Research Article - doi: 10.3832/ifor1183-008

®iForest - Biogeosciences and Forestry

Environmental niche and distribution of six
deciduous tree species in the Spanish
Atlantic region

Jose V Roces-Diaz ", Borja Jiménez-Alfaro ?, Pedro Alvarez-Alvarez ",
Miguel A Alvarez-Garcia ®

Understanding the influence of environmental factors on the distribution of
tree species is essential for developing management actions at regional level.
We developed species distribution models for six European tree species to de-
termine their potential niche in the Spanish Atlantic region, where deciduous
forests are relatively well preserved. Data from the national Forest Inventory
and topo-climatic and soil variables were used to construct distribution models
by using Generalized Linear Models. The main factor accounting for the cur-
rent geografic distribution of the selected species were minimum winter tem-
perature and mineral fertility of soils. Suitable habitats for Quercus petraea
and F. sylvatica were mainly high-altitude areas with low minimum tempera-
tures. In contrast, Q. robur and C. sativa were restricted to low altitudes and
warmer conditions. Betula pubescens was not influenced by the elevation,
probably because its adaptation to Atlantic conditions, though its distribution
was associated with low fertility soils. Although the submediterranean Q. pyre-
naica was positively influenced by the slope, model performance was poor for
this species, possibly because of the truncated environmental range of the
species in the study area. The findings suggest that temperature rather than
moisture is shaping the distribution of deciduous trees at the southern limit of
the Atlantic biogeographic region. Strong elevational difference between the
warm coast and the cold mountains may determine the geographical disjunc-

tion between Q. robur and Q. petraea in southern Europe.
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Introduction

The temperate mid-latitude ecozone of the
northern hemisphere is mainly distributed in
the Atlantic regions of North America and
Europe and also in central Europe (Schultz
2005). The climax vegetation of this ecozone
consists of temperate deciduous forests,
which dominate from sea level to the sub-
alpine zone. These ecosystems comprise so-
me of the main components of European
landscapes (Meeus 1995) and provide the
society with important flow of services (MA
2005, Harrison et al. 2010). The main eco-
system services provided by forests are regu-
lation processes, such as soil protection, cli-
mate, etc., although provision of cultural ser-
vices is also important.

The distribution of tree species in Europe
is mainly determined by climatic factors
(Svenning & Skov 2004, 2007), despite the
effect of historical factors such as the pre-
sence of glacial refuges (Mufloz Sobrino et
al. 2006, Willner et al. 2009) and naturaliza-
tion of species beyond their former range.
The dominant forest tree species in the tem-
perate mid-latitude ecozone are taxonomical-

ly related, most belonging to the Fagaceae
family. These species require a minimum of
120 days per year with an average tempera-
ture above 10 °C, and most of them grow in
areas where winter is shorter than 4 months
(Walter 1979) and frost damage is a secon-
dary factor. Although it has been suggested
that minimum temperature is one of the main
determinants for the growth and develop-
ment of native trees (Sykes et al. 1996),
other climatic variables and soil factors are
also expected to shape the distribution of
tree species (Ashcroft et al. 2011).

Several attempts have been made to cha-
racterize the ecological niche and spatial dis-
tribution of forest tree species in Europe (Sy-
kes et al. 1996, Brus et al. 2011, Casalegno
et al. 2011). However, biogeographical re-
gions differ in terms of historical and cli-
matic factors. A better understanding of spe-
cies-environment relationships requires data
sources spanning over large areas with high
spatial resolution (e.g., National Forest In-
ventories - NFI), to be used for the develop-
ment of climatic models, with the aim of
analyzing particular areas and assessing the
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influence of environmental conditions. Com-
puting species distribution models (SDMs -
Guisan & Thuiller 2005, Elith & Leathwick
2009) applied on such data may be especial-
ly useful for defining the environmental ni-
che of tree species and for assessing their po-
tential distribution at regional scales.

In this study, we applied SDMs on species
occurrence data from the Spanish NFI to
compare the climatic niche of six European
tree species in the Atlantic region, at the
southern distribution limit of temperate de-
ciduous forests in Europe. The studied re-
gion is characterized by an oceanic and rela-
tively warm climate and representing a uni-
que environmental zone in Europe (the Lu-
sitanian zone, according to Metzger et al.
2005). The study area was the Autonomous
Community of Asturias, one of the most
densely forested areas of the Iberian penin-
sula, where deciduous forests are relatively
well preserved. Asturias is characterized by
an elevational gradient ranging from the sea
level to altitudes often higher than 2000 m
a.s.l., by far the strongest altitudinal gradient
found across the entire European Atlantic re-
gion. According to local vegetation surveys,
the distribution of tree species is determined
by strong climatic gradients and soil condi-
tions (Diaz & Fernandez-Prieto 1994), al-
though it is unknown whether local environ-
mental gradients affect the ecological niche
of forest trees. Thus, Asturias provides a
good study system for investigating the envi-
ronmental niche of European tree species in
oceanic temperate climates with high topo-
graphic heterogeneity.

Understanding the ecological determinants
that affect the distribution of forest tree
species in this region is important for plan-
ning appropriate management actions aimed
at preventing the potential impacts of climate
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Fig. 1 - Map of the study area. (a): location of Asturias in the European Biogeographical At-
lantic Region (source: EEA 2011). (b): Digital elevation model of Asturias (source: IGN

2013).

change in southern Europe (Benito Garzon
et al. 2008). It is worth noting that native
forests from this area are rarely monospe-
cific, including one or more dominant spe-
cies, and mixtures of different tree structures
as well. Niche overlapping is therefore pos-
sible for these species, and the analysis of
such overlap could help improve our under-
standing of forest distribution.

The main aims of this study were: (i) to in-
vestigate how environmental factors deter-
mine the distribution of main tree species in
deciduous forests; and (ii) to delineate the
potential distribution ranges of these species
at high-resolution scale. In addition, we dis-
cuss whether the factors driving the forest
tree species’ occurrence in the Spanish At-

Tab. 1 - Mean values (and standard deviation)

lantic Region are similar to those previously
reported for other European regions.

Material and Methods

Study area and species

The Autonomous Community of Asturias
is part of the European Atlantic Region
(EEA 2011) at the border with the Mediter-
ranean Region (Fig. 1), and covers about
10 600 km? of which approximately 40% are
forests. The area is one of the most densely
forested regions in Spain (MMA 2003).

The climate is oceanic, with mean precipi-
tation exceeding 800 mm year™ and reaching
more than 2000 mm year” at highest eleva-
tions. Precipitation decreases in summer in

of the parameters used to describe the struc-

ture of forest stands analyzed in this study. Data from plots with more than 50 stems ha™' and
coverage by the dominant species > 60% (source: MMA 2003).

some areas, but physiological drought does
not occur in any part of the study area. Fo-
rest wildfires in this region are less intense
and affect smaller areas than in the Me-
diterranenan region (Alvarez & Marquinez
2007).

Human impacts on woodlands in Asturias
began two thousand years ago (Mufioz-So-
brino et al. 2005), but during the last century
human activity has deeply transformed most
accessible areas at low and medium altitudes
(< 1000 m a.s.l.). Nowadays, timber produc-
tion using fast growing species such as Eu-
calyptus spp. and Pinus spp. are widespread
at low altitudes, while remnants of natural
forests are scattered amongst meadows and
heathlands used for livestock. In montane
areas, forests are more abundant though frag-
mented (Garcia et al. 2005). Timber line is
represented by deciduous forests and rarely
exceeds 1700 m a.s.l. (Diaz & Fernandez-
Prieto 1987).

In this study, six main native tree species
occurring in the study area were chosen
(Tab. 1): Quercus robur L., Q. petraea
(Matt.) Liebl., Q. pyrenaica Willd., Fagus
sylvatica L., Castanea sativa Mill., and Be-
tula pubescens Ehrh (sometimes referred to
as B. pubescens subsp. celtiberica or B.
celtiberica). These species may be found as
dominant trees (except C. sativa) in mixed
forests, along with other minor species such
as Fraxinus excelsior L., Salix spp., llex
aquifolium L. and Acer pseudoplatanus L.

Data collection

Information on species cover was drawn
from the Spanish National Forest Inventory
(NFI - MMA 2003), based on a regular grid
of 1x1 km covering the whole forested terri-
tory. For each grid node, data on the presen-
ce and cover of tree species in circular plots
(radius 25 m) were available. Presence/ab-
sence of the six target species for 1877 plots
falling within the study area were then im-
ported in a GIS database (ArcGIS 9.3, ESRI,
Redlands, CA, USA). The minimum distance
of 1 km between plots was chosen to prevent
the inclusion of spatially autocorrelated data.

Climatic and topographic data were com-
piled from the Climatic Digital Atlas of the
Iberian Peninsula (Ninyerola et al. 2005),
available in grid format with a cell size of
200 m. Climatic data consisted of the follo-
wing variables (Tab. 2): (i) annual precipita-
tion (PREC); (ii) annual mean temperature
(T); (iii) mean temperature of the coldest
month (TMIN); (iv) index of continentality

. Tree density Basal area Quadratic mean Dominant . :

Dominant 0 P . . (IC), i.e., the difference between the mean

species (stems ha”) (m” ha”) diameter (cm) height (m) temperatures of hottest and coldest months
mean SD mean SD mean SD  mean  SD (Tuhkanen 1980); and (v) potential evapo-

Q. robur 449.52 396.8 1533 10.05 23.39 1041 12.17 4.18 transpiration for July (ETP), representing the

Q. petraea 342.04 243.5 18.92  12.7 2827 13.88 12.89 4.46 maximal evaporation in a given area without

Q. pyrenaica 54326 600.15 1425 12.54 193 8.39 10.96 4.73 water limitation in the driest month (Thorn-

F. sylvatica 526.43 420 26.13 1064 29.77 1248 17.18 4.21 thwaite 1948). Three topography-related va-

C. sativa 785.1 668.61 2473 1791 23.61 14.07 13.99 3.64 riables were also considered: (vi) altitude

B. pubescens 645.7 560.32 15.02 10.1 17.80 6.86  12.19 4.72
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Tab. 2 - Description of the variables considered as possible predictors of the geographic distribution of the six target species. (a): Semiquan -
titative classification from 1 (lowest) to 4 (highest).

Variable Description Unit Source Ce(l:;)lze
ALT Altitude based on a Digital Elevation Model m IGN 2013 10
SLOPE  Slope based on a Digital Elevation Model % IGN 2013 10
RAD Accumulated radiation during one year kJ m?year’ Ninyerola et al. 2005 200
PREC Accumulated precipitation during one year mm Ninyerola et al. 2005 200
TEMP  Mean annual temperature °C Ninyerola et al. 2005 200
TMIN Mean temperature of daily minimum during January °C Ninyerola et al. 2005 200
IC Difference between monthly temperatures of hottest month and °C Ninyerola et al. 2005 200
coldest month
PET Maximum evaporation occurring on ground totally covered by mm Ninyerola et al. 2005 200
vegetation and without water limitations during the driest month
FERTI  Soil fertility based on lithological factors 1t04®  Ferndndez-Menéndez 2002 200

(ALT); (vii) slope (SLOPE); and (viii) solar
radiation (RAD); and one variable related to
soil pH: (viii) fertility (FERTI), determined
for the study area by combining geological
and lithological digital maps to reflect the
amount of carbonates and soil depth (Fer-
nandez-Menéndez 2002).

Pairwise Pearson’s correlation coefficients
(r) were calculated between variables to as-
sess their collinearity, excluding those with
r>0.6. FERTI, SLOPE, RAD and PREC
were not significantly related to any other
variable. ALT and TEMP were closely cor-
related with several of the other factors and
therefore discarded from further analysis.
TMIN, IC and ETP were correlated with
each other. As TMIN is a meaningful factor
related to the winter temperatures and frost
probability, it was preserved as a more infor-
mative predictor, and the other two factors
then discarded.

Distribution models
In order to model the spatial distribution of
each of the six target species analyzed, Gen-

using the Area Under the ROC Curve (AUC
- Fielding & Bell 1997). AUC values can
range from 0.5 (performance equal to ran-
dom) to 1.0 (perfect fit). For assessing distri-
bution models, AUC values in the range 0.5-
0.7 were considered low, 0.7-0.9 were mo-
derate and >0.9 were high, suggesting poor,
good and very good model performances, re-
spectively (Swets 1988). For each of the six
models considered, Moran’s [ statistic was
also computed to evaluate the spatial auto-
correlation of residuals after accounting for
the effect of the environmental variables,
using the Spatial Analyst tool in ArcGIS
(Elith & Leathwick 2009).

The coefficients from the GLMs obtained
were used to predict the probability of occur-
rence of the target species in the whole study
area at a grid size of 200x200 m. Predicted

values ranging from 0 to 1 were interpreted
in terms of habitat suitability, i.e., the proba-
bility of finding suitable environmental con-
ditions for each species according to the set
of variables included in the models. Finally,
Pearson’s correlation coefficients between
predicted and observed data were calculated
for each species using a random selection of
1000 grid points over the study area.

Results

The results from the GLM analysis revea-
led differences among those environmental
variables that determine the occurrence of
the analyzed species (Tab. 3). The model for
Q. robur, which included all the variables
considered, revealed that the presence of this
species was positively related to TMIN,
RAD and PREC, and negatively related to

Tab. 3 - Results of the GLM modeling for each of the six target species. (B): coefficients of
the model; (Wald): statistics used in the variable selection process; (AUC): accuracy parame-

ter used for validation.

eralized Linear Models (GLMs) were con- Model Variable B Range Mean Wald AUC
structed using a binomial distribution with a ~ Quercus TMIN 0.039 4-13.2 9.6 98.232 0.76
logistic link function in SPSS 17.0 for Win-  robur FERTI -0.182 1-4 2.64 13.568
dows (SPSS Inc. 2008). The dependent va- SLOPE -0.021 0.5-40.6 15.2 6.505
riable was binary and reflects the presence RADI 0.001 1134-2369 1920 16.403
(1) or absence (0) of each species in each PREC 0 714-2034 1273 291
plot. The dataset of each species was imple- constant -6.101 - - 38.029
mented in ArcGIS 9.3 to built an equal pro- ~ Quercus TMIN -0.035 4.6-13.2 9.2 34.088 0.753
portion of presences and absences (50%). _petraea constant 3.243 - - 33314
Using a random selection procedure, we se- Quercus SLOPE 0.042 0.4-37.9 15.8 11.755 0.569
lected 80% of the grid points for model cali-  pyrenaica  PREC 0 755-1767 1258 5.524
bration and the remaining 20% for the next constant 0.746 - - 1.647
validation step. The sample size was 1816  Fagus TMIN -0.084 4.0-13.1 9.1 133.138 0.861
for Q. robur, 508 for Q. petraea, 630 for Q.  sylvatica FERTI 0.707 1-4 2.93 52.607
pyrenaica, 832 for F. sylvatica, 1690 for C. RADI -0.003 1145-2369 1874 37.96
sativa, and 1588 for B. pubescens. constant 11.783 - - 98.443

Independent variables in GLMs were se-  Castanea TMIN 0.07 4.0-13.2 9.6 262.284 0.758
lected using the Wald’s backward stepwise  sativa PREC 0 636-2034 1276 7.49
procedure. The performance of each model constant -5.474 - - 69.797
was assessed by a confusion or error matrix ~ Betula FERTI -0.424 1-4 2.61 68.993 0.627
that crosstabulates the observed and predic-  pubescens ~ SLOPE -0.037 0.1-39.8 15 20.94
ted presence/absence patterns (Fielding & RADI 0 1134-2360 1919 5.689
Bell 1997). Model validation was performed PREC 0 636-2034 1272 8.7

constant 4.345 - 77.087
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Fig. 2 - Results of the modeling of habitat suitability for the six species analyzed. Non-forest areas were excluded from the analysis (dis -

played in white in the maps).

FERTI and SLOPE. The AUC value for this
model (0.760) indicates a good performance.
The Q. petraea model provided a similar ac-
curacy (AUC = 0.753), although in this case
the only variable included was TMIN and its
effect was negative. Although the Q. pyre-
naica model was the least accurate (AUC =

0.569), it revealed that the presence of this
species was positively related to SLOPE and
PREC. The F. sylvatica model was the most
accurate (AUC = 0.861), showing that the
presence of this species was positively re-
lated to FERTI and negatively related to
TMIN and RAD. For C. sativa, model per-

Tab. 4 - Probability thresholds for the five habitat suitability classes.

Suitability classes

Model . " -
Very Low Low Medium High Very High
Q. robur <0.10 0.10-0.19 0.19-0.29 0.29-0.41 0.41-0.79
Q. petraea <0.31 0.31-0.39 0.39-0.51 0.51-0.65 0.65-0.96
0. pyrenaica <0.75 0.75-0.79 0.79-0.83 0.83-0.87 0.87-0.98
F. sylvatica <0.13 0.13-0.26 0.26-0.51 0.51-0.83 0.83-0.99
C. sativa <0.46 0.46-0.74 0.74-0.88 0.88-0.93 0.93-0.99
B. pubescens <0.88 0.88-0.92 0.92-0.94 0.94-0.96 0.96-0.99

Tab. 5 - Results of the Pearson’s correlation
ferent species analyzed. (**): p< 0.01.

analysis between habitat suitability for the dif-

formance was similar to that obtained for Q.
robur and Q. petraea (0.758), revealing that
the species presence was positively related to
TMIN. Finally, for B. pubescens model per-
formed rather poorly (AUC = 0.627), sho-
wing that the presence of this species was
negatively correlated with FERTI and SLO-
PE.

The predicted spatial pattern of habitat
suitability clearly differed among species, al-
though some similarities were observed (Fig.
2 and Tab. 4). Habitat suitability of C. sativa
and B. pubescens was “high” to “very high”
over more than 50% of the area, with a wide
range of variation, while for the other spe-
cies the range was narrower (10 to 28%).
Calculations of Moran’s I detected positive
values of spatial autocorrelation of residuals
for Quercus petraea (I = 0.543, P = 0.00)
and Betula pubescens (I = 0.51, P = 0.03)
models, and a stronger clustering for Cas-
tanea sativa (I = 0.81, P = 0.00). The remai-
ning species were randomly distributed.

Pearson r Q. petraea Q. pyrenaica F. sylvatica C. sativa B. pubescens Highest suitability values for Q. robur and
0. robur -0.839 ** -0.44 ** -0.876 ** 0.81 ** 0.35 ** C. sativa were observed in the northern half
Q. petraea - 0.404 ** 0.87 ** -0.938 ** 0.057 ** of the study area, mainly at low altitudes
0. pyrenaica - - 0.38 ** -0.283 ** 0.14 ** (Fig. 3). Analogously, the least suitable areas
F. sylvatica - - - -0.834 ** -0.11 ** for both species were the elevated mountain
C. sativa - - - - 0.102 **

iForest 8: 214-221 217 © SISEF http://www.sisef.it/iforest/
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slopes at the southern limit of the study area
(Fig. 3). By contrast, the highest suitability
values for F. sylvatica and Q. petraea ranged
from intermediate altitudes to approximately
1300 m a.s.l. The suitability values for Q.
pyrenaica were quite similar to those obtai-
ned for F. sylvatica and Q. petraea, as they
showed a certain preference for intermediate
altitudes (Fig. 3). However, suitable areas
for Q. pyrenaica were less continuous than
for other species.

The correlations between habitat suitability
for the different species analyzed clearly re-
vealed two main groups of species: those as-
sociated with low altitudes (Q. robur and C.
sativa) and those preferring mountainous
areas (F. sylvativa and Q. petraea - Tab. 5).
Correlation coefficients between suitability
of Q. pyrenaica and B. pubescens and sui-
tability for any of the other species were al-
ways < 0.5, suggesting the presence of dif-
ferent ecological niches across the study
area.

Discussion

The findings of this study reveal the main
environmental factors driving the distribu-
tion of six European tree species in Asturias,
a region characterized by a temperate ocea-
nic climate and a unique elevational gradient
in the context of the Atlantic biogeographic
region in Europe. The study area represents

Castanea
sativa

Quercus
pyrenaica

Quercus
petraea

Fagus
sylvatica

the southern margin of the distribution for
Fagus sylvatica, Quercus petraea, Quercus
robur and Betula pubescens, which are com-
mon in the Atlantic region but not in the Me-
diterranean region.

We found that the minimum temperature
(TMIN) had a strong influence on species
distribution. Such factor has been considered
critical in shaping the geographical distribu-
tions of plants (Ashcroft et al. 2011). Indeed,
minimum temperature can be used as a sur-
rogate for winter conditions, reflecting the
ability of some species to resist frost dama-
ge. Given the Atlantic influence in the study
area, it is not surprising that precipitation
(PREC) had scant influence on the distribu-
tion of the analyzed species, unlike other
studies carried out in the Mediterranean re-
gion, where this is critical factor affecting
the transitions between forest types (e.g.,
Quercus ilex and Quercus faginea forests -
Ninyerola et al. 2010). Soil fertility (FERTI)
was also found to be an important predictor
of the spatial distribution of species, accor-
ding to previous studies that used soil pro-
perties as predictors in species distribution
models (Gaston et al. 2009).

Model performances were generally satis-
factory, except for Quercus pyreanica and,
to a lesser extent, Betula pubescens. As we
discuss below, the poor model performance
of Q. pyrenaica can be explained by the

HABITAT SUITABILITY ®=VERYLOW wmLOW MEDIUM ~HIGH mVERY HIGH

Areas under 500 m

Areas between 500
and 1000 m

Areas over 1000 m

Betula
pubescens

scarce representation of the species in the
study area, which generates a truncated ni-
che. In contrast, the poor model performance
for B. pubescens may be explained by the
common occurrence of such species in the
whole study area, regardless the changes in
the factors analyzed along the enviromental
gradients considered. We also detected spa-
tial autocorrelation of model residuals for
few species, in particular for Castanea sati-
va. However, spatial effects in species distri-
bution models has been shown not to influ-
ence results in large datasets (Record et al.
2013). In our study, spatial autocorrelation
in the C. sativa dataset suggests that the dis-
tribution of this species is closely related to
factors not included in the current analysis.
Considering that our sampling was based on
well-separated spatial units (1 km), this ef-
fect is possibly related to human activities
favoring the development of chestnut in par-
ticular areas.

Fagus sylvatica and Quercus petraea sho-
wed a strong preference for montane areas.
These species are widely distributed and pre-
dominant in cool regions of central Europe
(Sykes et al. 1996), where they often share
environmental niches. Recent distribution
models based on different climatic scenarios
have predicted in the next few decades an
enlargement of their range in northern Eu-
rope (European Commission 2012), as a
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consequence of the expected increase in
minimum winter temperatures. Our results
confirm that winter temperature affects the
distribution of both species in the Spanish
Atlantic region, and therefore similar shifts
to higher altitudes (rather than higher lati-
tudes) are expected in the future.

The geographic distribution of F. sylvatica
has traditionally been related to a relatively
long vegetative period, high moisture and
high degree of continentality (Fang & Le-
chowicz 2006), variables that are negatively
related to TMIN. Sanchez et al. (2003) re-
ported an optimal distribution for this spe-
cies (in an area close to the present study
area) on northern slopes above 600 m a.s.l.
with mean annual temperature ranging be-
tween 6.1 and 10.5 °C. The optimal condi-
tions described for beech by these authors
imply annual rainfall higher than 950 mm
with no drought and an upper altitudinal
limit of approximately 1500 m as.l., ie.,
similar to the maximum altitude of forests in
the Spanish Atlantic region (Diaz & Fernan-
dez-Prieto 1987). At northern latitudes, the
species shows a preference for temperate
areas where extremely low winter tempera-
tures are rarely occurring. However, it is also
one of the few tree species that resists the
most severe winter conditions in northern
Spain. The distribution of F. sylvatica was
also positively correlated with soil fertility,
suggesting that the species prefers basic sub-
strates. As F. sylvatica is known to grow in
basic and acid soils in the study area, this
distribution probably reflects the location of
remnant beech forests in rich (calcareous)
substrates.

Muioz-Sobrino et al. (2008) identified an
increase in the niche of F. sylvatica from the
late Medium Holocene in the northwest of
the Iberian Peninsula, which they attributed
to the progressive warming in the area and
the increased elevation of the tree line in the
Cantabrian mountains. Our results are consi-
stent with these previous findings, as F. syl-
vatica shows a clear preference for montane
sites. Under such conditions (mountain cli-
mate at mid latitudes), F. sylvatica is highly
competitive and is one of the main forest
species in the Atlantic Region. The distribu-
tion of Q. petraea was established about
7000 years ago, as a result of the long-range
recolonization after the last glaciation, accor-
ding to fossil pollen data (Huntley & Birks
1983). Similar to other deciduous oaks, du-
ring the Last Glacial Maximum this species
was limited to small refugia in the Mediter-
ranean region (Bennett et al. 1991), from
where its spread northbound began. It is pos-
sible that similar shifts towards cool areas af-
fected the distribution of this species in nor-
thern Spain, thus explaining its current dis-
tribution range at high elevations.

The geographic distribution of Quercus
robur and Castanea sativa is mainly corre-

lated with low-altitude areas and high mini-
mum temperatures. Although Q. robur ex-
tends to high latitudes (up to 60° N - Repo et
al. 2008), it is often limited by short vegeta-
tive periods and cold damage (Jensen 2000).
Our findings are consistent with those of At-
torre et al. (2012) who reported that the pre-
sence of Q. robur was correlated with the
warm temperatures occurring in temperate
areas of Italy, which suggests a preference of
the species for relatively low altitudes. In our
study, this results in a geographical disjunc-
tion between Q. petraea (restricted to cold
sites) and Q. robur (dominating warm areas
at low and medium altitude). Such disjunc-
tion is fairly uncommon in other European
regions, where both species have similar dis-
tribution ranges, and their environmental
niches are differentiated by soil moisture
(EEA 2007). We also found that Q. robur
was negatively correlated with fertility and
positively correlated with the presence of
acid soils.

Castanea sativa is less common in oceanic
regions than Q. robur, mainly occurring in
permanent forests of the Mediterranean re-
gion. The distribution of chestnut has been
closely associated with human activity over
the last 2000 years, as it has been intensively
planted and harvested in the Iberian penin-
sula since Roman times, and its fruit was an
important food in Medieval Ages as well
(Conedera et al. 2004). Interestingly, the dis-
tribution of C. sativa has been related to low
altitudes with annual rainfall between 700
and 1100 mm in both Mediterranean (Rubio
et al. 2002) and Atlantic regions (Blanco et
al. 2000). Our findings suggest that this spe-
cies formed refugia in warm areas of tempe-
rate regions, which are probably more simi-
lar to the wettest areas of the Mediterranean
regions. Indeed, the study area is considered
a refuge for this species during several gla-
cial events (Krebs et al. 2004) and pollen
evidence demonstrates its presence prior to
human impacts. In addition, we also detected
spatial aggregation of such species, sugges-
ting that its spread may have been locally fa-
vored to some extent by human intervention.

Although B. pubescens was positively cor-
related with the presence of acid soils, we
did not find any clear geographical pattern in
relation to the distribution of this species.
These findings confirm the acidophilous na-
ture of B. pubescens in the Atlantic region,
unlike other biogeographical regions where
birch can grow in different conditions along
a soil mineralization gradient (EEA 2007).
Betula species have been studied from dif-
ferent perspectives in botanical studies (Pei-
nado & Moreno 1989, Ceballos & Ruiz de la
Torre 2001), but no studies have focused on
the ecological niche of these species in the
Iberian peninsula. The relatively poor perfor-
mance of the distribution models indicates
that there are no clear climatic constraints to

the local distribution of this species, which
occurs on acid soils at any altitude in the
study area. Betula pubescens is widely dis-
tributed in the Atlantic Region (Sykes et al.
1996), and its historical importance in nor-
thern Spain is often emphasized as it played
a role as a colonizer after the Last Glacial
Maximum (Muiloz Sobrino et al. 2006).

Finally, the model performed very poorly
for Q. pyrenaica in the study area. In bio-
geographical terms, this species occupies in-
termediate zones between Atlantic forests of
Q. robur and Mediterranean xerophytic fo-
rest dominated by Quercus ilex L. (Castafio-
Santamaria et al. 2013), and this species may
not be sufficiently well represented in the
study area for a good characterization of its
niche. Such specific conditions - commonly
referred as submediterranean climate - are
not frequent in the study area, where Q.
pyrenaica shows a scattered distribution on
acid and dry soils in both mountain and
coastal areas. This species also occupies a
wide altitudinal range in Galicia (which is
also part of the Spanish Atlantic region) in
between 300 and 1300 m a.s.l., and in areas
with low precipitation (750 mm year' -
Diaz-Maroto et al. 2006, 2007). According
to these authors, Q. pyrenaica requires lower
summer precipitation (115 mm from June to
August) than Q. robur (165 mm) and it is lo-
cated in colder areas further from the sea.
This is consistent with the location of the op-
timal area for this species in the Mediter-
ranean region of the Iberian peninsula
(Sanchez de Dios et al. 2009).

Conclusions

This study analyzed the strong altitudinal
gradient of the Spanish Atlantic region and
identified the minimum annual temperature
as the main factor affecting the geographic
distribution of tree species. Soil fertility was
also an important predictor, as suggested by
the good performance of distribution models
for other forest species (Gaston et al. 2009).

Although landscapes in the Iberian penin-
sula have been greatly modified by human
activities, the study area still comprises im-
portant portions of the remnant Atlantic de-
ciduous forests (Garcia et al. 2005). Forest
ecosystems are well represented, and the
sampling carried out was larger enough to
ensure the environmental niche assessed to
be sufficiently representative of the species
requirements. Nonetheless, we also recogni-
ze that in some cases historical reasons may
underlie the current species distribution, es-
pecially at low altitudes (e.g., Quercus
robur) and for those species most influenced
by human activities (e.g., Castanea sativa),
therefore puzzling the interpretation of the
model outputs. In particular, the distribution
of C. sativa appears to be spatially clustered,
possibly due to the effect of past human in-
fluence (Conedera et al. 2004). On the other
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hand, we found meaningful explanations for
the observed distributional patterns of the
other species, in most cases fully consistent
with their autoecological requirements. In
addition, we also detected divergent niches
for Q. petraea and Q. robur that have not
previously been reported in Europe. Suitabi-
lity of oceanic and humid-cool conditions
was also confirmed for Betula pubescens and
Fagus sylvatica, respectively. Overall, the
information provided contributes to a better
understanding of the distribution of deci-
duous forests in the European Atlantic bio-
geographical region.
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