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Abstract

Knowledge o' genetic structure, geographic distance and environmental heterogeneity can be used 
to identi'y environmental 'eatures and natural history traits that in;uence dispersal and gene ;ow. 
Foraging mode is a trait that might predict dispersal capacity in snakes, because actively 'oragers 
typically have greater movement rates than ambush predators. Here, we test the hypothesis that 
2 actively 'oraging snakes have higher levels o' gene ;ow than 2 ambush predators. We evaluated 
these 4 co-distributed species o' snakes in the Brazilian Amazon. Snakes were sampled along an 
880 km transect 'rom the central to the southwest o' the Amazon basin, which covered a mosaic o' 
vegetation types and seasonal di''erences in climate. We analyzed thousands o' single nucleotide 
polymorphisms to compare patterns o' neutral gene ;ow based on isolation by geographic distance 
(IBD) and environmental resistance (IBR). We show that IBD and IBR were only evident in ambush 
predators, implying lower levels o' dispersal than the active 'oragers. There'ore, gene ;ow was 
high enough in the active 'oragers analyzed here to prevent any build-up o' spatial genotypic 
structure with respect to geographic distance and environmental heterogeneity.

Subject area: Conservation genetics and biodiversity
Keywords:  dispersal, isolation by distance, isolation by resistance, landscape genomics, SNPs

QuanHi:ying Hhe GpaHial diGHribuHion o: geneHic variaHion haG pro-
vided knowledge o: Hhe environmenHal :acHorG inhuencing gene how 
and diGperGal (e.g., SHow eH al. 2001; Dudaniec eH al. 2013). TheGe 
daHa have been applied Ho meaGure how heHerogeneiHy o: Hhe naHural 
environmenH inhuenceG diGperGal and gene how, and alGo evaluaHe 
anHhropogenic habiHaH loGG and :ragmenHaHion (BankG eH  al. 2007; 
PeHerman eH  al. 2014). In more recenH yearG, GpaHial modelG have 
been uGed Ho provide more GenGiHive HeGHG o: landGcape inhuenceG on 

geneHic GHrucHure, buH HheGe landGcape geneHic approacheG have rarely 
been applied Ho Hropical rain:oreGH Haxa (Ruiz-Lopez eH  al. 2016). 
ObHaining in:ormaHion on diGperGal via direcH obGervaHion can be 
exHremely di:fculH (Lowe and Allendor: 2010), :or example, due Ho 
GpecieG Gize, Hheir habiHaH uGe, or levelG o: deHecHabiliHy. In HhiG reGpecH, 
GpecieG o: Hropical rain:oreGHG are o:Hen Hypifed by low deHecHabiliHy 
(e.g., Fraga eH al. 2014) and aG Guch, Hhere iG a pauciHy o: daHa on paH-
HernG o: gene how and diGperGal :or Gome Haxonomic groupG. ThiG iG 
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exemplifed by GnakeG :or which moGH daHa on gene how and diGper-
Gal are available :rom HemperaHe biomeG (e.g., Lougheed eH al. 1999; 
Blouin-DemerG and WeaHherhead 2002).

Tropical rain:oreGHG are known Ho conHain a GpecHacular diverGiHy 
o: GnakeG (Bernarde eH al. 2012; Fraga eH al. 2013a), exhibiHing a vaGH 
range o: naHural hiGHory HraiHG, yeH Hhere iG a lack o: daHa on gene 
how and diGperGal :or HhiG group. TheGe daHa can be uGed Ho com-
pare levelG o: connecHiviHy :or GpecieG wiHh di::erenH li:e hiGHory HraiHG, 
HhuG conHribuHing Ho our knowledge on Hhe ecology o: HheGe GpecieG, 
and Hhe mechaniGmG underpinning Hheir currenH diGHribuHionG. ThiG 
in:ormaHion can alGo be valuable :or conGervaHion, becauGe iH pro-
videG daHa on how habiHaH loGG inhuenceG gene how, and how much 
inHraGpecifc geneHic variaHion iG capHured wiHhin reGerve GyGHemG 
(SHow eH al. 2004; Bell and Okamura 2005).

The relaHionGhipG among geneHic GHrucHure, geographic diGHance, 
and environmenHal heHerogeneiHy allowG Hhe diGperGal characHer-
iGHicG and gene how :or parHicular GpecieG Ho be characHerized, and 
an aGGeGGmenH o: Hhe environmenHal :eaHureG HhaH Ghape GpecieG diG-
HribuHionG (Lowe and Allendor: 2010; Wang and Bradburd 2014). 
IGolaHion-by-diGHance (herea:Her IBD) and iGolaHion-by-reGiGHance 
(herea:Her IBR) are Hhe 2 modelG Ho which GpaHial paHHernG o: geneHic 
variabiliHy can be fHHed (e.g., WrighH 1943; McRae 2006; Koen eH al. 
2012; MarroHe eH al. 2014). The frGH iG eGHimaHed Gimply by HeGHing 
:or correlaHionG beHween geneHic diGHance and geographic diGHance. 
The laHHer may be quanHifed by calculaHing Hhe probabiliHy o: an 
individual diGperGing :rom one locaHion Ho anoHher a:Her weighHing 
Hhe “reGiGHance” Ho diGperGal in each o: Hhe inHervening environmenHG. 
The implicaHion o: HhiG reGiGHance-weighHing Ho diGperGal beHween 
HheGe 2 poinHG iG Hhen aGGeGGed over a range o: poGGible paHhwayG 
(ManHhey and Moyle 2015; Wang and Bradburd 2014).

ReGiGHance Gur:aceG can be uGed Ho deHecH GubHle inhuenceG o: 
environmenHal di::erenceG on gene how HhaH may noH be deHecHed 
uGing populaHion geneHic meaGureG Guch aG geneHic diverGiHy, diver-
gence and GHrucHure, inbreeding and geneHic boHHleneckG (RadeGpiel 
and Bru:ord 2014). LandGcape inhuenceG on gene how :or :auna 
in Hropical :oreGHG have been eGpecially hard Ho evaluaHe (RadeGpiel 
and Bru:ord 2014). However, Hhe applicaHion o: analyGeG baGed 
on reGiGHance Gur:aceG haG been Ghown Ho be an e::ecHive meanG 
o: diGenHangling anHhropogenic and naHural inhuenceG on Hropical 
:oreGHG (Ruiz-Lopez eH al. 2016). By opHimizing reGiGHance Gur:aceG, 
reGearcherG are able Ho beHHer evaluaHe ecological proceGGeG (e.g., 
levelG o: diGperGal) underlying gene how and habiHaH connecHiviHy. 
EnvironmenHal reGiGHance-baGed modelG are GuiHable Ho compare 
paHHernG o: gene how o: di::erenH GpecieG, becauGe Hhey aGGume HhaH 
gene how may be inhuenced by diverGe mechaniGmG, Guch aG non-
random migraHion, diGperGal capabiliHy, li:e hiGHory, and Hhe geo-
graphic :eaHureG o: Hhe GHudy area (Dudaniec eH  al. 2013). TheGe 
approacheG clearly have uGe:ul applicaHion wiHhin very heHerogene-
ouG environmenHG, and wiHh organiGmG HhaH have low deHecHabiliHy, 
:or which meaGuring Hhe e::ecH o: habiHaH on connecHiviHy haG hiHh-
erHo been unachievable.

SnakeG conGHiHuHe approximaHely 6% o: verHebraHe diverGiHy (UeHz 
and Hošek 2015) and are known Ho have key ecological :uncHionG, 
in addiHion Ho making numerouG conHribuHionG Ho human GocieHieG 
in culHure, medicine, and economicG (Konar and Monak 2010). 
Knowledge o: Hheir diGperGal paHHernG will enable conGervaHion man-
agerG Ho beHHer predicH Hhe conGequenceG o: environmenHal change. 
However, knowledge o: diGperGal in GnakeG can be di:fculH Ho obHain 
becauGe o: Hheir Hypically crypHic li:e GHyle (SHeen 2010). QuanHi:ying 
levelG o: connecHiviHy aH landGcape GcaleG and GpecieG–habiHaH aGGocia-
HionG may be di:fculH Ho achieve in Hhe Amazon rain:oreGHG (Fraga 

eH al. 2014). ThiG includeG obHaining knowledge o: diGperGal :or par-
Hicular GpecieG Hhrough conHinuouG heHerogeneouG :oreGH, and con-
GequenHly, wheHher Gome habiHaHG :aciliHaHe gene how more Go Hhan 
oHherG. In parHicular, obHaining Gu:fcienH numberG o: individualG 
:or analyGeG o: gene how and Hhe in:erence o: diGperGal iG challeng-
ing. RecenHly, more power:ul analyGeG baGed on HhouGandG o: Gingle 
nucleoHide polymorphiGmG (SNPG) have become acceGGible, and HheGe 
analyGeG allow reliable eGHimaHeG o: geneHic GHrucHure :rom :ewer 
individualG (e.g., Willing eH al. 2012).

AlHhough Hhe Amazon lowlandG have an excepHionally high num-
ber o: Gnake GpecieG (e.g. Bernarde eH al. 2012), Hhe mechaniGmG gen-
eraHing and mainHaining Gnake diverGiHy over landGcapeG are poorly 
known. EnvironmenHal gradienHG may inhuence paHHernG o: Gnake 
communiHy aGGembly aH regional GcaleG (Fraga eH al. 2011) and diG-
perGal Hhrough di::erenH habiHaHG aH local GcaleG (Fraga eH al. 2013b). 
However, gene how and geneHic GHrucHuring o: GnakeG in Hhe Amazon 
haG noH been GHudied. The biodiverGiHy o: Hhe region Gampled in HhiG 
GHudy iG under preGGure by rapid urban growHh in Hhe laGH decadeG 
(Filho 1997), road conGHrucHion (SoareG-Filho eH al. 2006) and arHif-
cial hooding by hydroelecHric power planHG (FearnGide 2014).

Knowledge o: paHHernG o: gene how and diGperGal :or organiGmG 
Gharing parHicular HraiHG may allow generalizaHionG Ho be drawn, 
whereby one could uGe HheGe HraiHG Ho predicH Hhe conGequenceG o: 
habiHaH change Ho diGperGal poHenHial and geneHic GHrucHure. When 
evaluaHing Hhe impacHG o: environmenHal change on diGperGal, 
deHailed GpecieG-level knowledge o: diGperGal iG o:Hen lacking, and 
in HheGe caGeG, GpecieG HraiHG have been uGed Ho predicH diGperGal 
poHenHial, :or example, larval mode in marine organiGmG and wing 
morphology in birdG and inGecHG (AngerH eH  al. 2011). There:ore, 
characHerizing gene how and diGperGal in Gnake GpecieG wiHh con-
HraGHing :oraging modeG mighH conHribuHe Ho daHa HhaH will evenHu-
ally enable predicHionG on connecHiviHy o: GnakeG, Ho be made on Hhe 
baGiG o: GpecieG HraiHG.

In HhiG GHudy, we inveGHigaHe wheHher geneHic variaHion can be 
explained by IBD and/or IBR in order Ho deGcribe paHHernG o: diG-
perGal :or Gnake GpecieG o: Hhe Amazon BaGin. We HeGH wheHher 
gene how :ollowG IBD and/or IBR paHHernG :or 4 co-diGHribuHed 
Gnake GpecieG, 2 o: which are ambuGh predaHorG (Bothrops atrox 
and Corallus hortulanus) and Hhe oHher 2 are acHive :oragerG 
(Leptodeira annulata and Philodryas georgeboulengeri). Foraging 
modeG may be aGGociaHed wiHh diGperGal Hhrough aHHribuHeG Guch aG 
acHiviHy paHHernG (Cooper eH al. 2001), habiHaH uGe (Fedriani eH al. 
1999), digeGHive phyGiology (HilHon eH al. 1999), GeaGonal paHHernG 
o: reproducHion (Colli eH al. 1997) and morHaliHy (WilleHHe eH al. 
1999). Radio Hracking daHa have Ghown HhaH Gome ambuGh preda-
Hor GnakeG have low mobiliHy, :or example, B. atrox can move up 
Ho 150 m in :our monHhG (Fraga eH al. 2013b), and Crotalus duris-
sus can move up Ho 20 m per day on average (TozeHHi eH al. 2009). 
In conHraGH, acHive :oragerG Guch aG Natrix natrix can cover 150 m 
in a Gingle day (MadGen 1984), and :emaleG o: Stegonotus cucul-
latus can move up Ho 400 m per day during Hhe breeding GeaGon 
(Brown eH  al. 2005). Here, we hypoHheGize HhaH lower levelG o: 
diGperGal obGerved in Hhe ambuGh predaHorG will reGulH in leGG gene 
how aH Hhe landGcape Gcale Hhan Hhe Hwo GpecieG o: GnakeG HhaH 
acHively :orage.

Here, we preGenH a landGcape-Gcale overview where we examine 
how a combinaHion o: geographic diGHance, environmenHal heHeroge-
neiHy, and GpecieG behavioral HraiHG inhuence gene how. Specifcally, 
we are inHereGHed in quanHi:ying paHHernG o: GpaHial geneHic variaHion 
driven by IBD and/or IBR, and HeGH wheHher :oraging mode iG aGGoci-
aHed wiHh levelG o: geneHic GHrucHure.
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Materials and Methods

Target Species
The common lancehead, B. atrox, iG a nocHurnal piHviper (CroHalinae), 
widely diGHribuHed HhroughouH Hhe Amazon BaGin. The GpecieG iG pri-
marily HerreGHrial, buH individualG, eGpecially juvenileG, can climb in 
vegeHaHion up Ho 2 m :rom Hhe ground. IH iG an ambuGh predaHor HhaH 
iG :ound in a varieHy o: habiHaHG (MarHinG and Oliveira 1999), buH a 
greaHer denGiHy o: individualG haG been :ound in areaG near GHreamG 
(Fraga eH al. 2013b).

The garden Hreeboa, C. hortulanus, iG a nocHurnal boid (Boinae), 
widely diGHribuHed in di::erenH :oreGHed habiHaHG in SouHh America. 
The GpecieG iG an ambuGh predaHor, arboreal, and iH HendG Ho be Ged-
enHary, Gpending long periodG in Gmall areaG (HenderGon 1997). The 
GpecieG GhowG marked polychromaHiGm, wiHh up Ho 5 GympaHric color 
morphG (DuarHe eH al. 2015).

The caH-eyed banded Gnake Leptodeira annulata annulata iG a 
nocHurnal dipGadid (DipGadinae), widely diGHribuHed in norHhern 
SouHh America. The GpecieG iG an acHive :orager, which o:Hen moveG 
and hunHG aH ground level, alHhough iH may climb onHo vegeHaHion Ho 
Gleep (MarHinG and Oliveira 1999). The GpecieG iG a habiHaH-general-
iGH, and individualG may be :ound in diGHurbed areaG.

The GouHhern GharpnoGe Gnake P. georgeboulengeri (DipGadinae) 
haG Hhe GmalleGH geographic range o: Hhe GpecieG inveGHigaHed in HhiG 
GHudy, being limiHed Ho GouHh-GouHhweGHern Amazonia (PrudenHe 
eH al. 2008). IHG biology iG poorly known, buH iH GhowG Gimilar habiHG 
Ho Hhe cloGely relaHed Philodryas argentea (Gee Xenoxybelis argentea 
in MarHinG and Oliveira 1999). IH iG an acHive, diurnal, arboreal 
predaHor.

Study Area and Snake Sampling
We Gampled GnakeG along approximaHely 880 km :rom Hhe cenHral 
(ManauG) Ho Hhe GouHhweGH (PorHo Velho) regionG o: Hhe Amazon 
lowlandG. EnvironmenHal heHerogeneiHy along Hhe GHudy area con-
GiGHG o: gradienHG o: vegeHaHion cover Hype and climaHic GeaGonaliHy 

(Figure  1). In Hhe norHh o: our GHudy area we Gampled Hhe Ducke 
ReGerve, which iG covered by 100 km2 o: primary nonhooded :oreGH 
and GupporHG perennial GHreamG. In Hhe cenHral region o: our GHudy 
area (PuruG – Madeira inHerhuve) we Gampled primary and old Gec-
ondary :oreGHG which are croGGed by a :ederal highway (BR-319) 
which waG parHially abandoned in Hhe 1980G. ThiG region iG char-
acHerized by :oreGHG which are GeaGonally hooded by overhow :rom 
inHermiHHenH GHreamG, and paHcheG o: arboreal Campinarana, which 
iG a :oreGH growing on whiHe Gand. In Hhe GouHhern parH o: our GHudy 
area (Madeira River, PorHo Velho) we Gampled primary and old Gec-
ondary :oreGHG, characHerized by a drier climaHe compared Ho Hhe reGH 
o: Hhe GHudy area, wiHh moGH GHreamG being compleHely dry in Hhe dry 
GeaGon. The region iG moGHly covered by primary and old Gecond-
ary rain:oreGH, buH paHcheG o: :oreGH GeaGonally hooded by riverG and 
open underGHory :oreGH are alGo preGenH. DeGpiHe Gnake co-occurrence 
o:Hen being inhuenced by ecological gradienHG in Hhe Amazon region 
(Fraga eH al. 2011), all Hhe GpecieG GHudied here are :ound in Hhe di:-
:erenH habiHaHG wiHhin Hhe GHudy area.

We Gampled GnakeG :rom 21 RAPELD moduleG (MagnuGGon 
eH al. 2013), each o: which iG 5 km2, wiHh an average diGHance o: 40 
km beHween neighboring moduleG. Each module conHainG 10 ploHG, 
250 m long and 10 m wide each, :ollowing Hhe alHiHudinal conHour 
lineG, and diGHribuHed along 2 parallel HrailG (5 ploHG per Hrail), wiHh 1 
km beHween neighboring ploHG.

We :ound GnakeG by acHively Gearching Hhe moduleG aH nighH, lim-
iHed by Gpace (ploH area) and Hime (1 h per ploH), wiHh 2 obGerverG 
per ploH. We Gampled each ploH 4 HimeG, aH inHervalG o: 2–8 monHhG. 
We capHured GnakeG by hand or wiHh PilGHrom HongG and mainHained 
Hhem in Go:H coHHon bagG unHil Hhe nexH day, when Hhey were Gacri-
fced, maHerial removed :or geneHic analyGeG, and fxed :or depoGi-
Hion in Hhe HerpeHological GecHion o: Hhe Zoological collecHionG o: 
Hhe InGHiHuHo Nacional de PeGquiGaG da Amazônia (INPA-H, ManauG, 
Brazil). We collecHed GnakeG under permiHG :rom IBAMA/SISBIO 
(MiniGHry o: EnvironmenH, GovernmenH o: Brazil) proceGG numberG 
02001.000508/2008–99 and 13777. DeHailed in:ormaHion on Gample 

Figure 1. Sampling modules (blue circles) across the Amazon basin, that have been used to contrast patterns o' gene ;ow among 4 snake species. The study 
area comprises di''erent habitats based on vegetation-cover types and climate seasonality. The rectangles zoom in on areas with modules that are too close 
together to be distinguished on larger scale. The ellipse on the map o' South America shows the study area on a continental scale, and the acronyms are the 
Brazilian states o' Amazonas (AM), Pará (PA), and Mato Grosso (MT).
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Gize per GpecieG and localiHieG may be :ound in Hhe SupplemenHary 
MaHerial (Appendix 1).

SNP Data
We exHracHed and purifed DNA :rom muGcle HiGGue GampleG uGing 
Hhe GenCaHch™ Genomic DNA ExHracHion KiH. We moGHly :ollowed 
Hhe proHocolG GuggeGHed by Hhe manu:acHurer, buH we added an exHra 
hour o: incubaHion :or digeGHion. We checked DNA qualiHy viGually 
uGing 0.8% agaroGe gel. We GenH GubGampleG o: 0.5 µg o: high qualiHy 
DNA GampleG Ho DiverGiHy ArrayG Technology PHy. LHd. (Canberra, 
AuGHralia), where SNPG were diGcovered and genoHyped uGing Hhe 
GHandard DarHSeq™ proHocol (PeHroli eH al. 2012). IH iG baGed on a 
combinaHion o: DiverGiHy ArrayG (DArT) markerG (Jaccoud eH  al. 
2001; Kilian eH  al. 2012) and nexH-generaHion Illumina Gequenc-
ing (SanGaloni eH  al. 2011). We preGenH a brie: deGcripHion o: Hhe 
DarHSeq™ proHocol in Hhe SupplemenHary MaHerial (Appendix 2).

DArTG genoHyped more Hhan 14,000 SNPG :or each GpecieG. We 
flHered HhiG daHaGeH by excluding SNPG wiHh unknown GcoreG :or gen-
oHyping, read depHh <10, call raHe <70%, and repeaHabiliHy <90%. 
AddiHionally, we excluded monomorphic loci and loci wiHh more 
Hhan one SNP Ho reduce GHaHiGHical biaG :rom linkage diGequilibrium.

PaHHernG o: neuHral gene how were evaluaHed uGing 2 meHhodG Ho 
idenHi:y loci wiHh a Gignal o: GelecHion. TheGe were Fst ouHlier HeGHG 
baGed on BayeGian modeling (BayeGcan, Foll and GaggioHHi 2008) 
and Hhe laHenH :acHorG mixed modelG (LFMM) approach, which HeGHG 
:or correlaHionG beHween geneHic polymorphiGmG and environmenHal 
variableG. The LFMM approach waG applied uGing Hhe LEA package 
(FrichoH and FrançoiG 2015) in R (R DevelopmenH Core Team 2015). 
We GeH boHh BayeGcan and LEA wiHh :alGe diGcovery raHe o: 0.01. 
However, we did noH idenHi:y any locuG wiHh a GHrong Gignal o: poGi-
Hive or negaHive GelecHion and Hhere:ore our daHa GeH only deHecHed 
paHHernG expecHed under neuHraliHy.

Investigating Genetic Structure
The Gmall Gample GizeG prevenHed uG :rom uGing analyGeG baGed on 
allele :requencieG eGHimaHed per localiHy. InGHead, we inveGHigaHed 
global geneHic GHrucHure :or each GpecieG and alGo carried ouH indi-
vidual-baGed analyGeG. UGing Hhe enHire daHa GeH :or each GpecieG, we 
HeGHed :or GignifcanH deviaHion :rom Hardy–Weinberg Equilibrium 
(HWE) per locuG, Ho evaluaHe Hhe null hypoHheGiG o: random maHing. 
We alGo conHraGHed Hhe valueG per locuG :or expecHed heHerozygoGiHy 
(HE) and obGerved heHerozygoGiHy (HO). LimiHed gene how and Hhe 
preGence o: geneHic GHrucHure will reGulH in a GpaHial Wahlund e::ecH 
(Wahlund 1928). ThiG iG becauGe pooling geneHic daHa where geneHic 
GHrucHure iG preGenH will reGulH in heHerozygoGiHy defciH compared Ho 
HWE expecHaHion.

Measuring Genetic Di''erentiation
To meaGure geneHic di::erenHiaHion beHween individualG we uGed pair-
wiGe geneHic diGHanceG baGed on genoHypic relaHedneGG, which iG beHHer 
GuiHed Ho deHecHing GubHle geneHic variaHion. ThiG iG becauGe genoHypeG 
are Ghu:hed aH each generaHion and genoHypic GHrucHure derived :rom 
genoHypic GimilariHy beHween individualG can be inhuenced by GhorH-
Herm proceGGeG, Guch aG Hhe GpaHial diGHribuHion o: cloGe relaHiveG 
(SHow eH al. 2001). We uGed Hhe R-package relaHed (Pew eH al. 2015), 
which eGHimaHeG pairwiGe relaHedneGG wiHh 7 di::erenH indiceG, and 
idenHifeG Hhe beGH index :or Hhe daHaGeH by comparing PearGon’G cor-
relaHionG beHween obGerved and expecHed relaHedneGG valueG :or each 
eGHimaHor (Pew eH al. 2015). The RiHland index (RiHland 1996) waG 
idenHifed aG Hhe beGH eGHimaHor o: relaHedneGG beHween individualG 

:or all GpecieG in our daHaGeH. We uGed diGHance maHriceG baGed on Hhe 
RiHland index Ho HeGH Hhe e::ecHG o: IBD and IBR on geneHic di::eren-
HiaHion, and in PCA’G Ho aGGeGG :or geneHic cluGHering.

Constructing the Environmental Resistance 
Sur'aces
The GHudy area iG characHerized by a moGaic o: di::erenH vegeHaHion 
HypeG inhuenced by di::erenceG in climaHic GeaGonaliHy over a laHiHu-
dinal gradienH o: abouH 7 degreeG. The GouHhern :oreGHG o: Hhe GHudy 
area conHain more open vegeHaHion and more pronounced climaHic 
GeaGonaliHy compared Ho Hhe norHhern :oreGHG o: Hhe GHudy area. 
TheGe, in Hurn, are denGer and more humid HhroughouH moGH o: Hhe 
year (SupplemenHary MaHerial, Appendix 3). There:ore, in order Ho 
capHure environmenHal heHerogeneiHy in our reGiGHance Gur:ace, we 
GelecHed vegeHaHion-cover Hype aG a diGcreHe variable and GeaGonaliHy 
in HemperaHure and rain:all aG conHinuouG variableG. Each o: HheGe 
variableG iG likely Ho drive, or rehecH large-Gcale ecological changeG, 
and conGequenHly we conGidered HheGe aG likely Ho be aGGociaHed wiHh 
any changeG in connecHiviHy :or Hhe GpecieG in queGHion. The environ-
menHal variableG were obHained in raGHer :ormaH in Hhe public repoGi-
Hory AmbdaHa (Amaral eH  al. 2013; www.dpi.inpe.br/AmbdaHa). 
AmbdaHa provideG environmenHal daHa :or Hhe enHire Amazon baGin, 
and Hhe raGHer fleG have a reGoluHion o: 1 km. We cropped Hhe raGHer 
fleG Ho our GHudy area and reduced Hhe reGoluHion Ho 12 km. ThiG iG 
an appropriaHe Gcale, becauGe Hhe Gcale aH which we defned habiHaHG, 
Guch aG Hhe diGHribuHion o: di::erenH vegeHaHion cover HypeG and varia-
Hion in climaHe GeaGonaliHy along Hhe GHudy area iG :ar greaHer Hhan 12 
km. LikewiGe, Hhe diGHance beHween localiHieG where Gampling Hook 
place iG :ar greaHer Hhan 12 km (SupplemenHary MaHerial, Appendix 
1). We modifed Hhe raGHer fleG uGing Hhe raGHer R-package (HijmanG 
2015).

MoGH o: Hhe meHhodG uGed Ho build reGiGHance Gur:aceG require 
a priori defniHion o: maximum reGiGHance valueG Ho environmenHal 
variableG. FacHorG limiHing diGperGal can be conGpicuouG, Guch aG 
low alHiHudeG Ho mounHain goaHG in norHhern UniHed SHaHeG (Shirk 
eH  al. 2010). However, here we were inHereGHed in inveGHigaHing 
:acHorG inhuencing gene how acroGG GubHle variaHion in vegeHaHion 
and climaHic GeaGonaliHy in Hhe Amazon rain:oreGHG. There:ore, we 
weighHed reGiGHanceG uGing geneHic algoriHhmG HhaH combine geno-
HypeG, geographic locaHionG, and environmenHal layerG (PeHerman 
2014). GeneHic algoriHhmG (GAG) are uGed Ho Golve opHimizaHion 
problemG and GimulaHe Hhe evoluHionary proceGG in naHural GyGHemG 
(Scrucca 2013). The opHimum weighHing o: reGiGHance Gur:aceG waG 
appraiGed by running Hhe evoluHionary proceGG GimulaHed by Hhe GA 
aG implemenHed by Hhe R-package ReGiGHanceGA (PeHerman 2014). 
ThiG approach overcomeG Hhe challenge o: complex environmenHal 
heHerogeneiHy and having no a priori in:ormaHion on Hhe inhuence o: 
habiHaH Hype on diGperGal. In addiHion, Hhe meHhod uGed in HhiG GHudy 
allowG mulHiple reGiGHance Gur:aceG (e.g., 3 environmenHal layerG com-
bined) Ho be opHimized (PeHerman 2014).

We developed IBR modelG :or each GpecieG in an iHeraHive :aGhion 
uGing Hhe GA Ho weighH Hhe reGiGHance impoGed by vegeHaHion cover 
Hype, GeaGonaliHy in HemperaHure, and GeaGonaliHy in rain:all. AH each 
iHeraHion, we Hhen calculaHed pairwiGe reGiGHance valueG beHween our 
Gampling localiHieG uGing boHh circuiH Hheory (CircuiHGcape, McRae 
and Beier 2007; McRae eH  al. 2008; McRae and Shah 2009) and 
leaGH-coGH paHh (e.g., Driezen eH  al. 2007; Wang eH  al. 2009). The 
ReGiGHanceGA R-package Hhen fHG a linear mixed e::ecH model where 
our obGerved pairwiGe geneHic diGHanceG were Hhe reGponGe and pair-
wiGe reGiGHance diGHance waG Hhe predicHor (PeHerman 2014). The beGH 
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model :or each GpecieG waG deHermined uGing Akaike in:ormaHion cri-
Herion (AIC; PeHerman 2014). TheGe GHepG are carried ouH iHeraHively, 
wiHh Hhe individualG belonging Ho Hhe populaHion wiHh Hhe beGH AICG 
carried :orward Ho Hhe nexH generaHion in Hhe evoluHionary proceGG 
modeled uGing Hhe GA. IHeraHionG are conHinued Ho a maximum o: 
1000 iHeraHionG and are GHopped a:Her 25 generaHionG have paGGed 
wiHhouH improvemenH Ho AIC.

To :urHher compare levelG o: diGperGal beHween ambuGh predaHorG 
and acHive :oragerG we uGed Hhe PopGenReporH R-package (Gruber 
and Adamack 2015). We uGed pairwiGe coGH diGHance maHriceG (gen-
eraHed by ReGiGHanceGA) Ho eGHimaHe Hhe probabiliHy o: 5% o: indi-
vidualG :rom a Gampling module diGperGing Ho a neighboring module, 
uGing Hhe average diGHance beHween moduleG (40 km). We predicHed 
HhaH ambuGh predaHorG would have lower diGperGal probabiliHieG 
Hhan acHive :oragerG. BecauGe we can’H make any a priori predicHion 
o: migraHion raHeG :or Hhe GpecieG GHudied, we GimulaHed Hhe Game 
diGperGal raHe :or all GpecieG, and Hhen HeGHed :or di::erenceG in diGper-
Gal probabiliHieG according Ho :oraging mode uGing a KruGkal–WalliG 
HeGH. DiGperGal probabiliHieG are given by exp (x/d0) × log (p), where 
exp = exponenHial :uncHion, x = coGH diGHance maHrix, d0 = diGperGal 
diGHance, and p = proporHion o: all individualG in a “populaHion.”

Evaluating the Role o' Isolation-By-Distance
To aGGeGG Hhe GHaHiGHical coe:fcienHG o: Hhe linear relaHionGhipG 
beHween Hhe genoHypeG and geographic diGHance (IBD) decoupled 
:rom coGH diGHance (IBR), we uGed redundancy analyGiG (RDA) per 
GpecieG in Hhe Vegan R-package (OkGanen eH al. 2016), aGGuming a 
:ull model wiHh IBD and IBR aG independenH variableG, a model wiHh 
IBD aG independenH variable, condiHioned on IBR, and a Hhird model 
wiHh IBR condiHioned on IBD. The di::erenH modelG were uGe:ul Ho 
HeGH :or Hhe e::ecHG o: reGpecHively IBD + IBR, only IBD and only IBR 
on geneHic variaHion among GampleG. We obHained GHaHiGHical coe:-
fcienHG :rom each RDA model uGing ANOVA.

AG an alHernaHive Ho Hhe RDA analyGiG, we uGed PCoA GcoreG 
(axiG 1) :rom each diGHance maHrix in mulHiple linear regreGGionG. We 
aGGumed Hhe general :ormula PCoA1-RiHland geneHic diGHance = a + 
b (PCoA1-geographic diGHance) + b (PCoA1-coGH diGHance). PloHG o: 
Hhe parHialG :rom each model are preGenHed in Hhe SupplemenHary 
MaHerial (Appendix 8).

To :urHher HeGH :or IBD, we carried ouH an independenH HeGH :or 
GpaHial auHocorrelaHion o: geneHic GimilariHy and geographic diGHance. 
IBD waG concluded i: Hhe whole correlogram rehecHed a GignifcanHly 
negaHive correlaHion. ThiG waG HeGHed uGing a heHerogeneiHy HeGH, 
where Hhe null hypoHheGiG waG no genoHypic divergence aGGociaHed 
wiHh geographic diGHance aH P < 0.01 (BankG and Peakall 2012). We 
GeH geographic diGHance caHegorieG Ho give approximaHely even num-
berG o: pairwiGe compariGonG in each diGHance claGG. SpaHial correlo-
gramG were obHained :or each GpecieG uGing GenAlEx (Peakall and 
SmouGe 2012).

Results

Global Genetic Structure Based on HWE
UGing SNP daHa pooled acroGG all individualG Gampled per GpecieG, 
ambuGh predaHorG conGiGHenHly had higher proporHionG o: loci HhaH 
GignifcanHly deviaHed :rom HWE, compared Ho acHive :oragerG 
(Table 1). AddiHionally, Hhe majoriHy o: loci HhaH GignifcanHly devi-
aHed :rom HWE Ghowed a homozygoHe exceGG, GuggeGHing GHronger 
geneHic GHrucHure in ambuGh predaHorG (SupplemenHary MaHerial, 
Appendix 4). ThiG reGulH iG conGiGHenH wiHh acHive :oragerG hav-
ing GignifcanHly greaHer diGperGal probabiliHieG (KruGkal–WalliG 
chi-Gquared = 60.808, P <  0.0001) beHween neighboring Gampling 
moduleG (SupplemenHary MaHerial, Appendix 5). PCA provided no 
evidence o: diGcreHe geneHic cluGHerG :or any o: Hhe GpecieG GHudied 
here (SupplemenHary MaHerial, Appendix 6).

Isolation by Geographic Distance and 
Environmental Resistance
The RDA :ull modelG GignifcanHly capHured 8% (F2,29  =  1, 121; 
P = 0.01) o: Hhe variance in genoHypeG o: Hhe lancehead (Figure 2) 
and 18% (F2,12 = 1.378; P = 0.001) o: Hhe variance in Hhe Hreeboa 
(Figure 3). However, Hhe parHial modelG Ghowed HhaH geneHic varia-
Hion in Hhe lancehead iG excluGively aGGociaHed Ho Hhe e::ecHG o: IBD 
(F

2,29
 = 1.207; P = 0.01), while Hhe geneHic variaHion in Hhe Hreeboa waG 

a::ecHed by boHh IBD (F2,12 = 1.301; P = 0.01) and IBR (F2,12 = 1.572; 
P = 0.006). ForeGHG hooded by GHreamG and overhowing riverG had 
greaHer reGiGHance GcoreG, Ghowing HhaH hooded habiHaHG are noH opHi-
mal rouHeG :or diGperGal o: garden HreeboaG. We :ound no GignifcanH 
e::ecHG o: IBD or IBR on Hhe geneHic variaHion :or Hhe acHive :oragerG, 
Hhe caH-eyed banded (Figure 4) and GouHhern GharpnoGe (Figure 5) 
GnakeG (P > 0.34 in all analyGeG). The coe:fcienHG :rom Hhe RDA 
modelG are Gummarized in Table 2.

AlHhough geneHic algoriHhmG were uGed Ho opHimize Hhe reGiGHance 
Gur:aceG, HhiG doeG noH appear Ho have inhuenced Hhe IBR analyGeG, 
which were baGed on an independenHly generaHed diGHance meaG-
ure. PaHHernG o: reGiGHance :or 3 o: Hhe 4 GpecieG were noH Gignif-
canHly aGGociaHed wiHh geneHic diGHance. ThiG GhowG HhaH Hhe uGe o: 
a geneHic algoriHhm Ho opHimize reGiGHance Gur:aceG did noH biaG our 
daHa Howard fnding a correlaHion beHween reGiGHance Gur:aceG and 
Hhe meaGure o: geneHic diGHance HhaH we uGed.

The reGiGHance GcoreG baGed on leaGH-coGH paHh and CircuiHGcape 
were aH leaGH 86% correlaHed (P < 0.001 in all caGeG). There:ore, we 
Ghow only Hhe reGulHG :rom LCP in Hhe main HexH, buH, reGiGHance Gur-
:aceG baGed on LCP and CS are given in Hhe SupplemenHary MaHerial, 
Appendix 7.

The mulHiple linear regreGGionG baGed on PCoA GcoreG reHurned 
reGulHG HhaH were conGiGHenH wiHh Hhe RDA modelG. MulHiple regreG-
GionG explained 35% (P = 0.001) and 79% (P > 0.001) o: Hhe rela-
HionGhip :or Hhe lancehead and Hhe Hreeboa, reGpecHively. The inhuence 

Table 1. Summary o' genetic structure o' snakes 'rom the Amazon based on deviation 'rom HWE

SpecieG Foraging behavior N FilHered loci HWE (P ≤ 0.05) % DeviaHing  
:rom HWE

HE > HO % HE > HO

Lancehead AP 32 3169 466 14.89 329 10.51
Treeboa AP 15 7805 898 11.50 853 10.92
CaH-eyed AF 23 2173 32 1.47 28 1.28
SharpnoGe AF 19 720 2 0.27 1 0.27

The Hable GhowG Hhe proporHionG o: loci HhaH GignifcanHly deviaHed :rom HWE and proporHionG o: loci :or which HE waG greaHer Hhan HO. GeneHic GHrucHure waG 
compared beHween ambuGh predaHorG (AP) and acHive :oragerG (AF).
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Figure 2. Patterns o' gene ;ow in the common lancehead Bothrops atrox based on spatial autocorrelation in genetic similarity, isolation by geographic distance 
and isolation by cost distance. In the correlogram, the error bars around mean genotypic similarity per distance class show 95% confdence intervals, the 
dashed lines show 95% confdence intervals 'or the null hypothesis o' no spatial structure and the values in brackets show numbers o' pairwise comparisons 
per geographic distance class. The biplot shows individuals as open circles and the explanatory variables as vectors (black arrows).

Figure 3. Patterns o' gene ;ow in the garden treeboa Corallus hortulanus based on spatial autocorrelation in genetic similarity, isolation by geographic distance 
and isolation by cost distance. In the correlogram, the error bars around mean genotypic similarity per distance class show 95% confdence intervals, the 
dashed lines show 95% confdence intervals 'or the null hypothesis o' no spatial structure and the values in brackets show numbers o' pairwise comparisons 
per geographic distance class. The biplot shows individuals as open circles and the explanatory variables as vectors (black arrows).
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Figure 4. Patterns o' gene ;ow in the cat-eyed banded snake Leptodeira annulata annulata based on spatial autocorrelation in genetic similarity, isolation by 
geographic distance and isolation by cost distance. In the correlogram, the error bars around mean genotypic similarity per distance class show 95% confdence 
intervals, the dashed lines show 95% confdence intervals 'or the null hypothesis o' no spatial structure and the values in brackets show numbers o' pairwise 
comparisons per geographic distance class. The biplot shows individuals as open circles and the explanatory variables as vectors (black arrows).

Figure 5. Patterns o' gene ;ow in the southern sharpnose Philodryas georgeboulengeri based on spatial autocorrelation in genetic similarity, isolation by 
geographic distance and isolation by cost distance. In the correlogram, the error bars around mean genotypic similarity per distance class show 95% confdence 
intervals, the dashed lines show 95% confdence intervals 'or the null hypothesis o' no spatial structure and the values in brackets show numbers o' pairwise 
comparisons per geographic distance class. The biplot shows individuals as open circles and the explanatory variables as vectors (black arrows).
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o: IBR on geneHic diGHance waG reGHricHed Ho Hhe Hreeboa (P < 0.001). 
All PCoA ordinaHionG o: diGHance maHriceG (geneHic, geographic, and 
environmenHal coGH) reHurned axiG 1 repreGenHing aH leaGH 70% o: Hhe 
variaHion in Hhe original diGHanceG obGerved. The coe:fcienHG :rom 
mulHiple linear regreGGionG are Gummarized in Table 3, and Hhe par-
HialG :rom each model are ploHHed in Hhe SupplemenHary MaHerial, 
Appendix 8.

The GpaHial auHocorrelaHionG o: geneHic GimilariHy :or claGGeG o: 
geographic diGHance were generally conGiGHenH wiHh Hhe RDA and 
mulHiple regreGGion modelG. They Ghowed a conHinuouG decreaGe in 
geneHic GimilariHy over geographic diGHance claGGeG in Hhe ambuGh 
predaHorG (P < 0.01 in all caGeG), and no paHHern in geneHic GimilariHy 
over geographic diGHance claGGeG :or Hhe caH-eyed banded (P = 0.01). 
However, Hhe GouHhern GharpnoGe Ghowed GignifcanH GpaHial corre-
logram (P = 0.003), deGpiHe HhiG paHHern noH being capHured by Hhe 
linear modelG.

Discussion

Our daHa :rom 4 Gnake GpecieG co-diGHribuHed acroGG ~880 km in Hhe 
cenHral-GouHhweGHern Amazon Ghow HhaH in HheGe GpecieG’ :oraging 
mode iG aGGociaHed wiHh geneHic divergence. The 2 ambuGh predaHorG 
Ghowed greaHer genoHypic parHiHioning wiHh geographic and environ-
menHal coGH diGHanceG Hhan Hhe acHive :oraging GpecieG. FurHhermore, 
Hhe higher proporHion o: loci wiHh homozygoHe exceGG in ambuGh 
predaHorG may be due Ho Hhe Wahlund e::ecH, where an apparenH 
homozygoHe exceGG reGulHG :rom daHa being pooled acroGG a geneHi-
cally Gubdivided Gample (Wahlund 1928). Overall, HheGe daHa imply 
higher levelG o: gene how and diGperGal acroGG Hhe Gampled landGcape 
:or Hhe acHive :oragerG.

Knowledge o: gene how in GnakeG may be Geverely limiHed by Hhe 
abiliHy Ho obHain large enough Gample GizeG in placeG where deHecH-
abiliHy iG low (SHeen 2010; Fraga eH  al. 2014). DeGpiHe lower Hhan 

Hypical GizeG uGed in populaHion-geneHic GHudieG, Hhe Gample GizeG 
obHained here were Gu:fcienH Ho deHecH di::erenceG in paHHernG o: 
geneHic diGHance among GpecieG. The GignifcanH aGGociaHion o: gen-
oHypic diGHance wiHh geographic or coGH diGHanceG :or Hhe ambuGh 
predaHorG maHcheG our predicHion HhaH a GedenHary li:eGHyle reGulHG 
in lower levelG o: gene how Hhan HhaH meaGured in acHive :oragerG. 
AmbuGh hunHing haG been aGGociaHed wiHh low vagiliHy and Hendency 
Ho Gpend long periodG in relaHively Gmall areaG in boHh Hhe garden 
Hreeboa (HenderGon 1997) and Hhe common lancehead (Fraga eH al. 
2013b). LimiHed diGperGal haG alGo been linked Ho fHneGG advanHageG 
in parHicular habiHaHG, Guch aG maHching organiGmG and background 
colorG (RoGenblum and Harmon 2011). IH haG been unclear wheHher 
HhiG could be Hhe caGe o: Hhe GpecieG GHudied here, becauGe boHh gar-
den Hreeboa and common lancehead are polychromaHic, buH di::erenH 
colormorphG are o:Hen GympaHric aH local GcaleG (Fraga eH al. 2013a; 
DuarHe eH al. 2015). ThiG obGervaHion haG been HhoughH Ho indicaHe 
high gene how regardleGG o: geographic diGHance and environmenHal 
heHerogeneiHy (HenderGon 1997; DuarHe eH  al. 2015). However, in 
HhiG GHudy, IBD iG preGenH in boHh GpecieG o: ambuGh GnakeG, and IBR 
iG preGenH in Hhe garden Hreeboa. FurHhermore, iH iG poGGible HhaH HheGe 
GpecieG are diGplaying high levelG o: phenoHypic plaGHiciHy. PhenoHypic 
plaGHiciHy wiHh reGpecH Ho color Hype haG been demonGHraHed :or Geveral 
repHile GpecieG (Broadie 1992; King and LawGon 1995; RoGenblum 
eH al. 2004). InHereGHingly, phenoHypic plaGHiciHy iHGel: may be under 
GelecHion (Pigliucci eH  al. 2006), poHenHially explaining Hhe lack o: 
IBR HhaH we obGerved in 3 o: Hhe 4 GpecieG GHudied.

The only GpecieG :or which we :ound GignifcanH e::ecHG o: IBR 
on gene how iG Hhe garden Hreeboa. In HhiG GpecieG, nonhooded rain-
:oreGHG are habiHaHG providing geneHic connecHiviHy. E::ecHG o: IBR on 
gene how haG been linked Ho localized adapHaHion in Geveral organ-
iGmG, Guch aG graGGeG (Freeland eH al. 2010), fGheG (SmiHh eH al. 2005), 
amphibianG (Dudaniec eH al. 2012; PeHerman eH al. 2014), birdG 
(SmiHh eH al. 2005; ManHhey and Moyle 2015) and inverHebraHeG 

Table 2. Summary o' RDA showing the e''ects o' IBD and IBR on genetic distance o' snakes 'rom the Amazon

SpecieG IBD + IBR Pure IBD Pure IBR

InerHia CP P Geo P CoGH InerHia CP P InerHia CP P

Lancehead 142 0.07 0.01 0.76 74.93 0.03 0.01 59.76 0.02 0.76
Treeboa 771.1 0.18 0.002 0.002 359.9 0.08 0.03 377.2 0.09 0.008
CaH-eyed 28.41 0.05 0.38 0.97 8.39 0.03 0.46 6.21 0.01 0.99
SharpnoGe 13.07 0.11 0.44 0.33 6.42 0.05 0.39 6.85 0.06 0.32

The P valueG were obHained by ANOVA, GeparaHely Ho geographic diGHance (P Geo) and environmenHal reGiGHance (P CoGH). The inerHia valueG are equivalenH Ho 
variance, and Hhe CP valueG Ghow Hhe conGHrained proporHion o: variance on geneHic daHa capHured by RDA. Bolded P valueG Ghow GignifcanH e::ecHG o: IBD and/
or IBR on geneHic diGHance.

Table 3. Coe'fcients 'rom multiple linear regressions using PCoA scores representing genetic distance as response variables and PCoA 
scores representing geographic distance (IBD) and environmental cost (IBR) as predictor variables

SpecieG PredicHor r2 ReGidualG SHandard error t-value P

Lancehead IBD 0.35 0.004 0.001 3.97 <0.001
IBR −0.0002 0.0003 −0.77 0.44

Treeboa IBD 0.79 0.005 0.002 2.64 0.02
IBR 0.08 0.013 6.35 <0.001

CaH-eyed IBD 0.06 5.065 0.03 1.73 0.1
IBR −0.01 0.03 −0.35 0.72

SharpnoGe IBD 0.01 −0.11 0.17 −0.64 0.52
IBR 0.09 1.12 −0.08 0.93

Bolded valueG are GHaHiGHically GignifcanH.

Journal of Heredity, 2017, Vol. 108, No. 5 531

D
ow

nloaded from
 https://academ

ic.oup.com
/jhered/article-abstract/108/5/524/3836928 by guest on 18 M

ay 2020



(Funk eH al. 2011). However, becauGe we were noH able Ho idenHi:y 
loci wiHh GelecHion Gignal in HhiG GHudy, Hhe e::ecH o: IBR on gene how 
in garden Hreeboa iG more likely explained by nonrandom diGper-
Gal acroGG heHerogeneouG environmenHG (DaviG and SHampG 2004; 
SHevenG eH al. 2005; Feder and ForbeG 2007). Garden HreeboaG have 
mainly been :ound in Hhe underGHory acroGG Hhe GHudy area (MarHinG 
and Oliveira 1999), which iG relaHively open in Hhe hooded :oreGHG 
in Hhe Amazon, becauGe many planH GpecieG cannoH Gurvive hooding 
:or long periodG. IH iG poGGible HhaH Hhe higher expoGure Ho predaHorG 
and prey in hooded :oreGHG mighH render HhiG habiHaH leGG GuiHable :or 
diGperGal by HreeboaG. We are noH, however, concluding HhaH di::erenH 
GelecHive preGGureG have noH been acHing on HreeboaG in HheGe di::erenH 
habiHaHG. IH iG poGGible HhaH we did noH deHecH any loci under GelecHion 
becauGe we did noH recover any SNPG wiHhin or cloGely linked Ho 
geneG under GelecHion.

Gene how waG high enough in acHive :oragerG Ho prevenH Gignif-
canH deviaHion :rom Hhe HWE :rom GampleG pooled acroGG Hhe whole 
daHa GeH, or any evidence o: IBR and limiHed evidence o: IBD. TheGe 
fndingG GuggeGH HhaH Hhere haG been a Gu:fcienH level o: gene how Ho 
o::GeH geneHic di::erenHiaHion HhaH would oHherwiGe reGulH :rom Hhe 
localized accumulaHion o: muHaHionG, and Hhe e::ecHG o: geneHic dri:H 
(WrighH 1931; SlaHkin 1987). FurHher, our modeling GuggeGHG HhaH 
acHive :oragerG more o:Hen diGperGe Ho neighboring ploHG, irreGpecHive 
o: Hhe inHervening habiHaH HypeG. While high levelG o: gene how imply 
higher levelG o: diGperGal acroGG di::erenH habiHaHG, iH iG alGo poGGi-
ble HhaH e::ecHive populaHion GizeG are o: a Gu:fcienH Gize HhaH demo-
graphically independenH groupG o: individualG are approximaHely 
geneHically homogeneouG (Guo and ThompGon 1992). AH preGenH, 
Hhere are inGu:fcienH daHa Ho eGHimaHe e::ecHive populaHion GizeG :or 
HheGe GpecieG. In :uHure work, our knowledge o: how diGperGal capac-
iHy iG driving geneHic di::erenHiaHion could be refned by radio Helem-
eHry daHa and fner-Gcale geneHic analyGeG baGed on a higher denGiHy 
o: individualG.

The relaHionGhip beHween geographic diGHance and geneHic vari-
aHion provided inGHanceG o: high geneHic di::erenceG beHween indi-
vidualG :rom GiHeG in cloGe proximiHy Ho each oHher, and low geneHic 
di::erenceG beHween individualG :rom GiHeG :urHher aparH. ThiG waG 
eGpecially prevalenH in Hhe caH-eyed banded Gnake (SupplemenHary 
MaHerial, Appendix 8c). High variaHion in individual-baGed eGHimaHeG 
o: geneHic diGHance iG a characHeriGHic expecHed wiHh high diGperGal 
(GoudeH eH al. 2002) and HhuG conGiGHenH wiHh our fnding o: general 
high levelG o: gene how :or all GpecieG.

RegardleGG o: :oraging mode, in each o: Hhe GpecieG GHudied 
here, gene how iG large enough HhaH Hhe error barG around mean 
eGHimaHeG o: genoHypic GimilariHy moGHly overlap acroGG Hhe diG-
Hance caHegorieG aGGeGGed in Hhe GpaHial-auHocorrelaHion analyGiG. 
The Gample GizeG :or each diGHance caHegory are above HhoGe HhaH 
have generaHed GignifcanHly di::erenH inHer-claGG di::erenceG o: 
Hhe Game meaGure o: genoHypic GimilariHy in GpaHial auHocorrela-
Hion analyGiG o: oHher GpecieG (e.g., bruGh Hail poGGumG; SHow eH al. 
2006). There:ore, Hhe high variance iG moGH likely a conGequence o: 
high levelG o: gene how acroGG Hhe geographic exHenH o: Gampling, 
and noH a Gampling biaG. ThiG fnding iG conGiGHenH wiHh GHudieG o: 
oHher GnakeG, where gene how haG been Ghown Ho occur aH high 
levelG, aH diGHanceG greaHer Hhan 1000 km (LawGon and King 1996), 
and even among GampleG collecHed :rom iGlandG iGolaHed :rom Hhe 
mainland by up Ho 108 km (BiHHner and King 2003). However, 
HemperaHe GnakeG HhaH uGe communal hibernacula Ho overwinHer 
may Ghow geneHic GHrucHure aH fner GcaleG, wiHh IBD evidenH aH 
diGHanceG o: 15–50 km (Lougheed eH al. 1999; Blouin-DemerG and 
WeaHherhead 2002).

DeGpiHe Hhe di::erenceG in levelG o: gene how beHween ambuGh 
predaHorG and acHive :oragerG, each o: Hhe GpecieG haG diGHribu-
HionG HhaH exHend Ho habiHaHG noH repreGenHed wiHhin our GHudy area. 
AGGeGGing Hhe inhuence o: IBD and IBR aH larger GcaleG (e.g., Amazon 
baGin) would Gample biogeographically di::erenH regionG, which 
would incorporaHe greaHer geographic iGolaHion and environmenHal 
heHerogeneiHy. FurHher aGGeGGmenH aH larger GcaleG may reveal geneHic 
GHrucHuring :or Hhe acHive :oragerG, and poHenHially, idenHi:y habiHaHG 
HhaH provide reGiGHance Ho gene how. AddiHionally, by Gampling larger 
areaG in Amazonia reGearcherG are able Ho diGHinguiGh ecological :ac-
HorG driving gene how :rom hiGHorical :acHorG, Guch aG vicariance 
cauGed by Hhe riverG acHing aG barrierG Ho diGperGal (e.g., RibaG eH al. 
2012). We alGo emphaGize HhaH alHhough we :ound a conGiGHenH paH-
Hern o: greaHer gene how in acHive :oragerG, daHa :rom addiHional 
GpecieG are required Ho GuggeGH HhaH HhiG conGHiHuHeG a general paHHern.

Tropical rain:oreGHG have provided an excepHionally challenging 
environmenH Ho collecH baGic in:ormaHion on diGperGal :or GnakeG, aG 
wiHh many oHher organiGmG, becauGe o: low deHecHabiliHy and Hhe 
e::orH required Ho collecH enough individualG. We have Ghown HhaH 
obHaining meaGureG o: gene how and in:erring paHHernG o: diGperGal 
mighH now be acceGGible uGing new HechnologieG HhaH allow Hhou-
GandG o: SNPG Ho be Gequenced de novo in nonmodel organiGmG 
(SanGaloni eH  al. 2011; PeHerGon eH  al. 2012), in conjuncHion wiHh 
new GpaHial modeling HechniqueG (PeHerman 2014).
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