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ABSTRACT

Some effects of climate change on the composition and competitive capacity of southern European Pinus sylvestris L.
forests in the Mediterranean basin were evaluated. The variation over the period 1910-2008 through 30-year mobile
averages of a Phytoclimatic Suitability Index (PSI) of the main tree species of the forest cover are used to indicate the
competitive hierarchy of Pinus sylvestris and Fagus sylvatica L. The methodology was applied at a specific location on
the Spanish south-facing slopes of the Pyrenees mountain range in the Iberian Peninsula, where the increase in the ave-
rage temperature was 1.4°C in the period of observation. The results indicated that the apparent equilibrium between the
two species studied changed from the 1934-1963 average. Due to the loss of competitive capacity of Scots pine with
respect to European beech, particularly from the years 1970-1999, the model predicted an inversion of the situation as it
was up until now, so that beech had a higher PSI than pine. The phytoclimatic approach proposed here offers new

methodological horizons for the study of the effects of climate change on the future of the forests.
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1. Introduction

Forests are particularly sensitive to climate change, be-
cause the long life-span of trees does not allow for rapid
adaptation to environmental changes [1-3]. Thus, forest
conservation, management and planning is becoming
more challenging in the perspective of climate change,
needing adequate links between monitoring of environ-
mental indicators and management practices [4,5]. Forest
ecosystems can respond to climate change by shifting
distribution, by remaining in isolated pockets of suitable
environment (refugia), becoming extinct or by adapting
its composition or structure to changing conditions [6,7].

Particularly, the effects of climate change on the di-
versity of forest covers and on internal competitive rela-
tionships among the principal species constituting those
covers seems likely to be one of the priority lines of re-
search in the future [8,9]. Effective conservation strate-
gies that offset the climate change threats to species per-
sistence will be critical in maintaining species and ge-
netic diversity [10,11].

Several studies on the effects of climate change on
forest composition in the last few years have tended to
focus on the variation in distributions of the main forest
tree species in relation to previously defined climatic

Copyright © 2013 SciRes.

envelopes, e.g. [12,13]. Particularly, recent studies have
dealt with several aspects of the influence of climate
change on European forests as a whole, e.g. [3,12,14-17].

Species that lie at the limits of their natural range of
distribution appear to be particularly sensitive to the ef-
fects of climate change [18,19]. One such case is Scots
pine (Pinus sylvestris L.), the pine with the largest natu-
ral area and the most widespread in Europe and Asia.
This species occurs more or less from east to west, from
eastern Siberia to Galicia, and north to south, from Scan-
dinavia to the south of the Iberian Peninsula (Sierra Ne-
vada) where the most southerly specimens are found.

Scots pine is a naturally-occurring species in taiga
forests in northern Europe and Asia, being its northern
area of distribution more or less continuous on plains,
whereas in the south, in the Mediterranean basin, it is
becoming increasingly fragmented and confined to
mountain areas [20]. Because of the considerable eco-
nomic and ecological wealth of this species in Spain [21]
the vulnerability of natural and artificial stands to climate
change is a matter of particular interest and concern, es-
pecially considering that the mountain ecosystems of
southern Europe may be among the worst affected by
such change [22,23].
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This paper reports the assay of a phytoclimatic indica-
tor that serves to assess the possible influence of climate
change on the physiognomic dynamics of arboreal covers
of P. sylvestris L. in southern Europe. Several authors,
e.g. [12], have reported the enrichment of European al-
pine forests with deciduous broadleaf species, particu-
larly with European beech (Fagus sylvatica L.) in P. syl-
vestris stands in the Spanish Pyrenees [24]. No satisfac-
tory account seems to have been offered so far of what
part of these changes in forest composition are likely to
be related to forest management practices [21] and what
part may be due to climate dynamics [3].

Recently there has been an upsurge of interest in
studying climate change in community rather than indi-
vidual terms [25] and in terms of biotic interactions [26].
The methodology presented in this paper seeks to ad-
vance further in this area of research. The comparative
variation over time of phytoclimatic suitability indices of
P. sylvestris and other tree species present in forest for-
mations serves as an indicator of the ability of these spe-
cies to compete. This variation is also an indicator of the
foreseeable composition and structure of the forest mass
and the vulnerability of Scots pine to climate change, and
is used in defining alternatives for future management of
these pine stands.

2. Material and Methods

We used the phytoclimatic niche-based model CLIM-
PAIR [27], which simultaneously assesses non-linear,
non statistical and dual measurements of proximity/po-
tentiality of a target site with respect to climatic ranges of

plant/vegetation units (i.e. species or woodland types).

The traditional environmental space is founded in clas-
sic ecological niche theory [28] and is defined by cli-
matic variables regarding temperature and precipitation.
Through a specific transfer function [29], this space is
replaced by a suitability space. This set of phytoclimatic
distances evaluates the climatic suitability of a site for a
species.

The model considers a 12-dimensional climatic hyper-
space corresponding to the n = 12 climatic variables (Ta-
ble 1). Records of the occurrence of P. sylvestris and F.
sylvatica forests are represented by a swarm of points in
12-dimentional climatic hyperspace. In this way, within
the geographical scope of the model the respective spe-
cies ranges or realised niches [30] can be explicitly de-
fined by calculating convex hulls. Although many shapes
could be used to enclose the points, the convex hull is
defined as the smallest convex set enclosing them [31]
and therefore reduces the amount of empty space com-
pared with other volumes like parallelepipeds [32]. Each
range thus takes the form of a convex hyperpolyhedron
which can be explicitly defined by a set of vertices and
linking edges.

In view of the complexity of explicitly determining the
hyperpolyhedron for n > 2, it is best calculated by means
of projections onto m climatic planes with no V;V;repeti-
tion formed by climatic variables V; and V;, where

m:[z): n(nz—l) (1)

Each variable appears in n — 1 V,V; projections
(1£i<n-1 and 2<j<n). The number of possible

Table 1. Phytoclimatic variables used.

Variable Unit
Intensity of aridity. Calculated on the basis of the quotient As/Ah, where Ah is the humid area of the climodiagram
K (Pi curve above the Ti curve, i.e., 2Ti < Pi) and As is the dry area of the climodiagram (Pi curve below the Ti curve,
i.e., 2Ti > Pi). Ti and Pi are the mean temperature and precipitation of the month i
Duration of aridity in the sense of GAUSSEN, that is the number of months in which the Ti curve is above the Pi curve,
A . . . months
ie.,2Ti>Pi
P Total annual precipitation Mm
PE Minimum summer precipitation (June, July, August or September) Mm
TMF Lowest monthly mean temperature °C
T Mean annual temperature °C
T™C Highest monthly mean temperature °C
TMMF  Average of the minima of the month with the lowest mean temperature °‘C
TMMC  Average of the maxima of the month with the highest mean temperature °’C
HS Certainty of frost. Calculated as the number of months in which Ti <=4°C months
PV Period of free plant activity, calculated as the number of months in which Ti >= 7.5°C, not counting periods where A >0 months
OSC Thermal oscillation. Calculated as TMC-TMF °C
Copyright © 2013 SciRes. AJPS
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combinations is less than a factorial to avoid redundan-
cies, as projections V;V; and V;V; give the same informa-
tion. For the n = 12 climatic variables used m = 66 poly-
hedrons are made for the two tree species (Equation (1)).

A target point P whose coordinates are (Vp; V;p) in the
plane V;V; is suitable for a specific woodland type if it
occurs inside the polyhedron that represents the projec-
tion of the plane of the full range of the type, i.e. the en-
tire hyperpolyhedron in the climatic 12-dimensional
hyperspace. The target point’s position with respect to
the projected polyhedron is related to its degree of com-
patibility or suitability by a transfer function.

The phytoclimatic position function ¢, used is a
parabolic function (Equation (2)).

¢gi = KVip |:

Between the two bounds of a variable Vi (Vi and
Vimin), the maximum of the curve is not a peak but a pla-
teau or large central zone of maximum compatibility or
fitness where the function takes the value 1 for a target
point P. Then there is a sharp decline outwards to the
edges, where it takes the value 0, and outside this range
the values are negative. This effect can be achieved with
a value 0 =2 [27,33]. K,, assesses the capacity to
predict species occurrences that the value Vi, of a cli-
matic variable V; acquires at a site P and can be estimated
as the inverse of the number of species considered in the
model with which Vi, is compatible.

@, assumes that the degree of suitability for a wood-
land type will be greater in occurrence sites situated far
from the bounds of their 66 convex climatic ranges
(0< @) <1), and the average of its m values in the m
climatic planes can be used as a Phytoclimatic Suitability
Index (PSI). Unlike statistical models, the concept of
suitability in CLIMPAIR is not related to the frequency
of species occurrence within their geographical ranges,
and therefore the phytoclimatic position function cannot
represent truncated, skewed or bimodal species response
in the climatic space.

Thus, using CLIMPAIR we can generate a diagnostic
spectrum of the following type in abbreviated annotation
(PSlpsy; PSlggy), where PSlpsy and PSlggy (>=0 and <=1)
are indices of relative phytoclimatic suitability of P. syl-
vestris (PSlpsy) and F. sylvativa (PSlg,) forests species
with respect to the theoretical optimum (PSI = 1).

The methodology has been put into practice at the
Spanish Canfranc weather station, located at an altitude
of 1168 m in the Pyrenees range (lat. 42°44'S7"N, long.
00°31'04"W), over a period stretching from 1910 to 2008
(Figure 1). The dominant forest species is currently P.
sylvestris with some F. sylvatica. The last few decades

Wi, ~Vipy Vi |
2

Vl max Vlmin

Copyright © 2013 SciRes.

Figure 1. Situation of Canfranc weather station in the Pyre-
nees range.

have seen an advance of deciduous broadleaf species in
areas where conifers have traditionally been predomi-
nant.

The phytoclimatic dynamics were assessed with 30-
year mobile averages of climatic variables in order to
filter the natural climatic variability [34] at the Canfranc
station over the period from 1910 to 2008.

The phytoclimatic diagnostic model was applied to the
set of climatic values in 30-year mobile averages to ge-
nerate the diagnostic grid and the variation of PSI. We
define D(#) = PSIPsy — PSIFsy as the difference between
the suitability indices of P. sylvestris and F. sylvatica,
and t is the time indicator of the series, which takes the
value 1 for the first moving average (1910-1939) and 70
for the last one (1979-2008). A comparative statistical
evaluation of the trend of the time series of PSI for the
two target species was performed by fitting the values of
the series to a time function by regression analysis. Seve-
ral models of evolution with time (linear, logarithmic,
quadratic, cubic, logistic, potential and hyperbolic) were
assayed.

3. Results

Figure 2 shows the evolution of climatic values in 30-
year mobile averages between 1910 and 2008 for the
Canfranc station. We can see that precipitations are rela-
tively stable but there is a clear increase in temperatures
based on the mobile averages starting in the 1950s. The
mean annual temperature (T) in particular increased by
1.4°C between the first (1910-1939) and the last mobile
average (1979-2008), and the average of minimum tem-
peratures (TMMEF) increased by 2.1°C in the same period.
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Figure 2. Evolution of climatic values in 30-year mobile averages between 1910 and 2008 for the Canfranc station. K and A

are not shown because their mobile averages are 0 (See Table 1 for abbreviations).

Copyright © 2013 SciRes.
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Also, the duration of the period with certainty of frosts
(HS) declined by 1.5 months and the period of free plant
activity (PV) increased by 0.6 month.

The results of applying the phytoclimatic diagnostic
model to the set of climatic values in 30-year mobile
averages and the variation of the suitability for Pinus
sylvestris and Fagus sylvatica are shown in Figure 3.

Starting from roughly the 1934-1963 average the cli-
matic conditions at the station became less suitable for
pine growth, and therefore there is a gradual decline in
the suitability for pine, while the PSI for the beeches
tends to remain stable or decline slightly.

The comparative statistical evaluation of the trend of
the time series of PSI for the two target species was per-

formed by fitting the values of the series to a time func-
tion by regression analysis. Several models of evolution
with time (linear, logarithmic, quadratic, cubic, logistic,
potential and hyperbolic) were assayed and the best re-
gression function for D(f) in terms of fit (R* = 0.97;
standard error = 0.156) and overall and individual sig-
nificance of the parameters (F-statistic and T-statistic)
was the cubic model:

D(t)=0.1403+(0.002) -t ~(3.107)-£* =(6.107 )£

Figure 4 shows the observed and predicted values of
D(t). The model predicts a situation of stability or equi-
librium (D(¢) = 0.16) up to the period 1934-1963, after
which the trend of D(f) is downward and accelerating
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Figure 3. Comparative evolution of the Phytoclimatic Suitability Index (observed values) of Pinus sylvestris and Fagus sylva-

tica.

—— observed

—— predicted

£ 0.05
e
[a) . \
0 \1
-0.05
T
D N 1D O 4 < N O M O O N WO 00 A I NN O M O OO N 0
M < & & O W 0N O © © O© I~ I 0 0 0 O 0O 0o OO O O O
o O O O O O O O O 0O O O O O 0O O O 0O O O 0O O O o
T d4 A4 4 A A A4 A A A A A A A A A A —Hd +H +H =4 N N «
O M ©W O N D 0O o S I O M © O N I 0 o < I O M © o
=4 d4 4 4 N N N OO 0O MO F I S ¥ W 0 0L O © O N~ N~~~
oo O O O O O O O O O O O O O O 0O O O 0O o o o o o
- =4 A4 A A A A A Hd H Hd Hd A A Hd o H A H  Hd H H H

Mobile averages

Figure 4. Comparative evolution of the difference in Phytoclimatic Suitability Index of Pinus sylvestris and Fagus sylvatica

D(t); observed and predicted values.
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owing to a fall in the PSI of P. sylvestris. From 1970-
1999 onwards the model predicts an inversion of the
situation as it was up until now, so that beech comes to
have a higher PSI than pine.

4. Discussion

As our results suggest, the apparent stability between the
two target species in Canfranc forest began to break
down around the 1934-1963 period, the pine gradually
losing ability to compete with the beech in terms of phy-
toclimatic suitability.

This scenario of decline is chiefly due to the fact that
the pine’s adjustment to the target site changed more than
the beech’s. The results indicate that whereas F. sylvatica
presents relatively stable suitability indices and hence
also ability to compete throughout the period considered,
the suitability of the climate for pine is in constant de-
cline roughly commencing with the 1934-1963 mobile
average. This difference in the suitability for the two
species produces a breakdown of the competitive balance
in the forest formation, which is actually inverted starting
with the 1970-1999 average, since when the conditions
for beech were more suitable than for pine.

This development is consistent with morphological
characteristics of the two species. The needle-leaf strate-
gies characteristic of P. sylvestris are the outcome of
adaptation to severe winter cold, long periods of certain
frost and short periods of plant activity [35].

Biotic interactions will modulate species’ responses to
climate change. Many approaches to predicting the im-
pacts of climate change on biodiversity have been based
purely on a climate envelope approach and have not con-
sidered direct and indirect species interactions [36-38].
From a phytoclimatic standpoint the potential of an area
of land to host different types of arboreal forest cover can
be studied holistically using mathematical models to de-
termine what principal species of a forest formation are
compatible with that area, and also the degree of adjust-
ment of each of these formations to the phytoclimatic
environment at the station concerned [39].

This integrated phytoclimatic approach not only pro-
vides a means of determining the potential wealth of an
area in terms of arboreal forest formations, assessed on
the basis of the number of compatible principal species;
in addition, by calculating numeric adjustment indicators
it is possible to assess the capacity of the medium to host
each forest formation, and from there to enter the com-
plex universe of competitive relationships between spe-
cies and between forest formations by comparing their
relative degrees of adjustment. Plant species are limited
not only by their absolute limits of survival but also
through competition from other species, which might

Copyright © 2013 SciRes.

grow better in a given climate [25,40,41]. The impor-
tance of the competition factor in the distribution of plant
species is such that according to some authors [35], the
natural limits of distribution of a species will occur
where its ability to compete is so depleted by variable
environmental conditions that it is supplanted by other
species; generally speaking, ecological variables are only
decisive at the absolute limits of distribution.

In addition to these limitations we should cite some
reservations [9] regarding the construction of the niche
since all the possible situations for each species are not
taken into account when constructing climatic spaces,
particularly due to human influences on the distribution
of forest environments in the Mediterranean basin.

An exhaustive comparison with the wide range of pre-
dictive models that have been developed in recent years
and could be used for this study was beyond the scope of
this paper, (e.g. see [28,29] for a review). CLIMPAIR
was used because it is correlative and non-statistical and
offers an improved definition of the climatic niche as a
convex hull instead of a parallelepiped. The suitability
concept in statistical models is related to the frequency of
species occurrence within their geographical ranges, and
then also related both to the frequency of favourable en-
vironmental conditions that occur across geographical
space, and to historical land use [42].

Phytoclimatic shifts may create new environments
comprised of climatic combinations of conditions that
did not previously occur and this problem is potentially
common in projections of species distribution models
[43,44]. Forecasting future distributions or suitabilities of
species from current species-climate relationships is pro-
blematic because the observed distribution of a species
alone provides no information about how the species
might respond under novel environments [45]. This pa-
per opens up new methodological horizons for the study
of climate change effects on the composition and adapta-
tion of forest ecosystems to that change. Such a study
needs to be accompanied by improvements in techniques
for generating future climatic scenarios so that this me-
thodology can be used to make medium- and long-term
estimations.

With this methodology it will be possible to interpret
estimations of future changes in temperature and pre-
cipitation more efficiently and translate them into plant
language, in the form of quantifications of the hosting
capacities of environment and the competitive relation-
ships between the principal species in the formation. All
this will make it possible to perfect the mechanisms used
to make assessments and take preventive and adaptative
decisions in future scenarios of phytoclimatic uncertainty.
As forest managers prepare for climate change, this
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methodology can provide guidance in developing local
and landscape strategies for managing complex forests.
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