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a  b  s  t  r  a  c  t

Species  in  comparative  demography  studies  often  have  a common  phylogenetic  or  evolutionary  ancestry
and  hence,  they  cannot  fully  be  treated  as  independent  samples  in  the statistical  analysis.  Although  the
serious  implication  of  ignoring  phylogeny  has  long  been  recognized,  no  attempt  has  been  made  so  far
to account  for  the  lack  of  statistical  independence  due  to phylogeny  in  multi-species  mark–recapture
comparative  demography  studies.  In this  paper,  we  propose  a Bayesian  hierarchical  model  that  explicitly
accounts  for  phylogenetic  dependence  among  species,  and  to correct  for  imperfect  detection,  which  is  a
common phenomenon  in free-ranging  species.  We  illustrate  the method  using  individual  mark–recapture
data  collected  from  16  seabird  species  of the  order Procellariiformes.  Data  on  body  mass  and  phylogeny
of  these  species  are  compiled  from  literature.  We  investigate  the  relationship  between  adult  survival
and  body  mass  with  and  without  accounting  for  phylogeny.  If  we  ignore  phylogeny,  we  obtain  a posi-
tive  survival–body  mass  relationship.  However,  this  relationship  is  no  longer  statistically  significant  once
phylogenetic  dependence  is  taken  into  account,  implying  that  survival  may  actually  depend  on an unmea-
sured  variable  that is  correlated  with  body  mass  due  to  a shared  dependence  on  phylogeny.  The  proposed
model  allows  the  integration  of multi-species  mark–recapture  data and phylogenetic  information,  and
it is  therefore  a valuable  tool  in  ecological  and  evolutionary  biology.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Reliable estimates of demographic parameters are crucial to
understand population dynamics of wildlife populations (Lebreton
et al., 1992; Williams et al., 2002). Over the past few decades, impor-
tant methodological advancements have improved the estimation
of demographic parameters from mark–recapture data whilst
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accounting for imperfect detection. Mark–recapture methods have
successfully been used, for instance, to estimate age-specific sur-
vival probabilities (Lebreton et al., 1992), recruitment and dispersal
(Pradel, 1996; Lebreton et al., 2003; Péron et al., 2010), and pop-
ulation abundance (Pollock et al., 1990; Cubaynes et al., 2010). In
addition, these methods are widely used for exploring how demo-
graphic parameters are affected by environmental covariates (e.g.,
Lebreton et al., 1992; Altwegg et al., 2003; Gimenez et al., 2006).
However, these models have all focused on studying the demogra-
phy of a single population or species.

Traditionally, multi-species demographic studies have been
performed in two  steps: (1) demographic parameters of each
species are estimated independently, and (2) comparisons of the
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estimates of each species are conducted (Johnston et al., 1997;
Peach et al., 2001). However, this ad hoc approach is inefficient as it
ignores the uncertainty associated with the estimates and also fails
to take account of inter-species variation (Papadatou et al., 2012).
More recently, hierarchical (random effects) mark–recapture mod-
els have been proposed to account for inter-species variation and to
overcome the constraints of this ad hoc approach (Lahoz-Monfort
et al., 2011; Papadatou et al., 2012; Péron and Koons, 2012).

Despite these advances, multi-species comparative demogra-
phy studies have ignored that some species have a common
phylogenetic or evolutionary ancestry (Harvey and Pagel, 1991;
Freckleton et al., 2002; Paradis and Claude, 2002; Bried et al., 2003;
Freckleton, 2009). In the strict sense, this phylogenetic depend-
ence implies that species cannot be treated as independent units,
hampering the application of conventional statistical procedures
(e.g., generalized linear models) in a general non-mark–recapture
context (Freckleton et al., 2002; Paradis and Claude, 2002). Further-
more, other studies have highlighted that ignoring phylogenetic
correlation among species can lead to an overestimation of the pre-
cision of parameter estimates and hence flawed inferences (Harvey
and Pagel, 1991; Halsey et al., 2006; Ives and Zhu, 2006; Freckleton,
2009). Some papers have suggested using alternative methods
such as generalized least squares (GLS) and generalized estimating
equations (GEE) to account for correlations among species due to
phylogeny (Garland and Ives, 2000; Paradis and Claude, 2002; Ives
and Zhu, 2006). These methods are applied to study the relationship
between dispersal and population synchrony (Paradis and Claude,
2002), to investigate the relationship between adult life expectancy
and body mass (Bried et al., 2003), and to determine the relation-
ship between home-range area and body mass with simulated data
(Ives and Zhu, 2006). Despite the serious implications of ignoring
phylogeny, there appear to be no published works that account for
phylogeny in the context of multi-species mark–recapture studies.

The main goal of this paper is therefore to develop a Bayesian
hierarchical model for comparative demography analysis, which
explicitly integrates phylogeny in the estimation of survival prob-
ability whilst accounting for imperfect detection. Here we focus on
the estimation of survival but, in principle, our method is valid for
other demographic parameters. In addition, our method is quite
flexible, and can assess the impact of environmental covariates
or allometric relationships on demographic parameters. We  illus-
trate the application of our model using individual mark–recapture
data for 16 seabird species in the order Procellariiformes (i.e., alba-
trosses, petrels and shearwaters). Bried et al. (2003) studied the
relationship between adult life expectancy (i.e., derived from the
survival estimates) and body mass of Procellariiformes account-
ing for phylogeny using the GLS method. However, they ignored
the uncertainty in the adult life expectancy and treated it as known
quantities in the GLS regression analysis. Such a two-step approach
of ‘doing statistics on statistics’ has been repeatedly criticized in the
literature (e.g., Link, 1999; Grosbois et al., 2008). Consequently, we
used our new statistical approach that utilizes the mark–recapture
data and phylogenetic information simultaneously to examine the
relationship between survival and body mass of the order Procel-
lariiformes. We  compared the parameter estimates obtained from
the models with and without phylogeny. We  provide the R and
WinBUGS codes for implementing the models in the appendix.

2. Multi-species mark–recapture model accounting for
phylogeny

In this section, we first build the likelihood for mark–recapture
data based on the standard Cormack–Jolly–Seber (CJS) model
(Lebreton et al., 1992). Next, we introduce a hierarchical model
that takes into account phylogeny in the estimation of survival

probability. We then briefly discuss how this model can be imple-
mented within a Bayesian framework.

2.1. Likelihood for mark–recapture data

The standard mark–recapture protocol yields capture histories
with a sequence of ones (mark or recaptured/resighted) and zeroes
(not captured or seen) for individuals in the study population. We
assume that such individual mark–recapture histories collected
from several related species are available. For each species, we  con-
sidered the general Cormack–Jolly–Seber (CJS) model that provides
estimates of time-varying survival (�t) and recapture (pt) proba-
bilities (Lebreton et al., 1992). For computational purpose, we used
minimal sufficient statistics for the CJS model under the form of an
m-array (Burnham et al., 1987; Lebreton et al., 1992). We  denote
the m-array entries by mi,j, i = 1, 2, . . .,  T − 1, j = i + 1, 2, . . .,  T + 1 and T
is the number of sampling occasions, which may  vary from species
to species. The m-array, mi,j, represent the number of individuals
released at occasion i and recaptured for the first time at occasion j
for j ≤ T, and mi,T+1 denotes the number of individuals never recap-
tured following release at occasion i. The CJS model likelihood is
then constructed for each species based on a product of multino-
mial distributions assuming each row of the m-array is independent
and for which the cell probabilities are functions of both survival
and recapture probabilities (Lebreton et al., 1992).

2.2. Incorporating phylogeny

To account for phylogenetic dependence among species, we  pro-
posed the following hierarchical model with a logit link function for
the survival probability.

logit(�t,s) = � + �s + εt,s

�s∼MVN(0, ı2
∑

), εt,s∼N(0, �2
s )

(1)

where �t,s is the survival probability of species s between years t − 1
and t, � is the overall mean survival probability, εt,s is a normally
distributed random term with species-specific temporal variance
(�2

s ), and �s is a random term that depends on the species and is dis-
tributed as a multivariate normal with variance–covariance matrix
ı2

∑
. Here

∑
is derived from the phylogenetic tree and treated

as fixed known quantity in our model (Ives and Zhu, 2006; Revell,
2010; Blomberg et al., 2012; Hansen and Bartoszek, 2012). By scal-
ing

∑
to a height of one, we can interpret ı2 as the residual variance

(de Villemereuil et al., 2012). We  used hypothetical data to illustrate
the computation of

∑
(Fig. 1). The off-diagonal values in

∑
(i.e.,

covariance) always increase as the phylogenetic distance decreases
(Freckleton et al., 2002). That is, the greater the shared history
between the species, the higher the values in

∑
. As shown in Fig. 1,

the main diagonal (i.e., the variance) in
∑

is computed as the dis-
tance from the root to the tip (e.g., S11 = 6 (4 + 2), S55 = 6(2 + 3 + 1))
and the off-diagonal elements (i.e., the covariance) are the total
shared path lengths between each pair of species (e.g., S12 = 4,
S35 = 5 = (2 + 3), S15 = 0 (share no path lengths)). By setting

∑
to an

identity matrix (i.e. ones on the diagonal and zeroes elsewhere), the
effect is reduced to a species random effect that assumes no phy-
logenetic dependence among species (e.g., Papadatou et al., 2012).
Note that Pagel’s � can be incorporated into

∑
to measure the

strength of phylogenetic signal (e.g., Revell, 2010; de Villemereuil
et al., 2012).

Our model can also be easily extended to assess the relation-
ship between survival and covariates (e.g., body mass). This is of
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