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Review article

Individual heterogeneity as a pitfall in population estimates based
on non-invasive genetic sampling: a review and recommendations

Cornelia Ebert, Felix Knauer, Ilse Storch & Ulf Hohmann

In recent years, much progress has been made in non-invasive genetic methods for various purposes including
population estimation. Previous research focused on optimising laboratory protocols and assessing genotyping errors.
However, an important source of bias in population estimates still remains in the field sampling methods. The
probability of animals being sampled can vary according to sex, age, social status or home-range location. In this article,
we present relevant literature reviewed to provide an overview of the occurrence of individual heterogeneity (IH) in the
field, and how it can be minimised, e.g. by adaptation of sampling design. We surveyed 38 articles describing non-
invasive population estimation for 12 mammal and two bird species. The majority of these studies discussed IH as a
potential problem. The detectability of IH via goodness-of-fit testing depended on the average capture probability
reported in the studies. Field tests for assessing variation in sampling probabilities or validating estimations were
carried out in only 11 of the 38 studies. The results of these tests point out that IH is a widespread problem in non-
invasive population estimation, which deserves closer attention not only in the development of laboratory protocols but
also concerning the sampled species’ characteristics and the field methods. IH can be reduced in the field by carefully
adapting the sampling design to the characteristics of the studied population. If this is not reasonable, it may be better to
switch to a different sampling strategy.
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Reliable estimation of population size remains a
major challenge in wildlife research and manage-
ment. In recent years, non-invasive DNA-based
population estimation methods have been widely
applied in a variety of species. Several standard ap-
proaches have been modified to fit genetical im-
plementation, among which are rarefaction (e.g.
Frantz et al. 2004) and capture-recapture (e.g.
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Boulanger & McLellan 2001). In their conventional
form, both methods presuppose capture or killing of
animals or rely on direct sightings, and are chal-
lenged by the possibility of heterogeneous detec-
tion probabilities amongst the studied population
(Borchers et al. 2002, Petit & Valiére 2006). Being
most frequently used, capture-recapture (CR)
methods are especially vulnerable with respect to
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individual heterogeneity (IH; Pledger & Efford
1998, Link 2004, Lukacs & Burnham 2005), i.c.
differences between individuals of a population in
the probability of being captured (Borchers et al.
2002). Capture- and recapture probabilities may
be influenced by age, sex, social status and
individual experience (Baber & Coblentz 1986,
Piggott & Taylor 2003), and this can generate
severe bias in population estimates (White et al.
1982, Minta & Mangel 1989, Sweitzer et al. 2000).
IH can be accounted for by use of different
modelling approaches (e.g. see Otis et al. 1978,
Chao 1987, Chao & Jeng 1992, Pledger & Efford
1998), but the power of goodness-of-fit (GOF)
tests and model selection procedures to detect IH
in a given data set is often low (Menkens &
Anderson 1988, McKelvey & Pearson 2001).
Furthermore, as Link (2003, 2004) recently stated,
IH is far more difficult to model than has previously
been recognised, modelling being especially prob-
lematic if the causes and extent of IH are unknown.
Thus, in order to allow accurate population
estimates, IH should be either minimised or
quantified as far as possible (Petit & Valiére 2006).
Methods based on non-invasive genetic sampling
offer solutions for estimation of population size
without capturing or killing animals, making them
advantageous for rare or endangered species (Kohn
et al. 1999, Taberlet et al. 1999, Mills et al. 2000,
Piggott & Taylor 2003). McKelvey & Schwartz
(2004) and Petit & Valiére (2006) suggested that the
absence of handling can overcome the effects of
previous capture history on subsequent catchabil-
ity, and thus certain sources of IH could be reduced.
The most commonly used non-invasive DNA
sources are hairs and faeces for mammals as well
as feathers and faeces for birds (Lukacs & Burnham
2005). Non-invasive methods have made CR ap-
proaches, which in their conventional form are
more suitable for small and abundant mammals,
applicable for large, elusive and/or endangered
mammal and bird species (Obbard et al. 2010).
However, despite their advantages, non-invasive
genetic methods are also prone to heterogeneity
related to biological variability among individuals
(Kohn et al. 1999, Wilson et al. 2003, Boulanger et
al. 2004a). Moreover, in non-invasive methods IH
can interact with bias caused by genotyping errors.
Allelic dropout and false alleles can create 'mew’
false individuals, leading to overestimation in
population estimates because recaptures may be
concealed, resulting in a decreased recapture rate
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(Creel et al. 2003, McKelvey & Schwartz 2004).
Furthermore, there are some issues in non-invasive
genetic CR which are not problematic in conven-
tional CR. In genetic CR the total number of
marks in the population is not known and marks
may not be unique, because only a subset of each
animal’s genome is used for identification (Lukacs
& Burnham 2005). Therefore, the danger of mis-
identification is increased compared to conven-
tional CR. Also, a 'sampling occasion' can be
more difficult to define than a 'capture occasion’,
because the moment of the deposition of a sample,
e.g. hair or faeces, can not be assessed precisely.
This can compromise the concept of population
closure (Lukacs & Burnham 2005). Thus, despite
the high potential of non-invasive genetic tech-
niques, there are several issues which can compli-
cate the application of a CR framework for
population estimation, in addition to the difficul-
ties already present in the conventional approach.

Until now, great progress has been made in ge-
netic techniques. In particular, much effort has been
devoted to quantifying and reducing genotyping
errors (Taberlet et al. 1999, Paetkau 2003, Broquet
& Petit 2004, Roon et al. 2005b, Miquel et al. 2006).
In contrast, fewer attempts have been made in
assessing the extent and causes of IH in the field, i.e.
due to biological characteristics of the sampled
species, to individual attributes or due to sampling
procedures (Boulanger et al. 2006). However,
information about the causes and the extent of IH
is essential to improve sampling designs (Boulanger
et al. 2004c¢). Furthermore, IH in combination with
uncertainties caused by genotyping errors can cause
multiplicative effects and thus lead to an increase in
the overall bias. Therefore, it is crucial to address
both IH and genotyping problems very carefully in
order to minimise bias in population estimates.

Based on the recent peer-reviewed literature, our
article aims at:

1) providing a survey of the occurrence and
treatment of IH in non-invasive population es-
timation studies, especially with respect to dif-
ferent sampling strategies;

2) assessing the impact of sample size and capture
probability (p) on the detectability of IH via
GOF tests or model selection procedures in CR
studies;

3) comparing different methods, which seem suit-
able to assess IH in the field, also with respect to
the study species and its characteristics.
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Material and methods

Our review is based on population genetic studies
that involve non-invasive sampling for the purpose
of population estimation in mammal and bird
species. We performed a search in the Swiss Wildlife
Information Service (SWIS) database for peer-
reviewed publications using the following search
terms: hair trap, non-invasive sampling, genotyping,
population estimates, faeces sampling, hair sam-
pling and genetic monitoring. The search yielded
104 titles and was supplemented with published lists
of references. In total, we detected 142 articles, of
which we focused on 38 studies (complete list of
references available on request from the correspond-
ing author). We only included papers in which the
non-invasive sampling was de facto conducted in the
field and applied for population estimation; we
excluded literature reviews and articles dealing with
single aspects in the development of sampling
methods. We focused on studies using hair, faeces
and feathers as those are the main sources of non-
invasive tissue samples. Other sources (e.g. urine,
shed skin or buccal swabs) have been much less
employed for population estimation until now
(Broquet et al. 2007). We also included cases in
which a combination of different sampling strategies
was applied. We restricted our review to studies
using CR or rarefaction (also termed 'accumulation
curve' methods; e.g. see Kohn et al. 1999 and Eggert
etal. 2003) approaches for population estimation, as
they are the most commonly used and more prone to
be biased by IH than e.g. estimation of minimum
densities or minimum number alive.

For each study, we assessed whether TH had been
mentioned, i.e. considered as a factor potentially
influencing the population estimate. Additionally,
we recorded if IH was detected, e.g. via likelihood-
ratio-tests (program CAPWIRE; Miller et al. 2005),
y>-tests (program CAPTURE; Otis et al. 1978), via
Akaike’s Information Criterion (AIC, e.g. in pro-
gram MARK; White & Burnham 1999) or GOF
testing in program U-CARE (Choquet et al. 2009).
Furthermore, IH can be discerned in uneven
‘capture frequencies' of sampled individuals (Kohn
etal. 1999, Scheppers et al. 2007). The power of tests
to detect IH can depend on capture probability (p;
Pollock et al. 1990, Boulanger et al. 2002). Ad-
ditionally, we suspected the number of sampling
occasions and coverage, i.e. proportion of the
population sampled, to have an effect on IH de-
tectability. The estimated coverage is significantly
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correlated with p and was included because not all
reviewed studies provided estimates of p. We used
logistic regression to evaluate the impact of p,
coverage and sampling occasions on the probability
of IH being detected. In this context, we evaluated
studies in which IH was detected in the capture
frequency or via field test, but not in the GOF or
model selection tests as 'not detected'. We also
included squared terms of p and coverage since data
suggested an optimum somewhere in between the
extreme values. We selected models based on AIC.
For the logistic regression, we used every single
population estimate reported in the 38 reviewed
articles, as results of several study years or different
study areas were often included in one article,
resulting in different p and population estimates. As
p and coverage of different analyses reported within
the same study could be correlated, we included the
studies as random factor. This worked well with
coverage but not with p, because for p sample size
was low (only 39 of the 76 analyses included es-
timates of p average) and the number of studies
reporting only one analysis was high. Therefore, in
the case of p we averaged the values for each study
and conducted both a weighted and an unweighted
logistic regression without random effects. All
analyses were performed using program R (Ihaka
& Gentleman 1996). For the mixed effect logistic
regression model we used the function Imer of the
package lme4 (Bates & Maechler 2010).

For studies using CR methodology, we addition-
ally recorded if IH was included in the estimation
model (which is not possible for rarefaction
methods). We also searched for studies in which
field tests had been carried out parallel to the non-
invasive sampling for validation purposes. We put
our special attention to methods and results of these
studies and aimed to assess if the applied field tests
hold the potential to reveal ITH.

Results

The articles we reviewed dealt with 14 different
study species; 12 mammals and two birds. In 30 of
the 38 studies we included in our review, CR was the
sole method applied to estimate population size.
Four studies used rarefaction analysis only and four
used both methods (Table 1). Altogether, hair was
the DNA source in 22 of the 38 studies. In one of
these cases, the hair sampling was combined with
harvest data, and in another one faecal sampling

227



(Anpowd[ay
(O1V) sok -orpel) sok SAVIN € Y01 SE0 |82 Irey $012.10 SNS.IN qr00T ‘T8 19 IoSuemog
(%) sok - AANLAYO S 991 LT°0 86 Irey (roydoid) 00T ‘[e 10 IoSuenog
(%) ou - AINLAVO S 9 €10 w@ ey (s3] £quern) 70T ‘e 10 1e3uenog
(%) sok - HINLAVD 14 801 91°0 S8 Irey (96 EIqQUN[OD ") TOOT [ 10 IoSuenog
(%) sok - AANLAYO S 201 0 8S Irey (owod3ury]) og ‘e 10 1e5ur[nog
(%) sok - AINLAVO S 06 o ot Irey (86 EIqUN[OD ")) TOOT '[e 12 JSuenog
(X) sok - TINLIVD S ss 0 oy ey (L6 BIqQUN[OD ") TOOT [ 12 IoSuenog
(X) ok - HINLAVD 17 8% 920 c¢ Iey 8§01 SnS.Af) (30aload oquunyf) 7oz ‘T8 10 1PZurNOyg
O1V) s - SAVIA S 161 ¥'0-500 86 ey [ CIIVIAD 100T Ue[[ IO % I195ue[nog
(LX) ou - TINLAVD S ST U 86 ey $012.41 SNS.Af) A(TINLAVD) {100T VL[N 2 1d5uEnog
(X) ou - TINLAVO S 8P1 61°0 86 ey $012.41 SNS.IN) 1100T Te 10 9[00d
(%) sak - AINLAVO 01 0€€ - L61 €0-600 09 $3008) (12104 TEUONEN) 800T ‘[E 10 d5EIS
Snuvo1ioUD
(%) sak - AINLAVO 01 P11 - L6 81°0 - 90°0 6Cl $2098] Sns.af) (3y1ed [RUONEN) 800T ‘T¢ 12 93B[0
1891 I0J
[[ews 00}
azis ddures - TINLAVO 14 9 ¥$°0 9 ey (pue[s[ pues) 00T ‘¢ 10 Jue[Rg
SNUDI1LIUD
(%) ou - TINLAVO 14 9T 89°0 9T ey snsif) (pue[s] UOINI0IS) SOOT ‘¢ 12 Jur[g
(%) sok - HINLAVO ¢ S9 1€°0 9 Irey (£00T 22390 L) 900T AUOYIUY 29 [[oTIWI]
(%) sak - AINLAVO ¢ L9 €0 Ly ey (£00T 29190 L) 900T Auoyiuy 2% [[Puuiwi]
(%) ou - AANLAYO € LS 0 0¢ Irey (£00T 1eOqUILLIS) 900T AUOYIUY 29 [[or]
SNUDI1LUD
(%) sok - AANLAYO € 9 70 43 Irey SNs.4[) (£00T 1ROqUILRIS) 900T AUOYIUY 29 [[oUIL]
%SSEQ.N(SQ\G
(X) sk - AINLAVD 4! 611 ru 8¢S ey snsiq) €00 'Te 19 udsIo0g
(-) ou - ru 4 |4 ru 43 ey SnupILIWD (Surdwes puepur) $00g T8 10 WULLLL
(-) ou - 1ru T LL Iru LS Iey sns.ap) (Surdures 1s02) $007 ‘18 12 JUBLLL
(s8unysis
(4T s94  10211p) 9K AIMIVO I 19 ru ss ey sajout 2]y L00T Te 12 s1addayog
puUDI1LIUUD
(%) sak - AINLAVO ¥ €IC SI0 38 Irey SOLID Y 700T NeYIRed % 1EMON
(ouou) ufo.y
4D sk - TINLAYD L a8 ru I8 Irey Snupf101S0] €00T Te 10 syueq
(3s91) (poyjow 1s93) pasn SUOISEO20 N pajewnsy  oSeIdAe g porduwes Surdureg sa1adg (Apnis) oouarojoy
J0D ®'IA {PIRY Ay ul AIeM1JOS Surdwes S[enpIAIPUL
Po1RIdp HI  Paddlep HI Jo "oN Jo oN

0Inpaoo1d uono[as [ppout 10 3unsa) (JOO) 1J-JO-sSouUpoo3
BIA P2192)2p sem (H]) A112ua3012)ay [BNPIAIPUL JI PAIOU SI I ‘ApnIs oed 10 “(pajiodar jou = "1'u) saipnys 2y} ur payrodar Ayjiqeqoad arnydes uorssas 1od a3eIoae 2y) s1 a5eIoAR J “(SBa1e Apnjs
JUQIQJJIP UT JO SIBAA [BIIAIS JOAO JNO PALLILD dIOM ITYM SAIPNIS UT "F-9) A[oyeredas pa1o)sifar st oyewunso uonendod o[Furs 1049 ‘9[o11IR OB 10, "SA[ONIE PAIMIIAJI AT} [[k JnOqe s[re1o '] A[qeL

© WILDLIFE BIOLOGY 16:3 (2010)

228



(ou) spoyjowr

Sundwes
U29M19q
EOmENQEOU SnuvoLLUD
PNSELIEIR] n
(-) ou -o1pel AVIN S 8T ru ' S90dBJ ‘IRY  ‘SO1DID SNS.[) $00T ‘T8 10 JOSSBA\
(s9K :arey))
sI183q
PpaysoATey SIedq
‘A1yowapa) (quny) 12°0 PRISAATRY  SNUDILIOUID
(-)ou  -orper MIAVIN S 7881 ‘(arey) 200 S + ey snsi) LO0T T8 19 TyaI
(syunod (uonorjarer)
(-) ou oamp) ou Y /LATINIOD ru 61 -l ru 4! ey sojout saja N $00T 'Te 30 Ziuer]
SNUDI1SADUL
(-) ou - SAVIA (4 142 €00 0€¢ ey $012.4p $N5.17) ¢800T [& 19 IseAIon
SnUDI1LIUWD
n
() ou - AINLAVD 4 701 S 123 ey ‘501240 SN} 6661 T8 12 SPOOpy
i - HINLAVO € 9L €0 €S ey $012.4p $N5.17) (10a11 wormog urdures) ¢OOT e 12 1EMON
& - FINLIVO 4 €9¢ 800 S8 ey (smA diusreq Surduwes) o0z Te 12 1eMON
SnuUDI1LIUD
& - AIANLIVD 4 768 90°0 ¥61 ey snsi) (neayerq diusreq Sunduwes) o0z e 12 1EMON
(%) ou - TANLAYO 4 7€ 0 91T ey (sw drusreq Surjdwes) 00z 18 10 1eMOIN
(X) ou - AINLIVD 4 0S [40) 1T ey (neayerq diusreq Sundures) o0z e 12 1BMON
& - FINLIVD 4 LOT 91°0 8t ey (peaymoyo X Surdwes) oOT ‘& 19 JEMON
(%) ou - TANLIYO S 96 170 L9 ey (smN 1eydoiq Surduwes) S00T T8 19 1eMON
(X) ou - TANLIVD S €9 €10 43 ey (nearerd joydorg Surdures) gOOT e 12 1BMON
i - INLIVD S €ce 800 YL Tey (sy10y[28 DN Surdwes) ¢oOT ‘T8 12 1eMON
i - HINLAVO S L6 600 8¢ ey §012.4p $nS.) (SRS OS Surdwres) ¢oog T8 12 1EMON
(cX) sok - AINLIVD 4 vL 91°0 LE ey (e112q1V) (00T ¥92q0ng 7% 1LMON
(X) ou - TINLIVD S LST 1'0 601 ey $012.10 $NS.AN) (erqunjo) ysnug) 000 }92qoNs % LMo
6 ueaw
(-) ou - MAYVIA S ‘reak 1od eu €71 [e10) arey S012.41 SNS.A[) IH00C ‘[B 12 1e3ur[nog
(O1V) sok - SAVIN 4 34 €0 |82 ey $012.1 $NS.IN 900C ‘e 19 IoSurmog
(OIv) ou  FINLAVO S 6 Tro 6€ ey (8661 Surdures) ep(0g "[& 10 I1SuURNOY
(O1V) ou FINLIVO S S T0 |82 ey (L661 Surdures) ep(0g ‘[e 10 195uURNOg
(O1V) ou (Anowgpejorper)
sok FINLIVD 4 801 91°0 123 ey $012.10 $NS.1N) (9661 Surdures) ep(0g ‘[& 10 195uRNOg
(393) (poyjow 1s93) pasn SUOISEdD0 N pajewnsg — 93eIdAR pordwes Surdwreg soradg (Apnis) aouar)oy
J0D ®IA {PIoY Ay ul QIBM1JOS Surduwes S[enpIArpur
Pa1091Op HI  Pa1d91dp HI Jo "oN Jo "oN

"panunuo) ‘[ AqeL

229

© WILDLIFE BIOLOGY 16:3 (2010)



snuis.an
() sk - INLAVD S 61 ru LT §2008] snipquio T00T Te 12 syueq
§1701240
() sok - FINLIVO 01 (Y44 T0-0 98 52008] DjuIpoxoT €00T 'Te 12 11935
(1) ou - TITMIVO I €€ T 8 $909¥] (pnos-enqry Surdwes) 6007 T8 1o qodef
(47) ou - TIIMAVO I 9¢ ru € §9008) (yrrou-enqy Surduwes) 600z ‘e 12 qodrf
(47) ou - AIMIVO I S ru S $9090] (Jnores Surdwes) 600z ‘& 10 qooef
() ok - TITMIVO I o1 T L $909¥] (egyoy Surduwres) 600z T8 12 qoouf
snjp3o.an
() sk - HIIMAVO I 01 ru L S2008] oD.13 ] (dreSemyog Surdures) 600 Te 12 qOdE[
(a1 ou - HIIMAVO I 0T ru 91 $203¥] (yoH Surdures) 600 ‘& 10 qode[
(47) sok - AIMI VO I vl ru 6 $909¥] (urerspadoy Surpdwres) 600z ‘& 10 qooef
snjp3o.an
(A7) sk - FAIMIVO I 8L ru 6T EERELY on.a, (uopremqQ Surduwes) 00g [e 12 qodef
(Or1V) sek - TAVIN €1 LST ru I8 $9008] (zoog Sundures) 9p0z ‘Te 12 S1q[0g
(O1V) sek - AVIN 11 €2C ru 91 $3090] §012.41 $nS.AM (100T Sundures) 9p0g ‘e 12 S10q[0S
(uonoerjarer)

(-) ou - A /LATNID ru LY pue ¢ ru 8T $9098] $0124D SNS.A) L00T ‘Te 10 urewdog
(O1V) sk - AVIN €1 0S¢ xoxdde ru 6€T $3090] (zo0T Surdwes) ¢oOg ‘e 12 urewjog
(DIV) sk - AVIA 11 081 "xoxdde ru I1¢ $3008) §012.4D $NS.() (1007 Surdwes) g0z T 10 urewa[og

ru - INLAVD 01 9T SI°0 0T 52008] sojout sy +€00T 'Te 10 ZyueL]
(00T
(S 91 ou K| I 81 "xoxdde ru vl 52008] [euny p-ureg Surdues) /(0T 1Wed ¥ d[[rewoong
(S ™D sk A I 8t "xoidde ru s¢ $909¥] (00 urprayniq Surduwes) £00g Med ¥ d[rewyoond
(S 7 sk A I 68 "xoxdde ru 8S §2000] (¥00g drturdg Surdwes) £00g 10d % d[[rewydaNg
(€00T
(S 7 sok A I 8¢ "xoxdde ru 91 §2090] [eunyy-jutes surdwes) 007 119d % drewyoond
(S 97 ou d I ¢y “xoxdde ru S¢ $9000] (€00t urpraynig Surdures) £00g 1Wed ¥ d[rewyoond
(ou) so.apisoddny
(S Y1) ou sUNod 1I1P N 1 ¢9 xoixdde ru S $9098] snydojounyyy (¢00g oerurdg Surndwes) £00g7 1 2 d[[rewyoang
(suou) (uonoejaer)
D sk - SSdS Iru 9¢ ru €T $9098] n.ayn] pgnT 900C ‘T 1° oIdug
(saK)
%bqu_B 97 ueaw
(4D DIV) sk -o1pel SAVIA 6 ‘1eak 1ad GL°0 PU® 9% 96 :[®10) $9008) Sun.AIp] SN S00T ‘I® 19 ysnig
FIVO-N
(O1V) sok - ‘aAndns-d ru 9T1 - € 98°0 - 10°0 091 §2000] sndnj sun) 010T ‘Te 12 soukeqn)
(3591) (poyjow 1s23) pasn SUOISE20 N parewnsg  ofeIoAe g pojduwes Surdureg saradg (Apnis) aouarojoy
J0D ®IA {PIeY Ay ut AI1eM)JOS Surdures s[enpIArpur
P210919p HI  P21093ep HI Jo "oN Jo "oN

"panunuo) 1 AqeL

© WILDLIFE BIOLOGY 16:3 (2010)

230



*1X3) 938 s[1vIap 10J dewnss uonemdod ay) Jordwl J0U PIp 1IN PININAP SBM H] ¢
"HI P2[BoAdI yoIym s1a3peq [enplalpul jo saudnbaiy axnydes ayy pajrodar (¢007) T 10 uosyipg -erdordde jsow oq 03 spopowr

A)10URF019)aY AU} AWNSSE A3} 1Y) A)OU SIOYINE Y} YSNOY) UIAS ‘paj10darjouare s3sd) - X s Y N Ld VO weasoad jo symsal «(€007) 812 Z1UurI] U] "I9S BIRP 19FPeq SWes 3y} [IIm [Bap SadnIe Yoy o,
'$159) BIA P2102)2p 10U INq 1S BIeP o) ul juasaid oq 03 s1oyIne

oY1 £Q pawunsse seam HJ ‘sny [, -9z1s d[dwes [[Bws 01 9np MIIADLINO UL PassnosIp st H 1ou 1nq ‘parjdde soyorosdde Surduwres 1rey 1ua19JJ1p 9311 JO YB3 10J PI[[9POW seam A110ud301019Y “1oded sipp uy ¢

“A1oyeaedas 219y paIsI| 218 Y10q ‘SINSAI SULISJJIP 113U JO aSNBIAE 1S BIBP SWes 3y} 10) pariodar are spoyiow uonewnss uonendod 1uaidjjip om) ‘(100g) UB[RTIIN 2 1o3urmog 10 .
‘saniiqeqold ainydes o1j1oads-o3e pawnsse se [[om se (DY BIA) a1k Apnjs wolj

90UB)SIP JO UONOUNJ B SB H[ PP (1007) UB[[PTOIA 29 1oSur[nog g "HJ 19919p 01 Pafre] s1531 - X ‘Y10q U] (8661 199[01d 1Ay 19ydoid) 198 BIBp 183q A[ZZ118 SWES AU} Y)1M [BIP SI[ONIR [1og |

‘pajdwres aIe S[ENPIAIPUL JUIJJIP SAWI) JO Iquunu Y3 Ul J[qISIA ST H] 2T ‘Aouanbaiy armydes sajearput JD

(6661 weyuing 2 YA ) MY VIA werdord ur (UoLIdII) UORULIOJU] S YIBYY BIA) $s9001d UONI9[as [opowt aY) AQ Pa3sad3ns HJ s1ed1Ipul DIy

((8L61 T 19 SIQ) AUNNOI UONII[RS [PPOW FY N LAV WeISoId ul pajudwaduwr $1s91--X sajedrpur X

£1S3) UOTB[NWIS S2)BIIPUT §

TIAIMIVD wersord jo ampadord uonoses jopowr ur payuswe[dwr (5Og T8 12 I[IJAl 295) 1539} O)RI-POOTI[IT SAIBIIPUI YT

(s9K)
(suou) Anowope)
AD sk -o1pelr NI dINT Iu 187 Iru 0¢ eI Sup.Ipj] SN 6661 ‘T8 10 uyoy|
(sof) s1a3peq
(suou) payIRW
AD ‘soA ‘Jonuod oopia NN 201d % o¢ Iu 0z S009L] sajaut saja +€00T '[B 12 UOS[IA
sndo3pj]
(-) ou - I T w ru 0€ $2008) xadojy 800C ‘I& 12 I[N
(1moraeyq
Sunyrew
Jo KoaIns
‘Sunyoen TIAVON Ly - 1T
(O1V) ou mous) ¢ sak  ‘GOYNSIN al ‘1eak 1od LL°0O-8T0 L8 [e10) $2008) sndnj S1un) <600C ‘T8 12 020NIRIA
(ouou) SIaYIBIJ
40 ‘sok - AAVIN 4 80¢ A URS 8LT 8098} vovyay vjinby 800CT 'T& 12 Jorupny
(3s91) (poyjow 1s93) pasn SUOISEO20 N pajewnsy  oSeIdoAe g pordwes Surdureg saadg (Apn3s) oouar)oy
40D vIa (PIoY o ul 21BM)JOS Surduwres s[enpIArput
Pa1093p HI  PR19919p HI JO 'ON JO 'ON

"panunuo) [ A[qeL

231

© WILDLIFE BIOLOGY 16:3 (2010)



0.9 1
0.8 1
0.7 1
0.6 1
0.5 1
0.4+
0.3 1
0.2
0.1+

0 T T T T 1

0-01 0.1-02 02-03 03-04 >04

AVERAGE P REPORTED

PROPORTION OF STUDIES IN WHICH
HETEROGENEITY WAS DETECTED

Figure 1. Proportion of population estimates in which individual
sampling heterogeneity was detected via goodness-of-fit test in
relation to average capture probability (average p reported). Only
studies which report an estimate of the average capture probability
p are included (39 of 75 studies; see Table 1).

was carried out simultancously. The remaining 16
studies relied on faeces as DNA source; one of them
in combination with feathers. IH bias was men-
tioned as a potential problem in 34 (89%) of the 38
contributions, whereas it was modelled in 26 of the
34 CR studies (i.e. 76%). In 18 of the 34 CR articles,
IH was detected via y>-tests, likelihood-ratio-tests
or with the help of AIC. In another five studies in
which GOF tests were performed, IH was not de-
tected in their data sets. In six of all the 38 studies,
tests either failed to detect IH or were not per-
formed, but it was nevertheless visible in the 'cap-
ture frequencies' (see Table 1). Altogether, in 24 of
the 38 studies (63%) the data revealed the occur-
rence of IH amongst the studied population inde-
pendent of further field tests.

Assessment of IH via GOF tests and model
selection procedures

In this section we are taking into account every
single population estimate (N = 76) reported in the

Table 2. Support of logistic regression models testing the impact of
coverage (i.e. the ratio on the detection of individual heterogeneity
in the reviewed studies (‘samp_occ' = number of sampling
occasions).

AIC A AIC AIC AAIC

Table 3. Support of logistic regression models testing the impact of
capture probability on the detection of individual heterogeneity in
the reviewed studies ('p' = capture probability, 'p>' = squared

capture probability, 'samp_occ' =number of sampling occasions).

Model AIC A AIC
p. p? 27.49 0
P, p2, samp_occ 29.40 1.90
p, p?, samp_occ, p¥samp_occ,

p>*samp_occ 32.64 5.15
Null 36.00 8.51
samp_occ 37.45 9.95
P 37.45 9.96

38 reviewed articles. More than half (53.8%) of the
39 reported estimates of p average are below 0.2
(Fig. 1) and thus around or below the minimum rec-
ommended by Otis et al. (1978) for reliable model
selection and population estimates (Otis et al. 1978
recommend p > 0.2 for a population of 200 animals
and state that p should never be below 0.1.
Recommended minimum number of capture occa-
sions is 5, but better 7 - 10). Furthermore, IH was
only detected for p between 0.16 and 0.4. The pro-
portion of population estimates in which IH was
detected increased with increasing p until p = 0.4
(see Fig. 1). In none of three studies with p > 0.4 IH
was detected. However, in one of these studies the
sample size was too small to carry out tests in the
program CAPTURE (see Table I; Belant et al. 2005
sampling on Sand Island). The logistic regression
showed no impact of coverage on the detectability of
IH (Table 2). In the case of p and p?, the results
suggest that there is an effect on the detectability of
IH (Tables 3 and 4). The IH detectability is highest at
p values around 0.3 (Fig. 2). The most supported
model does not include the number of sampling
occasions, but a model including sampling occasions
is ranked marginally below (AAIC < 2), indicating a
potential influence (Burnham & Anderson 1998). It
seems possible that with an increasing number of
sampling occasions, the detectability of IH increases.
Models including an interaction between p and the

Model weighted unweighted

Table 4. Results of the regression model testing for the impact of
p. p° 2749 0 1430 0 capture probability on the detectability of individual heterogeneity
p. p, samp_occ 2040 1.90 16.12 1.82 with best fit according to AIC ranking (model 'p, p>').

2 kg
p, p?, samp_occ, p*samp_occ, . -
p2*samp,_occ 364 515 1980 550 Larameter Estimate SE P

Null 36.00 8.51 24.08 9.78 intercept -12.071 5.856 0.0393
samp_occ 3745 995 2581 11.51 p 96.611 49.707 0.0519
P 37.45 9.96 24.41 10.11 P’ -161.981 89.441 0.0701
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Figure 2. Observed (A) and predicted (==) values of IH detect-
ability dependent on p and p?.

number of sampling occasions were not supported
(see Table 3).

Assessment of IH via field tests

Field tests suitable for assessing the occurrence of
IH bias were performed in 11 of the 38 studies. In
seven of these 11 cases, IH was actually detected (see
Table 1). In one of the four other cases, IH was
found to be present in the hair sampling part of the
study, but was strongly reduced by sampling
harvested animals as an additional strategy (Dreher
et al. 2007). Furthermore, in eight of the 11 studies,
IH was detected via GOF testing or in the 'capture
frequencies'. Thus, in two cases where the field tests
did not reveal IH, nevertheless it seemed to be
present and detectable in the data set. Furthermore,
in two cases IH was detected through the field test
but not in the data.

Field tests in detail

Using radio-telemetry, Kohn et al. (1999) found IH
to be present in their population under study: 12
radio-collared coyotes Canis latrans made use of the
area to different degrees, and the number of faeces
that was deposited correlated with their relative use
of the study area. This IH was also reflected in the
‘capture frequencies' of the sampled individuals.
Faeces sampling of a coyote population in Central
Alaska, USA, exhibited ITH with respect to age and
home range, as well as resident status. This was
revealed through radio-telemetry of 15 collared
adult resident individuals, which showed higher
survival and recapture rates than juveniles and
transient or edge individuals (Prugh et al. 2005).
Furthermore, the model selection process in pro-
gram MARK detected IH in the data. This was also
the case in a hair sampling study on grizzly bears
Ursus arctos; Boulanger et al. (2004c¢) used location
data of 12 GPS-collared bears to evaluate the po-
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tential bias. They found p to be greater for males
than for females and also to be influenced by capture
history (i.e. differences between collared and non-
collared individuals). The latter was also detected in
another study (Boulanger et al. 2004a) in which
radio-telemetry was conducted over three years on a
total of 35 bears and were compared to hair
sampling data collected in the same area. Addition-
ally, the p of females with cubs differed from those of
the rest of the population. In a study carried out by
Wasser et al. (2004), grizzly bear faeces sampling
data were compared to hair sampling and radio-
telemetry data collected simultaneously in the same
area. Faeces collection was conducted with the help
of trained dogs. This seemed to be an effective and
relatively less biased method than hair sampling at
baited stations. In the latter, close kin (i.e. females
with their offspring) were considerably less repre-
sented. However, the sample size of matched faeces
and telemetry data was too small to allow more fine-
grained comparisons, and IH was neither detected
in the field test nor in the data set (Wasser et al.
2004). In a black bear Ursus americanus hair sam-
pling study accompanied by radio-telemetry, Dre-
her et al. (2007) used harvested bears as an addi-
tional sample. Due to this combination, the IH,
which would have been present if hair sampling or
harvest data were used alone, was strongly reduced
(B. Dreher, pers. comm.) and thus neither detected
in the field test nor in the data set.

Wilson et al. (2003) carried out a faeces sampling
study on badgers Meles meles in which they used
video control of a largely marked population to
validate their rarefaction estimate. They succeeded
in sampling almost the entire population by col-
lecting faeces at latrines near badger setts and did
not detect sex- or age class bias. However, consid-
erable variation existed in the numbers of samples
obtained from the different individuals. Moreover,
some known individuals never used the sampled
latrines and thus were not identified via faeces
sampling. These results suggest the incidence of TH,
e.g. due to variation in individual behaviour, which
in that case might not have compromised the
estimation because such a high proportion of the
population was actually sampled. A hair sampling
study conducted by Scheppersetal. (2007) at badger
setts, simultaneously surveyed via direct observa-
tions, yielded similar results. The ease with which
badgers were sampled varied considerably between
setts; hair traps were not visited equally often by all
members of the groups. Using baited hair traps and
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applying direct observation as a validation method,
the results of Frantz et al. (2004) show a comparable
pattern. Even though obvious variation in the
individual sampling frequency existed, almost all
badgers present in the area were sampled. Thus, the
rarefaction analysis yielded quite reliable results.
However, the TH observed in the three badger
studies might have been crucial in other populations
or situations, e.g. when a lower proportion of the
population is represented in the samples, especially
when CR methods are applied (Pollock 1982).
Furthermore, video control as well as direct
observation in all three studies focused on obtaining
an independent census of the sampled badger
groups; not on observing the sampling behaviour
itself. As a consequence, potential sources of ITH
such as dependence of latrine use or access to bait on
social status may remain undetected. The same
seems to hold true for a study on the lesser horseshoe
bat Rhinolophus hipposideros; the non-invasive pop-
ulation estimate was validated via direct counts of
bats in their day roosts (Puechmaille & Petit 2007).
The direct counts did not reveal any IH in the faeces
sampling. However, IH was detected in the sam-
pling data of several of the sampled bat colonies via
likelihood-ratio or simulation tests.

In a faeces sampling study on wolves Canis lupus
in the Italian Alps, Marucco et al. (2009) used an
evaluation system for age-dependent marking
behaviour related to defecation. Due to the fact
that part of the population was radio-collared or
otherwise known, it was possible to discriminate
between faeces deposited by adult wolves for
marking purposes and 'non-marking' faeces. The
authors detected age- and status dependent IH in
the defecation behaviour and concluded that they
would have missed a considerable part of the
juvenile population, if they had not adapted their
search pattern. However, by means of the field tests,
Marucco et al. (2009) were able to apply and
confirm a representative faeces sampling strategy.

Discussion

Most researchers seem to be aware of IH being a
major problem present in population estimation
based on non-invasive genetic methods. The vast
majority of articles dealing with non-invasive
methods applied for such purpose mention or
discuss this problem. In most studies based on CR
approaches, the authors attempted to account for
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potential bias by employing models which incorpo-
rate IH (Chao 1987). However, as long as the
different sources and the extent of IH are unknown,
the results of population estimations are strongly
model dependent and might not reflect reality (Link
2003, 2004). Furthermore, the different methods to
test for IH in the data set may have limited power
and thus often fail to detect IH (Boulanger &
McLellan 2001, Miller et al. 2005). In the literature,
it has been mentioned that the power of such test
procedures is especially low for small ps (Menkens
& Anderson 1988, Boulanger & McLellan 2001).
The results of our analysis support this finding; they
indicate an impact of p on the detectability of IH via
GOF tests and model selection procedures. This
effect does not seem to depend on the type of test and
the software used (logistic regression with test type
as additional covariate showed no significant effect;
results not shown). In our analysis, we used a very
conservative approach by averaging over the studies
and using both weighted and unweighted values.
Both approaches show very similar results, indicat-
ing that the results are robust to details in the
analysis. In studies with a low p, IH was detected
considerably less often than in studies with a higher
p. The highest proportion of detected IH was at-
tributed to studies with p between 0.2 and below 0.4.
Interestingly, in none of the three studies reporting
p > 0.4, tests suggested the incidence of IH. This
might be due to the fact that I[H bias becomes much
less problematic, perhaps even negligible, when p is
high, which has been shown in simulation studies (J.
Boulanger, pers. comm.). When most animals in a
population are actually captured or sampled, the
differences in p between individuals have much less
impact on the population estimate (Pollock 1990,
Lukacs & Burnham 2005). Thus, IH might not be
reflected in GOF testing or model selection when p is
high. Even though the number of sampling occa-
sions for each study was not included in the most
supported model, there seems to be an indication of
a certain influence on the detectability of IH,
because the model including sampling occasions
was ranked only marginally inferior to the best
model. The more sampling occasions that are
carried out, the better might be the ability to detect
IH via GOF-testing. However, this point needs
further investigation before a clear conclusion on
sampling occasions can be drawn. In contrast to p,
an impact of coverage on the detectability of TH was
not supported in our analysis; despite the correla-
tion of coverage and p.
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It should be mentioned that with our analysis, we
are not able to distinguish if a negative result of the
testing for IH is due to lack of power and test failure
or because there simply is no IH present in a given
data set. However, regarding the existing literature
including simulation studies and studies on popu-
lations of known size, IH seems to be almost
ubiquitous in non-invasive sampling data sets like
in the conventional CR (Pollock 1990, Borchers et
al. 2002, Knapp et al. 2007, Lukacs & Burnham
2005). Therefore, it seems much more likely that a
negative test result is caused by a low test power
than that a data set is really homogeneous,
particularly when p is low. In recent years, new
modelling approaches, e.g. multistate and multi-
event models (Pradel 2005), have been developed,
which might allow a more flexible handling of CR
data in presence of IH (Crespin et al. 2008). In this
context GOF testing using non-parametric meth-
ods, like in program U-CARE, seems to be quite
promising compared to conventional methods
(Choquet et al. 2009, Cubaynes et al. 2010).

In five of the articles we reviewed, IH was not
detected by the data tests which were performed.
However, in two of the five cases, additional field
tests were carried out, and both of them revealed IH.
In general, data tests and/or pronounced differences
in the 'capture frequencies' indicate presence of IH
bias without carrying out extra field tests, but often
further investigations would be required to uncover
the causes of IH. Since many different IH sources
exist, they can influence estimations in different
ways, and this effect may also depend on the
sampling design (Crespin et al. 2008). Models that
are relatively robust to IH generally show reduced
precision of estimate (Boulanger 2004a). This may
not be tolerable in cases where an accurate estimate
is particularly important, e.g. when the spread of
diseases is concerned (Artois et al. 2002) or when
management plans for rare or endangered species
are considered (Guschanski et al. 2009). However,
for endangered species, overestimating a popula-
tion is much more critical than underestimating it
(Meijer et al. 2008), so some underestimation bias
may be tolerable in certain cases.

Assessment of IH via field tests

The choice of methods to test for IH in the field
strongly depends on the observed species and its
behavioural patterns, as well as its space and habitat
use. Thus, e.g. for badgers which live in social
groups, share setts and make rather small-scale
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movements, video control or direct observations at
setts seem to be an adequate method to validate
non-invasively obtained estimates (see ¢.g. Frantz et
al. 2004 and Scheppers et al. 2007). Contrastingly,
for highly mobile species such as bears and coyotes,
radio-telemetry may be more promising. The
suitability of a field method to test for ITH
furthermore depends on the applied sampling
strategy. For example, video control or direct
observations can be appropriate for surveillance
of discrete sampling stations like hair traps or
badger setts, but will not be suitable for large-scale
sampling designs such as e.g. line transects. Radio-
telemetry may be more effective to observe move-
ments and transect- or trap-encounter rates of
animals on a large scale. Furthermore, radio-
telemetry is useful for obtaining information on
spatial distribution and home-range sizes of animals
in order to fit sampling designs and to account for
closure violations and edge effects (Boulanger et al.
2004a, Dreher et al. 2007). The feasibility of a
sampling method for a given species or population
can depend on spatial characteristics like home-
range sizes and distribution of animals in the
sampled area. Settlage et al. (2008) found hair
sampling of black bears via baited sampling stations
impractical for the Southern Appalachian region.
Due to small home-range sizes of the resident bears,
sampling probabilities were low and biased. In
order to yield a reliable estimate, a much higher
sampling intensity would have been necessary
(Settlage et al. 2008). Grizzly bears showed consid-
erably higher p with comparable sampling intensi-
ties because of their larger average home ranges
(Boulanger et al. 2004a, McLoughlin et al. 2003).

Interactions between sampling strategies and study
species’ characteristics

The occurrence and/or extent of IH may differ
dependent on the applied sampling method. 'Active'
sampling methods like hair sampling via baited hair
traps presuppose that animals actively approach the
sampling station. In many species, it has been shown
that individuals show consistent or context-specific
personality traits, e.g. they differ in their exploration
behaviour and their reactions towards newly
introduced factors, which may affect their sampling
probability (Coleman & Wilson 1998, Ruis et al.
2000, Dingemanse et al. 2003, Mettke-Hofmann et
al. 2005). Furthermore individual experience and
life history may influence behaviour with respect to
sampling stations. This could cause IH which is not
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necessarily related to sex, age or social status, and
which might be hard to quantify and very difficult to
account for in a model. Thus, in some cases, it may
be reasonable to apply a different sampling method.
In this context, 'passive' sampling strategies such as
faeces sampling along transects represent an alter-
native, which may be less affected by individual
behaviour or status differences. This may hold true
particularly for group living species. Interactions
between animals can increase IH, especially when
sampling concentrates on defined stations such as
hair traps, which require active approach. As an
example, we conducted a hair sampling pilot study
on wild boar Sus scrofa. Video observation at baited
hair traps revealed significant behavioural differ-
ences depending on age of the animals and on their
group status (Ebert et al. 2010). However, also for
bears which can be considered as living mainly
solitary, it has been shown that via faeces sampling,
a 'passive’ sampling strategy, a larger part of a
population can be observed than at hair sampling as
an 'active' approach (Wasser et al. 2004). Wasser et
al. (2004) applied both methods in the same study
area and time period, and via hair sampling only
46% of the individuals that were identified via faeces
sampling were detected. 'Passive' sampling methods
in most cases will not yield completely unbiased
results (in fact, most of the faeces sampling studies
that we reviewed reported IH in their data sets).
Nevertheless, 'passive’ sampling might rule out
certain sources of IH which are not avoidable in
'active' approaches, and thus holds the potential to
yield results with smaller overall bias. However, in
some (especially social and/or territorial) species,
status or age differences between individuals may
cause differences in faeces deposition patterns
leading to IH in detection probabilities. This has
been shown e.g. for wolves (Marucco et al. 2009,
Cubaynes et al. 2010). Thus, 'passive' sampling will
not be suitable in all cases, and at any rate the
appropriate sampling strategy and design have to be
carefully tested for each particular species and
population. Furthermore, the DNA quality of
faeces in some cases has been shown to be inferior
to that of hair, thus population estimates derived
from faeces sampling data may be more in danger of
bias due to genotyping errors (Piggott & Taylor
2003).

Recommendations
1) We recommend to perform a pilot study not only
in the lab, but also in the field: In any case, it is most
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advisable that researchers who plan to establish
population estimation based on non-invasive ge-
netic sampling perform pilot studies not only to
assess genotyping error rates, but also to detect
sources of TH bias in the field. The fact that the
majority of reviewed studies in which such field tests
were performed actually detected TH highly sup-
ports this recommendation. The appropriate meth-
ods to assess IH in the field depend on the species or
population under study as well as on the applied
sampling method;

2) not to rely solely on GOF testing and model
selection procedures: This holds true, especially
when p and coverage are low! It can be reasonable to
incorporate heterogeneity in an estimation model,
even if tests suggest that there is no IH present in a
data set, because their power is often low. It is
always recommended to include biological knowl-
edge and information about e.g. study species and
habitat to validate model choice;

3) try to reduce IH by adapting the sampling
design: Knowledge about the sources and extent of
IH can enable researchers to adapt the sampling
design to account for the bias. Among the methods
to reduce IH bias in the field, the application of two
or more different sampling strategies in combina-
tion seems especially promising (Dreher et al. 2007,
Boulanger et al. 2008, Settlage et al. 2008). If
multiple methods are used simultaneously to sample
a population, the impact of IH caused by any single
method can be minimised (Pollock 1982, Williams
et al. 2002). The improvement of estimations based
on multiple approaches increases with decreasing
correlation between the applied sampling methods
(Boulanger et al. 2008). In the case of hair sampling,
the use of unbaited sampling stations (e.g. installed
at trails or rubbing trees) and changing of sampling
locations between sessions may be applied to reduce
IH due to competition between individuals for
resources and due to 'trap happy' individuals
(Scheppers et al. 2007, Boulanger et al. 2008).
Collection of faeces samples with the help of trained
dogs seemed to increase the detection rate and
efficiency of the method considerably, allowing a
relatively representative and unbiased population
survey compared e.g. to hair sampling (Wasser et al.
2004, Longet al. 2007). Furthermore, it is advisable
to perform a sufficiently high number of sampling
occasions in order to increase the overall sampling
probability and thus to facilitate accurate estimates;

4) try to sample a large part of the population: As
shown e.g. in the three badger studies we reviewed,
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one effective way to reduce the bias caused by IH is
to sample a large proportion of the population (Lu-
kacs & Burnham 2005). This is generally desirable
and has been recommended in relevant literature
many times before (see e.g. Otis et al. 1978, Pollock
et al. 1982), but is certainly not always feasible.
Furthermore, an increase in sample size can have an
unfavourable impact on non-invasive genetic pop-
ulation estimates; the more samples are analysed,
the higher the misidentification rate due to geno-
typing errors (McKelvey & Schwartz 2004). Thus,
careful error-checking protocols for genotyping are
crucial and genotyping error rates should be de-
termined in order to avoid an increase in bias
through misidentification (Maudet et al. 2004,
Roon et al. 2005b);

5) consider switching to other sampling strate-
gies: Adapting the sampling design may not always
be possible or may yield no success. Furthermore,
an unsolved problem still remains; even though
detection of IH and its sources may be possible with
methods like e.g. radio-telemetry or video observa-
tion, the exact quantification of such variation and
thus its incorporation in estimation models still
seems to be very difficult. Consequently, when re-
duction and/or modelling of IH is not possible, it
can be recommendable to apply a different sampling
method in some cases. The suitability of a method
can depend e.g. on characteristics of the studied
species, population or study area. In some cases,
'passive’ sampling approaches may yield more
representative results than 'active' methods. In case
IH cannot be reduced or avoided, a study should be
designed in such a way that it results in capture
probabilities between 0.2 and 0.4, to have an ample
chance to detect existing TH.

In conjunction with problems caused by geno-
typingerrors, IH is a highly challenging issue in non-
invasive population estimation. It is a well-known
and explicitly discussed problem at least with regard
to its theoretical and model-based aspects. IH can
be identified and strongly reduced when field
sampling design and analytical approach are
carefully prepared. However, more attention
should be given to the evaluation of field methods
to bring forward more effective and sustainable
population estimates, which is especially important
for conservation of endangered species and even
more in fragmented habitats.
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