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Abstract

Stem radial growth responds to environmental conditions, and has been widely used as a
proxy to study long-term patterns of tree growth and to assess the impact of environ-
mental changes on growth patterns. In this study, we use a tree ring dataset from the
Catalan Ecological and Forest Inventory to study the temporal variability of Scots pine
(Pinus sylvestris L.) stem growth during the 20th century across a relatively large region
(Catalonia, NE Spain) close to the southern limit of the distribution of the species. Basal
area increment (BAI) was modelled as a function of tree size and environmental variables
by means of mixed effects models. Our results showed an overall increase of 84% in Scots
pine BAI during the 20th century, consistent with most previous studies for temperate
forests. This trend was associated with increased atmospheric CO, concentrations and,
possibly, with a general increase in nutrient availability, and we interpreted it as a
fertilization effect. Over the same time period, there was also a marked increase in
temperature across the study region (0.19 °C per decade on average). This warming had a
negative impact on radial growth, particularly at the drier sites, but its magnitude was
not enough to counteract the fertilization effect. In fact, the substantial warming
observed during the 20th century in the study area did not result in a clear pattern of
increased summer drought stress because of the large variability in precipitation, which
did not show any clear time trend. But the situation may change in the future if
temperatures continue to rise and/or precipitation becomes scarcer. Such a change could
potentially reverse the temporal trend in growth, particularly at the driest sites, and is
suggested in our data by the relative constancy of radial growth after ca. 1975, coinciding
with the warmer period. If this situation is representative of other relatively dry,
temperate forests, the implications for the regional carbon balance would be substantial.
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Introduction

Atmospheric changes, including human-induced in-
creases in carbon dioxide concentration, nitrogen de-
position, and temperature, are likely to have a large
impact on tree and forest growth. The effect of increased
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CO, on forests can be either direct (CO, fertilization) or
via the corresponding increase in surface temperature
and associated changes in the water cycle and the
distribution of precipitation (Boisvenue & Running,
2006). There is ample evidence showing that sudden,
step changes in CO, concentrations can have dramatic
impacts on plant physiology and growth in the short
term (Ceulemans & Mousseau, 1994), but the long-term
effects of CO, enhancement on natural forests are much
less clear (cf. Korner, 2006, Huang et al., 2007). The long-
term effect of other anthropogenic changes, such as
increased N availability due to higher N deposition
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and other modifications of the N cycle, is even less clear,
although recent evidence suggests that it can be sub-
stantial (Magnani et al., 2007).

Global warming has also the potential to increase tree
growth, particularly in northern and temperate lati-
tudes (Saxe et al., 2001). However, these potentially
positive effects of global change interact with water
availability, and have to be considered together with
the changes in the water balance (Weltzin et al., 2003). In
that respect, it is important to consider that climate
change is predicted to result in an increase in the
frequency and intensity of droughts (IPCC, 2007), par-
ticularly in areas such as the Mediterranean basin (e.g.
Sumner et al., 2003). All these atmospheric changes have
also the potential to affect tree demography and com-
munity composition and structure; so at longer time
scales these effects should be considered together with
the direct effects of atmospheric changes on tree and
ecosystem physiology.

In water-limited ecosystems, the response of trees to
rising CO, and temperature is likely to be mediated by
rainfall dynamics and by two interactions. Firstly,
because air temperature controls atmospheric water
demand, any increase in temperature without a corre-
sponding increase in water availability will enhance
water stress, potentially reducing tree growth (Aber
et al., 2001). Secondly, greater CO, concentrations pro-
mote increased water-use efficiency and changes in
biomass allocation that allow trees to save water, poten-
tially ameliorating water stress (Wullschleger et al.,
2002). Because these two interactions have opposite
sign, the net effect of these atmospheric changes is
particularly difficult to predict, and may change de-
pending on the species considered, the local climate,
and the current year conditions.

Stem radial growth for any given year often inte-
grates the effect of current and previous year’s climate.
For this reason, tree rings have been widely used as
a proxy to study long-term patterns of tree growth
and to assess the impact of environmental changes
on growth patterns, based on the general assumption
that the climate-tree growth relationships remain
approximately constant over time (Fritts, 1976).
Time series of ring widths have been used to identify
historical CO, growth enhancements in several Quercus
and Pinus species (Soulé & Knapp, 2006; Voelker ef al.,
2006), to recognize changes in the sensitivity of tree
growth to climate (Carrer & Urbinati, 2006; Andreu
et al., 2007), to study the regional variability of the
climate-tree growth relationships within a species
(Piovesan et al., 2005; Carrer et al., 2007), or to identify
recent growth declines due to reduced water availabil-
ity in Mediterranean regions (Jump et al., 2006; Sarris
et al., 2007).
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Tree ring data has particular characteristics. Firstly,
ring width is affected by a complex set of potential
explanatory variables (climate, CO,, nutrient availabil-
ity, etc.) and their interactions (Fritts, 1976). Secondly,
tree ring series are temporally autocorrelated or, in
other words, they correspond to repeated measures on
each tree. Finally, individual trees, or groups of trees
within a site, often respond in different ways, due to
small-scale variation in climate, nutrient availability,
soils, or past history (e.g. forest management). This
combination of factors makes mixed models, in which
fixed and random effects can be effectively accounted
for, particularly well suited to analyse tree ring data
series (Budhathoki et al., 2008).

Scots pine (Pinus sylvestris L.) is one of the most
widely distributed trees on Earth. Despite the fact that
the largest populations of this species occur in boreal
regions, Scots pine also occupies large areas in relatively
dry regions within the Mediterranean basin, from the
Iberian Peninsula to Turkey. The Spanish populations of
Scots pine constitute the southern limit of the species’
range, which makes these populations particularly in-
teresting as systems where to study the impacts of
climatic changes, because the current climatic condi-
tions at these southern populations may be representa-
tive of the conditions under which Scots pine will grow
in northern populations during the current century.
Many European Scots pine populations have suffered
high mortality rates associated with recent drought
episodes, including populations in Spain (Martinez-
Vilalta & Pifol, 2002; Hédar ef al., 2003) and at higher
latitudes (Rebetez & Dobbertin, 2004; Bigler et al., 2006).

In this paper, we use tree ring data from the Catalan
Ecological and Forest Inventory (IEFC; Burriel et al.,
2000-2004) to study the temporal variability of Scots
pine stem radial growth (period 1901-1997) across a
relatively large region (Catalonia, NE Spain) situated
close to the southern limit of the distribution of the
species. The study area includes contrasting climates,
ranging from relative cold and humid locations in the
Pyrenees to warmer and drier locations towards the
south, providing a particularly rich study system. The
main aims of the paper are, first, to determine whether
growth has changed over time and, second, to relate the
changes in growth to changes in the driving environ-
mental variables across space and time. In order to
achieve this, we used a novel approach based on mixed
effects models with an explicit description of the rela-
tionship between tree size and growth, and its varia-
bility across sites and trees. It was hypothesized that: (1)
Scots pine growth would be promoted under high
temperature and CO, concentrations; and (2) the effects
of temperature and CO, would interact with water
availability in space and time, so that (a) the positive
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effect of temperature on stem growth will tend to be
less, or even reversed, during dry years and/or at dry
sites; whereas (b) the fertilization effect of CO, would be
promoted under drier conditions due to its positive
effect on water-use efficiency.

Material and methods

The IEFC dataset

The collection of tree rings used in this study was
obtained between 1988 and 1998 by the Centre for
Ecological Research and Forestry Applications (CREAF)
as part of the IEFC (Burriel et al., 2000-2004; http://
www.creaf.uab.es/iefc/). This inventory included a
total of 10664 plots randomly distributed throughout
the forested area of Catalonia, NE Spain (1214 408 ha of
forest). Scots pine was present in 3219 (30.2%) of those
plots, and was the dominant tree species in 1962 plots
(18.4% of all sampled plots). The total estimated area of
Scots pine forests in Catalonia is 219754 ha, being the
second most abundant tree species in the region after
Pinus halepensis. In Catalonia, Scots pine is distributed
preferably on north-facing slopes between 800 and
1600m a.s.l. In plots where Scots pine was dominant,
its average density was 903 trees ha™', the average basal
area was 21.6m>ha"", the average canopy height was
13.1m, and the average tree age was 49 years (Burriel
et al., 2000-2004).

Tree rings were sampled in a random subset of
approximately 20% of the IEFC plots. In each of those
plots the dominant species was sampled (see Burriel
et al., 2000-2004 for details). Cores were extracted with
an increment borer from trees covering the whole tree
diameter range represented in the plot. Trees within a
plot were selected to represent a given diameter class,
and these were sampled proportionally to their abun-
dance in the plot. On each tree, one single core extend-
ing the whole stem from north to south was extracted at
approximately 0.5 m height. Cores were placed in woo-
den supports and taken to the laboratory for analysis. In
the laboratory, all cores were air dried, fixed to the
support, and smoothed by sanding with progressively
finer grade sandpaper until growth rings could be
easily recognized. Ring width was measured to the
nearest 0.0l mm using a binocular scope and a linear
table attached to a PC (CATRAS system; Aniol, 1983).

Data selection and quality control

From the original IEFC dataset, we selected all the plots
where Scots pine was dominant (Scots pine basal area
>80% of the total plot basal area), and where at least
five cores had been sampled from Scots pine trees. The

software COFECHA (Grissino-Mayer, 2001) was used to
check the consistency of the different ring-width time
series within plots. Only those trees showing positive
correlations with the other trees in the plot were kept
for further analysis. Subsequently, the dataset was
filtered again so that only the plots with at least five
sampled trees were retained. A final filtering was
carried out to remove the trees that were very small at
the time of sampling [Diameter at Breast Height
(DBH) <10 cm], those showing extreme changes in ra-
dial growth (due to core reading errors or to growth
releases), and those for which the reconstruction of past
diameters lead to inconsistent results (e.g. because the
wood cores did not reach the centre of the tree). The
final database contained 548 trees from 135 plots (Fig.
1), spanning the period 1751-1997. The average length
of the time period covered by the growth series ob-
tained for each plot was 54 years. Although this fact
clearly limits the sample size at the beginning of the
study period (early 20th century; Fig. 3a), it is a reflec-
tion of the age structure of current Scots pine forests in
Catalonia and is, to an important degree, unavoidable.

The resulting ring-width time series were not de-
trended, because our main aim was to detect the effect
of environmental changes, and these changes coincided
in time with any age trends occurring in the studied
trees (cf. Jump et al., 2006; Sarris et al., 2007; see the
following text for details).

Climatic and carbon dioxide records

Two climatic datasets were used, the first one to char-
acterize the spatial variability in climate across the
study region, and the second one to characterize the
temporal changes. The former was created by model-
ling climatic surfaces from discrete climatic data from
the Spanish weather-monitoring system (National
Weather Institute; http://www.inm.es). All weather
stations in Catalonia with available data were included
in the analysis. The time period was limited to January
1951-December 1998, because before 1951 the number
of weather stations was not enough to achieve reason-
able accuracy in the model predictions. Multiple regres-
sions with residual correction, together with spatial
interpolation based on inverse distance weighting and
splines, were used to predict monthly and annual
values of precipitation and minimum, maximum, and
mean temperature with a spatial resolution of 180 m (cf.
Ninyerola et al., 2007a,b). The procedure was imple-
mented in a Geographic Information System (GIS) en-
vironment. The explanatory variables were altitude,
latitude, continentality (linear distance to Mediterra-
nean and Atlantic coasts), potential solar radiation,
and terrain curvature — all derived from a digital
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Fig. 1 Map of Catalonia showing hypsometry, the distribution of Pinus sylvestris (black dots), and the distribution of the sapling plots

considered in the study (white dots).

elevation model. The total number of weather stations
used was 47-201 for temperature and 170-370 for pre-
cipitation, depending on the year. A fraction of these
stations (40%) was not included in the development of
the model and was used only afterwards for cross-
validation purposes. The average root mean square
(RMS) error for the monthly data was 1.3°C for tem-
perature and 22mm for precipitation. These errors are
comparable with those obtained by current climatic-
mapping efforts using spatial interpolation tools (Ni-
nyerola et al., 2007a, b; Cristébal et al., 2008).

Monthly potential evapotranspiration (PET) was cal-
culated from monthly values of minimum, maximum,
and mean temperature using the Hargreaves-Samani
method (Hargreaves & Samani, 1982). The average
(1951-1998) values of mean annual temperature, annual
precipitation, annual PET, and the average ratio of
precipitation (P) to PET for June-August (summer
P/PET, a measure of summer drought stress) were used
to characterize the climate of each plot. The studied plots
covered a wide range of environmental conditions, with
average annual temperatures ranging from 5.7 to 12.4°C,
annual precipitation ranging between 750 and 1220 mm,
and summer P/PET between 0.38 and 0.94.

The crU 15 1.2 dataset (Mitchell & Jones, 2005) was
used to characterize the temporal trends in climate
across the study region. This gridded dataset comprises
the period 19012000, and has a spatial resolution of 10’.

© 2008 The Authors

Monthly values of temperature and precipitation for the
cells containing each of the study plots were extracted
from the general dataset, and PET was calculated as
described earlier. The CRU dataset includes constant
daily temperature oscillations for each cell for the
period 1901-1950. Because this is unrealistic, more
accurate estimates of these oscillations were obtained
from the linear relationship between the monthly
averages of daily temperature oscillation and average
monthly temperature from the 1951-1998 dataset based
on climatic surfaces (see earlier text). Average values
across all the study plots of mean annual temperature,
annual precipitation, annual PET, and summer P/PET
were used to characterize the temporal variation in
climate for the study period 1901-1997.

Average annual CO, concentrations were computed
from monthly values taken from two sources: the
historical CO, record from the Law Dome DEO0S,
DE08-2, and DSS ice cores (period 1900-1978) and the
Mauna Loa record (from 1958 onwards) (both records
are available at http://cdiac.ornl.gov/). The con-
gruency between the two records was assessed by
comparing the common 1958-1978 period for which
the average difference between the two was 0.75 ppm.
Because other anthropogenic changes are likely to have
lead to increased nutrient availability over the 20th
century in the study area (e.g. nitrogen deposition;
Camarero et al., 2004), the record of CO, concentrations
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used here should be regarded as a proxy for increased
nutrient availability.

Growth modelling and data analyses

Basal area increment (BAI) was used to characterize tree
growth. BAI was calculated from tree ring growth
according to:

BAI = (R} — R} ), )

where R is the radius of the tree and { is the year of tree
ring formation. Because any measure of tree growth,
including BAI, varies with tree size and age, we first
modelled ontogenetic changes in BAI as a function of
tree diameter. We used a measure of tree size instead of
tree age because evidence is accumulating for many tree
species, including Scots pine, supporting that changes
in tree growth after maturation are mostly driven by
changes in tree size, rather than by age per se (cf.
Mencuccini et al., 2005).

The distribution of BAIs was strongly skewed to the
left. Accordingly, this variable was normalized by ap-
plying natural logarithms, and In(BAI) was used as the
response variable in all the following analyses. Mixed
effects models (maximum likelihood method) were
used to analyse the effect of environmental variables
on tree growth. The general structure of the models can
be summarized as:

Yi=XiB + Zibi + &, (2)

where Y; is the vector containing the values of In(BAI)
for tree i, X; corresponds to the matrix of fixed effects, f§
is the vector of parameters associated to the fixed
effects, Z; is the design matrix of random effects, b; is
the matrix containing the vectors of parameters corre-
sponding to the random effects, and ¢; is the vector of
error terms for tree i. The random effects were assumed
to follow a normal distribution with zero mean.

In a first approximation, In(BAI) was modelled as a
quadratic function of tree diameter (D) plus a set of
random factors, including the individual tree, the plot,
and the interaction between the individual tree and the
linear and quadratic terms of the diameter effect (Model
0). The residuals of this model did not show any
pattern, and it was used as a basis for all the following
models.

The second step of our analysis was to explore the
temporal trends, first by explicitly introducing time as
an explanatory variable in the basic model (Model 1),
and then by removing time and introducing the envir-
onmental variables one by one as fixed factors. This
procedure contrasts the individual contribution of each
of these variables to the variation in growth. These
explanatory variables included atmospheric CO,

concentration, annual temperature, annual precipita-
tion, annual PET, and summer P/PET ratio (Models
2a—2e, respectively). These variables summarize reason-
ably independent aspects that have been identified in
previous studies as the most important determinants of
tree growth (cf. Fritts, 1976). The selection of explana-
tory variables also responded to a compromise with the
availability of reliable data and considerations on the
relevant time frame in the context of the study. For
instance, we used annual climatic temperature and
precipitation averages, instead of monthly or seasonal
values, because there were small geographic differences
in the detailed response functions across sites. These
different responses would have added confusion to the
overall patterns reported in this study, and a detailed
analysis of those geographic patterns, which we are
currently carrying out, is well beyond the scope of this
paper.

To account for the presence of lags in the response of
growth to meteorological variables (e.g. Sarris et al.,
2007), we computed additional variables by averaging
the data of the last 2 and 3 years (including current year
data). The fits of the models with these lagged variables
were compared with the fit with the current year data,
and whenever the lagged variable improved signifi-
cantly the overall fit it was selected for use in all further
analyses. Finally, a single composite model was build
using all environmental variables and second-order
interactions, and retaining only the significant effects
(Model 3).

The third step was to explicitly account for spatial
variability across the sites. In order to do that, we
conducted an extra analysis in which we split our plots
according to their summer P/PET to clarify the differ-
ences between dry and humid sites. This was done by
introducing an additional dummy variable with three
levels coding for local climate. The categorization was
done based on the distribution of the average (1951-
1998 period) of summer P/PET values for each plot
so that the sites belonging to the lower quartile
(P/PET <0.6; N =28 plots) were considered dry, those
in the upper quartile (P/PET>0.8, N =28 plots) were
considered humid, and the rest (interquartilic range)
were deemed intermediate. We tested the interaction of
this dummy variable representing local climate with
both annual temperature and summer P/PET (Model
4). Finally, the possible interaction between the effect of
CO; and local dryness was accounted for by adding an
additional term to Model 4 describing the interaction
between CO, and local climate (Model 5).

The possible effect of forest management on the
results was assessed by introducing a dichotomic man-
agement variable based on the field observations re-
corded during the IEFC sampling and documented in
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the dataset. Because no historic information was avail-
able for most plots, our definition was based on the
evidences at the time of sampling, and included two
different criteria. According to the first one, a forest was
deemed ‘managed’ if there was any evidence of current
or past forest management or of major land-use changes
at the time of sampling (including tree cutting and
presence of terraces indicating land abandonment)
(56% of plots). According to a second criterion, only
plots with evidences of directed management (mostly
tree cutting) were considered as ‘managed’ (52% of
plots).

When we aimed at describing the individual relation-
ship between growth and a given explanatory variable
included in the previous models, the effect of the
variable was always depicted considering only the fixed
part of the model (i.e. without taking into account the
random effects). All figures showing predicted model
effects have to be considered descriptive rather than
predictive. Analyses were conducted with SAs system
(v. 9.1.3, SAS Institute Inc., Cary, NC, USA). Significance
for all statistical analyses was accepted at « = 0.05. The
R? of mixed models was estimated using a likelihood
ratio statistic (Magee, 1990).

Results

Average annual temperature increased significantly in
the study area over the period 1901-1997 (R?>=0.457,
P <0.001). The overall increase in temperature was al-
most 2°C (0.19°C per decade on average), mostly
noticeable during the period 1920-1950 and after 1970
(Fig. 2a). As a consequence, annual PET also increased
over time (R?>=0.220, P<0.001; data not shown). In
contrast, precipitation varied around 960 L m~? without
showing any consistent trend with time (Fig. 2b;
P =0.254). Surprisingly, the ratio of precipitation to
PET for the summer months did not change over time
following the annual temperature and PET patterns
(Fig. 2c; P =0.865), because the wide, approximately
random variation in precipitation overcame the in-
crease, relatively small in absolute terms, in tempera-
ture and PET. BAI increased over the study period (Fig.
3b), but as the average age and size of the trees also
changed, we explicitly modelled the effect of size on
growth before interpreting this pattern.

The initial model relating BAI and tree diameter
(Model 0) captured the shape of the relationship be-
tween the two variables. The estimate of the first-order
coefficient was positive, whereas the second-order coef-
ficient was negative, implying a decline in BAI for
larger trees (Table 1). When time (year) was introduced
into the model, the fit improved significantly. The best
estimate for the time effect was positive, reflecting that,
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Fig. 2 Average temporal trends (1901-1997) of temperature (a),
precipitation (b), and summer precipitation to potential evapo-
transpiration ratio (P/PET) (c) for all the study plots. Only
significant R? values are shown.

on average, BAI growth increased over time (Table 1).
Taking into account the effects of tree size (i.e. running
the model with constant tree diameter over time), the
predicted increment in BAI between the 1901-1910
average and the 1990-1996 average was 120%, >84%
increase corresponding to the data in Fig. 3, or the
89% predicted by the model with variable tree diameter.
This result implies that the change in growth was not
due to changes in the size (or age) of the trees, but
primarily caused by some external variable changing
over time. In the following paragraphs, we explore the
underlying variables that could explain this change in
growth.

In the next step, time was removed from the model
and environmental variables were introduced one by
one (Models 2a—2e). In a preliminary analysis, we
compared the fit of the model with current year or
lagged data (average of the previous 2 or 3 years,
including the current one). The results of these analyses
showed that In(BAI) correlated equally well with cur-
rent temperature than with the average of current and
previous year data (not shown). For the other climatic
variables (precipitation, PET, and summer P/PET), the
fit was best with the average of current and previous
year data (not shown), and this lagged variable was
used in all further analyses. As expected, the coeffi-
cients of the ‘single-factor’ models were positive for
CO,, precipitation and summer P/PET, meaning that
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these variables were positively related to growth,
whereas the relationship was negative with tempera-
ture and PET (Table 1).

When all environmental variables were introduced,
the best model [lower AIC (Akaike Information Criter-
ion) =27156] was the one incorporating the effect of
CO,, summer P/PET, temperature, and the interaction
between temperature and summer P/PET (Model 3,
R*=0.680, Table 2). This interaction implied that when
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Fig. 3 Number of trees (a) and basal area increment (BAI) (b) as
a function of time for the whole study period (1901-1997). (c)
Root mean squared error (RMSE) of modelled BAI (according to
Model 3, Table 2) against measured values, showing that the
observed temporal patterns are captured by the model. Error
bars in (b) indicate standard errors.

Table 1 Summary of the models based on Eqn (2) (see text)

summer P/PET was high (relatively wet summers with
P/PET> ~ 0.7), temperature had a slightly positive
effect on BAI, whereas when summer P/PET was
low (dry summers with P/PET< ~ 0.7), increasing
temperature had the opposite effect, strongly reducing
BAI (Fig. 4). Conversely, summer P/PET had a
strong and positive effect on BAI growth in years
with high temperatures, whereas it had almost no
effect on growth during colder years (for annual tem-
peratures <7 °C) (Fig. 4).

As expected, absolute BAI growth was greater
(~ 50% on average) at more humid sites (Fig. 5). More
interestingly, there was a significant interaction between
the effect of climatic variables in Model 3 and the

Table 2 Summary of the composite model (Model 3, see text)

Fixed effects Estimate SE df P-value
Intercept —1.6863 0.3944 134 <0.001
D 0.1634 0.0086 543  <0.001
D? —0.0059 0.0003 539  <0.001
CO, 0.0103 0.0009 18634 <0.001
Summer P/PET (2) —1.1505 0.4456 18634 0.001
Temperature (c) —0.1271 0.0291 18634 <0.001
Summer P/PET 0.1833 0.0522 18634 <0.001

x Temperature

Note: The response variable is the natural logarithm of BAL
D is tree diameter reconstructed from wood cores, PET is
potential evapotranspiration, and P is precipitation. For cli-
matic effects, (c) indicates that the current year values were
used, whereas (2) indicates that the average between current
and previous year values were used.

Model Model AIC Fixed effect Estimate SE df P-value
0: ~D+D? 27 446 Intercept 0.8466 0.1004 134 <0.001
0: ~D+D? D 0.1408 0.0081 543 <0.001
0: ~D+D? D? —0.0042 0.0003 539 <0.001
1: 0 + Time 27 374*** Time 0.0090 0.0010 18637 <0.001
2a: 0+ CO, 27 393*** CO, 0.0070 0.0009 18637 <0.001
2b: 0 + Temperature 27 416 Temperature (c) —0.0365 0.0064 18637 <0.001
2c: 0+ P 27 385*** Precipitation (2) 0.0003 <0.0001 18637 <0.001
2d: 0+ PET 27 438** PET (2) —0.0737 0.0228 18637 0.0012
2e: 0+ P/PET 27 282*** Summer P/PET (2) 0.3795 0.0294 18637 <0.001

Note: In all cases the response variable is the natural logarithm of basal area increment (BAI), and the explanatory variables
correspond to annual averages, except for summer P/PET. Models are nested so that all the fixed factors in Model 0 are included in
Model 1 and in Models 2a—e. D is tree diameter reconstructed from wood cores, PET is annual potential evapotranspiration, and P is
annual precipitation. For climatic effects, (c) indicates that the current year values were used, whereas (2) indicates that we used the
average between the current year and the year before. AIC stands for Akaike Information Criterion.

Statistically significant differences (improvements) with regard to the basal model (Model 0) are marked with asterisks;

**:0.01 <P <0.001, ***: P<0.001.
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Fig. 4 (a) Surface plot showing the predicted effect (Model 3,
see text) of temperature and summer precipitation to potential
evapotranspiration ratio (P/PET) on BAI (combining all stands).
Only the fixed part of the model was used to illustrate the effects.
(b) Surface plot showing the number of observations available
for each combination of temperature and summer P/PET values,
and thus an indication of the reliability of the model in different
regions of the parameter space explored in panel (a).

long-term average local climate. In particular, the effect
of annual temperature was different depending on the
dryness of the site (Model 4, R*>=0.686, Table 3).
Whereas at wet sites (average summer P/PET>0.8),
increasing annual temperature promoted growth dur-
ing relatively humid years and had the opposite effect
during drier years (Fig. 5a); at dry sites (average sum-
mer P/PET <0.6), the effect of increasing temperature
was always detrimental to growth, particularly during
dry years (Fig. 5b). Qualitatively similar effects were
observed when the interaction between summer P/PET
and local P/PET was included into the model instead of
the annual temperature x local P/PET interaction,
although the overall fit of the model declined slightly
(new AIC=21157, compared with AIC=21153 of
Model 4).

The final step was introducing the interaction between
the effect of CO, and local climate into the model. This
interaction was again significant and improved signifi-
cantly the overall fit of the model (Model 5, AIC = 21143,
R?=0.694, Table 4), with a greater effect of CO, on
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BAIl, wet sites BAI, dry sites
(a) (b)
60 65 70 75 80 85 40 45 50 &5
08 08
E 07 07
E 0.6 06
5 05 05
5
@ 04 0.4
7 8 9 7 8 g 10

Temperature (°C) Temperatura (“C)

Fig. 5 Surface plots showing the predicted effect (Model 4, see
text) of temperature and summer precipitation to potential
evapotranspiration ratio (P/PET) on BAI for (a) wet sites (sum-
mer P/PET>0.8) and (b) dry sites (summer P/PET <0.6). Only
the fixed part of the model was used to illustrate the effects. The
data presented in each panel correspond to 28 sampled plots
and, in each case, the range of axis values corresponds to the
range present in each site type.

growth at sites with intermediate dryness (Fig. 6),
whereas dry and wet sites showed more similar re-
sponses. The interaction between local climate and an-
nual temperature in this new model remained essentially
identical to the effect shown in Fig. 5, and it is, therefore,
not depicted. It should be noted that although the coeffi-
cient for the direct effect of summer P/PET is negative in
Models 3-5 (Tables 2—4), when the interaction terms are
considered and multiplied by values of the correspond-
ing variables within the range observed in our study, a
positive relationship between summer P/PET and
growth is obtained, consistent with the results in Table 1.

Incorporating management into any of the previous
models (Models 3-5) according to either of the two
definitions presented in the ‘Material and methods’
neither resulted in a significant effect nor increased
the overall fit of the models (P>0.2 in all cases),
indicating that the growth response of the different
plots was similar regardless of the evidences of man-
agement detected at the time of sampling. Models 3-5
captured the temporal variability of the observed BAI,
including the stabilization of growth after ca. 1975 (Fig.
3c; R? between observed and modelled annual BAI is
0.91), indicating that this stabilization could be ex-
plained by changes in the explanatory variables in-
cluded in the model. In fact, BAI for the last quarter
of the 20th century was positively correlated with
summer P/PET (Fig. 7; R?=0.409, P<0.001), indicating
that, for that exceptionally warm period, drier summers
were strongly associated with lower growth rates. No
relationship was found between BAI and the concen-
tration of CO, for the same period (P> 0.05).
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Table 3 Summary of the composite model incorporating local climate effects (Model 4, see text)

Fixed effects Estimate SE df P-value
Intercept —1.7954 0.4385 134 <0.001
D 0.1631 0.0085 543 <0.001
D? —0.0059 0.0003 539 <0.001
CO, 0.0102 0.0009 18632 <0.001
Summer P/PET (2) —1.1966 0.4458 18632 0.007
Temperature (c) —0.0947 0.0315 18632 0.003
Dry local climate 0.1972 0.3123 132 0.523
Intermediate local climate 0.2132 0.2579 132 0.410
Summer P/PET x Temperature 0.1888 0.0522 18632 <0.001
Temperature x Dry local climate —0.0631 0.0199 18632 0.002
Temperature x Intermedjiate local climate —0.0375 0.0164 18632 0.022

Note: The response variable is the natural logarithm of BAIL D is tree diameter reconstructed from wood cores, PET is potential
evapotranspiration, and P is precipitation. For climatic effects, (c) indicates that the current year values were used, whereas (2)
indicates that the average between current and previous year values were used. For the analysis of local climate effects, humid sites

were considered the reference level.

Table 4 Summary of the composite model incorporating local climate effects and CO, interaction (Model 5, see text)

Fixed effects Estimate SE df P-value
Intercept —1.2231 0.6023 134 0.043
D 0.1660 0.0085 543 <0.001
D? —0.0060 0.0003 539 <0.001
CO, 0.0082 0.0017 18630 <0.001
Summer P/PET (2) —1.2279 0.4461 18630 0.006
Temperature (c) —0.0928 0.0316 18630 0.003
Dry local climate 0.5486 0.7175 132 0.446
Intermediate local climate —1.3017 0.6424 132 0.045
Summer P/PET x Temperature 0.1928 0.0523 18630 <0.001
Temperature x Dry local climate —0.0626 0.0202 18630 0.002
Temperature x Intermediate local climate —0.0455 0.0167 18630 0.007
CO; x Dry local climate —0.0012 0.0022 18630 0.582
CO, x Intermediate local climate 0.0051 0.0020 18630 0.010

Note: The response variable is the natural logarithm of BAIL D is tree diameter reconstructed from wood cores, PET is potential
evapotranspiration, and P is precipitation. For climatic effects, (c) indicates that the current year values were used, whereas (2)
indicates that the average between current and previous year values were used. For the analysis of local climate effects, humid sites

were considered the reference level.

Discussion
Climatic drivers of Scots pine radial growth in Catalonia

According to our results, temperature and water avail-
ability during the summer (P/PET ratio) are the main
climatic drivers of Scots pine growth in the study area,
in agreement with previous results for Mediterranean
and other water-limited regions (Bréda et al., 2006;
Macias et al., 2006; Andreu et al., 2007; Sarris et al.,
2007). As expected, tree growth responded not only to
the precipitation of the current year but also to the
amount fallen during the previous 2 years of growth
(current plus previous year precipitation) (Gutiérrez,

1989; Sarris et al., 2007). Our results suggest that more
important than the amount of precipitation is the rela-
tionship between precipitation and potential evapotran-
spiration (P/PET) during the summer, in agreement
with previous studies showing that Scots pine is
strongly limited by the relationship between water
availability and demand (Poyatos et al., 2007). Overall,
the effect of temperature on growth was negative, but
this net effect included a strong interaction with water
availability: on wet years higher temperatures resulted
in greater BAI, whereas the opposite happened during
dry years (Fig. 4). Again this is consistent with a strong
water limitation, because high summer temperatures
result in higher atmospheric water demand and thus

© 2008 The Authors
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Fig. 6 Relationship between atmospheric CO, concentration
and BAI for wet (summer P/PET>0.8), intermediate, and dry
sites (summer P/PET <0.6); predicted according to Model 5 (see

text). Only the fixed part of the model was used to illustrate the
effects.

greater drought stress. The positive effect of tempera-
ture under wetter and cooler conditions (high P/PET),
presumably implied that temperature, not water, was
limiting under those conditions.

Similar effects were observed when the variability of
climatic drivers across space was explored together
with the variability in time. Drier sites (lower summer
P/PET) had lower growth rates, and were much more
sensitive to the negative effect of temperature via in-
creasing PET (Fig. 5). Most dendroecological studies
have measured lower radial growth at drier sites,
including a recent study on Turkish pine (Pinus brutia)
in Greece (Sarris et al., 2007). Also, consistent with our
results, Linderholm (2001) found that Scots pine radial
growth in Central Scandinavia responded to precipita-
tion only at relatively dry sites. Other authors have also
found clear spatial clustering in tree ring and climate
responses, in which radial growth responded more
markedly to precipitation at drier sites [e.g. Piovesan
et al. (2005) for beech (Fagus sylvatica) in Italy, or Carrer
et al. (2007) for stone pine (Pinus cembra) in the Alps].

Temporal changes of Scots pine radial growth

Our results show that the radial growth of Scots pine in
NE Spain has increased over the 20th century (Fig. 3).
This pattern holds even after taking into account the
changes in the size of the trees, which are known to
affect growth rates (Table 1). The sign and magnitude of
the growth variation are consistent with most previous
studies, which consistently show accelerated tree
growth in temperate regions over the same period

© 2008 The Authors

(Spiecker et al., 1996; Karjalainen et al., 1999; Boisvenue
& Running, 2006), but contrasts with recent work in the
Mediterranean region. Sarris et al. (2007), for instance,
found a decline in radial growth in P. cembra in the
island of Samos (Greece), associated with a decline in
precipitation (which has not occurred in our study
region, cf. Fig. 2).

In our case, the observed increase in growth was
associated with the sustained raise in atmospheric
CO, concentration (Tables 1-4). Similar CO, fertilization
effects have been found in open chamber studies with
Scots pine (Ceulemans et al., 2002), and in other detailed
studies of tree ring chronologies of several species,
including pines (Soulé & Knapp, 2006; Voelker et al.,
2006). The consistency of our results at a relative large,
regional scale supports that global factors, such as CO,
and climate, are the main drivers of the observed
changes in growth, because the likelihood of other
potential causes declines as the spatial scale increases
(Parmesan & Yohe, 2003). However, because of the
observational and correlational nature of our study, it
is difficult to establish causality from the observed
relationships, and alternative explanations for the ob-
served patterns cannot be completely ruled out. It is
well known, for instance, that nitrogen deposition has
increased during the 20th century over most regions of
the Earth, including the studied region (Camarero et al.,
2004), and that it can induce increases in tree ring
growth (Héattenchwiler et al., 1996). Although there is
evidence supporting that the direct effect of increased
nitrogen deposition on tree growth may be relatively
small (Nissinen & Hari, 1998; Nadelhoffer et al., 1999),
clearly a long-term fertilization effect of CO, can
only be sustained if nutrient availability also increases

BAI (cm?)

03 04 05 06 07 08 09
Summer P/PET (ad.)

Fig. 7 Relationship between summer P/PET and measured
BALI for the last part, and warmest, of the study period (1975-
1995).
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(Hyvonen et al., 2007). Accordingly, the CO, effect
observed in our study is probably best seen as the
interactive effect of different drivers, including sys-
tematic changes in CO, concentration, nutrient avail-
ability (e.g. increased N deposition), and temperature
(cf. Huang et al., 2007).

Other potential confounding effects in our results are
due to a selection bias during sampling (only those trees
that survived to the late 20th century were sampled),
and changes in the frequency of natural and human-
caused disturbances. Several pieces of evidence suggest
that these potential artefacts are not critical in our case.
Firstly, the large number of sites randomly distributed
across the whole range of Scots pine in the study region
would tend to minimize any systematic bias in our
assessment of growth trends. Secondly, wildfires, argu-
ably the most important ‘natural’ disturbance over the
study region, have not affected Scots pine forests in
northern Spain until very recently (from the mid-1990s
onwards), subsequent to the time period covered by
this study.

Finally, it is known that forest management (and thus
demography) has changed over the 20th century in
many of the studied sites, potentially affecting forest
growth (cf. Rodriguez Murillo, 1997; Chauchard et al.,
2007). However, the fact that the main results were
strongly consistent and synchronous across sites over
a large region, and that they remained unaffected when
sites were split according to the current evidences of
past management practices, suggests that our main
conclusions are robust towards those potential sources
of bias. Additionally, it should also be noted that the
initial screening of trees removed those showing extra-
ordinary growth patterns resulting, for example, from
growth releases following tree cutting; and that, by
including plot as a random factor in our models, any
idiosyncratic behaviour at the plot level (for instance
due to differences in management) was effectively
accounted for.

The positive effect on growth that we attributed to
CO, interacted with local climate, so that it was more
pronounced at sites with intermediate water availability
than at dry or humid locations (Fig. 6). Although these
results need to be interpreted with caution for the
reasons outlined in the earlier paragraphs, they are
largely consistent with the predicted increase in
water-use efficiency with increasing CO, concentration
(Wullschleger et al., 2002; Huang et al., 2007). At inter-
mediate humidity sites there is likely to be enough
water stress that there is a large gain in growth due to
COy-induced improvements in water-use efficiency or
biomass allocation. At humid sites, however, Scots pine
forests are probably temperature-, rather than water-
limited, so the potential for CO, fertilization due to

enhanced water economy is smaller. Finally, sites at the
drier end of the range are likely to be strongly water-
limited, so that trees may use a more conservative,
water-saving strategy, implying very low stomatal con-
ductance (cf. Irvine et al., 1998) that could partially
offset the positive effect of increased water-use effi-
ciency on growth. Evidence from tree ring '*C/'*C ratio
chronologies supports an increase in water-use effi-
ciency over the 20th century in Scots pine populations
from central Siberia (Arneth et al., 2002).

In our study, the apparent CO, effect over the 20th
century occurred simultaneously with an increase in
temperature that had an overall negative effect on
growth, albeit its magnitude was smaller and did not
balance the increase in growth mediated by CO, (or
nutrient availability). Although the substantial warm-
ing observed during the 20th century in the study area
did not result in a clear pattern of increased drought
stress (the summer P/PET ratio was mostly driven by
precipitation and did not change significantly over
time, Fig. 2¢), this situation is likely to change in the
future if climate warming persists. In fact, several
studies have already found increased water stress ef-
fects on radial growth in pine (Andreu ef al., 2007), fir
(Abies alba; Macias et al., 2006), and beech (Jump et al.,
2006) forests from northern Spain. The fact that the
negative effect of temperature on growth was magnified
during dry years and at dry sites suggests that the
growth trends that have been observed over the 20th
century could change depending on the future changes
in CO,, temperature, and precipitation amount and
distribution. A similar conclusion has been reached by
a recent study pooling data from more than 100 com-
mon-garden experiments, and showing that the effect of
climate warming will be detrimental for growth and
survival of Scots pine in all European populations
except those in the far north, where the effect will be
beneficial (Reich & Oleksyn, 2008).

If the current trend towards increased precipitation
variability that has been observed in Spain (Font Tullot,
1988; De Luis et al., 2000) intensifies in the future, as
predicted by most climate models (Sumner et al., 2003;
IPCC, 2007), the negative effect of enhanced drought
stress on growth could counteract any fertilization
effect due to increased nutrient availability, and the
temporal trend of increasing growth could even be
reversed, as has already been observed in some areas
(cf. Barber et al., 2000; Jump et al., 2006; Sarris et al.,
2007). Such an effect is suggested in our data by the
relative constancy in radial growth observed over the
last decades of the 20th century (Fig. 3), coinciding with
the period with warmer temperatures (Fig. 2a), and by
the strong relationship between BAI and summer
drought for that period (Fig. 7). This growth reversal

© 2008 The Authors

Journal compilation © 2008 Blackwell Publishing Ltd, Global Change Biology, 14, 2868-2881



RECENT CHANGES IN SCOTS PINE RADIAL GROWTH 2879

is more likely to happen in water-limited ecosystems,
such as many of those included in the present study.
The consequences for the carbon balance of forests of
these direct atmospheric effects on tree growth could be
significant, and should be considered together with
other possible effects of global change at the community
level (e.g. tree dieback, changes in competitive relation-
ships, species substitutions). Some of these effects have
been already observed in several Scots pine forests,
where recent episodes of high tree mortalities have
been associated with acute drought stress (Martinez-
Vilalta & Pinol, 2002; Bigler et al., 2006).

Conclusions

Although statistical models such as those implemented
in this paper are not appropriate to quantitatively
predict future changes in tree or forest growth, due to
their lack of mechanistic basis, they can be very useful
in identifying recent changes and their likely drivers,
and thus providing an indication of future trends. In
summary, our results showed an overall increase in
Scots pine radial growth in NE Spain during the 20th
century, consistent with most previous studies for tem-
perate regions. This trend is likely to be associated with
increased atmospheric CO, concentrations and, possi-
bly, also to a general increase in nutrient availability.
Our results also highlight the importance of consider-
ing the interactions among the various drivers of tree
growth, because the patterns and the predictions can be
very different across sites, even within the range of a
single species. The concurrent warming trend that
occurred in the study area had a negative impact on
radial growth, particularly at the drier sites. Although
this warming has not yet resulted in a consistent decline
in summer water availability, and the net effect has been
dominated by fertilization, the situation may change in
the future if temperatures continue to rise and/or
precipitation becomes scarcer. This could have broad
implications for the carbon balance of forests and their
role in sequestering carbon, particularly if the situation
is representative of other relatively dry temperate for-
ests, and it is likely to be particularly relevant in a
species such as Scots pine, which has shown to be
particularly sensitive to recent drought events.
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