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Abstract—Increased intensity and duration of droughts and
high-temperature events have been associated with forest decline
in many parts of the world, and these decline events are expected to
become more common under climate change. There is, therefore,
a need for monitoring and modeling of forest decline. We used
a regional forest condition monitoring program (DEBOSCAT) to
study the spatial distribution of decline events in 2012 in Cat-
alonia (Northeastern Spain) and their relationship with climatic
factors. In 2012, this dataset was collected after an extraordinar-
ily dry summer, and allowed the study of decline events in eight
dominant tree species. We fitted a logistic model to predict for-
est decline probability as a function of species, precipitation and
temperature anomalies, solar radiation, and remotely sensed soil
moisture data from the Soil Moisture and Ocean Salinity Mis-
sion (SMOS). Broadleaved species were more affected by decline
events than conifers. The statistical model explained almost 40 %
of forest decline occurrence, wherein almost 50% of this variabil-
ity was explained by species effect, with broadleaved trees being
generally more sensitive to the studied factors than conifers. Cli-
matically wetter areas and those more exposed to radiation were
more likely to be affected, suggesting better adaptation of forests in
dry areas. In general, more damaged forests were characterized by
high-positive temperature anomalies, lower than average rainfall,
and low soil moisture in summer 2012. The most vulnerable species
was Fagus sylvatica, a Euro-Siberian species, contrasting with Pi-
nus halepensis, a typically Mediterranean species, which showed
low sensitivity to drought.
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1. INTRODUCTION

LOBAL change is putting forests under pressure, mostly

due to changes in climate and land use [1]. Droughts and
high-temperatures reduce soil water availability and increase
evaporative demand, and have been associated with widespread
events of drought-induced mortality in forests even in envi-
ronments not considered to be water limited [2]-[4]. Climatic
changes, together with disturbances directly related to human
activities, are putting many forests outside the ranges of con-
ditions under which they developed and may be too fast for
evolutionary adaptation processes to keep pace [5]. Forest de-
cline events are generally defined as episodes with increased
mortality and crown defoliation rates, which can have dramatic
effects on forest ecosystem services and have the potential to
modify climate regulation and biogeochemical cycles at local
and regional scales [6]. Forest mortality events are predicted to
increase as a result of climate change, especially in areas where
the climate is expected to become hotter and drier, such as the
Mediterranean basin [7].

A growing number of forest decline events are being docu-
mented worldwide [2]. However, the number of studies showing
consistent increases in leaf loss or mortality over substantial
(e.g., decadal) time scales (e.g., [8]) is still scarce. Moreover,
knowledge of the determinants of the spatial variability in
forest mortality is still limited. Most studies have focused on
relatively small spatial scales, showing that mortality frequently
affects preferentially larger trees [9] and tends to be associated
with high tree density (and thus competition; [10]) and shallow
soils (e.g., [11]). At larger scales, the few available studies tend
to use the databases assembled for national forest inventories
[12]-[14]. However, the applicability of large-scale forest
inventories to tree mortality research suffers from important
limitations, including low temporal resolution (typically ~10
years) and low number of trees sampled per plot, which limits
the capability to detect and quantify relatively random and
usually infrequent events [15].

The lack of programs monitoring forest dieback at regional
to global scales using standardized protocols and surveying ex-
haustively all forested lands greatly limits the capacity to draw
strong conclusions on the vulnerability of different forest types
or different areas within the distribution of a given species
[2], [4], [5]. Due to the practical impossibility of surveying
all forested lands at large geographical scales, ground-based

1939-1404 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.


http://www.ieee.org/publications_standards/publications/rights/index.html

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

2 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING

surveys will necessarily need to be complemented by remote
sensing techniques [16].

Spatially explicit studies of forest decline have taken advan-
tage of available databases, including meteorological data from
networks of weather stations and detailed topographical data
(digital elevation models). However, water availability to plants
depends critically on soil water content and on the physical prop-
erties of soil. In November 2009, the European Space Agency
launched the Soil Moisture and Ocean Salinity (SMOS) mission
[17]. This new satellite mission carries the payload MIRAS (Mi-
crowave Imaging Radiometer using Aperture Synthesis; [18]),
the first space borne interferometric radiometer at L-band. Over
land, SMOS-derived global soil moisture maps are obtained ev-
ery three days at ~40-km spatial resolution (L2 product) and
improved to ~25 km (L3 product; [19]). L2 products have been
extensively validated [20]-[22]. However, the spatial resolution
of the observations is too coarse to serve local or regional ap-
plications, where higher spatial resolutions are needed. In order
to fill this gap, downscaling or data disaggregation is becoming
a recognized modeling framework to improve the spatial reso-
lution of available surface soil moisture satellite products [23],
and a number of studies have emerged with different approaches
[23]-[32]. The algorithm used (see [30]) combines SMOS data
with Land Surface Temperature (LST) and Normalized Differ-
ence Vegetation Index (NDVI), both estimated with moderate
resolution imaging spectroradiometer (MODIS; see [33]), in or-
der to obtain finer scale (1 km) soil moisture maps (L4 product;
[19]). They are operationally provided by the Barcelona Expert
Center (BEC) (see [34]).

Our study takes advantage of a regional program monitor-
ing forest decline events in Catalonia (Northeastern Spain),
which started in 2010 and has registered 527 events affect-
ing a total area of 400 km? (DEBOSCAT project; [35]). The
DEBOSCAT survey registers areas >0.03 km? in which trees
are affected by mortality, or leaf loss, or discoloration. Cat-
alonia has several features that make it particularly suitable to
study the spatial determinants of forest decline: 1) droughts are
common in the region and most of its forests are considered to
be limited by water; 2) its predominant Mediterranean climate
determines high spatiotemporal variability in temperature and
rainfall, which causes particularly severe and spatially complex
drought events; 3) the orography and climate of Catalonia are
extremely variable for the size of the region (~32 000 km?)
(see Section II-A); and 4) Catalonia is at the boundary between
Mediterranean and Euro-Siberian biogeographic regions, which
determines that several species reach their Southern (and dry)
distribution limit in the area. Previous studies suggest that these
species may be particularly vulnerable to increase in drought
stress in the study area (e.g., [36] for Pinus sylvestris, or [37] for
Fagus sylvatica).

Our main objectives here are to use the DEBOSCAT database
together with GIS tools, climatic, and remote sensing soil
moisture data (i.e., SMOS-derived data) to determine the main
environmental drivers of recent forest decline in Catalonia in
terms of climate, drought characteristics, and soil water avail-
ability; and to establish the vulnerability to drought-induced
decline of the main tree species in Catalonia. We hypothesize
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Fig. 1. Affected and unaffected areas and species. Map of Catalonia showing
the location (1 km x 1 km resolution) of forests affected or unaffected by 2012
decline events. Colors represent the dominant species within each episode. Top-
right corner map shows the location of Catalonia in Southern Europe.

that 1) forest decline will affect preferentially areas with
high-temperature anomalies, high drought intensity, and low
soil moisture; 2) climatically drier sites will not necessarily be
more vulnerable to drought-induced forest decline, due to the
greater drought resistance of the dominant vegetation in these
areas; and 3) Euro-Siberian species reaching their southern
distribution limit in the Iberian Peninsula (particularly F. syl-
vatica and P. sylvestris) will be more vulnerable than typically
Mediterranean species (i.e., Quercus ilex, Quercus suber, or
Pinus halepensis).

II. MATERIALS AND METHODS
A. Study Area

We studied the forested area of Catalonia, in Northeastern
Spain (42° 51'N-40°31'N, 0° 9’E - 3° 19'E; Fig. 1). Most of the
study area has a typical Mediterranean climate, with mild win-
ters and hot dry summers, with an irregular pattern of precipita-
tion among years. Mean annual rainfall ranges from 336 to 1464
mm and mean annual temperature from O to 17.3 °C (see Fig.
2(a) and (b); [38]). Different relief units influence climate and
vegetation. Colder and wetter conditions are found in the Pyre-
nees mountain ranges (up to 3150 m), in the north of the region.
Much drier climates occur along the coast, and, particularly,
in the central depression, where rainfall is <500 mm/year, and
there is a noticeable continental influence (see Fig. 2(a) and (b)).
Otherwise, coastal ranges (up to 1700 m) present mild tem-
peratures due to maritime influence, although conditions vary
depending on elevation and distance to the coast.
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Fig. 2. (a) Mean annual accumulated precipitation (mm) in Catalonia for the
period 1950-1998; (b) mean annual temperature (°C) for the period 1950—
1998; (c) mean daily solar radiation (10 kJ - m?2 . day']); (d) summer tem-
perature anomaly (°C) in summer 2012. Data for panels (a)—(c) were ob-
tained from the Climatic Digital Atlas of Catalonia [38]. Data for panel
(d) was obtained from the Catalan Meteorological Service (SMC).

Severe drought events are common in the study area. The
most recent one was registered in summer 2012, which was
preceded by the period October 2004—October 2008, the dri-
est and longest drought event registered in the last 100 years
in Northeastern Spain [39]. Although it was not as severe as
this preceding period, the drought registered in 2012 was also
important, especially in winter, when the accumulated precipi-
tation was 70%-100% lower than the climatic mean (i.e., less
than 25 mm in the west areas of the country) [40]. The spatial
distribution of precipitation during spring was irregular with
north and central areas above the mean (+10% to +100%) and
northeast, west, and south areas being drier (10% to 70% lower
than the climatic average) [40]. During summer, the accumu-
lated precipitation registered values between —30% to —100%
below the mean in almost all Catalonia, particularly in northeast-
ern regions [40]. Temperature and rainfall anomalies (the latter
measured using the standardized precipitation index (SPI)) for
summer 2012 are given in Figs. 2(d) and 3(a), respectively. Mean
summer temperature anomaly was +1.6 °C for 2012 and it was
positive throughout the study area (see Fig. 2(d)).

Catalan forests occupy more than 13 000 km? (nearly 40%
of the territory). The most widely distributed species are Pi-
nus halepensis (2430 km?) and Quercus ilex (2000 km?) [41].
Both are Mediterranean species typically coexisting in coastal
forests, although Quercus ilex has a wider altitudinal range. Pi-

nus sylvestris (covering 1970 km?) is a Euro-Siberian species
living close to its Southern distribution limit and dominating
forests between 1000 and 1800 m [42]. Other Euro-Siberian
species living near their Southern distribution limits are Fa-
gus sylvatica and Pinus uncinata, occupying forests between
1400 and 2200 m. Pinus nigra (1070 km?) grows mostly in
the pre-Pyrenees and Catalan inlands. Deciduous oaks are also
abundant, mainly Quercus pubescens (820km?) and Quercus
faginea (325 km?) [41], [42].

B. Forest Condition Database (DEBOSCAT)

DEBOSCAT is a monitoring program started in 2010 to as-
sess health condition in all the forests in Catalonia. The project is
coordinated by the Centre for Ecological Research and Forestry
Applications (CREAF, Barcelona, Spain). All the forests in Cat-
alonia are surveyed annually (in September) by forest rangers
deployed by the Catalan Government in order to detect for-
est decline events after summer. Forest decline events are de-
fined as areas >0.03 km? in which tree mortality is higher than
5% or the sum of leaf loss plus discoloration exceeds 50% in
the canopies of at least one abundant tree species (with >15%
canopy cover). Each event is identified by a unique code, and the
recorded information includes: 1) exact geographical location
and perimeter of the affected area, 2) the abundance of the dom-
inant species (in terms of canopy coverage), and 3) the percent
of crowns affected and the type of damage (mortality, discol-
oration, or leaf loss) for each species. All the registered events
are transferred to a GIS layout with its corresponding database
[35]. Validations conducted by an independent team showed
good agreement between different observers, as the percentage
of estimated nondamaged trees [i.e., 100 — (% mortality + %
discoloration + % leaf loss)] was within 10% of the initially
estimated value in 81% of cases (N = 20 resampled events; M.
Banqué, unpublished results).

In this study, we only used the recent events detected in 2012,
as the 2010 and 2011 surveys were preliminary and were used
here only to determine which events corresponded to new 2012
occurrences. DEBOSCAT registered more than 230 km? newly
affected in 2012, distributed in 340 events (see Table I; [43])
which are shown in Fig. 1. Each event could contain more
than one affected species, but we only retained combinations of
events by species for which mortality was >5% or (discoloration
+ leaf loss) occurred in >25% of the canopies to ensure that
affectation was high in all instances (note that not all species
within an event fulfilled the 50% criteria stated in the previ-
ous paragraph). Only 11.8% of the combinations of events by
species in the database had a percentage of discoloration + leaf
loss between 25% and 50%. We focused on the most affected
species and merged all deciduous oaks into one single category
(deciduous Quercus, including basically Q. pubescens and Q.
faginea) due to the high morphological and ecophyisiological
similarity of the species and due to the fact that they frequently
hybridize in the study area [44]. Hence, the studied species were
deciduous Quercus, Quercus ilex, Quercus suber, Fagus sylvat-
ica, Pinus sylvestris, Pinus nigra, Pinus halepensis, and Pinus
pinea. These species dominate 75% of the forests in Catalonia
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TABLE I
DECLINE EVENTS ON 2012

Species Events Affected area % affected Occupied area %
(km?) (km?)

Dec. Quercus 219 100.1 42.39 1260.76 7.94
F. sylvatica 36 19.29 8.17 336.11 5.74
Q. ilex 205 82.02 34.74 2003.5 4.09
Q. suber 26 5.38 2.28 608.32 0.88
Broadleaved 486 206.79 87.58 4208.69 491
species

P. nigra 39 9.87 4.18 1070.44 0.92
P. sylvestris 42 8.05 341 1965.43 0.41
P. pinea 18 0.9 0.38 332.25 0.27
P. halepensis 38 4.51 1.91 2429.54 0.19
Conifers 137 23.33 9.88 5797.66 0.4
Other species 66 6 2.54 1397.43 0.19
Total 340" 236.12 100 11403.78 2.04

Decline events detected in 2012 by species in terms of number of events, affected area,
percentage in relation to total affected area, total area occupied by each species, and
percentage of the total area occupied that was affected in 2012. Data about decline events
were obtained from the DEBOSCAT project (Banqué ef al. [43]), and species distribution
areas were obtained from the Land Cover Map of Catalonia (CREAF and Generalitat de
Catalunya [41]). *Total of events is lower than the addition of events for each species
because one event might contain more than one species. We finally worked with a total
of 288 events (the remaining 52 were not considered because they affected species that
were not included in this study or the magnitude of the reported damage did not fulfil our
criteria).

and represent 99% of the events detected in 2012. Our final
database contained a total of 288 from the original 340 events
(see Table I; Fig. 1) when all the episodes fulfilling the men-
tioned criteria were chosen. Table S1 shows that the percentage
of events affected by mortality varied widely among species.
For deciduous species (deciduous Quercus and Fagus), the tim-
ing of DEBOSCAT field surveys (early September) ensured that
the events reported did not overlap with autumn leaf shedding
(starting ~late October in the study region).

In order to compare affected events with unaffected areas,
we used the Land Cover Map of Catalonia [41] to create a
1 km x 1 km grid covering its whole forested area. Each cell in
the grid was assigned to the modal species of the Land Cover
Map. Grid cells were classified as affected, if at least 10% of its
surface overlapped with a polygon affected by forest decline, or
unaffected, if there were no events overlapping the correspond-
ing cell, or they covered <10% of the cell’s surface. In the few
cases in which an event did not cover more than 10% of the
surface of any cell, the event was assigned to the most affected
cell. To assess the impact of this 10% threshold on our results,
we repeated the analyses using higher threshold levels (20%,
30%, 40%, and 50%) and confirmed that they did not change
our main results (data not shown).

C. Additional Environmental Databases

Several explanatory variables were used to model the distribu-
tion of decline events in summer 2012, including lithology, his-
torical climate characteristics, and specific climatic conditions
and soil moisture during summer 2012, which were obtained as
follows:

Lithology was obtained from the geological map of Catalo-
nia [45] and reclassified in two categories: basic (calcareous)

{a) (b)

(d)y

Fig.3. SPIin Catalonia calculated for different time periods: (a) June—August
2012 (SPI3); (b) March—August 2012 (SPI6); (c) September 201 [-August 2012
(SPI12); and (d) September 2010-August 2012 (SPI24). SPI is a dimensionless
variable. Positive values indicate precipitation above the mean and negative
values indicate precipitation below the mean. The mean was calculated for the
period 1961-2013. Obtained and adapted from: Catalan Meteorological Service
(SMC), 2013.

and acidic (siliceous) soils. Historical climate data were used
to characterize “long-term,” average conditions, and were ob-
tained from the Climatic Digital Atlas of Catalonia [38] for the
period 1950-1998. This data included mean annual and summer
(June to August) temperatures, mean accumulated annual and
summer (June to August) precipitations, and mean annual solar
radiation. We upscaled all variables from 180 m x 180 m to the
common | km x 1 km resolution using a bilinear interpolation
method.

The SPI was used to characterize drought intensity at different
time scales. Essentially, the SPI for a given month is calculated
as the difference between the mean precipitation for the previ-
ous n-months and the mean for a reference time period, divided
by the standard deviation for that reference period [46]. We
used SPI data provided by the Catalan Meteorological Service
(SMC) for periods of three months (SPI3: June 2012-August
2012), six months (SP16: March 2012—-August 2012), 12 months
(SPI12: September 2011-August 2012), and 24 months (SPI24:
September 2010-August 2012) (see Fig. 3). The reference pe-
riod corresponded to years 1961-1990. Map resolution was
I km x 1 km. Negative values indicate drier conditions than
the reference (extremely drier below —2) and positive values
reflect wetter conditions (extremely wetter above +2) [46]. The
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temperature anomaly in summer 2012 (A7_summer) was pro-
vided by SMC at 1 km x 1 km spatial resolution, and was
calculated as the difference between mean summer temper-
ature in 2012 and mean summer temperature for the period
1961-1990.

Daily SMOS-derived soil moisture maps at 1-km spatial reso-
lution (L4 product) over Catalonia for summer 2012 (June 2012—
August 2012) were obtained from the BEC (see [34]), which
uses a downscaling algorithm to combine coarse-scale SMOS
information (~40 km) with MODIS/Aqua LST and NDVI, ob-
taining fine-scale soil moisture estimates at 1 km (see [27], [30]
and Supplementary Text in this paper for further information).
SMOS-derived soil moisture is representative of approximately
the top 5 cm of the soil [17], although in sifu measurements
from O to 3 cm depth showed slightly better correlation with
brightness temperatures than those obtained for the entire top
5 cm ([47] in SMOSREX experiment, Southern France) spe-
cially under wet soil conditions. SMOS operates at L-band (1.4
GHz), the optimal frequency for retrieving soil moisture infor-
mation, which can be estimated in areas where the overall vege-
tation water content of the studied pixels is <5 kg/m?. This con-
dition only excludes areas with a nearly homogeneous cover of
highly dense forests, such as jungles or taiga [48], [49], which is
not the case of Catalonia. Still, the presence of dense vegetation
has an impact in the accuracy of L-band soil moisture estimates;
validation of SMOS-derived soil moisture under forested covers
has been carried out in [21] (at ~40-km resolution), and in [30]
(at 1-km resolution), showing that retrieval under forested areas
is less accurate than for other vegetation types.

For this study, the mean summer soil moisture over Catalonia
was obtained using SMOS afternoon passes (Fig. 4), since val-
idation studies over the Iberian Peninsula have revealed better
correlations with in sifu data for afternoon than for morning
passes [30], [31]. Mean values show the extremely dry con-
ditions of the soil during summer 2012, with moisture values
ranging from 0.08 to 0.14 m® - m~3. Although this range is nar-
row and near to 0.04 m® - m> (the SMOS-derived soil moisture
product expected accuracy), this is largely due to the fact that
data were averaged for a period of three months. Daily ranges
of SMOS-derived soil moisture were wider than 0.04 m? - m™
for more than 90% of the days, and at least twice the expected
accuracy for more than 60% of the days. See Supplementary
Text for additional information about SMOS datasets.

D. Statistical Methods

Forest decline probability for each species was modeled as a
function of lithology, climate characteristics, specific climatic
conditions in summer 2012, and SMOS-derived soil moisture,
using logistic regression models. We used Pearson’s correla-
tion coefficients (r) to detect redundancy among the explana-
tory variables (Table S2). Whenever a pair of variables had a
correlation r > 0.51, we selected the one resulting in a better
model fit in terms of the Akaike Information Criterion (AIC)
and rejected the other one, to avoid multicollinearity. The final
set of explanatory variables was composed by species (Table
S3), mean annual radiation (see Fig. 2(c)), mean annual pre-
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Fig. 4. Mean soil moisture. (a) Mean soil moisture during summer 2012 in

Catalonia, as estimated by the SMOS platform (SMOS afternoon passes; units:

m? - m3). Coastal areas are not represented due to inexact transition between

SMOS measures; (b) number of days in summer with soil moisture (SMOS)
data available per pixel. No data are obtained in coastal areas due to inexact
transition between SMOS measures.

cipitation (see Fig. 2(a)), summer 2012 temperature anomaly
(see Fig. 2(d)), SPI3, SPI12 (see Fig. 3(a), (c), respectively),
and mean summer soil moisture (see Fig. 4(a)). All the quan-
titative predictors were centered and standardized at a global
level before fitting the models. As our main focus was on the
effects of the specific environmental conditions during summer
2012, we also introduced the interactions between species and
summer 2012 temperature anomaly, SPI3, SPI12, and soil mois-
ture. Additional models including the interactions of radiation
and precipitation with species were considered during model
selection but did not improve model fit significantly and these
interactions were removed in our final analyses. Similarly, pre-
liminary models showed that the effect of lithology was never
significant and this variable was not included in the final models.

To avoid a highly unbalanced sample due to the higher num-
ber of unaffected entries in our dataset, we used only a random
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subset of unaffected entries corresponding to twice the number
of affected ones (see Table S3). This random resampling was
done globally, and not per species, because we were interested in
the general capacity of the model to explain decline occurrence
in the study area (with its current distribution of different forest
types) and not necessarily in capturing the true decline probabil-
ities by species. Although modeled decline probabilities do not
necessarily represent the species’ absolute decline probabilities,
the relative probabilities across species are conserved (see [50]).
The random selection was repeated ten times to ensure that our
main results were robust to this selection (see Table S4). The
residuals of our final model showed only moderate spatial struc-
ture at small spatial scales (below 20 km). We used the variance
inflation factors (VIF) for the model variables to quantify the
severity of multicollinearity. VIF was >5 only for SPI3 (VIF
= 6.48). To explore the potential effect of multicollinearity in
this study, we refitted our model without this variable. Results
showed that remaining model coefficients were similar to those
in the original model in terms of significance, sign, and magni-
tude (results not shown), implying that multicollinearity did not
have a major influence in this case. In the final model, predicted
probabilities of being affected were compared with the binary
information from the observed dataset, and model performance
was assessed using the area under the receiver operating char-
acteristic curve (AUC). Significance for all statistical analyses
was accepted at p < 0.05. All models were fitted using the R
software (v3.0.0, The R Foundation for Statistical Computing).

III. RESULTS

A. Overview of Forest Decline Events Detected in 2012

A total of 340 new events of forest decline were detected in
September 2012, affecting 236.12 km?, (2.1% of total forested
area in Catalonia). These events impacted mostly broadleaved
species, both in absolute terms (number of events and area af-
fected) and in relative terms (in relation to the overall distribution
area of each species). The percentage of the species’ distribu-
tion area affected ranged from 0.9% (Quercus suber) to 7.9%
(deciduous Quercus) in broadleaved species, and between 0.2%
(Pinus halepensis) and 0.9% (Pinus nigra) in conifers (see Table
I). Deciduous Quercus forests accounted for 42% of all affected
areas, Quercus ilex accounted for 35%, and Fagus sylvatica for
8.2%. Conifers were much less affected and, overall, accounted
for only 10% of the impacted areas. In absolute terms, Pinus
pinea, Pinus pinaster, and Pinus uncinata were the least affected
species, whereas Pinus halepensis was the least affected in rel-
ative terms, as only 0.19% of its distribution area was damaged
(see Table I).

The percentage of events affected by mortality varied widely
among species, independently of the differences in the amount
of decline between broadleaves and conifers. In particular, most
species showed mortality in >50% of the episodes during the
preceding year, except for P. halepensis (34.1 %), Q. suber
(8.8%), and F. sylvatica, which was only affected by defoliation
and/or discoloration (see Table S1). Finally, the amount of de-
cline events increased two years later on most species (mainly

on P. sylvestris), but decreased on deciduous Quercus and Fagus
sylvatica (see Table S1).

B. Determinants of Forest Decline

Our models explained 36%-39% of the deviance in the
decline probability, depending on the random selection of
nonaffected cells (see Section II-D). AUC for the final model
was 0.893 (AUC > 0.8 indicates an excellent fit; [51]). All
models gave very consistent results in terms of the values of the
estimated coefficients and the significance of the effects (see
Table S4) and the following results are based on the model with
lowest AIC, which is the final model (39.3% of explained de-
viance, Table S5). Not surprisingly, considering what has been
reported in the previous section, the model identified species
identity as the most influential factor explaining forest decline
(see Table S6). The ranking of species damage predicted by
the model followed closely the results reported in the previous
section (see Fig. S1). Climatic radiation and precipitation had
a positive effect on decline occurrence (see Table S5).

Regarding the variables characterizing the environmental
conditions during year 2012, they all showed significant in-
teractions with species (see Table S5). The effect of SPI3 and
SPI12 on decline probability was consistently negative, but not
always significant, for all species, except for P. sylvestris. The
negative effect of SPI3 on decline occurrence was significant for
Pinus halepensis, Pinus nigra, and Fagus sylvatica (see Fig. 5
and Table S5), whereas SPI12 presented significant negative
effects for Pinus nigra, Quercus suber, Quercus ilex, and Fagus
sylvatica (see Fig. 6 and Table S5). Thus, lower rainfall was
associated with higher decline. Summer temperature anomaly
(AT_summer) increased decline probability in most species and
had strong and significant effects on all species except P. nigra,
P. pinea, and P. halepensis (see Fig. 7 and Table S5). Finally,
low values of estimated soil moisture increased the probability
of forest decline in all species, although the effects were only
significant for deciduous Quercus, Q. ilex, F. sylvatica, P. nigra,
and P. sylvestris (see Table S5 and Fig. 8).

IV. DISCUSSION

A. Local Climatic Anomalies as Determinants of Drought
Effects on Different Forest Species

Our results showed a remarkable coherence in the effects of
the variables describing climate anomalies and soil moisture dis-
tribution. In general, an area was more likely to be affected wher-
ever temperatures were particularly high and rainfall particularly
low during summer 2012, compared to long-term averages, re-
sulting in low water content in surface soils. Interestingly, the
effects of rainfall at the summer and whole-year timescales were
spatially independent from each other, suggesting that rainfall
accumulated at these different timescales might need to be ac-
counted for separately in models of drought effects on forests
[52]. The positive relationship between temperature anomaly
and decline occurrence observed in our study is consistent with
recent reports highlighting the key role of high temperatures
and vapor pressure deficit in drought-induced forest mortality
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Fig. 5. Effect of SPI3 on decline probability. Modeled effect of the SPI on

a three month timescale (SPI3) on decline probability for each of the studied
species. SPI3 is dimensionless. Values of SPI3 were back-transformed to the
original scale for display purposes. Black curves show effects and dashed lines
show 95% confidence intervals. As minimum and maximum SPI3 values are
different for each species, shaded rectangles show SPI3 values out of the range
for each species, where effects are extrapolated. Top-right boxes show the
significance of the effects for a given species, as p < 0.05 (x), p < 0.01 (xx),
and p < 0.001 (x#x). A rug plot is shown giving the marginal distribution of the
predictor on the horizontal axis.

[53]. Similarly, our results are in agreement with the studies
highlighting soil moisture as an important factor explaining the
spatial distribution of forest decline. For instance, in [54] it is
shown that low shallow (<10 cm) soil moisture was associated
to the spatial patterns of sudden aspen (Populus tremuloides)
decline in Western USA. It should be noted, however, that the
study species are likely to extract most water from deeper soil
layers than those sensed by SMOS, and the relationship between
SMOS-derived shallow soil moisture and soil water availability
to plants requires further investigation.

Our results showed that forests growing in sites under wetter
mean climatic conditions and in areas more exposed to radi-
ation were more likely to experience decline. Recent studies
have shown that the vulnerability to drought may remain ap-
proximately constant across biomes [55], and that even species
from very humid locations (e.g., tropical rainforests) are prone
to suffer from drought [56]. Similarly, populations from drier
areas may be better adapted to drought, resulting in a similar or
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Fig. 6.  Effect of SPI12 on decline probability. Modeled effect of the SPI on a

yearly timescale (SPI12) on decline probability for each of the studied species.
SPI12 is dimensionless. Values of SPI12 were back-transformed to the original
scale for display purposes. Black curves show effects and dashed lines show 95%
confidence intervals. As minimum and maximum SPI12 values are different for
each species, shaded rectangles show SPI12 values out of the range for each
species, where effects are extrapolated. Top-right boxes show the significance
of the effects for a given species, as p < 0.05 (x), p <0.01 (*x), and p < 0.001
(*xx). A rug plot is shown giving the marginal distribution of the predictor on
the horizontal axis.

higher vulnerability in wetter areas even within the range of a
given species (e.g., [S7]).

B. Broadleaved Trees Were More Affected by the 2012
Drought Than Conifers

Consistent with the higher susceptibility of broadleaved
species, they tended to be more sensitive to the studied drivers
of drought stress than conifers. This result agrees with the fact
that conifers have wider safety margins from hydraulic failure
in their xylem, both in general [55] and also in particular for
the set of species studied here (see Table S7). However, drought
resistance in plants is complex and multifaceted, and vulnerabil-
ity to xylem embolism is by no means its only component, nor
the only one differing between angiosperms and gymnosperms
[58]. Generally, broadleaved species tend to have deeper roots,
and all the broadleaves included in this study are able to re-
sprout, whereas the studied conifers are not. These differences
might explain why the higher damage of broadleaves observed
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olated. Top-right boxes show the effect significance as p < 0.05 (x), p < 0.01
(xx), and p < 0.001 (*x*x). A rug plot is shown giving the marginal distribution
of the predictor on the horizontal axis.

in summer 2012 was not observed in the previous DEBOSCAT
surveys conducted in years 2010 and 2011 [35]. In 2013, a
wet year in the study area, only 37 new decline events were
recorded in the DEBOSCAT survey. Interestingly, however, the
two species with higher area affected by new 2013 events were
pines (P. halepensis and P. sylvestris) [59]. In addition, several
decline events registered during 2012 were recovered two years
later in most broadleaved species, showing that the postdrought
dynamics of the studied episodes should be a matter of study.
In contrast, the increased number of decline events mainly in
conifers on 2014 suggests that they may be more prone to suffer
lagged mortality effects (e.g., [60] for P. sylvestris in the same
study region, consistent with results shown in Table S1 for this
species). Also, these results suggest that the differential vulner-
ability to drought of broadleaves and conifers might depend on
the temporal development of drought and can vary from year
to year even within a given location, perhaps providing an ef-
fective resilience mechanism over larger spatial and temporal
scales (cf., [61]).
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Fig. 8.  Effect of soil moisture on decline probability. Modeled effect of soil
moisture (SMOS, in m> - m~3) on decline probability for each of the studied
species. Values of SMOS were back-transformed to the original scale for display
purposes. Black curves show effects and dashed lines show 95% confidence
intervals. As minimum and maximum SMOS values are different for each
species, shaded rectangles show SMOS values out of the range for each species,
where modeled effects are extrapolated. Top-right boxes show the significance
of the effects for a given species, as p < 0.05 (x), p < 0.01 (xx), and p < 0.001
(). A rug plot is shown giving the marginal distribution of the predictor on
the horizontal axis.

C. Are Euro-Siberian Species More Vulnerable Than
Mediterranean Species?

Our hypothesis that Euro-Siberian species at the Southern
(and dry) limit of their distribution would be more vulnerable
to drought was only partially verified. Although Fagus sylvat-
ica, a typical central European species, was highly impacted
by drought in 2012 and was the most sensitive species to the
majority of studied variables, another Northern species, such as
the mostly Boreal Pinus sylvestris, was much less impacted (in
2012) and this impact was poorly related to the studied drivers.
This result for Pinus sylvestris contrasts with several decline
events detected for this species in the study area [11], [36], [60],
[62] and with the higher damage of the species reported on the
2010,2011, 2013, and 2014 DEBOSCAT campaigns [35], [59].
For the 2012 effects studied here, the influence of the species’
biogeographical range was clearly less important than the type
of species (broadleaved compared to conifers). Some typical
Mediterranean species, such as Quercus ilex and Quercus suber,
were highly affected, while Pinus halepensis was not. The high
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sensitivity of Fagus sylvatica to the studied factors suggests that
increasing temperatures and droughts could strongly affect this
species in the study region [37] and elsewhere in Europe [63].

D. Toward a Predictive Monitoring of Forest Vulnerability
to Drought

The fact that the species distribution and the climatic anoma-
lies during the study year explained a substantial proportion of
the spatial distribution of forest decline, and that climatic effects
were largely consistent across species, offers a promising av-
enue in terms of predicting forest decline at large spatial scales
using GIS and remote sensing data. All the variables included
in our study are relatively easy to calculate or readily available
at different temporal and spatial resolutions for many regions
of the globe (e.g., see [64]). At the same time, however, we
note that our model explained ~40% of the spatial variability
in forest decline, and this percentage would be probably lower
if the model was used to predict future decline events. This fact
suggests that major determinants of the decline process were
not accounted for in our study. The effect of previous droughts
(such those occurred between 2004 and 2008 in the study area),
for instance, might represent an important predisposing factor
partially explaining the spatial distribution of current decline
events. Although no large-scale pest effects were detected in
2012 in the study area, the impact of biotic agents is likely to
be locally important [65]. Patterns of tree death are often patchy
at fine spatial scales across the synoptic drought-affected re-
gion, which suggests the need to include more detailed-scale
factors in future editions of the DEBOSCAT survey. Actually,
decline patterns depend on the combination of ecosite variabil-
ity (e.g., soils or slope) and density-dependent processes (e.g.,
competition or insect outbreaks) [2]. Stand development and
structural characteristics have been related to forest decline in
many studies (e.g., [8], [13]). Disturbance legacies, including
past forest management practices, are the main determinants
of current stand characteristics over most of the study region
[13], [14], and may explain the clustering of decline episodes
in some areas (see Fig. 1). Finally, fine scale soil characteris-
tics such as texture or vertical development are also obvious
contributors to forest decline occurrence [11], as root develop-
ment is limited on shallow and/or rocky soils, obviously influ-
encing water retention and availability independently of direct
climatic effects.

Highly resolved soil moisture data obtained from remote sens-
ing, such as the SMOS-derived dataset used in this study, offers
a path forward for the predictive modeling of drought effects.
The major limitation of SMOS downscaled data at present is
the shallow soil depths at which SMOS is sensitive to (0-5 cm)
[27], as it only captures a small fraction of the rooting zone
of most tree species [66]. This drawback may explain the rela-
tively low explanatory power of soil moisture in our study. This
issue could be improved using surface moisture models (e.g.,
those from the Global Land Data Assimilation System [67]),
or by estimating water content in deeper layers from surface
soil moisture, e.g., adapting the methodology proposed by [68]
to SMOS-derived data. Concerning its spatial resolution, the

downscaled product is applicable to regional studies (while the
L2 product is not) but a better resolution would be desirable and
is under study [31]. Hence, soil moisture remote sensing data
applicability and the possibility of improving its characteristics
makes SMOS-derived data a promising tool with many poten-
tial applications in Earth sciences in general and forest ecology
in particular.

V. CONCLUSION

We were able to explain a substantial proportion (~40%) of
the spatial distribution of forest decline during the extremely dry
summer of 2012 in Catalonia, Northeastern Spain, using widely
available environmental data. We concluded that precipitation
anomaly at different time scales, anomalies of temperatures,
and surface soil moisture, were important and complementary
to explain forest decline patterns. These results are promising
because they show that predicting forest decline is possible. At
the same time, however, the substantial proportion of variance
that could not be explained by our model indicates that other
factors (e.g., soil properties, ecosite variability, stand structure
and management history, or occurrence of previous droughts)
are also likely to be important and need to be taken under con-
sideration in future monitoring programs and decline models.
In general, climatically wetter and more exposed forests were
more vulnerable than those located in drier or more shaded areas.
More affected forests were also characterized by high positive
temperature anomalies, low rainfall accumulated for the whole
summer and for the previous year, and by correspondingly low
soil moisture in surface layers. However, species differed in
their overall affectation and in their susceptibility to the stud-
ied drivers. Overall, broadleaved species were more affected
than conifers. Interestingly, species at the southern limit of their
distribution were not necessarily more sensitive to the stud-
ied explanatory variables, nor necessarily more affected (e.g.,
P. sylvestris) than species distributed over drier areas, at least in
the short term. We expect further developments in GIS and in
the spatial and temporal resolution of remote sensing data, in-
cluding soil moisture, to increase the predictive power of similar
applications in the future.
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