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Abstract

Forest dieback is one of the most widespread responses to global-change drivers such as
climate warming-related drought stress and the spread of pathogens. Although both
climatic and biotic stressors have been studied separately, much less is known on how
drought and pathogens interact and induce dieback, particularly in formerly used
forests. We determine the roles played by each of those drivers as factors causing recent
dieback in three Pyrenean silver fir stands: a managed site subjected to past logging and
two unmanaged sites not logged for the past fifty years. The age, size, recent
competition, and basal-area increment (BAI) trends of non-declining and declining
trees, and the presence of fungal pathogens were investigated. Growth patterns at yearly
to decadal time scales were compared to distinguish the roles and interactions played by
the different stressors. In the managed site, declining trees displayed low growth already
before logging (1950s-1970s). In both unmanaged sites, declining and non-declining
trees displayed divergent growth patterns after extreme droughts, indicating that dieback
was triggered by severe water deficit. We did not find indications that fungal pathogens
are the primary drivers of dieback since a low proportion of declining trees were
infested by primary pathogens (10%). However, trees with the primary fungal pathogen
Heterobasidion showed lower BAI than non-declining trees. On the other hand, the
secondary fungal pathogen Amylostereum was isolated from a higher number of trees
than expected by chance. These findings highlight the importance of legacies such as
the past use in driving recent forest dieback. Past forest use could predispose to dieback
by selecting slow-growing trees and thus making some them more vulnerable to drought

and fungal pathogens.
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Highlights

e How droughts, pathogens and past use interact and induce silver fir dieback?
e Dieback was triggered by severe droughts.

e Trees infected with primary fungal pathogens showed lower growth rates.

¢ In the managed site dieback was related to past use and recent droughts.

e Past forest use predisposes to dieback by selecting slow-growing trees.
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1. Introduction

Global-change drivers such as climate warming and aridification, land-use
modifications and biotic agents alter the structure, dynamics, services and functioning
of forests (Bonan, 2008). Forest dieback and the consequent massive tree mortality
events are becoming prominent responses to those drivers, questioning the ability of
many forests to act as carbon sinks (Dobbertin et al., 2007; Allen et al., 2010).
Therefore, understanding and modelling the roles and interactions played by these
drivers, which act at different temporal and spatial (region, stand and tree) scales, is
challenging ecologists who are trying to determine the cause—effect relationships and
their relative importance (McDowell et al., 2013).

Climatic stressors such as droughts are probably the best-characterized causes of
forest dieback in diverse biomes around the world (see Bigler et al., 2006, 2007; Adams
et al., 2009; Van Mantgen et al., 2009; Williams et al., 2013; Cailleret et al., 2014;
Zhang et al., 2014). Most authors have treated separately drought-induced and
pathogen-driven forest mortality cases but this division is arbitrary since pathogens
usually attack trees already stressed by drought (McDowell et al., 2013). Therefore, to
understand how dieback proceeds we must consider how all potential dieback factors
(drought, biotic agents) interact and if they are related to past forest modifications by
humans (such as structure changes or fires). Fungal pathogens are one of the most
important drivers in the final phase of drought-induced mortality (Oliva et al., 2014);
however, despite its importance, little is known about fungal diseases with regard to
quantified information, spatial-temporal effects or their relationship with other stressors.
First, it has been postulated that climate warming will increase the impact of pathogens
on forests; however, the abundance of those biotic stressors may also depend on

changes in the forest structure (e.g., past thinning) (Oliva et al., 2009; Oliva and
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Colinas, 2010), which determine recent tree-to-tree competition (Ayres and
Lombardero, 2000). For instance, past thinning creates stumps, which act as expansion
foci for several root-rot fungi, thus making trees more vulnerable to drought by
reducing their vigour and growth (Oliva et al.,, 2014). Second, in Europe the
abandonment of traditional forest use and changing conservation policies have
contributed to the increase in tree density and cover, leading to increased competition
between trees. Such densification could increase the competition for water between
neighbouring trees in mesic sites during dry periods or in drought-prone areas,
predisposing trees to dieback (Linares et al., 2010). Third, it is expected that pathogens
may interact with drought stress, potentially leading to non-linear (threshold-type)
responses in tree vigour and growth, which will require new analytical approaches
(Camarero et al., 2014). Fourth, little is known about the involvement of pathogens in
long-term dieback processes. For example, Manion (1991) considered fungal pathogens
as opportunistic factors affecting previously stressed trees; however, pathogens could
also act as primary drivers of dieback (Oliva et al., 2014). Last but not least, one should
consider the role played by selective cuttings in changing the structure of the stand.
Selective cuttings mainly remove the largest trees, leaving some big trees to produce
seeds and smaller trees to provide protection to the incoming regeneration. It has been
hypothesized that dieback mainly affects less-vigorous trees that are unable to adapt to
the new conditions of the stand that are created as a result of the cuttings (Oliva and
Colinas, 2007). To address these issues and to forecast how vulnerable forests will be to
new climatic and land-use scenarios, we must improve our knowledge of dieback
processes by integrating and analysing the roles played by these less-studied factors.

In this study, we carried out a comprehensive assessment of forest dieback causes

(climate and drought stresses, competition and fungal pathogens) in three silver fir



103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

(Abies alba) Pyrenean stands: one managed site that had been subjected to changes in
forest structure in the past and two unmanaged sites located within a National Park
where no logging had occurred for the past 50 years. Silver fir dieback has been an
ongoing process in the western Pyrenees since the 1980s (Camarero et al., 2011).
Previous studies have evaluated different drivers involved in the silver fir dieback
events and mostly focused either on the roles played by droughts (Linares and
Camarero, 2012) or by fungal pathogens (Oliva and Colinas, 2007). However, in this
study, we performed a multifactorial assessment of potential drivers of silver fir dieback
and their interactions with forest structure. We used new techniques that enabled
comparing the past radial growth of declining and non-declining silver fir trees showing
different levels of defoliation, here used as a proxy of vigour. Specifically, (i) we
reconstructed and analysed the growth patterns and trends and their responses to climate
in declining and non-declining silver fir trees; (ii) we then related those growth patterns
to several factors to determine their roles as drivers of dieback. We hypothesized that
drought triggers dieback (inciting factor sensu Manion, 1991), whereas past-use
predisposes trees to decline and fungal pathogens contribute to final tree death. In
particular, we expected that: trees with more severe defoliation and recently dead trees
would show the lowest growth rates, their growth patterns would be most sensitive to
drought, they would be subjected to the highest competition levels and that fungal
pathogens would be detected frequently in their wood. Since climate models forecast
warmer and drier conditions, dieback processes could become more widespread,
affecting temperate forests such as Pyrenean silver fir stands. This study aims to
improve the knowledge on the roles played by dieback agents so as to evaluate the

vulnerability of the silver fir populations and similar temperate conifer forests.
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2. Material and methods

2.1. Study sites

The three study sites were located in northern Aragon in the central-western Spanish
Pyrenees (Fig. 1, Table 1). The sites are three silver fir (Abies alba Mill.) stands located
near the south-western limit of the distribution of the species. Here, silver fir usually
grows in mesic sites on north-facing slopes, forming pure or mixed forests with
European beech (Fagus sylvatica L.) or Scots pine (Pinus sylvestris L.). All stands were
situated on deep and basic soils and formed mixed forests. The understory vegetation
was dominated by European box (Buxus sempervirens L.). Three silver fir stands
characterized by abundant dominant trees with high levels of defoliation were selected
(Table 2). Given that we were interested in comparing silver fir stands with diverse
historical management, we selected one site (Paco Ezpela) with signs that intense
logging activity had been undertaken in the past (abundant stumps and wood trails) and
two sites (Cotatuero and Turieto) that had not been logged for at least the past 50 years
located in the “Ordesa y Monte Perdido” National Park, where strict conservation
policies have been followed since the establishment of the park in 1918 (Fig. 1). Both
unmanaged sites present different topographical and structural features (Table 1).
Furthermore, Cotatuero is a mixed forest with Scots pine, whereas in Turieto European
beech is more abundant. According to meteorological data, the climate in the study area
is continental, with a relatively cool and wet summer and annual precipitation varies
between 1153 mm (Paco Ezpela site) and 1326 mm (Turieto and Cotatuero sites) (see

Supplementary Material, Fig. S1).

2.2. Climate data and drought index
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We obtained long-term (1900-2012) monthly climatic variables (mean maximum and
minimum temperatures and total precipitation) from the Climate Research Unit TS3.1
database, which provided homogenized and quality-controlled data at 0.5° spatial
resolution for the three study sites (Harris et al., 2014). The data were downloaded using
the  Koninklijk  Nederlands = Meteorologisch  Instituut  Climate  Explorer
(http://climexp.knmi.nl).

To estimate the effect of drought intensity on tree growth, we used the standardized
precipitation-evapotranspiration index (SPEI), which is a multi-scalar drought index
with negative and positive values corresponding to dry and wet periods, respectively
(Vicente-Serrano et al., 2010). The SPEI values for the period 1900-2011 were also

obtained with a 0.5° spatial resolution from the Global SPEI database

(http://sac.csic.es/spei/index.html). We selected the August 4-month SPEI values (i.e.
the August SPEI for drought accumulated up to 4 months before) as the best indicator of
drought stress for silver fir growth following Pasho et al. (2011). According to the SPEI,

the three driest years in the past 25 years were 1986, 1995 and 2005.

2.3. Field sampling and dendrochronological methods

Tree-ring width data were used to reconstruct past growth trends (Fritts, 2001), whilst
recent crown cover was regarded as a proxy of tree vigour (Dobbertin, 2005). Field
sampling was carried out in the autumns of 2011 and 2012. Following the
dendrochronological standards, at each site at least 30 dominant or co-dominant
standing silver fir trees were randomly selected across an area of 0.5-ha (15 non-
declining and 15 declining trees). For each sampled tree, the proportion of crown cover
was estimated to the nearest 5% (Schomaker et al., 2007). Given that estimates of the

proportion of crown cover tend to vary among observers and places, the data were
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always recorded by the first author, who compared every tree with a reference tree with
the maximum amount of foliage at each site. Non-declining trees were considered those
with a crown cover of > 50% and declining trees those with a crown cover of < 50%
(Camarero et al., 2015). Other classification types of vitality based on different crown
cover thresholds (40% or 60%) produced similar results (Supplementary Material, Fig.
S2). Trees that were either completely defoliated or that retained only red needles were
considered to be ‘recently dead’. Data obtained for declining and dead trees were
grouped together in further analyses given that they presented similar growth trends
(Supplementary Material, Fig. S3).

Two cores were taken from each tree at a height of 1.3 m (diameter at breast height,
dbh) using a Pressler increment borer. In total, 142 trees were cored, corresponding to
64 non-declining trees and 78 declining trees (see Table 1 for site values). The wood
samples were air-dried and polished with a series of successively finer sand-paper grits
until the tree-rings were clearly visible. Afterwards, the wood samples were visually
cross-dated and measured to the nearest 0.01 mm using a binocular microscope and a
LINTAB measuring device (Rinntech, Heidelberg, Germany). The cross-dating process
was checked and verified using the program COFECHA (Holmes, 1983). Pith-offset
estimations were calculated fitting a geometric pith locator to the innermost rings. For
the oldest trees, tree age at 1.3 m was estimated by counting the rings in the core of
living trees and adding the estimate length of core missing up to the predicted pith. The
age structure of the codominant and dominants trees was reconstructed in the three sites
(Supplementary Material, Fig. S4). Finally, relative positive growth changes were
calculated between 1940 and 2000 to detect releases associated with past thinning
(Supplementary Material, Fig. S5). Growth changes were calculated calculating ring-

width medians for 10-year periods following Nowacki and Abrams (1997). Releases
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were regarded as periods with at least five consecutive years showing positive growth
changes greater than 50%.

We transformed tree-ring width into basal area increment (BAI), which is a more
biologically meaningful descriptor of growth trends than tree-ring width (Biondi and
Qaedan, 2008). The BAI was calculated from tree-ring widths as the difference between

consecutive cross-sectional basal areas (BA) estimated for years t+1 and t as:

BAI,., =BA,, ~BA ={CL +TRW, F ~(CL}) )
where CL is the core length and TRW is the tree-ring width corresponding to years t+1
and t. Finally, we compared non-declining and the declining BAI series using Student t-

tests.

2.4. Long-term BAI trends

We used generalized additive mixed models (GAMMs; Wood, 2006) to compare the
long-term BAI trends of declining and non-declining trees. GAMM is a flexible semi-
parametric method of characterizing non-linear relationships, such as those observed
between the response variable (i.e. BAI), and one or several explanatory variables, such
as tree age or time (Augustin et al., 2009). Given that BAI depends on site conditions as
well as on the particular growth conditions to which each individual tree is subjected
during its life (e.g., Pokharel and Froese, 2009), we used GAMMs to describe growth
trajectories of coexisting non-declining and declining trees while controlling for the
influence of specific tree factors such as tree age and size (dbh). The GAMM we fitted
was of the form:

BAI; = s(dbh;) + s(tree age;) + s(calendar year) + Z;B;+v;  (2),

where the BAI of tree i (BAI;) is modelled as smooth functions (s) of three predictor

variables (dbh, tree age and calendar year). To take into account each individual tree

10
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and site, tree identity (Z;iB;) was considered as a random effect. In this and subsequent
analyses we also included an error term (v;) with an AR1 (p=1, gq=0) correlation
structure in the model to account for the first-order temporal autocorrelation of BAI.
The smooth terms were represented using thin plate regression splines (Wood, 2006).
The degree of smoothness was determined by internal cross validation during the fitting
process (Wood, 2003). Calendar year was considered as a covariate representing how
the tree ages from its establishment to the date on which the core was extracted (i.e.
cambial age), and tree age was entered as a fixed value representing the age of the tree.

We calculated GAMMSs using the mgcv package (Wood, 2011).

2.5. Competition index

To quantify the potential effect of recent tree-to-tree competition on dieback, we
calculated a distance-dependent competition index (CI) for the three study sites. To
achieve this, we used a recently developed device that enables all the trees located up to
15 m away from the device to be mapped and their sizes estimated (see Rodriguez-
Garcia et al., 2014). The device consists of a pair of stereoscopic cameras with fisheye
lenses and parallel optical axes, which enables hemispherical photographs to be taken at
a height of 1.2 m above the ground. The images are processed with specifically
designed image analysis software and validated against field measurements, enabling
the dbh, total height and the relative position of each neighbouring tree to the focal tree
located near the device to be obtained. We considered all the tree species in the study
area. At each site, at least 20 dominant or co-dominant cored silver fir trees (10 non-
declining and 10 declining trees per site) were randomly selected to determine the CI
within a 15-m radius of each focal tree. The CI of focal tree i was calculated taking into

account the number, dbh and distance to the neighbouring trees as follows:

11
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where dbh; and dbh; are the dbh measurements for the focal tree i and neighbouring
trees, respectively, and dist;; is the distance separating them. The CI was calculated for
all neighbouring trees within a radius of R < 15 m from tree i except where the radius

overlapped the plot borders.

2.6. Linear mixed-effects models of BAI
To test whether trees with contrasting vigour show different growth responses to several
drivers (e.g., climate), linear mixed-effects models were separately fitted to BAI data of
non-declining and declining trees for the three study sites considering the period 1950-
2011. We adjusted the following linear mixed-effects model:

BAL = X,f+ Z;b; + ¢, (4),
where BAI; represents the growth of tree i, and g is the vector of fixed effects (climate
variables, SPEI and competition index), b; is the vector of random effects (tree age), X;
and Z; are fixed and random effects regressor matrices, and ¢; is the within group error
vector. We log(x+1)-transformed BAI in this and the following analyses because it
tended to have a skewed distribution.

We used selected seasonal temperature and precipitation data as climatic predictors
of BAI according to previous works (Camarero et al., 2011; Pasho et al., 2011). We
considered the following seasons: previous autumn (September to November) and
winter (December to February), and the spring (March to May) and summer (June to

August) of the year of tree-ring formation. The CI and the 4-month August SPEI values

12
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were also used as BAI predictors. Residuals of the models were checked for normality,
homoscedasticity and temporal autocorrelation. The effects of climate, drought and ClI
on BAI were tested and compared with a null model considering BAI as a constant. We
also evaluated the existence of multicollinearity among fixed effects by calculating the
variance inflation factor, which was always lower than three, suggesting no redundancy
problems among predictors (Zuur et al., 2009). We used an information-theoretic
approach for multi-model selection based on minimizing the Akaike information
criterion corrected for small sample sizes (AlICc) (Burnham and Anderson, 2002). We
also calculated the difference in AICc between each model and the best one (4i), and
the relative probability that model i was the best one for the observed data (Wi). We
considered models with substantial support to be those in which the AAICc between
models was less than two (Zuur et al., 2009). We fitted linear mixed-effects models
using the nlme package (Pinheiro and Bates, 2000). All statistical analyses were

performed using the R statistical software (R Development Core Team, 2013).

2.7. BAI responsiveness to drought

We evaluated the effect of drought stress on growth based on the relative changes in
BAI for three selected drought years (1986, 1995 and 2005) showing the lowest SPEI
values for the past 25 years (Supplementary Material, Fig. S1). We defined drought
sensitivity (DS) and drought recovery (DR) based on the relative changes in BAI for the

three selected drought years as follows (see Linares and Tiscar, 2010; Sangliesa-Barreda

etal., 2012):
DS = ['B“”;'A:B“”D-S}] X 100 (5)
D-z
DR — [I:BMD;L_DBAID_S}] % 100 (6),

13
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where BAIp is the BAI value for the drought year, BAlp 3 is the mean BAI for the three
years before the drought year and BAlp.3 is the mean BAI for the three years after the
drought occurred. The three-year interval was selected because it adequately reflects the

short-term effects of drought on BAI changes (Sanguiesa-Barreda et al., 2012).

2.8. Fungal pathogens inhabiting stem and root wood

Previous studies of silver fir decline have detected the presence of the root-rot
pathogens Armillaria and Heterobasidion species (Oliva and Colinas, 2007, 2010). To
detect the presence of fungal pathogens inhabiting stem and root wood that could be
linked to dieback and tree death, we extracted two cores per tree from the tree base and
also from the coarse roots in November 2012. In total, 50 declining and 25 non-
declining trees were analyzed (30 trees in Cotatuero and 45 in Paco Ezpela). The wood
cores were placed in sterile plastic tubes and then, within three days of sampling, plated
onto a malt-extract-based selective media for basidiomycetes that included benomyl (10
mg I™) and chloramphenicol (200 mg I™*). Cores were incubated at 20-22°C in the dark
and observed weekly for three months. Fungal colonies that grew out from the cores
were transferred onto malt agar plates. To identify the fungal isolates, DNA was
extracted, the internal transcribed spacer region was amplified, sequenced and BLAST
searches were performed using the GenBank and UNITE databases (Benson et al.,
2013; Kdljalg et al., 2005). A similarity threshold of 98% was used for typing the
sequences at species level. We compared the observed and expected (equal numbers of

fungi present irrespective of decline status) number of trees in which the most abundant
fungi were present using the xz statistic, applying the Yates’ correction (Agresti, 1990),

and considering only fungal species isolated in more than two trees for all the sites

combined. Lastly, we studied the BAI trends of trees hosting the main fungal species in
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the managed Paco Ezpela and the unmanaged Cotatuero sites since 1970 because fungal
pathogens were found in more trees at these two sites than in Turieto. Hence, we
combined and grouped trees at Paco Ezpela and Cotatuero to obtain a robust sample size
of each class: non-declining trees, declining trees without fungal pathogens, declining
trees colonized by the primary fungal pathogen Heterobasidion spp. and declining trees

colonized by the secondary fungal pathogen Amylostereum chailletii.

3. Results

3.1. Characteristics of non-declining and declining silver fir trees

Among the three sites investigated in this study, the managed site Paco Ezpela showed
the most severe dieback in terms of number of declining trees (Table 1). In addition,
Paco Ezpela showed the highest frequency of trees presenting releases associated to past
thinning (Supplementary Material, Fig. S5).There was no significant difference between
non-declining and declining trees with regards to tree age, dbh or CI at the three study
sites (Table 2), except for the managed Paco Ezpela site where the non-declining trees
had a significantly bigger dbh than the declining trees. Significant differences were
detected in the current crown cover and the BAI of the last 10 years. A comparison of
stand characteristics between sites revealed that the Cl was significantly higher at the

unmanaged Turieto site than elsewhere.

3.2. BAI divergence between non-declining and declining trees

Declining trees showed a lower BAI than non-declining trees over the past two decades.
Indeed, the difference in BAI between non-declining and declining trees began in the
late 1980s in Paco Ezpela and Cotatuero, whereas in Turieto this trend started in the late

1990s (Fig. 2). In Turieto, a severe reduction in growth occurred between 1994 and

15
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1997, which was associated with an outbreak of the Lepidoptera Epinotia subsequana
Hw, which resulted in severe defoliations. Both declining and non-declining trees
recovered BAI rates after the defoliation, with declining trees showing lower growth
rates than non-declining trees. Significantly lower BAI values were observed for
declining than for non-declining trees between 2001 and 2012 at the Cotatuero and Paco
Ezpela sites (P< 0.05), and this was also detected at the site in Turieto in some years
during the 2000s. In addition, in Turieto declining trees showed higher BAI values than
non-declining trees between 1925 and 1965.

We did not find significant differences in terms of drought sensitivity and recovery,
i.e. relative changes in BAI, between non-declining and declining trees (Supplementary
Material, Fig. S6), excepting a significantly lower level of drought recovery in declining
trees compared with that of non-declining trees in Cotatuero (unmanaged site) and Paco
Ezpela (managed site) in response to the 2005 drought (Supplementary Material, Fig.

S6).

3.3. Long-term growth patterns

The best-fit GAMMs considered the calendar year, as well as tree age and dbh, with
significant effects on BALI in all the cases, except in some cases of tree age for declining
and non-declining trees in several sites (Table 3). In Cotatuero, the divergent growth
patterns of declining and non-declining trees have been accentuated since the severe
reduction in growth in 1986, and declining trees showed higher BAI values than non-
declining trees from the 1940s to the 1960s (Fig. 2). In Turieto, BAI trends of non-
declining and declining trees were similar but declining trees always showed higher
growth rates. However, the GAMMs were unable to model the severe post-outbreak

reduction of BAI in the declining trees described before. Finally, at the managed Paco
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Ezpela site, declining trees had lower BAI values than non-declining trees throughout

the 20" century and both tree types showed a notable reduction in BAI in the 1980s.

3.4. Roles played by climatic variables in the dieback process.

The linear mixed-effects models showed that the most significant drivers of BAI were
August SPEI (wet and cool summer conditions enhance growth) and winter minimum
temperatures and precipitation (cold and wet previous winter conditions reduce growth)
(Table 4; see also Supplementary Material, Table S1). In Paco Ezpela, the BAI was also
positively affected by the spring maximum temperatures and the previous autumn
precipitation. At all three study sites, BAl was negatively affected by the CI,
particularly in the case of declining trees growing in Cotatuero and Paco Ezpela and
non-declining trees growing in Turieto. Models considering climatic variables and
competition explained the BAI better at the managed site (higher Wi values in Table 4)

than at the two unmanaged sites.

3.5. Fungal pathogens and BAI trends

The secondary fungal pathogen Amylostereum chailletii was isolated from eight
declining silver firs, which was a frequency significantly higher than expected (Table
5). Declining and non-declining trees also hosted Heterobasidion annosum or
Trichaptum abietinum at frequencies that were not different from random expectation.
Trees hosting the primary fungal pathogen Heterobasidion showed a sharp decline in
BAI from 2007 onwards until reaching growth rates that were as low as declining trees
(Fig. 3), whereas trees hosting A. chailletii showed a moderate reduction in BAI from

the early 2000s onwards.
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4. Discussion

Our study of managed and unmanaged silver fir stands has revealed the different roles
played by dieback-causing factors. We were able to assess the relative importance of the
evaluated factors in silver fir dieback. The retrospective growth information provided by
the tree-ring data revealed that there had been a sharp reduction in BAI since 1986, a
year characterized by a severe late-summer drought stress (Fig. 2). The declining trees
of the managed site, characterized by a long history of use (logging), showed
persistently low growth rates. On the other hand, we did not find a high number of
declining trees infested by primary pathogens, but we detected a higher number of trees
infested by Amylostereum sp. than expected (Table 5). Growth patterns indicate showed
that trees infested by Heterobasidion sp. or Amylostereum sp. presented lower growth
than non-declining trees (Fig. 3).

The stands investigated have been subjected to different management history and
our findings reveal the role that logging has played in predisposing trees to dieback.
Past logging in the disturbed and formerly managed sites has resulted in the negative
selection of slow-growing and smaller trees with show a high level of vulnerability to
drought and a high sensitivity to water deficit and competition. By contrast, at
unmanaged sites, the recent droughts have affected trees irrespective of the past logging
in their neighborhood. This was demonstrated by the greater differences in the growth
patterns of declining and non-declining trees (Fig. 2) and their responses to climate
(Table 4) when comparing the formerly logged or managed site (Paco Ezpela) with the
unlogged sites (Cotatuero and Turieto). These findings demonstrate that the impact of
climate warming on forests cannot be fully understood without a proper understanding
of historical land use and the interplay between past legacies and current climatic

stressors such as droughts.
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The most important differences between non-declining and declining trees in terms
of BAI responses to drought and BAI trends after the 1986 drought were found at the
managed Paco Ezpela site (see Fig. 2). This stand illustrates how past logging has
affected the dynamics of most Spanish Pyrenean forests as a result of intensive forest
use between the 1950s and the 1970s (Cabrera, 2001; Camarero et al., 2011). Such past
intensive logging have led to a negative selection of trees by cutting the biggest trees
with the fastest growth rates and promoting the persistence of the smallest and slowest
growing trees, some of which had a poor ability to cope with dry conditions. Our
findings concur with this view given that non-declining trees had a greater diameter
than non-declining trees at this site (Table 2). Furthermore, this result can be applied to
the other Pyrenean stands subjected to ongoing dieback given that they are characterized
by trees with smaller diameter than stands with asymptomatic trees irrespective of site
conditions and tree age (Camarero et al., 2011). Alternatively, logging could have
modified the microclimatic conditions of affected forests by creating abundant gaps and
increasing vapour pressure deficit near the canopy, which is known to adversely affect
silver fir performance and increase its vulnerability to drought (Aussenac, 2002). Our
findings agree with previous studies showing that drought causes dieback and that past
management synergistically predisposes trees to be more vulnerable to water deficit
(Reams and Huso, 1990). Other studies in subalpine forests have also highlighted the
high risk of mortality in trees with reduced pre-drought radial growth rates (Bigler et al.,
2007). Lastly, the historical logging regime could have increased the density of stumps
acting as dispersion foci for Heterobasidion species, leading to dieback and higher
levels of root-rot infection. In unmanaged forests, it is also possible that fallen,
uprooted, and dead trees act as dispersion foci of fungal pathogens, but we consider this

occurs in a much lower incidence than in managed sites with abundant stumps and
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dying trees. However, this idea requires additional testing because we did not detect
Heterobasidion species in all declining trees (Table 5). Overall, we consider past
logging and drought to be predisposing and inciting factors, respectively, in the
conceptual framework of dieback proposed by Manion (1991).

The results confirmed the major importance of the cumulative late-summer water
deficit on BAI of silver fir (Table 4), and that this is the stressor that is particularly
relevant for silver fir in drought-prone European populations (Macias et al., 2006;
Carrer et al., 2010; Linares and Camarero, 2011). In silver fir, warm temperatures and
periods of protracted water shortage negatively affect primary growth and carbon
synthesis in late summer prior to growth through rising vapour pressure deficit
(Aussenac, 2002). If very warm conditions lead to reduced soil water reserves and
severe drought, dieback occurs and it is manifested through a rapid decline in growth
and fast defoliation, leading to tree death, or an increase in the vulnerability of affected
stands against further stressors (Galiano et al., 2010; Camarero et al., 2014). Our results
concur with this view given that we found a reduction in the capacity of declining trees
to recover BAI after severe droughts (Supplementary Material, Fig. S6). This was mots
evident in response to the most recent drought, which suggests that droughts have an
accumulative negative effect on growth and performance.

In the case of trees at the Turieto site, the BAI decline occurred after the E.
subsequana outbreak, which had already been documented in several Pyrenean silver fir
forests (Camarero et al., 2003). Silver firs at the Turieto site responded more slowly to
drought stress and were less affected than at the other sites because the Turieto site is a
north-facing mesic site with well-developed soils and a high capacity to hold water
(Supplementary Material, Fig. S6). This could also explain the high basal area recorded

for trees growing in Turieto and the low number of dead trees (Table 1). In addition,
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declining trees grew better than non-declining trees at that site (Figs 2); however, they
were less adapted to withstand the warm and dry 1990s and 2000s, perhaps owing to the
production of drought-vulnerable tracheids with ample lumens or the formation of less-
developed root systems (see Voltas et al., 2013).

The long-term BAI patterns differed for non-declining and declining silver firs at the
Cotatuero and Paco Ezpela sites even though the declining silver firs at both sites
showed a similar decrease in BAI after the 1986 drought (Figs 2). The comparison of
observed and modelled BAI trends indicates that this decline in BAI was recent and
triggered by drought in Cotatuero, whereas declining trees in Paco Ezpela had shown
low growth rates since the 1950s when logging intensified. In both cases, the BAI
differences between the declining classes magnified in the 2000s, which has also been
observed in other stands showing dieback (Linares and Camarero, 2012a).

The current competition levels between declining and non-declining trees were not
significantly different (Table 2), which agrees with previous findings in the Pyrenees
(Camarero et al., 2011) but contrasts with observations from silver fir forests in the
Vosges (Becker et al., 1989) or Mediterranean pinsapo fir stands in southern Spain
(Linares et al., 2010) where dieback was linked to high competition in drought-prone
areas. However, the linear mixed-effects models of BAI confirmed that current
competition negatively drove growth in declining trees in Paco Ezpela but also in non-
declining trees in Turieto (Table 4). This suggests that the current competition levels
explain part of the recent growth trends at local scales but does not always imply
dieback. However, we need more data on recently dead trees from additional sites to
determine the influence of any sampling effect on this result. Furthermore, the relevance
of the understory vegetation as a source of competition for soil water should be better

evaluated.
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Silver fir dieback in the three stands investigated in this study cannot be ascribed to
the presence of particular fungal pathogens because a high proportion of the declining
trees were not infected by primary pathogens but by the secondary pathogens A.
chailletii and T. abietinum (Table 5). We mainly detected primary fungal pathogens
(mostly H. annosum) that infected and eventually may Kill vigorous trees (Korhonen
and Stenlid, 1998), and secondary or opportunistic fungal pathogens (mainly A.
chailletii) that usually attack already weakened, stressed or wounded trees (Slippers et
al., 2003). Only in the case of secondary pathogens was the proportion of trees infected
significantly higher than expected, indicating a higher incidence of A. chailletii in
declining trees. Overall, our findings indicate that the fungi inhabiting the wood are not
the main cause of the silver fir dieback process but merely act as contributing factors
(sensu Manion 1991), as previously noted by Oliva and Colinas (2007). Moreover, we
found different BAI patterns as a function of the presence of different fungal pathogens
(Fig. 3). Trees hosting the primary fungal pathogen Heterobasidion spp. showed an
abrupt decrease in BAI, probably in response to a recent but severe infection process,
which agrees with previous findings showing that H. annosum is able to cause rapid and
sharp declines in growth in previously dominant or fast-growing trees (Cherubini et al.,
2002). By contrast, trees hosting the secondary fungal pathogen A. chailletii showed a
long and gradual decline in BAI. The BAI patterns of silver firs infected by primary
fungal pathogens reflect a long-term infection process in which carbon pools are mainly
diverted towards defence rather than growth and wood formation (Oliva et al., 2014).
However, trees with secondary pathogens showed high BAI values in the past followed
by a recent decline in their growth, probably in response to droughts in the 2000s, which

suggests that fungi-infested trees have a high level of vulnerability to drought.
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We have assessed the roles played by several dieback agents such as drought,
current competition and presence of fungal pathogens using BAI trends and defoliation
as response variables or indicators of tree growth and vigour. However, our
retrospective approach and the observational nature of our data do not allow the
temporal evolution and changes in the relevance of all those dieback causal agents to be
detected except for drought. Nonetheless, we consider that the current growth and
defoliation conditions of trees reflect the last years of the dieback process. Furthermore,
dendrochronological data have enabled the long-term changes in tree vigour in
numerous dieback studies to be quantified (see Wunder et al.,, 2008). However,
additional limitations must be considered. First, we are aware that future studies should
include more sites and trees to properly disentangle the interacting effects of various
environmental (drought, pathogens) and human-related (logging) drivers on forest
dieback, i.e. to increase the inferential strength of the presented findings. Second, there
are temporal lags between the stressor (e.g., drought) and the tree responses (BAI
decline, defoliation) and there can also be a time lag between those responses of up to
several decades (Bigler and Rigling, 2013). Third, we cannot reconstruct the long-term
changes in the abundance of fungal pathogens inhabiting wood but only detect their
current presence. The findings relating to fungal pathogens must also be interpreted
with caution because a substantial proportion of the fungal infection may have gone
undetected by sampling in the stem and coarse roots and not in the root system. Lastly,
cumulative or ‘memory’ effects of successive and interactive stressors (e.g., recurrent
droughts) are difficult to pinpoint without additional indicators such as carbon isotopes
(Linares and Camarero, 2012b).

To conclude, ongoing dieback processes triggered by drought are threatening some

Pyrenean silver fir stands at the southernmost distribution limit of the species. The
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dieback is characterized by a rapid defoliation and a sharp growth decline after severe
late-summer droughts. Although past logging activities at the managed sites may have
predisposed the trees at these sites to dieback, trees at unmanaged sites also showed
signs of dieback irrespective of the current competition levels and the presence of
primary fungal pathogens. If climatic conditions become warmer and drier in the future,
dieback processes will become more widespread, affecting more silver fir stands, which
would favour vegetation shifts to mixed forests dominated by tree species better adapted

to drought such as Scots pine.
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Figure captions

Figure 1. (a) Geographical situation in the Spanish Pyrenees of the three silver fir
forests investigated in the study (CO, Cotatuero; TU, Turieto and PE, Paco Ezpela) and
the silver fir distribution in the Pyrenees and in the rest of Europe (green areas). The
blue line shows the limit of the Ordesa y Monte Perdido National Park. (b) Illustrative
views of trees showing dieback symptoms at the managed Paco Ezpela site (bottom left

and right images) and the unmanaged Cotatuero site (top right image).

Figure 2. Basal area increment (means £ SE) of non-declining trees (crown cover
>50%; green circles) and declining trees (crown cover <50%; red triangles) from 1900
to 2012 at the three study sites (Cotatuero, Turieto and Paco Ezpela). The bars indicate
the sampling depth (number of measured radii, colours are as indicated before). The
yellow box indicates the decline in growth between 1994 and 1997 due to defoliation
related to an Epinotia subsequana outbreak. The grey regions indicate years with
significant differences in basal area increment between non-declining and declining
trees. Furthermore, appear long-term basal area increment trends for declining (red
downward triangles) and non-declining (green circles) silver fir trees from three study

sites based on generalized additive mixed models.

Figure 3. Recent trends in basal area increment (means + SE, lines with symbols) of
silver fir and annual sampling depth (number of measured radii, bars) of non-declining
trees (green upward triangles), declining trees without fungal pathogens (red downward
triangles), trees colonized by primary fungal pathogens such as Heterobasidion spp.

(blue circles) and trees colonized by secondary fungal pathogens such as Amylostereum
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748  chailletii (yellow squares). Data corresponds to trees sampled in the unmanaged
749  Cotatuero and managed Paco Ezpela sites.

750
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751  Tables
752  Table 1. Characteristics of the three silver fir sites
753 Non-declining and declining trees were defined as those with more than or less than or

754  equal to 50% crown cover, respectively.

755
. . Percentage of non-
. . Longitude Elevation Slope Basal area No. L e
Site (Code) Latitude (N) (W) Aspect (mas.l) ©) (m? ha')) trees declmln?r e/edsecllnlng
Cotatuero (CO) 42°39° 06  0°02°36”  S-SW 1450 34 29.4 59 44 /56
Turieto (TU) 42°38° 517  0°04° 477 N 1470 37 29.7 38 581742
Paco Ezpela (PE) 42°44°25”  0°49°33”  N-NE 1170 27 15.1 45 36/ 64
756
757
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758

759

760

761

Table 2. Features of the non-declining (>50% crown cover) and declining silver fir trees (<50% crown cover) at the three study sites.

Different letters show significant differences (P<0.05) between non-declining and declining trees for each variable (Mann—Whitney tests).

Values are means + SE.

Basal area increment

No. trees used to

Site (Code) Tree type ('I:g' tr;%eisi) Dbh (cm) (cm?yr™) for the Age (years) Crown cover (%) calculate the Competition index
' period 2002-2012 competition index

Cotatuero (CO) Non declining 26 (49) 448+34 143+ 1.7b 115+ 4 96.1+1.8b 17 2.86 £ 0.58
Declining 33 (57) 453+1.9 8.3+1.0a 115+ 11 16.8+3.2a 15 1.90+0.25
Turieto (TU) Non declining 22 (43) 342+22 145+ 1.6b 84+4 98.2+1.2b 16 4.40 £ 0.66
Declining 16 (31) 385120 6.7+0.7a 88+3 17.8+33a 8 4.86 + 0.97
PacoEzpela (PE) Non declining 16 (30) 40.3+1.8b 21.6+2.4b 90+4 86.6+26Dh 10 2.53+0.76
Declining 29 (52) 342+12a 8.2+0.7a 92+3 19.3+38a 16 1.76 £0.24
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766
767

768

769

Table 3. Influences of calendar year, cambial age and tree diameter (dbh) on basal area increment (BAI) of silver fir at the three study sites and

considering two dieback classes according to the best-fit generalized additive mixed models. For each site and tree type, the number of measured

tree-rings is shown. The influence of the covariates affecting BAI is indicated by the F statistic and its associated probability (P). In addition, the

estimated degrees of freedom (edf) for each variable are shown. The amount of variance explained by each model (R?) is indicated in the last

column.
Site Tree type No. tree rings Year Age Dbh R
' edf F P edf F P edf F P
Cotatuero Non-de_cl_ining 2672 2.68 4.09 0.009 100 2310 <0.001 239 142.01 <0.001 0.69
Declining 3092 4.02 1477 <0.001 160 201 0.139 3.38 21.39 <0.001 043
Turieto Non-de_cl_ining 1985 6.97 856 <0.001 1.00 223 0.135 1.00 99.76 <0.001 0.60
Declining 1316 415 1234 <0.001 1.00 4.65 0.031 1.00 4436 <0.001 0.54
Paco Ezpela Non-de_cl_ining 1703 721 1515 <0.001 1.00 1.16 0.281 291 1848 <0.001 0.53
Declining 2128 651 1885 <0.001 100 210 0.148 1.00 46.78 <0.001 0.45
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770  Table 4. Best linear mixed-effects models of basal-area increment (BAI) of silver fir
771 fitted to trees from the three study sites (Cotatuero, Turieto and Paco Ezpela) as a
772 function of climatic variables and the competition index (CI). A null model considering
773 BAI as a constant was also included. Tree age and the tree code were used as random
774  effects. Abbreviations: CI, competition index; n, number of trees analysed; PFA,
775  previous autumn precipitation; PWI, previous-winter precipitation; SPEI, August 4-
776 month SPEI values; TMSp, spring mean maximum temperature; TmWI, previous
777  winter mean minimum temperature; DF, degrees freedom; Wi, relative probability that
778  model i is the best model for the observed data.
779
780
Site Tree type ntrees DF Selected model Wi
Cotatuero Non declining 17 992 0.19 SPEI - 0.01 PWI - 0.04 CI 0.49
Declining 15 861 0.42 SPEI—0.01 PWI—-0.17 TmWI —-0.12 CI 0.34
Turieto Non declining 16 924 0.48 SPEI - 0.19 TmWI - 0.23 CI 0.78
Declining 8 466 0.73 SPEI - 0.17 TmWI-0.16 CI 0.45
Paco Ezpela  Non declining 10 646 1.65 SPEI + 0.66 TMSp — 0.07 CI 0.86
Declining 16 941 1.59 SPEI + 0.01 PFA — 0.44 CI 0.99

781
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785

786

787

788

789

Table 5. Isolation frequency of different fungi inhabiting stem and root wood of silver

fir trees at three study sites in the Pyrenees. Observed and expected (in parentheses)

frequencies are shown separately depending on the symptoms for declining (including

recently dead trees) and non-declining trees. The probability (P) values associated with

the y statistic were calculated for each fungus found in at least two trees.

Fungi species

Declining trees

Non-declining trees

x (P)

Amylostereum chailletii (Pers.) Boidin
Armillaria spp. (Fr.) Staude

Hericium erinaceus (Bull.) Pers.
Heterobasidion annosum (Fr.) Bref.
Hypholoma acutum (Sacc.) E. Horak
Hypocrea lixii Pat.

Ganoderma lucidum (Curtis) P. Karst.
Pholiota squarrosa (Vahl) P. Kumm.
Porodaedalea pini (Brot.) Murrill
Trichaptum abietinum (Dicks.) Ryvarden
Volutella ciliata (Alb. And Schwein.) Fr.

8 (4)
1
1

5 (3)

O R RELP PO
)

0 (4)
0
0

1(3)

NGO R PR ORr
N—r

6.125 (0.013)

1.500 (0.221)

0.167 (0.683)
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