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Drought-Induced Multifactor Decline
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and Potential Vegetation Change
by the Expansion of Co-occurring
Oak Species
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ABSTRACT

Episodes of drought-induced tree dieback have been properties, and mistletoe infection were also associ-
recently observed in many forest areas of the world, ated with the observed pattern of defoliation, pre-
particularly at the dry edge of species distributions. sumably acting as long-term predisposing factors.
Under climate change, those effects could signal Recruitment of Scots pine was low in all plots. In
potential vegetation shifts occurring over large geo- contrast, we observed abundant recruitment of
graphical areas, with major impacts on ecosystem other tree species, mostly Quercus ilex and Q. humilis,
form and function. In this article, we studied the particularly in plots where Scots pine showed high
effect of a single drought episode, which occurred in defoliation and mortality. These results suggest that
summer 2005, on a Scots pine population in central an altitudinal upwards migration of Quercus species,
Pyrenees (NE Spain). Our main objective was to mediated by the dieback of the currently dominant
study the environmental correlates of forest decline species, may take place in the studied slopes. Many
and vegetation change at the plot level. General and rear-edge populations of Scots pine sheltered in the
generalized linear models were used to study the mountain environments of the Iberian Peninsula
relationship between canopy defoliation, mortality could be at risk under future climate scenarios.

and recruitment, and plot characteristics. A drought-

driven multifactor dieback was observed in the study Key words: drought; scots pine (Pinus sylvestris L.);
forest. Defoliation and mortality were associated canopy defoliation; mortality; recruitment; summer
with the local level of drought stress estimated water availability; stand structure; soil properties;
at each plot. In addition, stand structure, soil mistletoe.
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Climate change may increase physiological stress
on long-lived woody vegetation, occasionally
leading to increased mortality rates and episodes of
forest dieback (Allen and others 2010). This die-
back is characterized by rapid defoliation and pro-
gressive increase in mortality of overstory trees
(Bréda and others 2006). Such widespread mor-
tality events have the capacity to transform re-
gional landscapes on a sub-decadal timescale, with
significant implications for stand structure and
dynamics and ecosystem function (McDowell and
others 2008).

Our current understanding of the mechanisms
underlying tree dieback is still limited (Bréda and
others 2006; McDowell and others 2008). Tree
death is a complex process that has been attributed
to a wide range of potential causes, often involving
prior droughts that initiate a growth decline (Pe-
dersen 1998; Oberhuber 2001; Camarero and oth-
ers 2002; Das and others 2007) and a lengthy chain
of interacting events (Waring 1987; Franklin and
others 1987). Thus, many studies have assumed a
slow-decline hypothesis (Manion 1991) that con-
siders a three-stage decline: (1) predisposing factors
expose plants to long-term stress, for instance, poor
soil conditions and/or high stand density; these
predisposing factors increase the susceptibility of
trees to (2) severe short-term stresses known as
inciting factors, for instance an extreme drought;
and (3) eventually the contributing factors (for
instance parasites and/or additional climatic
events) can Kkill the trees. Despite the robust theo-
retical background of this hypothesis, the empirical
support is relatively weak because the studies
documenting drought-induced dieback rarely ana-
lyze the relative importance of all the factors that
are potentially involved.

The large-scale control of climate on water
availability in the soil may also be influenced by
topography and soil properties at the local scale
(Stephenson 1990; Western and others 2002). In
Mediterranean regions, especially in summer,
when evapotranspiration continuously exceeds
precipitation, topographic characteristics such as
altitude, slope, aspect, and texture and depth of soil
influence soil water availability as local controls
(Grayson and others 1997). Despite the importance
of these factors on the spatial patterns of tree
mortality, few studies have evaluated their effects,
with the exception of the effect of altitude (Allen
and Breshears 1998; Guarin and Taylor 2005).

Parasite outbreaks may be enhanced by climate
change (Mattson and Haack 1987; Breshears and
others 2005). In addition to modifications in the
parasite life cycle, climate-induced changes in plant

carbon allocation may diminish the production of
defense compounds (Waring 1987; Dunn and
others 1990; Croisé and Lieutier 1993), reducing
the ability of trees to withstand, for instance, the
attack of cambium-eating insects (Mattson and
Haack 1987; Negron and others 2009). Hemipara-
sitic plants may also impact on host-water relations
as a result of their high rates of transpiration,
needed to take up water, nutrients, and carbohy-
drates from host trees (Ehleringer and Marshall
1995). Therefore, increased vulnerability of trees to
parasite attacks under water stress conditions can
lead to episodes of high tree mortality (Williams
and Liebhold 2002; Breshears and others 2005;
Dobbertin and others 2007; Negréon and others
2009).

In recent decades, changes in human use of
many temperate forests have resulted in denser
stands due to abandonment of agropastoral activi-
ties (Barbéro and others 1998; Poyatos and others
2003), to artificial afforestation (Martinez-Garcia
1999) and to decreases in logging practices (Linares
and others 2009). Denser stands normally result in
stronger plant competition (Linares and others
2009) and ‘“‘matural” self-thinning processes (Peet
and Christensen 1987; Kenkel 1988; Chen and
others 2008), because of the corresponding reduc-
tion in soil water availability per unit of basal area.
Therefore, trees in dense stands may be more pre-
disposed to die under water stress conditions
(Guarin and Taylor 2005; Bigler and others 2006).

Forest communities are dynamic and changes
occur continuously at the individual and popula-
tion levels, due to a balance among growth,
recruitment, and mortality. Light-gaps are created
when trees die in closed-canopy forests, initiating a
micro-successional sequence that culminates in the
replacement of the original canopy tree by one or
more new trees (Hubbell and Foster 1986). Because
altered conditions of light and soil moisture are
expected in the gaps compared with conditions
under the canopy (Suarez and Kitzberger 2008),
recruitment of new species with different resource
requirements could occur, with major implications
for community dynamics (Connell 1978). Consis-
tent with this, changes in the recruitment pattern
associated with high mortality rates may promote
shifts in species composition and in distribution
areas in response to drought episodes. Neverthe-
less, research on the changes in recruitment pat-
terns associated with drought-induced mortality in
the overstory vegetation is still scarce (but see
Condit 1998; Slik 2004; Kelly and Goulden 2008).

Scots pine (Pinus sylvestris L.) is one of the most
widely distributed trees on Earth. Although the
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largest populations of this species occur in boreal
regions, Scots pine also occupies large areas in rela-
tively dry regions within the Mediterranean basin,
from the Iberian Peninsula to Turkey (Barbéro and
others 1998). The south-western limit of Scots pine is
in the Iberian Peninsula, with important populations
in the Pyrenees and several populations scattered in
southern, more arid localities (Castroviejo and oth-
ers 1986). These populations, located at the low-
latitude, rear-edge of the species distribution area,
are likely to be particularly sensitive to the effects of
increased aridity (Hampe and Petit 2005). In fact,
drought-related Scots pine dieback has already been
reported in the Iberian Peninsula (Martinez-Vilalta
and Pinol 2002; Hodar and others 2003) and in the
Alps (Hédar and others 2003; Bigler and others
2006). As the Mediterranean basin climate is
becoming warmer and drier (IPCC 2007), an in-
crease in drought-induced mortality of Scots pine
has been predicted (Martinez-Vilalta and Pifiol
2002).

The main objective of this study is to evaluate
drought as the potential inciting factor of the
dieback observed in southern Scots pine forests.
Although several studies have analyzed drought-
related dieback episodes in many regions of the
world (Rice and others 2004; Mueller and others
2005; Bigler and others 2006; van Mantgem and
Stephenson 2007), the many factors potentially
associated with forest decline have been rarely
examined exhaustively. We emphasize here the
role of the forest intrinsic factors such as stand
structure and soil properties, and extrinsic factors
such as mistletoe infection. We study the stand
demographic trends in response to a recent
drought episode, accounting for the patterns of
defoliation and mortality, as well as recruitment at
the level of a single valley in the Central Pyrenees
(NE Spain). Three main questions are addressed.
(a) Are mortality and defoliation associated with
the local level of drought stress estimated for each
plot? (b) Does the effect of drought stress depend
on other factors such as soil properties or stand-
level competition? (c) Is the recruitment of other
species related to the drought effects on the Scots
pine tree canopy?

MATERIALS AND METHODS
Experimental Site

The study was carried out in a Scots pine forest
located in Central Pyrenees (Soriguera, Pallars
Sobira, 42° 22" 43”N, 1° 6’ 29”E, ca. 16 krnz).
Most of the Scots pine forests in the area have

traditionally been under agropastoral pressures up
until the early twentieth century, and some forest
patches were completely removed. Regarding the
management practices at the study stands, selec-
tive activities on species establishment have never
taken place in the area and logging activities on
Scots pine stands have not been practiced since
the 1980s (pers. com. by Carles Faflanas, Catalan
Forest Service). Although both natural and artifi-
cial afforestation have been taking place in the
area during the twentieth century, the study site
appears absolutely within the distribution area of
Scots pine and this species has naturally been
present in the area since the Catalan Forest Ser-
vice began keeping records. Accordingly, the
studied Scots pine population exhibits natural
regeneration and an uneven age and size structure
(Supplemental Materials, Figure sl). This is fur-
ther corroborated by dendrochronological analyses
of tree-rings showing that Scots pines with a
diameter between 20 and 40 cm have ages rang-
ing between 30 and 100 years (Ana Heres,
unpublished data). These forests are mainly on
northern slopes and are continuously distributed
in altitudes from 600 to 1500 m a.s.l. The shrub
layer is predominantly occupied by Buxus semper-
virens, Amelanchier ovalis, and Lonicera Xxylosteum.
Other species of trees, Quercus humilis, Quercus ilex,
and Betula pendula, occasionally appear in the
understory, mostly at lower (Quercus species) and
higher altitudes, respectively. Some younger Pinus
nigra plantations interrupt the Scots pine forest. A
well-established mistletoe population, with indi-
viduals up to 30 years old, infects most Scots pine
trees in the area.

The climate of the region is characterized by an
annual mean temperature of 9.6°C and an annual
mean rainfall around 643 mm (climate data for the
period 1951-1999 from the Climatic Digital Atlas of
Catalonia (CDAC) (Pons 1996; Ninyerola and oth-
ers 2000)), corresponding to the temperate oceanic
submediterranean bioclimatic region (Worldwide
Bioclimatic Classification System 1996-2000). In
2005, the Iberian Peninsula experienced a severe
drought episode preceded by several dry periods
during the last years (EEA 2008). This drought af-
fected our study area (Figure 1), and was associated
with the observation of evident damage on Scots
pine stands (pers. com. by Carles Fafianas, Catalan
Forest Service). This observation was supported by
dendroecological analyses that showed lower
growth and higher mortality in 2005 and sub-
sequent years, although minor mortality episodes
were also detected prior to 2005 (Ana Heres,
unpublished data).
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Figure 1. Monthly meteorological data for the studied
area (data obtained from the Spanish meteorological sta-
tion network (Agencia Estatal de Meteorologia)). Accu-
mulated rainfall (bars) and mean temperature (/ines), from
January to December, are shown for year 2005 and for the
average conditions during the 1951-2004 period.

Field Sampling Methods

In August 2007, 30 circular plots (314 m? each)
were sampled along a steep altitudinal gradient
from 645 to 1383 m a.s.l. in two nearby slopes
within the same valley. To avoid excessive envi-
ronmental heterogeneity, plot selection used the
following criteria: (a) slopes from 10° to 40° and
North aspect; (b) no signs of recent disturbance or
management; (c) distance between plots greater
than 50 m.

Plots were defined around a central Scots pine
tree. In each plot, trees, shrubs, and the presence of
parasites, that is, the epiphyte mistletoe (Viscum
album L.), were recorded (see below). All trees and
shrubs were identified to species. Two size classes
were considered for all woody species including
Scots pine.

e Seedlings (<50 cm height and < 1.5 cm diame-
ter at breast height (DBH)) were recorded at the
least disturbed 1 m width side of the 20 m
central transect of the plot that was perpendic-
ular to the slope. Seedling sprouts and seedlings
may look quite similar when their height is close
to 50 cm. We felt the root collar zone to detect
possible important lignifications which would
have evidenced that sprouts emerged from the
roots.

e Adult trees (>50 cm height and >1.5 cm DBH)
were recorded all over the plot. DBH was
measured on all adult trees.

For all adult Scots pine individuals, additional
information was recorded: state (dead or alive), vi-
sual estimation of the percentage of crown defolia-
tion (%), presence/absence of bark beetles, and

mistletoe occurrence (0 = no mistletoe, 1 = low
mistletoe infestation with few mistletoe plants,
2 = medium mistletoe infestation with several large
mistletoe bushes or many small plants found in the
crown, 3 = heavy mistletoe infestation with many
large mistletoes on at least one-third of the branches
in the tree crown; Dobbertin and Rigling 2006). In
each plot, a mistletoe index was calculated by
averaging mistletoe occurrence across trees.

Response Variables

Canopy defoliation and standing mortality were
the response variables used to assess forest decline
in this study. At the plot level, canopy defoliation
(%) was calculated by averaging the percentage
of crown defoliation for all living individuals,
weighted by the basal area of each tree. Total canopy
defoliation including dead trees was also calculated
and used as predictor variable in the recruitment
analysis (see below). Mortality was measured as the
count of dead individuals relative to the total num-
ber of individuals (see ‘‘Statistical analyses” section).
Patterns of recruitment for Quercus ilex and Quercus
humilis were also studied at the plot level, on the
basis that these species could potentially replace
Scots pine under future climatic conditions. Seedling
abundance of Quercus ilex and Quercus humilis were
pooled together because of their relatively similar
characteristics and abundance pattern along the
altitudinal gradient (see Figure 4A).

Forest Structural Variables
and Competition

Forest structural variables were recorded on the
basis that competition could be affecting Scots pine
defoliation and mortality patterns. At the plot level,
intra-specific (Scots pine) competition was assessed
using stand density, mean DBH, and an aggregation
index (z value) based on distances to the nearest
neighbor recorded for all Scots pine trees (Clark
and Evans 1954). Large values of this index
(z > 1.96) imply a regular distribution of trees and
small values (z < —1.96) imply a clumped pattern,
whereas values of z greater than —1.96 or less than
1.96 indicate a random distribution. At the indi-
vidual level, we computed the Hegyi index of
competition (Hegyi 1974) in a 5-m radius around
each individual. This index takes into account the
distance of the competitor to the focal tree as well
as the size of the trees. Competition indexes were
corrected for edge effects by assuming that the
distribution of individuals inside and outside plots
was similar.
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Water Availability

Water availability in the soil is mainly determined
by soil properties at small scales and by the balance
between net rainfall and evapotranspiration as well
as topography at larger spatial scales (Western and
others 2002). Three sets of variables were thus used
to characterize local water availability at the plot
level. Note that these variables are not a precise
record of conditions occurring during the 2005
drought episode and should be considered only as
relative indicators of water availability among plots.

Summer Water Availability Index

Summer water availability (SWA) was assessed as:
SWA = P/PET, where P is the average (1951-1999)
precipitation from June to August and PET is the
average potential evapotranspiration for the same
period. Given that there was no weather station
within the sampled altitude gradient, the monthly
values of temperature and precipitation, as well as
their altitudinal lapse rates, were obtained from the
CDAC (Pons 1996; Ninyerola and others 2000), at a
resolution of 180 m. The Hargreaves equation
(Hargreaves and Samani 1985) was used to com-
pute PET, accounting for the extraterrestrial solar
radiation (Allen and others 1998). Summer water
availability ranged from 0.44 to 0.66.

Topographic Wetness Index

Topographic wetness indices developed by different
authors (Beven and Kirkby 1979; O’Loughlin
1986) have long been used to characterize spatial
soil moisture conditions at within-catchment
scales. They assume that, from a simplified but
realistic physical approach, topography is dominant
in controlling and modifying the hydrologic pro-
cesses operating at the hillslope scale (Grayson and
others 1999). We used the topographic index
developed by Beven and Kirkby (1979), which
accounts for the contributing area in the catchment
that drains into a given point, and for the slope of
the terrain. As the plots were distributed only on
northern slopes, the aspect was not relevant in our
case. The topographic index was computed from a
digital elevation model (DEM) with a resolution of
30 m, together with topographic information re-
corded at the plots. The topographic wetness index
ranged from 7.62 to 11.60, with higher values
representing wetter conditions.

Soil Texture Measurements

The studied soils are calcareous and belong pre-
dominantly to the clayey-loam texture class. We

excavated one profile per plot and extracted a soil
sample from 20 cm depth using a metal core
(height = 7 cm, diameter = 5.6 cm) to determine
the bulk density and the soil texture. The mea-
surements were performed in the laboratory
using mechanical methods. Soils were separated
into the following size fractions (%): coarse
sand (2-0.2 mm), fine sand (0.2-0.02 mm), silt
(0.02-0.002 mm), and clay (<0.002 mm). We
computed the B coefficient from the Saxton equa-
tion (Saxton and others 1986) with the purpose of
obtaining a representative value of the water
retention capacity from the texture of the soil.
Large values of this index are characteristic of
sandy soils, and imply a low water retention
capacity. The fact that the studied soils were fairly
rocky (44% of large stones on overage) made it
difficult to excavate the C horizon. Thus, we used
the depth of the upper (A and B) horizons as a
measure of soil depth.

Statistical Analyses

Statistical analyses were conducted at the individ-
ual tree and at the plot levels. At the plot level,
most variables were normally distributed or
normalizable using standard transformations (see
Table 1). Stand density, dead individuals (%), and
seedling abundance of Quercus species, however,
remained non-normal. General and generalized
linear models were thus used to study the rela-
tionship between plot characteristics and defolia-
tion, mortality and recruitment. For the defoliation
model, an identity link function was used because
the canopy defoliation variable was normally dis-
tributed. In the mortality model, the number of
standing dead Scots pines in each plot was consid-
ered a count response variable; the logarithm of the
total number of Scots pine was introduced into the
model as an explanatory variable. We used this
approach because this response variable was not
normalizable after standard transformations and it
is effectively very similar to modeling the propor-
tion of dead individuals (Faraway 2006). For the
mortality and recruitment models, preliminary
analyses using a Poisson distribution of errors for
count variables showed overdispersion, and thus a
negative binomial distribution was used in the final
models (White and Bennetts 1996). All models
(defoliation, mortality, and recruitment) were as
similar as possible in terms of explanatory variables
(see Table 1). The occurrence of bark beetles was
not introduced in the models because bark beetles
appeared basically on dead trees, and thus were
likely a consequence, not a cause, of tree mortality.
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Table 1. Explanatory Variables Introduced into the Defoliation, Mortality, and Recruitment Models at the

Individual and Plot Levels

Description of the explanatory variables Units Model
Plot level (N = 30)
Summer water availability index Adimensional All
(arcsin transformation)
Stand density Individuals/m? All
Mean DBH cm All
Aggregation index Adimensional All
Topographic wetness index Adimensional All
Saxton B coefficient (inverse transformation) % All
Depth of the soil cm All
Mistletoe index (log transformation) Adimensional Defoliation and mortality
Weighted percentage of total canopy defoliation % Recruitment
including dead trees
Total individuals (log transformation) Individuals/plot Mortality
Individual level (N = 1002)
DBH cm All
Hegyi competition index (log transformation) Adimensional All
Mistletoe occurrence Adimensional All

See text for details.

At the individual level, general and generalized
mixed linear models were used to study the rela-
tionship between individual characteristics and
defoliation (normally distributed) and mortality
(binomially distributed). Among the explanatory
variables, solely the Hegyi competition index was
normalizable using standard transformations (see
Table 1). DBH and mistletoe occurrence remained
non-normal. Mistletoe occurrence was observed
essentially on living trees and was tested as a fixed
factor with four abundance classes in the defolia-
tion model. Plot effects were modeled as a random
factor in both individual-level models to account
for the spatial autocorrelation among individuals
within a plot.

Parameters () of all fitted models were esti-
mated using maximum likelihood methods.
Model selection was based on a stepwise selection

Table 2. Structural Attributes of the Studied Stands

procedure using the Aikake information criterion
(AIC). Some additional analyses were conducted
using Pearson and Spearman correlation coeffi-
cients as a measure of association between pairs of
variables. Analysis of variance (One-Way ANOVA
using Post Hoc Multiple Comparisons) was used to
compare means between more than two groups.
All statistical analyses were carried out with R
version 2.9.0. (2009 The R Foundation for Statis-
tical Computing).

RESULTS

Determinants of Defoliation
and Mortality Patterns

At the plot level, average defoliation and standing
mortality of Scots pine were 45.18 and 14.3%,

Living individuals

Dead individuals Total stand

Number of individuals 856

Mean dbh (cm) 18.24 (0.36)
Stand density (individuals/ha) -

Basal area (m?/ha) -

Canopy defoliation (weighted %) -

Canopy defoliation (%) -

Dead individuals (%) -

Dead basal area (%) -

Standard errors are in brackets.

146 1002
11.95 (0.84) 17.32 (0.34)
- 1071 (81)

- 35.90 (2.7)
- 45.18 (2.89)
- 51.05 (2.65)
- 14.3 (2.65)
- 9.13 (2.32)
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Table 3. General and Generalized Linear Models for Defoliation and Mortality, Respectively, at the Plot

Level
Model terms p SE P-value
Defoliation plot-level model
Summer water availability index —133.569 27.850 <0.001
Stand density 252.394 50.963 <0.001
Mean DBH 1.438 0.408 0.002
Mistletoe index 8.952 3.645 0.022
Saxton B coefficient —298.505 122.384 0.023
Soil depth —0.250 0.125 0.057
Mortality plot-level model
Summer water availability index —6.251 2.073 0.003
Total individuals (log) 2.907 1.014 0.004

A stepwise model selection was used in both cases starting from the same initial set of explanatory variables. Only the final models are shown. N = 30 plots;

AlCqepoliation modet = 142.62; AlCyortality moder = 155.20.

respectively (Table 2). In contrast, no mortality was
found in Quercus species. The final models fitted
using stepwise model selection from the same ini-
tial set of explanatory variables differed notably for
defoliation and mortality (Table 3). Both defolia-
tion and mortality were mostly affected by summer
water availability and stand density, but canopy
defoliation was associated with additional explan-
atory variables (Table 3). Increases in defoliation
and mortality were associated with lower summer
water availability and higher stand density (as
shown by the f > 1 for the total number of indi-
viduals in the mortality model). Indeed, defoliation
and mortality of Scots pine tended to be higher at
low and intermediate altitudes coinciding with
lower climatic water availability (Figure 2). Mean
DBH and, to a lesser extent, mistletoe index were
also significant in the defoliation model; larger
values of those variables were associated with
higher canopy defoliation. In contrast, soil proper-
ties such as the Saxton B coefficient and soil depth
were negatively correlated with canopy defoliation,
although the relationship was only marginally sig-
nificant in the case of soil depth. Interactions
among explanatory variables were not significant
for either defoliation or mortality. There was a
positive relationship between canopy defoliation
and mortality (r = 0.620, P < 0.001) indicating
that the most affected plots in terms of mortality
were still highly defoliated 2 years after the
drought event.

At the individual level, the stepwise model
selection used to fit both defoliation and mortality
models did not remove any explanatory variable.
All the variables tested were significantly associated
with defoliation and mortality (Table 4). Canopy
defoliation and mortality were higher in smaller
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Figure 2. Percentage of canopy defoliation of living
individuals and standing mortality (plot level) along the
altitudinal gradient. Error bars show standard errors. The
number of plots (N) at each altitude level is shown on top
of the bars.

trees (lower DBH; see Figure 3) and with high in-
tra-specific competition (larger values of Hegyi
competition index; see Figure 3). Defoliation was
also associated with mistletoe occurrence, with
defoliation progressively increasing on more
heavily infested trees (Table 4). High intensity of
mistletoe infection tended to occur on larger trees
(one-way ANOVA, F =51.927, P < 0.001; see also
Figure 3), but within a given mistletoe occurrence
class small trees were more defoliated than large
ones (Figure 3).

Community Dynamics

At the plot level, a high recruitment of the shrub
Buxus sempervirens was found in all plots
(10,250 seedlings/ha on average; Supplemental
materials, Figure s2). Quercus humilis and Quercus
ilex were the trees with higher recruitment in the
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Table 4. General and Generalized Linear Mixed Models for Defoliation and Mortality, Respectively, at the

Individual level

Model terms B SE P-value
Defoliation individual-level model
DBH —0.009 0.001 <0.001
Hegyi competition index 0.002 0.001 0.006
Mistletoe index—low occurrence 0.048 0.023 0.038
Mistletoe index—medium occurrence 0.110 0.035 0.002
Mistletoe index—high occurrence 0.130 0.039 0.001
Mortality individual-level model
DBH —0.058 0.014 <0.001
Hegyi competition index 0.036 0.009 <0.001
A stepwise model selection was used in both cases starting from the same initial set of explanatory variables. Only the final models are shown. AICuepiiation modet = —151.414,

N = 856; AIC,uortaity moaes = 688.7, N = 1002.

study area, with 2483 and 1700 seedlings/ha on
average, respectively. In contrast, we found an
average abundance of 766 seedlings/ha for Scots
pine, mostly concentrated in one single plot with a
density of 13,500 seedlings/ha (see also Figure 4A).
Average Scots pine seedling abundance excluding
this plot was 327 seedlings/ha.

Quercus humilis and Quercus ilex abundance were
correlated to each other (Figure 4A; r = 0.755,
P < 0.001). Overall seedling abundance of Quercus
species tended to be higher at low altitudes (Fig-
ure 4A), in agreement with higher density of
adults of these species toward the valley bottom
(Figure 4B). Nevertheless, Quercus recruitment was

also high at intermediate altitudes; despite that
mature trees of Quercus species were almost absent
(Figure 4B).

The stepwise model selection used to fit the
recruitment model removed two explanatory vari-
ables: stand density and the Saxton B coefficient.
Total canopy defoliation was the most significant
variable in the recruitment model, with higher
Quercus recruitment where defoliation was higher
(Table 5). With regard to the variables linked to
competition, mean Scots pine DBH was the most
important in the model. Large values of DBH were
related to lower seedling abundance of Quercus spe-
cies. The aggregation index was marginally (and

90 Figure 3. Distribution of
N=140 B3 s defoliation and mortality

—~ 80 D_ef°|'at'°n (%) at across diameter classes in
N3 N=296 N=164 []1 different levels of the studied Scots pine
= 70+ N=195 mistletoe occurrence | stands. Defoliation effects
= 0 are split by mistletoe
[0 60- ]: _ & Mortality (%) | occurrence levels (0 = no,
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Figure 4. Seedling (A) and adult (B) abundance distri-
bution of Quercus ilex, Quercus humilis, and Pinus sylvestris
along the altitudinal gradient (bars). Error bars show
standard errors. The number of plots (N) at each altitude
level is shown on top of the bars.

positively) related to seedling abundance, indicating
that recruitment of Quercus species was higher where
the adult trees of Scots pine were more uniformly
distributed. The topographic wetness index and the
depth of the soil were negatively associated with the
seedling abundance of Quercus species. Finally,
summer water availability was also negatively
associated with the recruitment of Quercus, probably
influenced by the absence of severe defoliation
under relatively moist conditions (see Table 3).

Discussion

Determinants of Defoliation
and Mortality

In addition to the expected association between
forest decline (defoliation and mortality) and local
level of drought stress, our results showed that such
a relationship is complex and may involve a wide
range of other contributing causes (Waring 1987;
Franklin and others 1987; Manion 1991). This is
one of the few studies that have examined the many
factors potentially associated with tree death,
revealing the multifactor nature of drought-driven
forest decline. The involved factors act differently on
the dieback parameters: summer water availability
and stand density were the most important driving
factors of both mortality and defoliation, presumably
acting during the 2005 drought episode as inciting
and long-term predisposing factors, respectively;
whereas canopy defoliation was associated with
additional predisposing factors such as soil properties
and mistletoe infection. Thus, biotic as well as abiotic
factors seemed to induce the first decline-symptoms
of defoliation, butlocal drought conditions and stand
structure were probably the factors that determined
the mortality pattern.

Previous drought events surely initiated a
lengthy chain of memory effects on trees (Bréda
and Badeau 2008) that led to defoliation and
mortality at the drier and lower altitudes within the
studied valley during the severe 2005 drought.
During drought episodes, leaf-shedding could ini-
tially occur as an avoidance mechanism to main-
tain a favorable water balance by reducing
transpiring needle area (Bréda and others 2006).
Nevertheless, leaf-shedding also signals the early
stages of a sequence leading to tree death (Dobb-
ertin 1999; Dobbertin and Brang 2001). In our
case, stand-level mortality was positively correlated
with defoliation recorded 2 years after the 2005
drought event. This result suggests that the
remaining trees did not take advantage of a release

Table 5. Generalized Linear Model for Recruitment at the Plot level

Model terms 0 SE P-value
Summer water availability index —4.640 2.325 0.046
Mean DBH —0.097 0.036 0.007
Aggregation index 0.147 0.087 0.091
Topographic wetness index —0.426 0.143 0.003
Soil depth —0.021 0.009 0.023
Total canopy defoliation 0.049 0.009 <0.001

A stepwise model selection criterion was used. Only the final model is shown. N = 30 plots; AICecryitmens = 165.82.
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of competition for resources, probably because
some sort of long-term drought effect occurred on
the surviving trees (Bréda and Badeau 2008) and/
or the inherently drier conditions impaired the
recovery of trees in those plots.

Water availability per unit of basal area is likely
to be lower in plots with higher basal area (com-
pare Callaway and Walker 1997; Briones and oth-
ers 1998). The relatively high tree density in the
studied valley is likely the result of management
abandonment during the last decades, as has been
observed in other areas (Barbéro and others 1998;
Poyatos and others 2003; Linares and others 2009),
and particularly of the reduction of logging prac-
tices in our Scots pine forests since the 1980s
(Catalan Forest Service, pers. com. by Carles
Fafianas). The effect of increased aridity due to
climate change occurs therefore on top of an
ongoing process of ‘‘matural” self-thinning trig-
gered by changes in forest management. Never-
theless, the absence of a significant interaction
between the effects of drought stress and stand
density for either defoliation or mortality suggests
that competition and plot-level water availability
have exerted additive effects on the studied Scots
pine forest.

Soil properties, particularly soil texture and
depth, were also associated with defoliation rates.
Our results demonstrated that the least affected
plots are distributed on deeper soils with more
abundant clay. Clayey soils retain more water at a
given water potential and cause a more gradual
decrease in wetness as soil water content declines
(Sperry and others 1998). Other studies have asso-
ciated fine-textured soils with milder effects of
drought on plants (Hacke and others 2000; Sperry
and Hacke 2002; Hultine and others 2005). The
topographic wetness index did not improve the
models explaining defoliation or mortality, possibly
due to the relatively narrow range of topographic
conditions occupied by Scots pine in the studied
valley, which are constrained to steep slopes that
remained unused by traditional agriculture (Garcia-
Ruiz and others 1996; Poyatos and others 2003).

Our results showed that defoliation was associ-
ated with mistletoe occurrence, with defoliation
progressively increasing on more heavily infested
trees. This is consistent with previous studies (Do-
bbertin and Rigling 2006), and with the fact that
during a drought episode, when the tree reduces its
transpiration rates by stomatal closure, the mistle-
toe continues to transpire increasing the water
stress experienced by host trees (Fischer 1983; Press
and others 1988; Strong and Bannister 2002). Al-
though we cannot rule out the possibility that

defoliated trees are more prone to new mistletoe
infections, the old age of most mistletoe individuals
clearly suggests that infection occurred before 2005
in most cases, and likely acted as a predisposing
factor during the 2005 drought episode. High
occurrence of mistletoe tended to appear on larger
trees, probably because these trees contain large
branches that provide perching and feeding sites for
birds dispersing mistletoe seeds (Aukema and
Martinez del Rio 2002). However, under the same
mistletoe occurrence conditions, defoliation was
observed preferentially on small trees, probably
due to their lower rooting depth, and the corre-
sponding disadvantage for belowground water
competition (Pugnaire and others 2000). Other
studies have also documented major effects of
drought on small trees (Martinez-Vilalta and Pifiol
2002; Lloret and others 2004; Smith and others
2005; Bravo-Oviedo and others 2005; Chen and
others 2008).

Community Dynamics

Mortality of overstory trees has the capacity to alter
the structure of the forest, including the regenera-
tion environment. Light intensity and soil moisture
conditions are key regulators of regeneration suc-
cess (Pigott and Pigott 1993; Sack and Grubb 2002;
Castro and others 2004). In closed-canopy forests,
gaps created when trees die promote high light
intensity and a more xeric environment in the al-
ready drier stands (Suarez and Kitzberger 2008). In
this study, the recruitment of Scots pine was very
low in almost all plots, including those with high
defoliation. This low recruitment contrasts with the
high regeneration of pines in general and Scots
pine in particular observed under open canopies
(Keeley and Zedler 1998; Castro and others 2004).
Despite the shade-intolerant nature of Scots pine
(Ceballos and Ruiz de la Torre 1971), seedlings
require moderate shade to ensure certain soil
moisture and air humidity (Schultz and Gatherum
1971; Karlsson and Nordell 1987; Broadmeadow
and Jackson 2000; Castro and others 2004).
Recent drought episodes may also have impaired
directly the reproductive success of Scots pine in
the study area. Some studies have reported lower
cone production under drought (compare Zlotin
and Parmenter 2008, for Pinus edulis; Mutke and
others 2005, for Pinus pinea) and under other
stressful conditions that also entail defoliation
(Hodar and others 2003). Mistletoe infection has
been also related to lower cone production and
seed quantity and quality in pines (Schaffer and
others 1983; Singh and Carew 1989; Mathiasen
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and others 2008). Loss of seed quality is likely to
eventually limit the performance of Scots pine
seedlings (Reich and others 1994; Castro 1999).

Quercus humilis and Quercus ilex were the trees
with higher recruitment in the studied area.
Interestingly, we found that the density of Quercus
seedlings was higher in patches with increasing
canopy defoliation, in agreement with the fact that
seedlings of Quercus species are known to have a
competitive advantage over Scots pine under
drought stress conditions (Marafion and others
2004). Unfortunately, we could not demonstrate
that the 2005 drought increased the emergence of
new Quercus seedlings, because we do not know
their age distribution in the study plots, and some
seedlings may have been there before the drought
event. Regardless of when the seedlings emerged,
their current density was apparently increased by
canopy defoliation, initiating the process of an
eventual replacement of Scots pine. In the mid-
term, this trend could result in a vegetation shift in
the study area, from pine-dominated to broadleaf-
dominated forests.

Few studies have addressed the changes in
recruitment patterns related to drought-induced
mortality of the overstory vegetation. Van Mant-
gem and Stephenson (2007) analyzed mid-term
changes in demographic rates of species growing in
forests from southern USA. They found increased
mortality rates in Pinus and Abies but no change in
recruitment. We observed a differential pattern of
seedling establishment favoring species that are not
dominant under the current conditions. In general,
the abundance of Quercus adult trees was very low
in the studied area, and although they were mainly
concentrated at low altitudes, the recruitment of
Quercus species was also high at intermediate alti-
tudes. Therefore, our results suggest that an alti-
tudinal upwards migration of hardwood forests
may take place in the studied area, as reported in
other mountains of the region (Pefiuelas and Boada
2003); noticeably, in our case this migration would
be mediated by the drought-induced dieback of the
dominant canopy species.

CONCLUSIONS

In conclusion, our study documents an episode of
multifactor forest decline at the level of a single
valley. At that scale, defoliation and mortality were
mostly associated with the local water availability
at each plot and to stand structure. The high mor-
tality rates found in this study, together with the
differential recruitment favoring species that are
not dominant under the current conditions, have

the capacity to transform the stand structure, com-
position, and dynamics of the studied forests in the
mid term. This trend observed at the local scale sup-
ports biogeographical approaches revealing that
many rear-edge populations of Scots pine sheltered in
the mountain environments of the Iberian Peninsula
could be at risk under future climate scenarios. At the
same time, the relevance of stand structure in the
observed pattern has important implications for forest
management, as thinning treatments and sustainable
harvest activities could potentially be used to mitigate
the effects of climate change on high-density stands
(Millar and others 2007).

ACKNOWLEDGMENTS

We would like to thank the Catalan Forest Service,
and especially Carles Fafianas Aguilera, for facili-
tating our field work and for their generous com-
ments. We are also indebted to all the undergraduate
students (Miriam, Albert, Nil, Joan) that were in-
volved in this study. We appreciate helpful com-
ments from Bernat Claramunt, Javier Retana, and
Jofre Carnicer on the earlier version of the manu-
script. This study was supported by the Spanish
Ministry of Education and Sciences via competitive
projects CGL2006-01293, CGL2007-60120, and
CSD2008-0004. LG was supported by an FPI schol-
arship from the Spanish Ministry of Education and
Sciences.

REFERENCES

Allen CD, Breshears DD. 1998. Drought-induced shift of a forest-
woodland ecotone: Rapid landscape response to climate vari-
ation. Ecology 95:14839-42.

Allen RG, Pereira LS, Raes D. 1998. Crop evapotranspira-
tion—Guidelines for computing crop water requirements.
FAO Irrigation and drainage paper, No. 56. Italy: Rome.

Allen CD, Macalady A, Chenchouni H, Bachelet D, McDowell N,
Vennetier M, Gonzales P, Hogg T, Rigling A, Breshears DD,
Fensham R, Zhang Z, Kitzberger T, Lim JH, Castro J, Running
SW, Allard G, Semerci A, Cobb N. 2010. Climate-induced
forest mortality: a global overview of emerging risks. For Ecol
Manag. doi:10.1016/j.foreco.2009.09.001.

Auclair AND. 1993. Extreme climatic fluctuations as a cause of
forest dieback in the Pacific Rim. Water Air Soil Pollut 66:
207-29.

Aukema JE, Martinez del Rio C. 2002. Where does a fruit-eating
bird deposit mistletoe seeds? Seed deposition patterns and an
experiment. Ecology 83(12):3489-96.

Barbéro M, Loisel R, Quézel P, Richardson DM, Romane F. 1998.
Pines of the Mediterranean Basin. In: Richardson DM, Ed.
Ecology and biogeography of Pinus. Cambridge: Cambridge
University Press. pp 153-70.

Beven K, Kirkby MJ. 1979. A physically based variable con-
tributing area model of basin hydrology. Hydrol Sci Bull
24(1):43-69.


http://dx.doi.org/10.1016/j.foreco.2009.09.001

Drought-Induced Multifactor Decline 989

Bigler C, Braker OU, Bugmann H, Dobbertin M, Rigling A. 2006.
Drought as an inciting mortality factor in Scots pine stands of
the Valais, Switzerland. Ecosystems 9:330-43.

Bravo-Oviedo A, Sterba H, Rio M, Bravo F. 2005. Competition-
induced mortality for Mediterranean Pinus pinaster Ait and
Pinus sylvestris L. For Ecol Manag 222:88-98.

Bréda N, Badeau V. 2008. Forest tree responses to extreme
drought and some biotic events: towards a selection according
to hazard tolerance? CR Geosci 340:651-62.

Bréda N, Huc R, Granier A, Dreyer E. 2006. Temperate forest
trees and stands under severe drought: a review of ecophysi-
ological responses, adaptation processes and long-term con-
sequences. Ann For Sci 63:625-44.

Breshears DD, Cobb NS, Rich PM, Price KP, Allen CD, Balice RG,
Romme WH, Kastens JH, Floyd ML, Belnap J, Anderson JJ,
Myers OB, Meyer CW. 2005. Regional vegetation die-off in
response to global-change-type drought. Proc Natl Acad Sci
USA (PNAS) 102(42):15144-8.

Briones O, Montafia C, Ezcurra E. 1998. Competition intensity
as a function of resource availability in a semiarid ecosystem.
Oecologia 116:365-72.

Broadmeadow MSJ, Jackson SB. 2000. Growth responses of
Quercus petraea, Fraxinus excelsior and Pinus sylvestris to elevated
carbon dioxide, ozone and water supply. New Phytol
146:437-51.

Callaway RM, Walker LR. 1997. Competition and facilitation: a
synthetic approach to interactions in plant communities.
Ecology 78(7):1958-65.

Camarero JJ, Padr6 A, Martin E, Gil-Peregrin E. 2002. Apro-
ximacion dendroecolégica al decaimiento del abeto (Abies
alba Mill.) en el Pirineo aragonés. Montes 70:26-33.

Castro J. 1999. Seed mass versus seedling performance in Scots
pine: a maternally dependent trait. New Phytol 144:153-61.
Castro J, Zamora R, Hdédar JA, Gomez JM. 2004. Seedling
establishment of a boreal tree species (Pinus sylvestris) at its
southernmost distribution limit: consequences of being in a

marginal Mediterranean habitat. J Ecol 92:266-77.

Castroviejo S, Lainz M, Lopez Gonzalez G, Montserrat P, Mufioz
Garmendia F, Paiva J, Villar L, Eds. 1986. Flora ibérica: plantas
vasculares de la Peninsula Ibérica e Islas Baleares, Vol. 1.
Madrid: C.S.I.C.

Ceballos L, Ruiz de la Torre J. 1971. Arboles y Arbustos de la
Espafia Peninsular. Madrid: Instituto Forestal de Investigaci-
ones y Experiencias.

Chen HYH, Fu S, Monserud RA, Gillies IC. 2008. Relative size
and stand age determine Pinus banksiana mortality. For Ecol
Manag 255:3980—4.

Clark PJ, Evans FC. 1954. Distances to nearest neighbour as a
measure of spatial relationships in populations. Ecology
35:445-53.

Condit R. 1998. Ecological implications of changes in drought
patterns: shifts in forest composition in Panama. Clim Change
39(2-3):413-27.

Connell JH. 1978. Diversity in tropical rain forests and coral
reefs. Science 199(4335):1302-10.

Croisé L, Lieutier F. 1993. Effects of drought on the induced
defence reaction of Scots pine to bark beetle-associated fungi.
Ann Sci For 50:91-7.

Das AJ, Battles JJ, Stephenson NL, van Mantgem PJ. 2007. The
relationship between tree growth patterns and likelihood of
mortality: a study of two tree species in the Sierra Nevada.
Can J For Res 37:580-97.

Dobbertin M. 1999. Relating defoliation and its causes to pre-
mature tree mortality. In: Forster B, Knizek M, Grodzki W,
Eds. Methodology of forest insect and disease survey in Cen-
tral Europe. Proceedings of the second workshop of the IUFRO
WP, Sion-Chateauneuf, Switzerland. Birmensdorf: Swiss
Federal Institute for Forest, Snow and Landscape (WSL).
pp 215-220.

Dobbertin M, Brang P. 2001. Crown defoliation improves tree
mortality models. For Ecol Manag 141(3):271-84.

Dobbertin M, Rigling A. 2006. Pine mistletoe (Viscum album ssp
austriacum) contributes to Scots pine (Pinus sylvestris) mortality
in the Rhone valley of Switzerland. For Pathol 36:309-22.

Dobbertin M, Wermelinger B, Bigler C, Biirgi M, Carron M,
Forster B, Gimmi U, Rigling A. 2007. Linking increasing
drought stress to Scots Pine mortality and bark beetle infes-
tations. Sci World J 7(S1):231-9.

Dunn JP, Potter DA, Kimmerer TW. 1990. Carbohydrate re-
serves, radial growth and mechanisms of resistance of oak
trees to phloem-boring insects. Oecologia 83:458-68.

Ehleringer JR, Marshall JD. 1995. Water relations. In: Press MC,
Graves JD, Eds. Parasitic plants. London: Chapman & Hall.

European Environment Agency (EEA). 2008. Impacts of Eur-
ope’s changing climate—2008 indicator-based assessment.
European Environment Agency summary, report No. 4.
Copenhagen: European Environment Agency.

Faraway JJ. 2006. Extending the linear model with R: general-
ized linear, mixed effects and nonparametric regression
models. Boca Raton (FL): Chapman and Hall.

Fischer JT. 1983. Water relations of mistletoes and their hosts.
In: Calder M, Bernhard T, Eds. The biology of mistletoes.
Sydney: Academic Press. p 163-84.

Franklin JF, Shugart HH, Harmon ME. 1987. Tree death as an
ecological process: the causes, consequences and variability of
tree mortality. Bio-Science 37:550-6.

Garcia-Ruiz JM, Lasanta T, Ruiz-Flano P, Ortigosa L, White S,
Gonzalez C, Marti C. 1996. Land-uses changes and sustainable
development in mountain areas: a case study in the Spanish
Pyrenees. Landsc Ecol 11(5):267-77.

Grayson RB, Western AW, Chiew FHS, Bloschl G. 1997. Pre-
ferred states in spatial soil moisture patterns: local and non-
local controls. Water Resour Res 33(12):2897-908.

Grayson R, Western A, Wilson D, Young R, McMahon T, Woods
R, Duncan M, Bloschl G. 1999. Measurement and interpre-
tation of soil moisture for hydrological applications. Water 99:
Joint Congress. Brisbane: IE Aust. pp 5-9.

Guarin H, Taylor AH. 2005. Drought triggered tree mortality in
mixed conifer forests in Yosemite National Park, California,
USA. For Ecol Manag 218:229-44.

Hacke UG, Sperry JS, Ewers BE, Ellsworth DS, Schifer KVR,
Oren R. 2000. Influence of soil porosity on water use in Pinus
taeda. Oecologia 124:495-505.

Hampe A, Petit RJ. 2005. Conserving biodiversity under climate
change: the rear edge matters. Ecol Lett 8:461-7.

Hargreaves GH, Samani ZA. 1985. Reference crop evapotrans-
piration from temperature. Appl Eng Agric 1(2):96-9.

Hegyi F. 1974. A simulation model for managing jackpine
stands. In: Fries J, Ed. Growth models for tree and stand
simulation. Stockholm: Royal College of Forestry. p 74-90.

Hoédar JA, Castro J, Zamora R. 2003. Pine processionary cater-
pillar Thaumetopoea pityocampa as a new threat for relict
Mediterranean Scots pine forests under climatic warming. Biol
Conserv 110:123-9.



990 L. Galiano and others

Hubbell SP, Foster RB. 1986. Canopy gaps and the dynamics of a
neotropical forest. In: Crawley MJ, Ed. Plant ecology. Oxford:
Blackwell Scientific Publications. p 77-96.

Hultine KR, Koepke DF, Pockman WT, Fravolini A, Sperry JS,
Williams DG. 2005. Influence of soil texture on hydraulic
properties and water relations of a dominant warm-desert
phreatophyte. Tree Physiol 26:313-23.

IPCC. 2007. Climate change 2007: the physical science basis.
Contribution of Working Group I to the forth assessment re-
port of the Intergovernmental Panel on Climate Change.
Cambridge: Cambridge University Press. p 1009.

Karlsson PS, Nordell KO. 1987. Growth of Betula pubescens and
Pinus sylvestris seedlings in a subartic environment. Funct Ecol
1(1):37-44.

Keeley JE, Zedler PH. 1998. Evolution of life histories in Pinus.
In: Richardson DM, Ed. Ecology and biogeography of Pinus.
Cambridge: Cambridge University Press. p 153-70.

Kelly AE, Goulden ML. 2008. Rapid shifts in plant distribution
with recent climate change. Proc Natl Acad Sci USA (PNAS)
105(33):11823-6.

Kenkel NC. 1988. Pattern of self-thinning in Jack pine: test-
ing the random mortality hypothesis. Ecology 69(4):
1017-24.

Linares JC, Camarero JJ, Carreira JA. 2009. Interacting effects of
changes in climate and forest cover on mortality and growth
of the southernmost European fir forests. Glob Ecol Biogeogr
18:485-97.

Lloret F, Siscart D, Dalmases C. 2004. Canopy recovery after
drought dieback in holm-oak Mediterranean forests of Cata-
lonia (NE Spain). Glob Change Biol 10:2092-9.

Manion PD. 1991. Tree disease concepts. Upper Saddle River
(NJ): Prentice Hall.

Maranon T, Zamora R, Villar R, Zavala MA, Quero JL, Pérez-
Ramos I, Mendoza 1, Castro J. 2004. Regeneration of tree
species and restoration under contrasted Mediterranean hab-
itats: field and glasshouse experiments. Int J Ecol Environ Sci
30(3):187-96.

Martinez-Garcia F. 1999. Los bosques de Pinus sylvestris L. del
Sistema Central espafol. Distribucién, historia, composicion
floristica y tipologia. PhD thesis. Universidad Complutense de
Madrid, Madrid, Spain.

Martinez-Vilalta J, Pifiol J. 2002. Drought-induced mortality and
hydraulic architecture in pine populations of the NE Iberian
Peninsula. For Ecol Manag 161:247-56.

Mathiasen RL, Nickrent DL, Shaw DC, Watson DM. 2008. Mis-
tletoes: pathology, systematics, ecology and management.
Plant Dis 92(7):988-1006.

Mattson WJ, Haack RA. 1987. The role of drought in outbreaks
of plant-eating insects. Bioscience 37(2):110-18.

McDowell N, Pockman WT, Allen CD, Breshears DD, Cobb N,
Kolb T, Plaut J, Sperry J, West A, Williams DG, Yepez EA.
2008. Mechanisms of plant survival and mortality during
drought: why do some plants survive while others succumb to
drought? New Phytol 178(4):719-39.

Millar CI, Stephenson NL, Stephens SL. 2007. Climate change
and forests of the future: managing in the face of uncertainty.
Ecol Appl 17(8):2145-51.

Mueller RC, Scudder CM, Porter ME, Trotter RTIII, Gehring CA,
Whitham TG. 2005. Differential tree mortality in response to
severe drought: evidence for long-term vegetation-shifts.
J Ecol 93:1085-93.

Mutke S, Gordo J, Gil L. 2005. Variability of Mediterranean
Stone pine cone production: yield loss as response to climate
change. Agric For Meteorol 132:263-72.

Negron JF, McMillin JD, Anhold JA, Coulson D. 2009. Bark
beetle-caused mortality in a drought-affected ponderosa pine
landscape in Arizona, USA. For Ecol Manag 257:1353-62.

Ninyerola M, Pons X, Roure JM. 2000. A methodological approach
of climatological modelling of air temperature and precipitation
through GIS techniques. Int J Climatol 20:1823-41.

O’Loughlin EM. 1986. Predictions of surface saturation zones in
natural catchments by topographic analysis. Water Resour Res
22:794-804.

Oberhuber W. 2001. The role of climate in the mortality of Scots
pine (Pinus sylvestris L.) exposed to soil dryness. Dendro-
chronologia 19:45-55.

Pedersen BS. 1998. The role of stress in the mortality of Mid-
western oaks as indicated by growth prior to death. Ecology
79:79-93.

Peet RK, Christensen NL. 1987. Competition and tree death.
Bioscience 37(8):586-95.

Pefiuelas J, Boada M. 2003. A global change-induced biome shift
in the Montseny mountains (NE Spain). Glob Change Biol
9:131-40.

Pigott CD, Pigott S. 1993. Water as a determinant of the distri-
bution of trees at the boundary of the Mediterranean zone.
J Ecol 81:557-66.

Pons X. 1996. Bstimacion de la Radiaciéon Solar a partir de
modelos digitales de elevaciones. Propuesta metodoldgica. In:
Juaristi J, Moro I, Eds. VII Coloquio de Geografia Cuantitativa,
Sistemas de Informacion Geografica y Teledeteccion. Spain:
Vitoria-Gasteiz.

Poyatos R, Latron J, Llorens P. 2003. Land use and land cover
change after agricultural abandonment. The case of a Medi-
terranean Mountain area (Catalan Pre-Pyrenees). Mt Res Dev
23(4):362-8.

Press MC, Graves JD, Stewart GR. 1988. Transpiration and car-
bon acquisition in root hemiparasitic angiosperms. J Exp Bot
39(8):1009-14.

Pugnaire FI, Armas C, Tirado R. 2000. Balance de las interacci-
ones entre plantas en ambientes mediterraneos. In: Zamora R,
Pugnaire FI, Eds. Ecosistemas mediterraneos Analisis func-
ional. Granada: C.S.I.C.-A.E.E.T. p 213-35.

Rebetez M, Dobbertin M. 2004. Climate change may already
threaten Scots pine stands in the Swiss Alps. Theor Appl Cli-
matol 79:1-9.

Reich PB, Oleksyn J, Tjoelker MG. 1994. Seed mass effects on
germination and growth of diverse European Scots pine
populations. Can J For Res 24:306-20.

Rice KJ, Matzner SL, Byer W, Brown JR. 2004. Patterns of tree
dieback in Queensland, Australia: the importance of drought
stress and the role of resistance to cavitation. Oecologia
139:190-8.

Sack L, Grubb PJ. 2002. The combined impacts of deep shade
and drought on the growth and biomass allocation of shade-
tolerant woody seedlings. Oecologia 131:175-85.

Saxton KE, Rawls WJ, Romberger JS, Papendick RI. 1986.
Estimating generalized soil-water characteristics from texture.
Soil Sci Soc Am J 50:1031-6.

Schaffer B, Hawksworth FG, Jacobi WR. 1983. Effects of Com-
andra Blister Rust and Dwarf Mistletoe on cone and seed
production of Lodgepole Pine. Plant Dis 67:215-17.



Drought-Induced Multifactor Decline 991

Schultz RC, Gatherum GE. 1971. Photosynthesis and distribu-
tion of assimilate of Scotch pine seedlings in relation to soil
moisture and provenance. Bot Gazette 132(2):91-6.

Singh P, Carew GC. 1989. Impact of eastern dwarf mistletoe in
black spruce forests of Newfoundland. Eur J For Pathol
19(5-6):305-22.

Slik JWF. 2004. El Nifio droughts and their effects on tree species
composition and diversity in tropical rain forests. Oecologia
141:114-20.

Smith TF, Rizzo DM, North M. 2005. Patterns of mortality in an
old-growth mixed-conifer forest of the southern Sierra Ne-
vada, California. For Sci 51(3):266-75.

Sperry JS, Hacke UG. 2002. Desert shrub water relations with
respect to soil characteristics and plant functional type. Funct
Ecol 16:367-78.

Sperry JS, Adler FR, Campbell GS, Comstock JP. 1998. Limita-
tion of plant water use by rhizosphere and xylem conduc-
tance: results from a model. Plant Cell Environ 21:347-59.

Stephenson NL. 1990. Climatic control of vegetation distribu-
tion: the role of water balance. Am Nat 135:649-70.

Strong GL, Bannister P. 2002. Water relations of temperate
mistletoes on various hosts. Funct Plant Biol 29(1):89-96.
Suarez ML, Kitzberger T. 2008. Recruitment patterns following a
severe drought: long-term compositional shifts in Patagonian

forests. Can J For Res 38:3002-10.

Van Mantgem PJ, Stephenson NL. 2007. Apparent climatically
induced increase of tree mortality rates in a temperate forest.
Ecol Lett 10:909-16.

Van Mantgem PJ, Stephenson NL, Byrne JC, Daniels LD, Franklin
JF, Fulé PZ, Harmon ME, Larson AJ, Smith JM, Taylor AH,
Veblen TT. 2009. Widespread increase of tree mortality rates in
the western United States. Science 323:521-4.

Waring RH. 1987. Characteristics of trees predisposed to die.
Bioscience 37(8):569-74.

Western AW, Grayson RB, Bloschl G. 2002. Scaling of soil
moisture: a hydraulic perspective. Annu Rev Earth Planet Sci
30:149-80.

White GC, Bennetts RE. 1996. Analysis of frequency count data
using the negative binomial distribution. Ecology 77(8):
2549-57.

Williams DW, Liebhold AM. 2002. Climate change and the
outbreak ranges of two North American bark beetles. Agric
For Entomol 4:87-99.

Williamson GB, Laurance WF, Oliveira AA, Delamonica P,
Gascon C, Lovejoy TE, Pohl L. 2000. Amazonia tree mortality
during the 1997 El Nifio drought. Conserv Biol 14:1538-42.

Worldwide Bioclimatic Classification System. 1996-2009. S.Ri-
vas-Martinez & S.Rivas-Saenz, Phytosociological Research
Center, Spain. http://www.globalbioclimatics.org.

Zlotin RI, Parmenter RR. 2008. Patterns of mast production in
pinyon and juniper woodlands along a precipitation gradient
in central New Mexico (Sevilleta National Wildlife Refuge).
J Arid Environ 72(9):1562-72.


http://www.globalbioclimatics.org

	Drought-Induced Multifactor Decline of Scots Pine in the Pyrenees and Potential Vegetation Change by the Expansion of Co-occurring Oak Species
	Abstract
	Introduction
	Materials and Methods
	Experimental Site
	Field Sampling Methods
	Response Variables
	Forest Structural Variables and Competition
	Water Availability
	Summer Water Availability Index
	Topographic Wetness Index
	Soil Texture Measurements

	Statistical Analyses

	Results
	Determinants of Defoliation and Mortality Patterns
	Community Dynamics

	Discussion
	Determinants of Defoliation and Mortality
	Community Dynamics

	Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


