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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
hylogeny
rocellariiformes
urvival probability

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

tool  in
it is  therefore  a valuable  

. Introduction

Reliable estimates of demographic parameters are crucial to
nderstand population dynamics of wildlife populations (Lebreton

t al., 1992; Williams et al., 2002). Over the past few decades, impor-
ant methodological advancements have improved the estimation
f demographic parameters from mark–recapture data whilst
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175, campus CNRS, 1919 route de Mende, 34293 Montpellier Cedex 5, France. Tel.:
33 (0) 467613211.
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 ecological  and  evolutionary  biology.
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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

dx.doi.org/10.1016/j.ecolmodel.2013.11.017
http://www.sciencedirect.com/science/journal/03043800
http://www.elsevier.com/locate/ecolmodel
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecolmodel.2013.11.017&domain=pdf
mailto:fitaba@gmail.com
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stimates of each species are conducted (Johnston et al., 1997;
each et al., 2001). However, this ad hoc approach is inefficient as it
gnores the uncertainty associated with the estimates and also fails
o take account of inter-species variation (Papadatou et al., 2012).

ore recently, hierarchical (random effects) mark–recapture mod-
ls have been proposed to account for inter-species variation and to
vercome the constraints of this ad hoc approach (Lahoz-Monfort
t al., 2011; Papadatou et al., 2012; Péron and Koons, 2012).

Despite these advances, multi-species comparative demogra-
hy studies have ignored that some species have a common
hylogenetic or evolutionary ancestry (Harvey and Pagel, 1991;
reckleton et al., 2002; Paradis and Claude, 2002; Bried et al., 2003;
reckleton, 2009). In the strict sense, this phylogenetic depend-
nce implies that species cannot be treated as independent units,
ampering the application of conventional statistical procedures
e.g., generalized linear models) in a general non-mark–recapture
ontext (Freckleton et al., 2002; Paradis and Claude, 2002). Further-
ore, other studies have highlighted that ignoring phylogenetic

orrelation among species can lead to an overestimation of the pre-
ision of parameter estimates and hence flawed inferences (Harvey
nd Pagel, 1991; Halsey et al., 2006; Ives and Zhu, 2006; Freckleton,
009). Some papers have suggested using alternative methods
uch as generalized least squares (GLS) and generalized estimating
quations (GEE) to account for correlations among species due to
hylogeny (Garland and Ives, 2000; Paradis and Claude, 2002; Ives
nd Zhu, 2006). These methods are applied to study the relationship
etween dispersal and population synchrony (Paradis and Claude,
002), to investigate the relationship between adult life expectancy
nd body mass (Bried et al., 2003), and to determine the relation-
hip between home-range area and body mass with simulated data
Ives and Zhu, 2006). Despite the serious implications of ignoring
hylogeny, there appear to be no published works that account for
hylogeny in the context of multi-species mark–recapture studies.

The main goal of this paper is therefore to develop a Bayesian
ierarchical model for comparative demography analysis, which
xplicitly integrates phylogeny in the estimation of survival prob-
bility whilst accounting for imperfect detection. Here we focus on
he estimation of survival but, in principle, our method is valid for
ther demographic parameters. In addition, our method is quite
exible, and can assess the impact of environmental covariates
r allometric relationships on demographic parameters. We  illus-
rate the application of our model using individual mark–recapture
ata for 16 seabird species in the order Procellariiformes (i.e., alba-
rosses, petrels and shearwaters). Bried et al. (2003) studied the
elationship between adult life expectancy (i.e., derived from the
urvival estimates) and body mass of Procellariiformes account-
ng for phylogeny using the GLS method. However, they ignored
he uncertainty in the adult life expectancy and treated it as known
uantities in the GLS regression analysis. Such a two-step approach
f ‘doing statistics on statistics’ has been repeatedly criticized in the
iterature (e.g., Link, 1999; Grosbois et al., 2008). Consequently, we
sed our new statistical approach that utilizes the mark–recapture
ata and phylogenetic information simultaneously to examine the
elationship between survival and body mass of the order Procel-
ariiformes. We  compared the parameter estimates obtained from
he models with and without phylogeny. We  provide the R and

inBUGS codes for implementing the models in the appendix.

. Multi-species mark–recapture model accounting for
hylogeny
In this section, we first build the likelihood for mark–recapture
ata based on the standard Cormack–Jolly–Seber (CJS) model
Lebreton et al., 1992). Next, we introduce a hierarchical model
hat takes into account phylogeny in the estimation of survival
ing 273 (2014) 236– 241 237

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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lements of
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.

articular interest when one is investigating allometric relation-
hips (e.g., Bried et al., 2003). Thus, we can modify Eq. (1) as

logit(�t,s) = �s + �s + εt,s

�s = ˇ0 + ˇ1Xs

(2)

here �s is the mean survival of species s, Xs is the covariate related
o species s, and ˇ0 and ˇ1 are the regression coefficients. This

odel assumes that only a portion of the inter-species variation
n survival is explained by the covariate and the error terms (�s)
re correlated as described in Eq. (1).

.3. Model implementation

Fitting hierarchical models is fairly straightforward in a Bayesian
ramework (Link and Barker, 2004; Millar, 2009). We  therefore
dopt a Bayesian inference using the Markov Chain Monte Carlo
MCMC) algorithm to obtain marginal posterior estimates of the
arameters in the model. Bayesian inference involves specifica-
ion of priors and we used vague prior distributions (see below in
he application section) that reflect our little knowledge about the
arameters. We  assessed convergence of the MCMC  output using
he standard Brooks–Gelman–Rubin statistic (Brooks and Gelman,
998) and inspecting the diagnostic plots (e.g., trace, autocorrela-
ion, and posterior density plots). We  used the software WinBUGS
Spiegelhalter et al., 2003) calling it from program R with the
ackage R2WinBUGS (Sturtz et al., 2005) to implement the models
ith and without phylogeny. The R and WinBUGS code used for
tting the models are provided in Appendix C.

. Application to Procellariiformes data

We  used long-term mark–recapture data of 16 seabird species
rom the order Procellariiformes (see Table A1, Appendix A) to illus-
rate the method. The duration of the mark–recapture studies were
ot the same for all species and varied between 9 and 41 years. We
onsidered adult individuals only, hence focusing on adult survival,
hich is the parameter to which the population growth rate of long-

ived species is most sensitive. We  used published information on
ody mass and phylogenetic data for these species (Bried et al.,

003; Monteiro et al., 1996), and more details are available in Table
1, Appendix A and in Bried et al. (2003). Procellariiformes are long-

ived birds and show the highest inter-specific body mass variation
n any avian taxonomic order (from 19 g in the Least Storm-petrel
 matrix,
∑

. Numbers on the tree are branch lengths that are used to calculate the

Halocyptena microsoma to almost 10 kg in the Wandering Alba-
tross Diomedea exulans) and share similar traits through common
ancestry (Figs. A1 and A2, Appendix A). It is generally believed that
survival depends on body mass with larger species having higher
survival rates (Warham, 1990; Covas et al., 2002; Bried et al., 2003).
In this study, we  used our method to examine the allometry of adult
survival (i.e. variation in adult survival with body mass) within the
order Procellariiformes and, specifically, to compare the effect of
(1) ignoring the phylogenetic information, and (2) incorporating
this information in the model.

Supplementary data associated with this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.ecolmodel.
2013.11.017.

3.1. Goodness-of-fit (GOF) and model selection

Before fitting a multi-species hierarchical model that accounts
for phylogeny, we  performed preliminary analyses for each species.
We  first assessed the fit of the CJS model for each species indepen-
dently (Pradel et al., 2005) using program U-CARE (Choquet et al.,
2009). The overall GOF test of the CJS model for all species except
Pterodroma lessonii was  significant (P-value < 0.005). Further, either
or both components Test 2 and Test 3 were significant at the 5% level
for the 15 species, suggesting a lack of fit of the CJS model due to
transience (an excess of individuals that are marked and never seen
again) and/or trap-dependence (lack of independence between suc-
cessive capture events). The results of the goodness-of-fit tests are
provided in Appendix B. We  used an ad hoc approach and dis-
carded up to four capture occasions, depending on the species, to
effectively remove the transience effect. We  accounted for the trap
dependence effect detected for the 14 species using two  distinct
recapture probabilities depending on whether a capture occurred
or not the occasion before (Pradel, 1993). Once these effects were
accounted for, no further lack of fit was  detected.

Supplementary data associated with this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.ecolmodel.
2013.11.017.

We  then conducted model selection considering different struc-
tures (e.g., time dependent, constant) for survival and recapture

probabilities and the best model structure for each species was
selected using the AIC criterion (Burnham and Anderson, 2002). For
most of the species, the top-ranked model (i.e. the model with low-
est AIC value) contained constant or time dependent survival and

http://dx.doi.org/10.1016/j.ecolmodel.2013.11.017
http://dx.doi.org/10.1016/j.ecolmodel.2013.11.017
http://dx.doi.org/10.1016/j.ecolmodel.2013.11.017
http://dx.doi.org/10.1016/j.ecolmodel.2013.11.017
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Table 1
Estimated posterior means, standard deviations and 95% credible intervals (CRI) of
the  regression coefficients obtained from the two  models (Model 1: Accounting for
phylogeny; Model 2: Ignoring phylogeny) fitted to the Procellariiformes data (see
Eq.  (2)).

Parameter Mean Std. dev. 95% CRI

Model 1 Intercept (ˇ0) 1.452 1.703 [−1.693; 5.077]
log(body mass) (ˇ1) 0.131 0.221 [−0.325; 0.541]
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Fig. 2. Estimated relationship between mean survival of seabird species and body
Model 2 Intercept (ˇ0) −0.143 0.931 [−1.967; 1.665]
log(body mass) (ˇ1) 0.361 0.129 [0.110; 0.619]

rap dependence effect in recapture probabilities. The summary of
odel selection results are provided in Appendix B. Preliminary

nalyses for each species were performed using program MARK
White and Burnham, 1999) calling it from R (R Development Core
eam, 2012) with the RMark package (Laake, 2012). Next, we used
ach species-specific model structure selected previously and we
reated time as random if the best model for a species was  the
ne with time-dependent survival. We  then performed the full
nalysis of multi-species hierarchical models using the software
inBUGS calling it from program R with the package R2WinBUGS

see Appendix C for code).
Supplementary data associated with this article can be found,

n the online version, at http://dx.doi.org/10.1016/j.ecolmodel.
013.11.017.

.2. Multi-species models for the Procellariiformes

We  fitted two different models for long-term data of the Pro-
ellariiformes. The first model assumes that only part of the
nter-species variation is explained by body mass and there is a
hylogenetic dependence among the species. This model is simi-

ar to Eq. (2) above where X is replaced by body mass. To derive
∑

rom the phylogenetic tree, we used the built-in function vcv.phylo
rom the ape package (Paradis et al., 2004) in program R and the out-
ut is displayed in Fig. A2, Appendix A. Our second model assumes
hat no phylogenetic dependence among the species and thus

∑

s replaced by the identity matrix. We  used normal prior distri-
utions with mean 0 and variance 100 for �0 and ˇ1, uniform
rior distributions between 0 and 5 for ı and �s (see Eqs. (1) and
2)).

We ran two parallel chains of length 1,000,000 with a burn-in
f 500,000 and thinned by taking every 100th value. The standard
rooks–Gelman–Rubin statistic (Brooks and Gelman, 1998) values
ere below 1.02 for all parameters and visual inspection of the
iagnostic plots (e.g., trace, autocorrelation, and posterior density
lots) showed no evidence of lack of convergence of the MCMC  out-
uts. Note that we used the log transformed body mass to improve
onvergence. We  then computed the posterior summary statistics
ased on the MCMC  simulated values to make inference about the
egression parameters with and without phylogeny. We  used the
eviance information criterion (DIC; Spiegelhalter et al., 2002) as a
reliminary tool for comparing the two models. We  noted that the
se of DIC for comparing hierarchical models is controversial (e.g.,
illar, 2009).

. Results

Table 1 shows the regression coefficients estimates obtained
rom the model with and without phylogeny. The two  models led to
ifferent conclusions about the relationship between survival and

ody mass. The model that accounted for phylogenetic information
rovided a wider 95% posterior confidence interval for the slope and
verlapped with zero, suggesting no statistically significant bio-
ogical signal (i.e., survival–body mass relationship), whereas there
mass (on log scale) obtained from the models with phylogeny (solid line) and with-
out  phylogeny (dashed lines). Points are the mean survival estimates obtained from
species-specific independent analyses. Note that different points (square, circle, and
triangle) are used to highlight phylogenetic closeness (see Fig. A1, Appendix A).

was a significant positive effect of body mass on survival when
phylogeny was  ignored (Table 1 and Fig. 2). The model with phy-
logeny (DIC = 29,467) had also a lower DIC value than the one
without phylogeny (DIC = 29,484), and hence it was better sup-
ported by the data.

Fig. 3 shows the posterior mean survival probabilities with
95% credible intervals of the 16 species, which were derived from
models where survival is a function of body mass. Models that
ignored and accounted for phylogeny both yielded high estimates
of survival probability, which are in agreement with the estimates
reported by Bried et al. (2003). However, accounting for phy-
logeny provided less precise survival estimates compared to the
model that ignored it (Fig. 3). For those species we considered
time-dependent survival, the standard deviations (i.e., on the logit
scale) of the time random effect were ranging from 0.30 to 1.20.
The estimated residual standard deviations from the model with
and without phylogeny were 1.29 (sd = 0.32) and 0.61 (sd = 0.14),
respectively.

5. Discussion

We present a hierarchical model for comparative demography
analysis of free-ranging species using individual mark–recapture
data. Our model is a generalization of the multilevel model of
Papadatou et al. (2012) as it explicitly accounts for the dependence
among species due to phylogeny. Using this framework the strength
of dependence among species (i.e., derived from common ancestry)
is translated into the variance–covariance matrix and incorporated
as fixed known quantity in the model.

In the case study using the Procellariiformes data, the model that
accounted for phylogeny yielded less precise (i.e., larger standard
deviation) estimate of the body mass effect on survival in compar-
ison to the model without phylogeny, which in turn led to slightly
less precise estimates of the mean adult survival probabilities for

each species. Interestingly, these two  models have exactly the same
number of parameters as the variance–covariance matrix (

∑
) is

known from the phylogenetic tree. However, the model without
phylogeny assumes independence among species (i.e., more data

http://dx.doi.org/10.1016/j.ecolmodel.2013.11.017
http://dx.doi.org/10.1016/j.ecolmodel.2013.11.017
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ig. 3. Estimated posterior means (and 95% credible intervals; vertical bars) of adu
gnored  phylogeny (Model 2; open circle). Species names are listed in the x-axis.

oints), resulting in an overly optimistic precision of the estimates
f the regression coefficients and indicated a statistically signifi-
ant relationship between survival and body mass. In our data set,
he assumption of independence is clearly invalid as larger species
ended to be closely related with each other and phylogenetically
istinct from the smaller species (see Appendix A). In other words,
ome of the observations in the data are related to each other due to
hylogeny and ignoring this correlation structure may, potentially,

ead to invalid inferences.
Our findings are in line with previous studies that used the

eneralized Least Squares (GLS) method to account for phylogeny.
or instance, Bried et al. (2003) found no significant relationship
etween adult life expectancy and body mass of Procellariiformes.

ves and Zhu (2006) analyzed simulated data of home-range area
nd body mass and found no significant relationship after account-
ng for phylogeny. Therefore, our findings as well as previous
tudies clearly showed that ignoring dependence of species due to
hylogeny may  lead to spurious conclusions due to high Type I error
ate. Now, we are not suggesting that there is really no relationship
etween body mass and survival in Procellariiformes. Firstly, there
re mechanistic biological arguments suggesting that small species
uffer from increased predation compared to large species (e.g.,
ougeot and Bretagnolle, 2000; Keitt et al., 2004; Oro et al., 2005;

onnaud et al., 2009 for predation on small to medium sized Procel-
ariiformes; studies documenting predation on adult of large-sized
pecies proved much harder to find). Secondly, the survival–body
ass relationships in birds is supported by several other studies

e.g., Gaillard et al., 1989; Saether, 1989). We  have thus no doubt
hat Procellariiformes follow this general pattern and that larger
pecies have higher adult survival. We  want to stress, however, that
his pattern in Procellariiformes is supported by essentially three
data points”: the small-sized clade of low survival, the medium-
ized clade of intermediate survival and the large-sized clade of
igh survival. Without support of external information, it would

e impossible to conclude on the reality of the survival–body mass
elationship in Procellariiformes. Our result could also imply that
urvival may  actually depend on other behavioral, morphological
nd ecological species attributes that are correlated with body mass
ival derived from models that accounted for phylogeny (Model 1; solid circle) and

due to a shared dependence on phylogeny, and thus the direct effect
of body mass was weak.

Although we  showed how to directly incorporate phylogenetic
information in comparative demography studies, we here high-
lighted the alternative views that accounting for phylogeny may  not
always be needed (Westoby et al., 1998). In the case of cross-species
correlations where the interest is in the relationship between traits
in the existing pool of species, treating each species as an indepen-
dent sample (e.g., ignoring phylogeny) may  be reasonable (Westoby
et al., 1998). However, if the interest is in the evolution of these
traits and then closely related species represent non-independent
samples, then our method is valuable in properly accounting this
lack of independence in the analysis.

In this article, we  focused on adult survival, but our model can
be applied to study the allometry of other parameters such as
age dependence of survival and fecundity with appropriate link
functions. The linearity assumption between survival (on the logit
scale) and body mass can also be relaxed using semi-parametric
or non-parametric models (Gimenez et al., 2006) whilst account-
ing for phylogeny. Here we paid little attention to the impact of
different degrees of phylogenetic signal on biological inferences.
This could be further evaluated using simulations. In this arti-
cle, we also assumed that the phylogeny tree is known without
error. However, some studies have shown that misspecification
of the variance–covariance matrix (

∑
) can be problematic for

comparative studies (Blomberg et al., 2012). Therefore, a logical
development of this approach would be to evaluate the robust-
ness of our analyses considering alternative phylogenies, and to
extend the model to take account of phylogenetic uncertainty. In
conclusion, our new statistical method integrates multi-species
mark–recapture and phylogenetic data in a unified framework and
hence, it is a valuable tool for comparative demography analysis in
the field of ecology and evolutionary biology.
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