base<i On Ak

aike's Information Crilerion ~orrecled for small sample sit.e U\ICc ) 

becausc '\.ICo approximates AlC as sample size increascs (Burnh,un 

& Andcr.,on 2002:66). We O1ouel-averaged slope eSlimates ova all 

models \\'Ith a weigllled average baSed on Akajke weights (Burnha m 

& Andcr~on 2002:253). We used the 95% eO(lfiuenc~ llUHt for each 

~l(lpe estimate (~) to judge elfect Si7-C importance. 
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Results 

We oblall1cd 654 visual delections of 117 individual B. irreg/(

!ari~, for it detected snake density of about 23 individuals per 

ha. Overall, visual detection probabilit.ic& were low for this 

population (ji = O·Oi per occasion) but more than doubled 
givcn optimal circumstances outlined below r} .., (). 1R). Detec

tion probabilitjes were besl explained by models that Illcoq)()

"aled etTccts of time, scx. by SVL2 interaction, rccent ddection 

history (LAG), Cl, searcher team, moon phaselbrightness and 

wind gusts (Table I). 

Time was best approllimated by a quadntr.ic runction that 

revealed a decline in detections during the midpoint oflhe sur

\'ey (Iii == 0-022 J.. 0'006,95% CL = (}-(lll, (j'03J; Fig. I). 

\Vc round scx-specific differences in deta:tability thaI were ,l 
quadralic function of SVL2, wiLh both smail and large females 

having c. 39:-;' lower deteclion probabilities than males of the 

same size (JJSl"X x SVLc .,. 2·106± 0,856.95% CL '" 0-428. 

3·784: Fig. 2a). Our attempts to model size eJfecls with discrete 

~ize classes failed lo improvc AlC~ values, 

Observed body CJ values ranged widely (0,543 1'684), with 

lower and upper 51h percentiles for this population of 0·74 and 

1·25 respectively. Body CI indicated a slight tendency for low 

condition (skinnier) male and female snakes of all si7es (under 

typical enviromnental conditions) to be 42'Vo more detectable 

«(H)2; predicted nlTlge = 0'01---{)'03) than snakes with high 

body condition (flC! "" -0'730 ± 0398,95% CL ,- -1'510, 

0·050; Fig. 2b). Condition index. trend and growlh rale CQvari

ales were not suppnrted. 

There was strong support for incoJVnrating the recent detec

tion history of a snakc (previous two occasions ~..hidl i~ 

roughly lX(ual to 3·5 days) into the model ,tructure (J~[ .\(" = 

0·293 .± 0153, 95% CL" --Q-U06. 0'593; /JrAG)

0-468 .± 0,145.95% CL = O' 184,0'752). On average, adding 

LAG2 roughly doublcd detection probability (Fig. 3a). !>.'1od

els ineorporatjng LAG3 and LAG4 received no supporl: tile 

confidence intervals for these effects were centered on zero. 

On any given occasion, a team of four searehers with 

lhe highesl B. irregll!aris detection ratcs increased detection 
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Fig. 1. Estllllalcd dek,;tion probability [or Boiga jrregul"n~ ov~r time 
(27 Seplembe, 2004 7 April 200S) in northern Guam using average 
cov3Jiale value, for SVL (898 111m), body condition (0'\)9), dnd 
searcher (e<lm. along with typical el,vironmentaJ condtl1<lns or no 
moonli~ht and wind gusts belween 20 28 km h-[. 

probabilities alm,:?s( twofold over semeh teams with the lowesl 

detection rates lfJ-rEAM == 0·238 .1 0,076, 95% CL = 0·090. 
0·J87; Fig. 3h). 

When added to the lOp model, residency ~latus (SUP) had a 

very weak negative eff-xt on deteet.ion probability 

(fISt'p - -0-128 ± 0-089. 95% CL ~ -0-302, 0·046) Esti

mated mean detection probability for translocated snake~ was 

only O'OJ less than a simH~.r resjdent snake. Adding the Iwo 

en viromnenlal covariate. of moonlight and wind gusts to the 

top modd improved model/It: thi~ new model had three time~ 

more weight lh~.n the S,IInC model wiLhnut these CQvHriates 

Crable I). Of lhe two environmental covariates. moonlight 

(PV.OON = -0-/18 .:L (}·(}57. 95% CL = -0'229, -()'007; 

Fig. 4a) had u stronger effC\:t than did \\-1nd gusts (/JGLST = 

-0·059 .:i 0,033.95% CL ~ -0'123, 0·006: Fig. 4b). Surveys 

on calm nights witb no moonlight increase the probability of 

detecting female and male snakes ofavcl'a.ge size by 0·03 (42% I 

over nights wilh a full moon ,md strong wind gusts. Moonlighl 

was pre.)cut during40% ofoccasions. Wind gusts> 20 km h- I 

oecuft\'d during 54% of Ollr night surveys. The otha <~I1viroIl-

TobIe l. :V1(,del ,eI~'ctlon l'c,ulLs (95% ClInfldcntc ~I) Cor det";:ti,,n prob"hility (p}from progran' MARK (Pradel model) ror Bmga irregulal'ls on 
Gu~m, 20{l4-2005_ AU models shown below retain the probahillty orsurvlv~1 <IS <I (-'illcljon of sex, body condition (Cl), and snout-vent length 
(SYLl. and recrui(mcm as a linear f'llncl-;on of tunc \ T). Models arc ranked by ascending "'Alec: Il', is the mL'dd weight and K IS the number of 
parameter,. Sixty models ""ere evaluate<.! 

I'Mndels' K AIC,. 

T' .. Cl T LAG2 + SEXxSVL' + TEAM ~ MOON + GUST 20 SI03-37 0·00 0·282 
1~ i CI f LAG2 j SEXxSVL! ·1 TEAM .. MOON 19 5104-41 1·04 0'16~ 

f' .,. Cl + LAG2 + SEXxSVL2 + TEA::Vl 18 510S·57 2-20 0·094 
T" • CI i LAG2 ·1 SEXxSVL2 1 SUP + TEAM 19 5105·58 221 (H193 
f' i CI 'LAG2 SEXxSVL2 + TEAM • GUST 19 S105-69 2-32 O'OS~ 

7' 
-r 

T CJ +
' Cl < 

LAG2 
LAG2 

... 
r 

SEXxSVL2 

SEXxSVI.7 
+ TEAM 
, TbA:'-1 

~ WIND 
- RAlNp 

I<J 
19 

5106·37 
510724 

3·00 
J87 

0063 
0'04J 

T' .,. CI 1 LAG2 + SEXxCI ~ SEXxSVL2 
T TEA.\1 19 510728 391 O·U40 

T) ;. CJ t LAG2 f SEXxSVL1 + TEA\·] " RAl~n 19 5107-68 4-31 0·033 
l' + Cl ~ LAG2 + SEXxSVL l + TEA.'.1 - WIND -. GUST 20 5107·73 4·37 0·032 
r' • Cl i· LAG2 + SEXxCI + SEXxSVL~' < TEAM 20 5108·92 5·55 O·IHS 

·S;e methods for covariale definitions. Models conl'aining high order polynomi~1 efleels lllclude t.he eNresponding lower order terms. 
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Fig. 2. Estimated detection probability 01'(;:,) male and female Boiga 
irregularis with an ave(age condilion index (Cl ~ 0'9'1) at the begin' 
ning of the sludy, encountering no moonlighl and willd gUSts betwL-en 
20 and 28 kill II-I (thesecondilionswill be used in subsequent figures 
unless note<J otherwise)_ Estimated detection probabilll)' for female' 
(b) of low (0'74), average (0'99) and high (['25) body conditloll with 
an ~ve(age sca(chc( team, no moonligll!. and \~ind gllst, betWL,;;n 20 
and2R km II-I. A similar additive eOect was seen in male:; but is not 
llltlstrated ill this panel or subsequent fignICs. 

menial covariales had no support; the conHdencc jimlts on the 
beta estimales broadly overlap zero. 

Discussion 

Prior 10 Rodda t'l al. (2007), there was no known method for 
eradlcat.ing brown treesnakes (Rodda el al. 2002). Rodda et al. 
(1007) showed lhat visual searching was capahle of removing 
all individuals, but did not quantify detection prohahilities. 
The quantification of the detection prohabilitics that wc pro
vide here 1101 only provides values that can be uscxl for 'ilralegic 
planning of eradication efforts, it gives grc:ilcr confidence in 
t.he practicality of eradication through visual searching. />"lean 
daily detection probahility through visual searching (0'07) was 
half of that achieved for vulnerahle individuals through trap· 
ping (0·J4). as reported in Tyrrell el <1/. (2009). TIIUS, visual 
s~arching will remove susceptible individuals al only about half 
the rat.e of Iraps. but because there are no individuab rcfrae· 
lory to visual detection. visual searching can be use{1to remove 
an individuals (eradication), whereas trapping inevitably fails 
to capture the small snakes. 

Our average visual sellrching rernova' ra Ie (0'07) wa; not 
partieularly high in comparison 10 oth~r wnlrol tools (e.g. 
Tyrrell el ai. 2009), but it indicates that eradication ",auld be 
practical given adequate eflor L Specifically. visua I searches ,)n 
42 occ<tsions would be necessary to ensure a 95% probability 
of removing the last individual in 1Ul arca under average coLldi· 
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Fig. 3. brim'lIed detection probability for female Boiga i'-regu!<lri5 of 
averilg~ body condilion (el ~ 0'99) with reference to detcctum 
hlst(lr~ ofpreviOIJ~ two occasions (a); LAUD ~ not seen on prevlOU~ 

oe~a,ion, LAGI ~ s~en onl: on most r~ellt occasion, LAG2. 
seen 011 both prior oeC<1Sions. 'nle aUlocorrelntion of detections Itl(Jt· 

cates Ih<lt individual slJakcsgo llu-ough briefp"nods of high det~e(i,m 

probability Est'm"ted delectioo probability for females of average 
bodj'eondition under v,lIying ;earch teams (b). Scale was adjusted in 
thiS panel to accommoclate the effect of"these covariales_ 

lions similu to Ihose in our enclosure and <L~suming no 
heterogeneity. However, our quantification of relevant envi· 
ronmenlal conditions and sources of individual variaiion in 
delectability allows us to llOW customize our searches mure 
strategieally, which should allow a population to be eradieatcd 
with less effort. For example, we round th,u search teams 
differed in eHicacy. with about a twofold diflerencc belween 
quartels of searchers_ rfscarching was to he used opcrationally 
for eradicatioIl, il might be prudent 10 employ searchers OIl the 
basi, of ahove-average detection succcs, rates. We I'<lund 
moonlight to bc (In important modulator of capture success, 
with caplure succe5S on moonless nights about 20% higher 
than ",ith a full moon. A similar improvement was seen 011 

windless nights, Thus, search efficacy could be improved by 
limiting .ea rches La optimal search conditions (i.e. a high. 
detection search team conducting searches on nighls with no 
wind or moonlight; p '.~ 0'12). Under Ihese optimal eondl
lions. only 23 search oa:asions would be necess'lry to ensure a 
95'Yo chance of detectiug any given individuaL Thus, our quan
titative results suggest that labour costs for an eradicalivn 
could be redllced hy about 45% through the strategic selection 
of~carch conditions. 

Sev'eral of our eVilluated covari<ltes such as moonlight 
(Collier el al. 2007), time in season (Bailey, Simons & Pollock 
20(4) and searcher abililY (Ralph & SeOlt 1981; Diefenbach, 

c 
Q 
U 0·18 
0;'" 0·16 
o 

0·14 

0·12 

0·10 

0·08 
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- - - Average delec!;on Jearn 

-- H:H~h delectlon teem 
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Fig. 4. ESlImatcJ dCl~'ClJ()1I prohahiloty for female Boiga irUI'"lam of 
average hody condition ullder varying amoun ts of moonlighr (il) and 
under nllllimum, mod.e and maximum wind gustconditiollS (b). 

Bralllling & Mattice 2003) are known to affect visual dctection 

in other ~pceies, as wen as ill B. irregularLI (moon: Rodda & 
Fritts 1992: time in season: Tyrrell el (r/. 2009; searcher ability: 

Rodda &. Fritts 1992; Lardner. Savidge & Rodda 2007). 

Choi.cc <.)f search season couLd potentially be optimiz.ed for a 

cosl-cl1'ect,vc eradication, but more infomlation is needed to 

an tidpate which seasons produce high efficacy. 

The individually a~ynchronous episode, of higher delect

ability which we observed suggest another method by which 

visual ~earching can bc made more effective: as tempora ri1y less 

detectabL~ snakes appear to cycle on a 4- to 7-day periodicity 

(with the biggest change registered over a period of ahoul 

" days). an optimal search strategy would return searchers to a 
given It)cality roughly biweekly. In this way, searchers would 

h,' more likely to encounter a snake when it was at peak detect

ability. If the target search area is larger than that wh.ich ean he 

~earched on a single night, and it is desirable for searchers to 

work every IIlght, it would he prudent to rol;Jle effort from one 

geographic locality t.o t.h~ next on sequentia.l nights, so that 

~earch eO(lrl is not W;1stoo looking Cor snake individuals that 

rermun in a condition of1ow delectahility. As the magnillldc of 

the det.xlahility modulation is about twofold (Fig. 3). this phe

nomenon offers a substantial opportunity for detedion rale 

cnhancement. 

A remarkable aspect of these individually asynchronous epi

sode, of higher detectability is that an extremely similar phe

nomenon was ohservoo in our quantification of trapping 

(Tyrrell er 1/1. 20(9). Although the periods ,)f high trappahility 

la:;led 7 days, the largest enhancement was conoentrated in the 

firsl 4 days. This finding is consistent with the visual survey 

© 2009 The Amhon;. Journal compIlation to 200\l IJnnsh ~.c\)t,)gi<:nl 

VIsual d('/I'ojon probabilities for an iln'asjve spede,' J1\ 

results from this study. for which periods of elevated delect

ability lasted for two occasions. about 4 days. The ex.istcnce of 

a ct)Jnparable asynchronous episode of heightcned dClectabil

ity for hoth visual and trap detections provides a vital cluc to 

the cau$<\tlon of the phenomenon, as it is therefore unlikely to 

he associateD With a factor unique to either fonn of dctection. 

For example, il is unlikely to rd1cct a hehavionral response 

(such a~ trap happiness) unique 10 trap capture. The c,)mmOI1

alIt)" in our trapping and visual search procedures is Ihal all 

snakes were captlln~d and hand led. it seemingly aversive pl"Oce

durc. However, we ohservcd the opposite of the expectcd trend 

for an averslvc procedure. One would not expect that capture 

or handling per s!! would induce snakes to If/cyeuse the prolxl

bility of bcing dctoctcd on subsequcnt nights. Rather, it seems 

likely tilllt the makcs exhihited intrinsic 4- to 7-day episodes 01' 
higher activity that resuLtcd in increased detection hy both 

methods. lnfrinsic activity paf.t.em, Inay in.flumce detccta bility 

in a wide range o[ speCtes: K.err, BoUema & Bull (2008) docu

mented similar non-synchronired 6- and 2-day cyde~ in activ

ity independent of weather conditions in a wild population of 

Australian ~Jeepy lizards Tiliquo rugosa and proposed dillering 

optimal thermorcgulatory requirements for foraging and 

digestion as an explanation for the individual eycles. 111e lack 

or~ynchrol1jcity in the brown treesnakes rules out cau~al expla

nations tilat invoke regionaL environmcntal conditions. and 

the Jength and rcguJ'llity of the period would appear to rule 

out e..:dysis or reprl>dllc!ion. but the cause remains to he identi

fied. 

One weakness of our study is thilt it involved only one study 

"ite. Jt is possible that the inferences we drew might be onLy 
partially generaJi7~lble to olher areas. For example, to improve 

dala density our study was condueted on fil establisbed med
ium-densl!y population (13 snakes ha-'). Thus. while we were 

able to precisdy quantify detection prohability under a variety 

of condiljon~. llm estimate, are· strictly applicable only 10 it 

medium-density population. In a low density population. 

raritv of the targels wouLd be likely to diminish searcher 

elDency due [0 ::I 100~'er posilive reinfon:ement rate (Henke 

J998), allhough ex.perienced searchers may be able to maintain 

search effectiveness in the absence of frequent rew::lrds. Mac

Kenzk er af. (2005) advocated that information on detectahil

ity be 'borrowed' or inferred from other times, locations or 

even s~cies. Wc think II. reasonable to assume that our covan

ate c.l!ccb are qualitatively density independent and would 

apply to visuaL searches in other areas. 

T,,-,() of our eovariates suggest features that wouLd impair 

extrapolation from our study site to other areas: residency 

status (SUP) and CI. ln hoth cases. thc conditions ordinarily 

prevailing on Guam (resident snak~s lhal are relatively skinny) 
wouJd he more 1~lV()urahle [or detection by visual searchers 

than would ,nakes in an incipient population on another 

islallJ. where Lhey mighl he newly displaced and well fed from 

the relatively greater abundance of prey (Rodda er al. 2008; 
Wiewel, Yu.:kcl Adams & Rodda 20(9). Although hoth of 

these phenomena (SUP and el) have been documenled in 

other studies on Gnam (el: Boyarski 2005; C1: Gragg el al. 
2007: SUP and CI: Tyrrell el al. 2009), we still lack suffiCIent 

Sodety. JO/ll"llal ol ,1PI,!u;d Ecology, 47. IOC,...llJ 
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infonnalioll to precisely predict how these eft'ects would be 

manifest on a new island wbere brown trec~l1(lkes might get 

established. However, we can silfely assume thill conditions in 

a new population will be less ravourable for delection thall 

those we documented. These arc tbe eondiliom under which 

minill1um delectability is likely to occur, iU1d which wdl deter

mine the control effort neeJed for eradication. 

If a \Jcw population were to Jevelop a sIte Jistribution that 

was appreciably different from that in our study area, overall 

detectability could change. However, as delectability of males 

was relatively unaffected by body size and delectability of 

females was optimal for females of inlerrnediale size, it Wl)llld 

take a relatively large shift in size distribution to greatly alter 

ov\~rall detection probability. Detectability of large remales has 

been tied 10 reproductive condition in olha >pecies of sndkes 

(e.g. Luisdli 2006), but we regularly pall'cd the r<;males in our 

study pop'1l1ation for developing follicles and did not delCCI CV\

denceofreproduclion at the time ofOllf sludy. As B. irregulari.l 

l'!1 Guam ure capable or breeding year-round (S,nidge, QLI'llb 

& Rodda 2007), undctected gmvidity should aflecl only <i small 

proportion of females ilt anyone time of year, and would have 

no bearing on the low detectability observed among juvenile 

f~males. 

Some indi\~dual covariates mooubtcd delectability by <J 

factor of two or more (Figs 2 and 3), indicating considerable 

identified heterogeneity. Nonetheless in our SY5tcLIl (atlr popu

lation anJ our search protocol), dekclion of the last individual 

required only slightly more than the 42 scarches projected by 

simple extrapolation (no helerogeneity) of 0111' mean delect

ability (0,07: see second paragraph of Discussion). In aCluality, 

we needed only 47 searches to detect the last individual in our 

population (Rodda 1.'1 al.2(07). 
Latent heterogeneity was relatively minN in our searches, in 

contrast to our trap captures (TyrreJlel al. 2009). Unlike the 

nearly co-equal heterogeneity clas£e$ obserlied in trap caplure, 

95% of lbe individuals in our study were in the dominant het

erogeneity class and the small nUlnber or remaining individuals 

were only slightly less deteclable. BCI.'<lus¢ latent heterogeneity 

was minor. extrapolation from the kast dell:Ctable class ~"iJl bc 

a reasonable approximation of lhe needed eradication effQr!. 

To the extent that our results are generalizable, y,e can e\lirnak 

eradieauon drort under any arbitrary di.<tnbutiol1 ofslIakc eo

yariates and environmental conditions 

This study, in combination with Tyrrell el al. 12009J and 

other supporting evidence, led 10 the radical restructuring or 

brown trcesnake management efforts for incipiellt popula

tions (where eradication is lhe immediate focus). Pdor 10 this 

work. it was assumed that visual searches were insufficienl to 

warrant lheir use. Furthennore, it was not fully apprecimed 

that visual searching exhibited milch lower individu,ll cap

ture h~tcrogeneity lhan did trapping. Thus, the munagemeltl 

response 10 sightings of B. irregu/aris on previously 5nake

free islands was fonnerly addressed by the setting of traps al 

the site where the snake was sighted (Stanford & RoJcI<l 

2(07). Allhough tTapping had not been demonstrated to be 

c1fective, il was adopted on the basis that no ocHer tool w"s 

available. Tyrrell eI al. (2009) confirmed thaI traps were 

inelTedive for small snakes. The, present work c1elnonslrates 

that although the deteetability of B. irregl.llaris by visual 

searching is low, the delectability of smail snakes by ~'ision 15 

greater lhan by trapping. Vice & Vice (2004) demonSlraled 

that mo~l or the snakes appearing in cargo leaving Guam 

were too small 10 be trapp..'d. The discovcry that vlsua! 

s<:arching was not only practical for B. irreglilans delection 

but optimal (among extant techniques) {or detectioll of smali 

snakes therefore, revolutionized snake management on recipi

ent islands <md induced the fonnalion of a mobile interagen

cy team of highly trained visual searchers that is deployed to 

address sightings of snakes on previously snake-free islands 

(Stanford & Rodda 2007). Although our modelling was spe

cific 10 one high-profile i.nvasive species, many of the numer

ous factors I\'e identified. several of them 1l0Vel, shou1L1 apply 

to other ,pcx;ie:; as well. Improved understandin)! or detect

abilils can piay a large role in improving not only JI1vilsiw 

species management, bUI any activity sen,;itivc to Jelectabil" 

ily, induding the estimation of survivaL occupancy and 

abundance. 
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