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Summary

1. As herbivory can modulate climate-induced shifts in species distribution, disentangling the rela-
tive importance of herbivory and climate on plant growth can help to predict and manage future
changes in vegetation, such as those occurring at treeline areas.
2. An individual-based hierarchical Bayesian time-series model (individual-based model; IBM) was
developed to estimate the time-varying impact of climate and herbivory on individual pine sapling
height growth in woodland and treeline ecosystems of southern Europe during a 16-year period. The
performance of the IBM was compared to a linear mixed-effects (LME) model to test for potential
inferential effects when individual variability is marginalized. Time-varying models were also com-
pared to constant parameter approaches.
3. Model fitting and posterior predictive checking suggests a better statistical performance of indi-
vidual-scale, time-varying inference. LME modelling overestimated herbivory effects and underesti-
mated environmental stochastic effects, and model validation indeed suggested severe overfitting in
the LME model relative to the IBM strategy. These results reveal a potential failure of common
aggregation strategies to correctly resolve the effects of climate and herbivory variability at the indi-
vidual scale. Moreover, ignoring the time-varying nature of the effects may preclude the correct esti-
mation of the temporal scale of climate and herbivory impacts.
4. In general, we found stronger individual- and time-averaged effects of summer precipitation rela-
tive to the effects of herbivory, particularly at the treelines. Also, individual pine responses showed
effects of the same sign more consistently in the case of precipitation. This suggests that precipita-
tion is more pervasive at the population level, while herbivory act as a spatially aggregating force
through individual-level damage.
5. Synthesis. Our results suggest that accounting for individual and temporal variability in ecological
inference greatly improves the assessment of the relative importance of climate and herbivory on
species distribution shifts. Strong effects of precipitation at the treeline could allow tree upward
expansion, although increasing ungulate populations and associated browsing damages might limit
positive climatic responses of pine saplings in the near future. In this context, the spatially heteroge-
neous effect exerted by herbivory could result in diverse vegetation structures in ecotones, adding a
new dimension to the predictions on climate-driven vegetation shifts.
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Introduction

Climate and herbivory, as bottom-up and top-down forces,
respectively, are among the main factors influencing the dis-
tribution, performance and abundance of plant species (David-
son 1993; Archibold 1994; Speed et al. 2010). Under the
current climate change scenario, fast distributional shifts of
species are expected in response to increasing warmer condi-
tions (Parmesan & Yohe 2003; Harsch et al. 2009; Mat�ıas &
Jump 2015). Herbivory can modulate such changes, inhibiting
or exacerbating plant responses to climate. Lower herbivory
pressure could favour upward expansions of woody plant spe-
cies associated with climate (Sanz-Elorza et al. 2003; Cairns
& Moen 2004). However, the role of herbivores in changing
tree and shrub distributions generally opposes that of climate
warming; whereas warmer temperatures facilitate the spread
of trees and shrubs to higher latitudes and altitudes, high den-
sities of herbivores can constrain upward and northward
movements (Post & Pedersen 2008; Olofsson et al. 2009;
Speed et al. 2010; Kaarlej€arvi, Hoset & Olofsson 2015).
Changes in herbivore density are thus likely to contribute to
shifts in community composition in addition to, and possibly
in interaction with, the better-studied climatic drivers. There-
fore, disentangling the relative importance of climate and her-
bivory on plant performance can help to forecast species
distributional changes and improve our understanding of the
complex interplay between climate and biotic interactions. In
addition, insights into the interactions between herbivores and
climate, as drivers of shifts in community composition, have
the potential for facilitating the management of herbivore pop-
ulations to buffer the effect of global warming on distribution
shifts in alpine plant communities.
Traditionally, the effects of climate and herbivory have

been analysed at the population or landscape level through
the aggregation of individual-level data. However, aggrega-
tion over the individual scale to higher scales can degrade
information and hide individual characteristics not apparent
from group-level attributes (Clark 2010; Clark et al. 2011a).
Recent studies using disaggregated individual data have
shown the importance of individual-level variation. In fact,
this variation allows species to differ in their distributions of
responses to the environment, although populations might not
differ on average, playing an important role in species
coexistence in forest ecosystems (Clark et al. 2007; Clark
2010). The individual scale has also been considered in stud-
ies assessing vulnerability of tree species to climate change,
demonstrating its importance in plant performance (Clark
et al. 2012). These approaches can be framed within the
ecological (or aggregate) inference problem, which aims at
drawing conclusions about individual-level behaviour from
aggregate-level data (Schuessler 1999). It is well known that
the marginalization of individual-level data on statistical sum-
maries or aggregates degrades statistical inference by biasing
the estimates of ecological regression parameters to the group
average (see Robinson 1950; Hammond 1973; Gelman et al.
2001). Thus, the analysis of climate and herbivory impact at
the individual level could provide new insights into the

understanding of the interplay between climate and biotic
interactions.
The goal of this study was to analyse the tree sapling

height growth response to climate and herbivory in Mediter-
ranean pinewoods at the individual and population levels.
Height growth is related to reproductive age in pine saplings,
which represent the near future of the forest (Zamora et al.
2001; Herrero et al. 2012). This is especially relevant at spe-
cies distribution leading edge such treelines, where climate-
driven range expansions can occur and populations are com-
posed mainly of young individuals (Mat�ıas & Jump 2012,
2015). The study was performed at the southernmost distribu-
tion limit of two widespread species (Pinus sylvestris L. and
P. nigra Arnold), considering woodland as well as treeline
areas to test whether pine saplings respond differently to cli-
mate and herbivory at their altitudinal margin and to detect
the potential for upward migration. Both climate and her-
bivory can severely constrain height growth in Mediterranean
areas, especially at species southern distribution limits
(Hampe & Petit 2005; Herrero et al. 2012), hampering
upward migrations at the treeline. Thus, disentangling the rel-
ative effects of climate and herbivory in height growth can
help to detect species range shifts and to assess future viabil-
ity of tree populations under the current climate change sce-
nario.
Climate fluctuations, saplings height growth, herbivory

damage and the number of ungulates were monitored for
16 years. This period of time is sufficient to properly analyse
demographic dynamics of a sapling cohort, as both
P. sylvestris and P. nigra are able to reach maturity in 12–
15 years (Debain et al. 2007; Boulant et al. 2008). Thus,
plant performance was analysed over the entire life span of
target saplings, prior to adult reproductive phase, the sapling
phase being a key ontogenetic stage for forest expansion.
We use an individual-based hierarchical Bayesian time-series
model (hereafter Individual-Based Model; IBM) to estimate
the effects of climate and herbivory on the temporal dynam-
ics of pine sapling height growth at the individual level.
Bayesian hierarchical modelling allows the optimal structur-
ing of different sources of uncertainty and heterogeneity aris-
ing from the process, parameters and data levels of
ecological models (Cressie et al. 2009). Given that we are
dealing with an ontogenetic process, our IBM approach
explicitly incorporate a time-varying modelling scheme for
estimating the possibly shifting effects of herbivory and pre-
cipitation on tree sapling growth across time (see Carrer
2011 for a similar approach). In addition, the effects of cli-
mate and herbivory on plant growth were also modelled
using a standard linear mixed-effects (hereafter LME) model,
where individual-level data were aggregated at the population
level (e.g. Speed et al. 2011a; Mart�ınez-Vilalta et al. 2012).
This will allow us to test for the potential inferential effects
of aggregation at the individual scale (Clark et al. 2011a).
Finally, time-varying approaches were also compared to con-
stant parameter approaches for both IBM and LME models
to assess the influence of temporal variability in the esti-
mated effects.
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In summary, the aims of this study were as follows: (i) to
test for the relative importance of climate and herbivory in
pine sapling height growth trends at the individual (IBM) and
population level (LME); and (ii) to compare the effect of cli-
mate and herbivory in treeline and woodland areas.

Materials and methods

STUDY SITE

The study was conducted at Sierra de Baza Natural Park (SE Spain,
2°51048″W, 37°22057″N). Pinus sylvestris and P. nigra populations at
Sierra de Baza are among the southernmost populations of the two
species (Barb�ero et al. 1998). The climate is Mediterranean, charac-
terized by cold winters and hot summers, with pronounced summer
drought. Precipitation is concentrated mainly in autumn and spring,
with an annual rainfall of 495 � 33 mm (mean � SE for 1991–2006
period), and summer rainfall (months of June, July and August) of
31 � 9 (mean � SE for 1991–2006 period; Cortijo Narv�aez meteoro-
logical station, 1360 m a.s.l.). The main herbivore affecting height
growth of the target species is the regional red deer (Cervus elaphus
L.), with an approximate population of 2600 individuals in 2007
(5.04 ind km�2; CMA 2009).

SAMPLING DESIGN, UNGULATE POPULATION,

BROWSING DAMAGES AND PLANT PERFORMANCE

This study was conducted in two native forests (1700–2100 m a.s.l.)
from 1993 to 2008. In each forest, we selected two plots (approxi-
mately 1 ha each), one in the woodland and the other at the treeline.
The first forest, Boleta hereafter, is a mixed forest of P. sylvestris and
P. nigra growing intermingled with an understorey composed mainly
of Juniperus communis L., J. sabina L., Berberis hispanica L., Astra-
galus granatensis Lange and Hormatophylla spinosa (L.) P. K€upfer.
Pinus sylvestris sapling density was 142 � 24.3 and
72 � 12.7 ind ha�1 in woodland and treeline, respectively; and P. ni-
gra density was 88 � 34.3 and 2 � 2 ind ha�1. Pine sapling density
was measured with 10 transects of 50 m length and 10 m wide at
each plot in 2008. The second forest, Fonfr�ıa hereafter, is composed
exclusively of P. sylvestris with an understorey composed mainly by
J. communis and J. sabina. Sapling density was 576 � 91.8 and
142 � 35.1 ind ha�1 for woodland and treeline, respectively. Overall,
we sampled 234 pine saplings of P. sylvestris and P. nigra: 90
P. sylvestris and 55 P. nigra in Boleta woodland, 32 P. sylvestris in
Boleta treeline, 31 P. sylvestris in Fonfr�ıa woodland and 26
P. sylvestris in Fonfr�ıa treeline. Monitored individuals were estab-
lished non-reproductive saplings (older than 3 years old) at the begin-
ning of the study.

We use red deer density data from 1993 to 2008. The data from
1993 to 2000 were extracted from Granados et al. (2001) and data
from 2005 to 2007 from CMA (2009). Both studies used lineal tran-
sects and analysed data using DISTANCE software (Laake et al.
1993) and Fourier series to produce red deer density estimations. Data
from 2001 to 2004 and 2008 were estimated through a state-space
model (see Model construction section).

Height and browsing damage data for pine saplings were obtained
in samplings performed in 1995, 1998, 2004, 2006 and 2008. All the
measured saplings were tagged and mapped in the beginning of the
study to enable individual identification over the study years. Tags
were renewed when necessary to assure correct identification. Age

was estimated as number of whorls (Edenius, Danell & Nyquist
1995) for each sapling in 1995. Beyond the measurement of height,
annual internode growth (trunk elongation) and leader browsing were
measured for the current year and the previous years (two previous
years for the first sampling and the years needed until reach the
internode measured in the previous sampling for the following sam-
plings). Annual internode growth was measured following yearly
whorls and bud scars, as both P. sylvestris and P. nigra showed one
flush per year in the study area. Saplings height corresponding to pre-
vious years was estimated based on measurements of annual internode
growth. Then, annual height over the period 1993–2008 was used to
calculate annual relative height growth (hereafter RHG), defined as
the ln-ratio between current year height and previous year height. Fol-
lowing Speed et al. (2011a), we subtracted the biological trend due to
the ageing of pines with the regression model ln(xi,k,t+1/xi,k,t)
= ak + bk 9 loge(agei,k,t), where xi,k,t is the height of each pine i in
each plot k at time t; ln(xi,k,t+1/xi,k,t) is thus the RHG measurement for
each pine i in each plot k and time t, and agei,k,t is the age of each
individual pine i in each plot k and time t. Parameters ak and bk are
the regression intercept and slope, respectively, for each plot. The
residuals were subtracted from this regression to obtain a standardized
series of residual RHGs, hereafter rRHG. Leader browsing occurs
when the terminal leader shoot of the sapling was lost to herbivory,
causing a loss in the apical dominance of the pine sapling, which
generally implies a reduction in height growth (as the browsed sap-
ling need to grow in height by a lateral branch). Leader browsing of
the previous years was detected by clear bifurcation or strong changes
of the direction in the main stem (therefore a conservative measure-
ment). In this context, is important to note that browsing causes more
than 98% of the losses of apical dominance in P. sylvestris in the
study area (Zamora et al. 2001). Measurements were made in autumn,
when annual internode growth was resumed and after the main
browsing period in the study area (i.e. summer). We have not
detected any sapling mortality related to herbivory during the study.

MODELL ING INDIV IDUAL-LEVEL RESPONSES TO

CLIMATE AND HERBIVORY

Model construction

We constructed an IBM to estimate the joint time-varying effects of
precipitation and herbivory on the temporal dynamics of rRHG at the
individual pine level (e.g. Clark et al. 2010). Our approach is based
on the simultaneous estimation of three linked models (see Fig. 1): a
stochastic dynamics model for the red deer population at the land-
scape level; a model relating herbivory intensity to precipitation vari-
ability and red deer density at the plot level; and a third one
modelling the individual-level response of rRHG to precipitation and
herbivory intensity at the plot level.

At the upper level, the dynamics of the red deer population was
modelled with a state-space approach. In a state-space model, the time
series of observed population estimates is linked to the true (latent)
abundances through a measurement equation, while the time series of
the latent values is modelled through an ecological-process model.
We used a Gompertz kernel (Dennis & Taper 1994) to model the
evolution of the true population of red deer throughout the landscape,

nt ¼ nt�1 þ r 1� nt�1

K

� �
þ et eqn 1

where nt is the loge-transformed true population size at time t, r is the
intrinsic rate of increase, K the carrying capacity at the landscape
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level and et is the stochastic term for the environmental and demo-
graphic process error. The term et is sequentially independent and
identically distributed noise having a normal distribution with mean 0
and variance Rnt ; et �Nð0;Rnt Þ. The matrix Rnt is decomposed into
an environmental (r2

nt ) and a demographic component (Dt),
Rnt ¼ r2

nt þ Dt , where r2
nt stand for the impact of environmental

noise, and Dt, for the impact of demographic stochasticity. The diago-
nal matrix Dt = [d2/exp(n1),. . ., d

2/exp(nS)]
T reflects the demographic

variance affecting the dynamics of the red deer from time t�1 to t,
which scales inversely with population size (e.g. Engen, Bakke &
Islam 1998). Finally, the population estimates are linked to the true
abundances through a Gaussian observation model,

yt � Nðnt; s2nt Þ eqn 2

where yt is the observed red deer abundance at time t. The observa-
tion variance s2nt was modelled with a uniform prior distribution on
the standard deviation, with a range of biologically plausible values
for the red deer, snt � U ð0:1; 0:3Þ (Daniels 2006).

At a second level, a linear regression model was fitted to estimate
the effects of precipitation and red deer density on the percentage of
saplings suffering leader browsing at the plot level (hereafter, her-
bivory intensity, denoted by hk,t). During dry years, higher browsing
damages by ungulates were recorded in the study area due to low

pasture production (Zamora et al. 2001), indicating the potential
effect of summer precipitation on leader browsing. In previous model
fits we estimated the effects of precipitation and red deer density on
individual-level herbivory (that is, a binomial variable expressing
whether an individual was browsed or not in a given year and plot),
rather than estimating these effects on herbivory intensity at the plot
level. However, the convergence of parameters to a posterior distribu-
tion was unreliable in this case because many individuals in most
plots never suffered an herbivory event across time, which caused an
overabundance of 0s.

Prior to the analysis, summer precipitation was detrended with a
linear regression of precipitation on year. Detrended summer precipi-
tation at year t is denoted by pt. The basic formulation of the model,
for a given plot k is, then:

hk;t ¼ gk þ uknt þ fkpt þ eht ;k;t eqn 3

where gk is the intercept, φk and fk are the effects of red deer abun-
dance and detrended summer precipitation on herbivory intensity (hk,t),
respectively, and eht ;k;t is sequentially independent noise distributed
according to a normal distribution with mean 0 and variance r2

ht .

At a third level, the IBM estimates the time-varying effects of
precipitation and herbivory on the temporal dynamics of rRHG. We
constructed separate models for each plot and species. The dynamics

Individual scale

Plot scale

Landscape scale

Red deer 

population size

Herbivory 

intensity

Summer 

precipitation

Relative Height 

Growth (RHG)
Age rRHG

Fig. 1. A graphical representation of the individual-based hierarchical Bayesian time-series model (individual-based model; IBM) linking the
dynamic variables used in the analysis, each belongs to an ecological scale. Black unidirectional arrows connecting the boxes denote a statistical
effect modelled; the parameters measuring these effects are depicted along with its corresponding arrow. Grey arrows denote a stochastic effect
affecting a given variable. r, K: intrinsic rate of increase and carrying capacity of red deer population, respectively; Rnt : process variance of the
stochastic term for the environmental and demographic process error of the Gompertz kernel used to model the evolution of red deer population;
s2nt : sampling variance of the Gaussian model used to link population estimates to the true abundances of red deer; φk, fk: effects of red deer
abundance and summer precipitation, respectively, on herbivory intensity (estimated as the proportion of saplings with the leader shoot browsed
for each plot and species); r2

ht : variance of the environmental noise term of the modelled herbivory intensity; ak, bk: the intercept and the slope,
respectively, of the regression model used to subtract the biological trend in relative height growth (RHG) due to the ageing of pines; bk,t: column
vector including the time-varying individual-level parameters estimating the temporal effect of herbivory on individual pines; ck,t: column vector
including the time-varying individual-level parameters estimating the temporal tracking of lagged summer precipitation by individual pines. r2

xi;t :
variance term for the environmental stochasticity impacting on residual RHG (rRHG). See text for further details.
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of the rRHG for each pine can be modelled as follows:

rRHGt ¼ ck þ bk;thk;t þ ck;tpt�1 þ exk ;t eqn 4

where the column vector ck contains the individual constant-level
parameters of pine i at plot k, ci,k; bk,t is a T 9 m matrix including
the time-varying individual-level parameters, bi,t, estimating the tem-
poral effect of herbivory on m individual pines i during T time steps,
for each plot k; ck,t is a T 9 m matrix including the time-varying
individual-level parameters, ci,t, which estimate the temporal tracking
of detrended summer precipitation, pt�1, by m individual pines i dur-
ing T time steps, for each plot k. We used summer precipitation data
because the effect size during these months was greater than the
effect of annual precipitation, or any combinations of monthly tem-
peratures (not shown). As conditions during bud formation strongly
affect following year shoot growth in pine species such as
P. sylvestris and P. nigra (Isik 1990; Dobbertin et al. 2010), a lagged
term was used. Finally, exk ;t is the T 9 m matrix including the terms
for individual-level environmental stochasticity impacting on rRHG of
each pine, distributed according to a normal distribution with 0 mean
and a time-varying standard deviation rxi;t . The temporal changes in
the effects of herbivory intensity, summer precipitation and environ-
mental stochasticity on individual rRHG were modelled through the
specification of a time-varying scheme on parameters bk,t, ck,t and rk,t
according to a random walk (e.g. Zeng et al. 1998):

bk;t ¼ bk;t�1 þ ebk;t ;t

ck;t ¼ ck;t�1 þ eck;t ;t

rk;t ¼ rk;t�1 þ erk;t ;t

eqn 5

where ebk;t ;t , eck;t ;t and erk;t ;t stand for the independent and identically
distributed (random) noise on the red deer abundance, summer precip-
itation and environmental stochastic time-varying effects on individual
pines, following normal distributions with 0 means and nonzero pro-
cess variances q2bk;t ;t , q

2
ck;t ;t and q2rk;t ;t .

We decomposed the effects of summer precipitation and red deer abun-
dance on rRHG through both direct effects of these variables and indirect
effects considering the response of leader browsing to precipitation and
red deer abundance (Fig. 1). Hence, a composite parameter for the down-
scaled effect of red deer abundance at the landscape level on individual
rRHG will be denoted by Hk,i,t; this parameter is simply the product of the
effect of red deer abundance (landscape level) on herbivory intensity (plot
level) and the effect of herbivory intensity on individual-level rRHG: Hk,i,t

= φk 9 bi,k,t. In the same manner, a composite parameter for the effect of
summer precipitation on rRHG (Rk,i,t) can be obtained by summing the
direct effect of summer precipitation on rRHG and the product of the
effect of summer precipitation on herbivory intensity: Rk,i,t
= ck + (fk 9 bi,k,t). Then, we derived population-level summary statistics
to describe the collective response of the rRHG of individual pines to pre-
cipitation and herbivory at each plot studied, as well as the average envi-
ronmental stochasticity at the plot level (Fig. 1). In particular, for each
plot, we estimated the posterior averaged modelled effect across time
within individuals and an average per plot over time and individuals (e.g.
Clark et al. 2010). Let ht stand for the averaged individual-level response
to a given effect (composite herbivory or summer precipitation) at time t,
or the averaged individual-level impact of environmental stochasticity.
The time-varying posterior estimate for these parameters, calculated over
m individuals, is derived for each plot k as:

hk;t ¼
Pm
i
hi;k;t

m� 1
eqn 6

where h is a parameter of interest, h ¼ Hk;t;Rk;t; rk;t
� �

. A posterior
estimate of a given quantity averaged over T time steps and m

individuals for each plot k is obtained as follows:

hk ¼
PT
1

Pm
i
hi;k;t

m� 1ð Þ T � 1ð Þ eqn 7

Prior specification, parameter estimation and model
validation

We fitted the IBM using Markov Chain Monte Carlo (MCMC) inte-
gration through Gibbs sampling. To let the likelihood dominate the
prior, we placed weakly informative prior distributions on the
unknown quantities. Uniform distributions were placed on the stan-
dard deviations of the environmental and demographic noise terms in
the Gompertz state-space model, and in the terms for environmental
and process parameter noise in eqns 3–5: rnt , d, rht , rxi;t , qbk;t ;t ,
qck;t ;t, qrk;t ;t � Uð0; 3Þ; see Gelman 2006). Note that these parameters
are non-exchangeable between individuals. The location parameters,
the constant-level terms and the initial values for the time-varying
parameters were given flat prior normal distributions:
r;K;gk ;uk ; fk ; ck ; bk;1; ck;1;rk;1 � Nð0; 10Þ. Note that parameters r
and K were truncated at a lower level of 0 to omit biologically
implausible values. We programmed the IBM in the BUGS language
using the R package BRugs (R Development Core Team 2011). We
ran three independent Markov Chains with dispersed initial values for
21 000 iterations and discarded the first 20 000 as a burn-in period.
To increase the precision of Bayesian estimates, we merged the
unthinned chains (Link & Eaton 2012). We used the R package BOA
to derive the posterior estimates of parameters and latent states, and
to check the convergence of the chains using standard diagnostic tests
(see Gelman et al. 2004).

We used posterior predictive checking (Gelman et al. 2004) to
assess the predictive ability of the fitted IBM. This is a convenient
strategy for checking model adequacy (see also Clark et al. 2010).
We used the fitted model to randomly derive through simulation 1000
synthetic time series of rRHG for each individual pine. We then plot-
ted the average of these synthetic (posterior predicted) time series
against the true value used to fit the model. The closer the synthetic
data sets are to the true observations, the better the model adequacy
to the focal data set (Gelman et al. 2004). We also used posterior pre-
dictive checks to compare the IBM in eqn 4 to the standard LME
model (Speed et al. 2011a; Mart�ınez-Vilalta et al. 2012), in which
individuals are modelled as random factors and herbivory and climate
variables are treated as fixed effects. This model, in which the growth
of individuals is an aggregate quantity (e.g. Clark 2010), can be writ-
ten as follows:

rRHGt ¼ ck þ bk;thk;t þ ck;tpt�1 þ et eqn 8

The time-varying parameters in the LME model are defined as
unique parameters at the plot level:

bk;t ¼ bk;t�1 þ ebk;t ;t

ck;t ¼ ck;t�1 þ eck;t ;t

rk;t ¼ rk;t�1 þ erk;t ;t

eqn 9

Note that in this model, interindividual variability is indeed
allowed in the constant terms (intercepts) ci. Again, the location
parameters and the constant-level terms were given flat prior normal
distributions, while uniform distributions were placed on the standard
deviations of the environmental and process parameter noise (see
above and see BUGS code in Appendix S2 in Supporting Information).
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A critical, usually untested assumption of this modelling scheme is
that individual responses are treated as stochastic realizations of a
common underlying process, so that climate and herbivory are
assumed to affect all individuals in a similar way. To test this
assumption, posterior predicted data sets for the LME in eqn 8 were
compared directly to the predictions from the IBM in eqn 4. We also
used posterior predictive checking to compare the relative perfor-
mance of the time-varying parameter scheme to the standard constant
parameter models (e.g. Speed et al. 2011a; Fisichelli, Frelich & Reich
2012); in this case, the IBM with constant parameters was specified
as follows:

rRHGt ¼ ck þ bkhk;t þ ckpt�1 þ exk ;t eqn 10

and the LME models with constant parameters were specified as fol-
lows:

rRHGt ¼ ck þ bkhk;t þ ckpt�1 þ et eqn 11

Overall, we fitted four models (IBM or LME, constant or time-
varying) for each of the 4 plots and two species (20 models). For
each model, we computed the proportion of variance in rRHG
explained by each model (R2) and the predicted mean squared error
(PMSE) between the posterior predicted data and the true observa-
tions in both the IBM and the LME model. Finally, we calculated the
deviance information criterion (DIC) for each model to compare their
relative performance in terms of model complexity and fit (Spiegel-
halter et al. 2014). The most parsimonious model will minimize this
quantity. We compared model adequacy by jointly interpreting the
values for R2, PMSE and DIC.

Results

POPULATION DYNAMICS OF RED DEER AND TRENDS IN

PRECIP ITAT ION AND HERBIVORY

Figure 2c showed population dynamics of red deer during the
study period. The carrying capacity of the red deer population

at the landscape level (parameter K in eqn 1) was estimated
at 3093.319 individuals and the intrinsic growth rate (r) at
1.125 � 0.516. According to the fitting of the state-space
Gompertz population dynamics model, 71.271% of the tem-
poral variability in red deer abundance was driven by envi-
ronmental stochastic effects, while intraspecific interactions
(density dependence) accounted only for the 28.684% of this
variance. Finally, the relative impact of demographic stochas-
ticity was negligible (0.045%).
The amount of precipitation during summer declined signif-

icantly throughout the study period (Fig. 2b; r = �0.55,
Pboot = 0.012, calculated using 10 000 MC samples). By con-
trast, herbivory intensity (percentage of saplings displaying
leader browsing) increased significantly over time in all plots
(Pboot < 0.05; Fig. 2d). There was large interplot variability
in herbivory intensity, with very high values in Boleta wood-
land for P. sylvestris (up to 80% of browsed saplings) and
relatively low values at Fonfr�ıa treeline (< 20%).

EFFECTS OF RED DEER DENSITY AND PRECIP ITATION

ON HERBIVORY INTENSITY

While the effect was nearly always positive, the impact of red
deer population density on herbivory intensity was clearly stron-
ger in the woodlands than in the treelines (see Table S1). In con-
trast, the effect of precipitation variability was generally weak.

EFFECTS OF HERBIVORY AND PRECIP ITAT ION ON

RRHG

Figure 3 shows the time-varying effects of herbivory and pre-
cipitation on rRHG in the treelines obtained with the IBM,
averaged over individuals. The effect of herbivory was negli-
gible until the end of the time series in Boleta, but was non-
significant in Fonfr�ıa throughout the time series. In contrast,
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Fig. 2. Time series of relative height growth
(RHG), precipitation variability, red deer
population size and herbivory intensity in the
study area from 1992 to 2008. (a) Value of
RHG for each individual pine sapling and
year, pooled across the four plots and two
species (Pinus sylvestris and P. nigra). The
thick red line is a locally weighted least-
squares function fitted to enhance the local
dynamics. (b) Time series of precipitation
during summer (months of June, July and
August). (c) Estimations of red deer
abundance across the landscape based on
observed yearly abundance (counts) are
shown as open green squares; the latent
(unobserved) states estimated with the
Gompertz state-space model are shown as a
solid red line, with 95% credible intervals
depicted as dotted red lines. (d) Recorded
proportion of saplings with the leader shoot
browsed for each plot and species during the
study period (1993–2008).
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the effects of precipitation were clearly stronger during the
whole time period in both plots, particularly during the first
part of the series. The effects of environmental stochasticity
decreased during the study period, but slightly increased at
the end of the time series. The time-varying estimates from
the LME model were rather similar (Fig. 3), but clearly
underestimated the impact of environmental stochasticity
throughout the series. Moreover, both in the treeline and in
the woodland, the time-varying LME model tended to overes-
timate the effect of herbivory relative to the time-varying
IBM (Table 1).
Figure 4 shows the time-varying effects of herbivory and

precipitation on rRHG in the woodland areas obtained with
the IBM, averaged over individuals. In this case, after a short
transient period, the effect of herbivory was clearly stronger
for P. sylvestris throughout the time series relative to the
effects in the treelines. The magnitude of the effects of her-
bivory also increased at the end of the time series. However,
for P. nigra, the herbivory effects were negligible. As in the
treelines, the impact of precipitation in the woodlands was
stronger during the first part of the time series. But the effect
of precipitation at the woodland areas was generally lower
relative to the treelines, particularly in Boleta (Fig. 4,
Table 1). Regarding the relative importance of precipitation
and herbivory effects, although the effect of precipitation was
stronger for P. nigra and for P. sylvestris in Fonfr�ıa, the

effect of herbivory was somewhat greater for P. sylvestris in
Boleta for the whole study period (Table 1). With respect to
environmental stochasticity, the individual-averaged effect dis-
played the same nonlinear pattern relative to the treeline areas
and also tended to be underestimated by the LME model.
As suggested by the plots of the time-varying individual-level

effects of herbivory and precipitation (see Figs S1 and S2), the
impact of herbivory showed greater variability at the individual
level than the effect of precipitation, as individual pines showed
effects of the same sign more consistently in the case of precipi-
tation effects than in the case of herbivory effects.

MODEL VALIDATION AND POSTERIOR PREDICT IVE

CHECKS

The diagnostic tests revealed good mixing of the MCMC
chains and rejected the hypothesis of non-convergence. The
posterior correlation among parameters was low in all cases
(r < 0.2), which suggest that the models are correctly speci-
fied and that the effects are largely identifiable.
Figure 5 shows the plot of the synthetic set of 1000 poste-

rior simulated data sets of rRHG against the observed data,
averaged over replications for each value. As the posterior
data sets tend to cluster closer to the Y = X line in the time-
varying IBM, the bias in the posterior predictions are lower
when using this model than when using the IBM with
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Fig. 3. Plots of time-varying coefficients
measuring the effect of herbivory intensity,
precipitation variability and environmental
stochasticity on residual relative height
growth of Pinus sylvestris in the treelines of
Boleta and Fonfr�ıa. The effects shown are
the individual-averaged time-varying impact
of herbivory, summer precipitation and
environmental stochasticity. For each graph,
the dotted lines represent the 68% credible
interval, equivalent to 1 standard deviation,
while the thick red lines represent the fitting
of a linear mixed-effects (LME) model to the
data.
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constant parameters. The fitting of the LME models were par-
ticularly poor relative to the fitting of the IBM, irrespective of
the type of parameters. In particular, there is much more vari-
ability in the predicted data sets of the LME model, and this
approach is particularly bad when estimating extreme values
(Fig. 5). The PMSE is therefore consistently larger in the
LME model, in particular for the constant parameter model
(Table 1).
The values for the amount of explained variance (R2) are

consistently larger for the time-varying IBM in all cases, proba-
bly due to its greater complexity. However, the DIC clearly
selected the time-varying IBM as the most parsimonious models
in all cases except in Fonfr�ıa treeline. In this case, the time-
varying LME model appeared to provide a better fit in terms of
a trade-off between model complexity and goodness-of-fit.
However, as shown by the large PMSE value of this model
(Table 1), there are clear signs of overfitting in this plot. This
pattern is common to other plots as well: while the individual-
and time-averaged estimates of environmental stochastic impacts
are consistently lower for the LME model relative to the IBM,
the R2 is consistently lower and the PMSE consistently higher
for both the time-varying and constant LME approaches. This
is suggestive of model overfitting in the LME approach.

Discussion

Our results showed significant negative effects of herbivory
and positive effects of precipitation in pine sapling height

growth at the southernmost distribution limit of P. sylvestris
and P. nigra during a 16-year period. However, the LME
model, which neglects individual variability, tended to jointly
overestimate the impact of herbivory and underestimate the
effects of environmental stochasticity on plant growth relative
to the IBM approach. Thus, the potential for herbivory to
constrain climate-driven vegetation shifts could be lower than
expected based on previous studies using aggregated individ-
ual-level data (Speed et al. 2011a,b; Fisichelli, Frelich &
Reich 2012). This aggregation could also lead to a dismissal
of the importance of other factors influencing tree growth,
such as competition or soil nutrient availability. Moreover,
our time-varying IBM approach showed great variability
across individuals for the impact of climate and herbivory on
height growth. Different responses of individuals within a
population to environmental factors could have important
implications for the long-term persistence of species, espe-
cially at the southernmost distribution limits, where species
face adverse environmental conditions (Parmesan & Yohe
2003; Pe~nuelas et al. 2007). Greater individual variability in
environmental responses increases the probability of perfor-
mance success for a percentage of the population, in our
study case, high height growth rates and subsequent earlier
onset of reproduction (Zamora et al. 2001), boosting the
chances for the future persistence of the population. There-
fore, the use of disaggregated individual-level data and
time-varying effects could help to improve the accuracy of
predictions of climate-induced vegetation shifts and to

Table 1. Long-term effects of herbivory and summer precipitation on residual relative height growth (rRHG) of Pinus sylvestris and P. nigra in
four plots of Southeastern Spain during a 16-year period

Plot Parameters Effects

Modelled effects

R2 PMSE DICHerbivory Precipitation Stochasticity

Fonfr�ıa treeline Constant IBM 0.009 (0.121) 0.428 (0.108) 1.071 (0.110) 0.314 0.639 1209.0
LME 0.001 (0.120) 0.419 (0.101) 0.768 (0.055) 0.242 0.712 1097.0

Time varying IBM �0.002 (0.046) 0.383 (0.079) 1.056 (0.152) 0.674 0.305 955.4
LME �0.013 (0.114) 0.383 (0.192) 0.581 (0.048) 0.476 0.494 934.7

Boleta treeline Constant IBM �0.025 (0.034) 0.348 (0.054) 1.156 (0.105) 0.252 0.701 1529.0
LME �0.024 (0.031) 0.340 (0.046) 0.889 (0.056) 0.121 0.825 1425.0

Time varying IBM 0.010 (0.037) 0.388 (0.077) 1.049 (0.146) 0.684 0.295 1163.0
LME 0.041 (0.080) 0.451 (0.192) 0.773 (0.053) 0.296 0.659 1299.0

Fonfr�ıa woodland Constant IBM �0.244 (0.203) 0.322 (0.150) 1.110 (0.101) 0.278 0.678 1469.0
LME �0.205 (0.194) 0.246 (0.159) 0.854 (0.056) 0.158 0.789 1360.0

Time varying IBM �0.198 (0.130) 0.329 (0.104) 1.058 (0.145) 0.639 0.339 1094.0
LME �0.237 (0.207) 0.333 (0.194) 0.781 (0.060) 0.280 0.677 1203.0

Boleta woodland (P. sylvestris) Constant IBM �0.173 (0.044) 0.263 (0.044) 1.236 (0.063) 0.182 0.767 4463.0
LME �0.172 (0.040) 0.265 (0.039) 0.904 (0.034) 0.099 0.844 4032.0

Time varying IBM �0.186 (0.060) 0.146 (0.052) 1.081 (0.087) 0.662 0.317 3249.0
LME �0.211 (0.115) 0.091 (0.132) 0.790 (0.034) 0.248 0.706 3383.0

Boleta Woodland (P. nigra) Constant IBM 0.012 (0.036) 0.232 (0.040) 1.232 (0.082) 0.188 0.761 2709.0
LME 0.012 (0.030) 0.228 (0.035) 0.954 (0.047) 0.052 0.888 2511.0

Time varying IBM 0.001 (0.053) 0.209 (0.050) 1.115 (0.107) 0.630 0.347 2003.0
LME 0.050 (0.097) 0.221 (0.080) 0.953 (0.054) 0.109 0.836 2341.0

The standardized modelled effects (mean � 1 SD) are posterior averaged effects (over time and individuals) for the time-varying individual-based
model (IBM), time-averaged estimates for the time-varying linear mixed-effects model (LME) and point parameter estimates for the constant
parameter models (for both the IBM, averaged over individuals, and LME model). R2 shows the proportion of variance in rRHG explained by
each model, while PMSE is the predicted mean squared error of the difference between the observed data and the average value of 1000 posterior
simulated stochastic data sets. The DIC is the deviance information criterion; the model minimizing this quantity provides the most parsimonious
fit to the data and is shown in bold type.
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disentangle the factors affecting tree growth. For the rest of the
discussion, we will focus on time-varying individual-level
effects.
Our hierarchical approach allowed the simultaneous mod-

elling of the population dynamics of red deer, the dynamics
of herbivory intensity and the time-varying effects of her-
bivory and precipitation on pine saplings height growth. Red
deer abundance was driven mainly by environmental stochas-
tic effects, increasing in a density-independent fashion
throughout the landscape. The absence of predators, preva-
lence of mild winters, disproportionate hunting of males and
difficulties of adequately implementing management policies
appear to be the main reasons behind the observed rise in the
red deer population (Granados et al. 2001; Côte et al. 2004;
Consejer�ıa de medioambiente (CMA) 2009). At the same
time, red deer population density drives herbivory intensity
mainly in woodland areas, where browsing damages and the
negative impact of herbivory were higher. At treelines, the

impact of red deer density on herbivory intensity was lower,
as red deer do not browse as frequently and intensely at the
treelines than at the woodlands. However, a continued
increase of the red deer population would raise the herbivory
intensity at the treeline, as browsing damages increased dur-
ing the last years of the study even in the treeline. Under the
actual climate change scenario, an increase of herbivory pres-
sure seems plausible as mild winters increase deer body mass
(Mysterud et al. 2001) and winter survival (Loison, Langvatn
& Solberg 1999). Furthermore, red deer could increase its for-
aging activity at high elevations due to predicted warming
and increasing aridity in Mediterranean basin (IPCC 2013),
which may decrease forest cover and food resources (key fac-
tors for deer habitat selection; Jedrzejewska et al. 1994; Bor-
kowski & Ukalska 2008) at lower elevations.
Modelled effects of precipitation generally dominate over

herbivory effects across plots. It is important to note that we
assess the impact of herbivory on annual height growth rates

Fonfría

Ti
m

e-
va

ry
in

g 
he

rb
iv

or
y 

ef
fe

ct

1993 1996 1999 2002 2005 2008

1993 1996 1999 2002 2005 2008

1993 1996 1999 2002 2005 2008

1993 1996 1999 2002 2005 2008

1993 1996 1999 2002 2005 2008

1993 1996 1999 2002 2005 2008

1993 1996 1999 2002 2005 2008

1993 1996 1999 2002 2005 2008

1993 1996 1999 2002 2005 2008

–1.0

–0.6

–0.2

0.2

0.6

1.0
 Individual-averaged effect
 68% Credible Interval
 LME

Boleta (P. sylvestris)

Ti
m

e-
va

ry
in

g 
he

rb
iv

or
y 

ef
fe

ct

–1.0

–0.6

–0.2

0.2

0.6

1.0
Boleta (P. nigra)

Ti
m

e-
va

ry
in

g 
he

rb
iv

or
y 

ef
fe

ct

–1.0

–0.6

–0.2

0.2

0.6

1.0

Ti
m

e-
va

ry
in

g 
pr

ec
ip

ita
tio

n 
ef

fe
ct

–0.3

–0.1

0.1

0.3

0.5

0.7

0.9
 Individual-averaged effect
 68% Credible Interval
 LME

Ti
m

e-
va

ry
in

g 
pr

ec
ip

ita
tio

n 
ef

fe
ct

–0.3

–0.1

0.1

0.3

0.5

0.7

0.9

Ti
m

e-
va

ry
in

g 
pr

ec
ip

ita
tio

n 
ef

fe
ct

–0.3

–0.1

0.1

0.3

0.5

0.7

0.9

Year

Ti
m

e-
va

ry
in

g 
en

v.
 s

to
ch

as
tic

ity

0.0

0.4

0.8

1.2

1.6
 Individual-averaged effect
 68% Credible Interval
 LME

Year

Ti
m

e-
va

ry
in

g 
en

v.
 s

to
ch

as
tic

ity

0.0

0.4

0.8

1.2

1.6

Year

Ti
m

e-
va

ry
in

g 
en

v.
 s

to
ch

as
tic

ity
 

0.0

0.4

0.8

1.2

1.6

Fig. 4. Plots of time-varying coefficients measuring the effect of herbivory intensity, precipitation variability and environmental stochasticity on
residual relative height growth of Pinus sylvestris in the woodlands of Fonfr�ıa and Boleta and P. nigra in Boleta woodland. The effects shown
are the individual-averaged time-varying impact of herbivory, precipitation and environmental stochasticity. For each graph, the dotted lines repre-
sent the 68% credible interval, equivalent to 1 standard deviation, while the thick red lines represent the fitting of a linear mixed-effects model
(LME) to the data.
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and that the accumulated effect of herbivory in total height
growth for the study period would be probably greater than
the effect on annual rates averaged over years. Nevertheless,
in the plot with the highest herbivory intensity, the recorded
effect of herbivory was greater than precipitation effect for
the whole study period. This demonstrates the capacity of
ungulate browsing to counteract the beneficial effect of cli-
mate, as has been previously observed in other ecosystems
different from Mediterranean ones (e.g. Speed et al. 2011a;
Fisichelli, Frelich & Reich 2012).
Interestingly, the relative impact of herbivory and precipita-

tion displayed a clear variability across time. The decrease in
the effects of precipitation during the later years of the series
suggests a greater capacity to access water in deeper soil hori-
zons with increasing sapling size. In contrast, the increase of
herbivory effects seems mediated by the rise of the ungulate
population and subsequent increase in herbivory intensity,
although the browsing likelihood for a tree sapling decreased
with height as saplings grow (Zamora et al. 2001; Speed et al.
2011b). In this context, the time-varying approach, which
explicitly consider temporal variability in the modelled effects,
greatly improves the assessment of the effects of precipitation
and herbivory on plant growth accounting for the ontogenetic
process of juvenile maturation and deer population dynamics.
Due to the growing interest in climate-induced vegetation
shifts, long-term studies analysing tree sapling growth prior to
their inclusion in the overstorey layer are increasingly neces-
sary, which need to include the temporal variability of the envi-
ronmental variables affecting tree growth.
The effects of environmental stochasticity tended to

decrease with time and consequently with increasing age of
saplings, representing a lowered dependence of environmental
conditions (Quero et al. 2008; Quero, Herrero & Zamora
2011) probably mediated through a better developed root sys-
tem. The slight increase in stochastic effects recorded at the
end of the study period could be associated to the joint effects
of higher browsing damages and lowered precipitation during

these years (e.g. 2005 extreme drought; Herrero & Zamora
2014). Across plots, an average of 35% of the variance in
rRHG could not be explained by the fitted time-varying IBM.
Competition exerts a major influence on plant performance in
forest ecosystems (Clark et al. 2011b; G�omez-Aparicio et al.
2011), and this could overwhelm the impact of climate. Thus,
future studies assessing environmental impacts on plant per-
formance should account for the effects of additional factors,
such as competition, to improve the estimation of growth
responses under global warming scenarios.
At the treeline, the effect of precipitation on plant perfor-

mance was much higher than at woodland. This suggests that
the treelines are responsive zones to climatic conditions, in
agreement with previous studies (e.g. Harsch et al. 2009;
Speed et al. 2011a,b). The increasing warmer conditions in
the study area (Herrero, Rigling & Zamora 2013; Mat�ıas &
Jump 2015) could allow for the positive influence of precipi-
tation in this harsh environment. Thus, strong effects of pre-
cipitation and weak influence of herbivory could allow tree
upward expansion, although increasing browsing damages
associated with increments in ungulate population and/or cli-
matic change might limit positive climatic responses of pine
saplings in the near future.
The effects of herbivory presented larger variability among

individuals than the effects of precipitation, as individual pines
showed effects of the same sign more consistently for precipita-
tion. The overall stronger impact of precipitation and its lower
variability between individuals suggest a more pervasive effect
of precipitation at the population level, as all saplings are sub-
jected to similar water availability. In contrast, the greater
interindividual heterogeneity in the effects of herbivory is con-
sistent with the different levels of browsing damage between
individuals, in agreement with the hierarchical foraging of
mammal herbivores, which includes the individual scale
(Danell & Bergstr€om 2002). In fact, while some individuals
escaped ungulate herbivory by reaching browsing-free height
or by the protection of spiny and/or unpalatable shrubs (e.g.
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Fig. 5. Posterior simulated (predicted) data sets of residual relative height growth (rRHG) obtained with the constant and time-varying parameters
models for both the individual-based model (IBM, purple and red open circles for the constant and time-varying model, respectively) and the lin-
ear mixed-effects model (LME, green and blue open circles, for the constant and time-varying model, respectively). These values were plotted
against the observed rRHG, pooled for the four plots and the two species (Pinus sylvestris and P. nigra). Each dot represents the average of
1000 synthetic values randomly obtained with each fitted model (standard errors omitted for clarity). The thick black line is the Y = X regression
line. Note data standardization prior to the analyses.
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Berberis sp. or Juniperus sp.), others remained under the
browsing threshold or lacked the protection of shrubs, thus suf-
fering heavy damage. In this context, herbivory can act as a
spatially aggregating force, creating regeneration hotspots asso-
ciated with low herbivory, and patches of blocked or slowed-
down regeneration associated with high herbivory.
These patterns of environmental impacts could result in

heterogeneous vegetation structure in ecotones when herbivores
exert a negative effect on plant growth, adding a new dimension
to the predictions on climate-driven vegetations shifts based on
previous works (Speed et al. 2011a,b; Fisichelli, Frelich &
Reich 2012). At treeline areas, treeline ascension would be par-
tially allowed through scattered individuals escaping browsing.
At temperate-boreal transition zones, individual-level differ-
ences in herbivory effects would lead to complex patterns of
growth between saplings of different species at small spatial
scales, promoting the dominance towards boreal or temperate
species depending on the ecological context and individual
responses. Therefore, growth responses at individual level can
modulate the ‘cooling’ effect of the herbivory (sensu Fisichelli,
Frelich & Reich 2012).
Overall, our study highlights the benefits achieved by mod-

elling ecological processes at the individual level and allowing
for time-varying effects. Precipitation fluctuations showed a
more pervasive and spatially homogenous effect than did her-
bivory on long-term height growth rate. By contrast, herbivory
exerted a more spatially heterogeneous effect through individ-
ual-level damage, producing a negative impact on plant growth
that can constrain treeline shifts when herbivore density is high
(Speed et al. 2011a,b; Van Bogaert et al. 2011). Our results
serve to delineate a prediction framework for treeline shifts
under a global warming scenario, based on the relative effects
of climate and herbivory. On one hand, where climate is the
dominant environmental factor (and herbivory pressure is low),
the treeline would gradually shift upwards through a spatially
homogeneous altitudinal ascension of saplings. On the other
hand, where the effect of herbivory is more important than cli-
mate, herbivory would constrain the growth of saplings, pre-
cluding the upward shift of treeline in many areas, except in
patches with low herbivory, resulting in a spatially heteroge-
neous vegetation structure. Further studies are necessary to test
these predictions, considering individual-level and temporal
heterogeneity in environmental responses and treeline dynam-
ics. Finally, modelling approaches considering individual vari-
ability would be particularly useful to assess the importance of
other biotic interactions, such as host–parasite relations (e.g.
mistletoe) or insect herbivory (e.g. pine processionary caterpil-
lar), on tree species performance. Enhancing our knowledge
about the relative importance of biotic interactions on plant per-
formance and the spatial scale at which interactions exert influ-
ence would improve the forecasting of climate-driven
vegetation shifts under the global warming scenario.
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