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ABSTRACT

We analysed patterns of woody species richness in Pinus sylvestris and Fagus sylvatica for-
ests in Catalonia (NE Spain) from forestry inventory databank in relation to climate and
landscape structure. Both types of forests are found within the same climatic range, al-
though they have been managed following somewhat different goals. Overall, woody spe-
cies richness significantly increased when conditions get closer to the Mediterranean ones,
with milder temperatures. Differences between the two types of forests arose when com-
paring the relationship between richness and forest patch size. Woody species richness in-
creased in pine forests with patch size, while the opposite trend was observed in beech
forests. This pattern is explained by the different behaviour of structural canopy proper-
ties, since leaf area index and canopy cover showed a steeper increase with increasing for-
est patch size in Fagus forests than in Pinus ones. Accordingly, richness decreased with
canopy cover in Fagus plots, but not in Pinus ones. We suggest that these differences would
be related to management history, which may have enhanced the preservation of beech
stands in larger forest landscape units.

© 2007 Elsevier Masson SAS. All rights reserved.

1. Introduction

actual evapotranspiration (AET), as the most accurate predic-
tors of species richness on a large scale (Wright et al., 1993;

Plant species richness variability has been reported to be sta-
tistically correlated to many variables across spatial scales
from local to regional levels. Many of these studies support
the assumption that both climatic and topographic factors ex-
plain a high proportion of spatial variations in species rich-
ness (Richerson and Lum, 1980; Currie and Paquin, 1987;
Currie, 1991; O’Brien, 1998). Most of the resulting models in-
clude climate-based water and energy variables, such as an-
nual precipitation and potential evapotranspiration (PET) or

Whittaker and Field, 2000; Hawkins et al., 2003). However, cli-
matic variables alone are not sufficient when applied to local-
scale richness.

In forest ecosystems, other factors related with the stand
structural properties, such as habitat diversity (i.e. forest
structure, soil heterogeneity, topography), disturbance re-
gimes and human management often become more relevant
in small-scale study areas. Thus, for a given area, a higher to-
pographic complexity may support higher understorey species
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diversity (lida and Nakashizuka, 1995; Yadav and Gupta, 2006).
Several studies also demonstrated that loss of species richness
is related to a higher level of disturbances, particularly in
smaller patches (Ilida and Nakashizuka, 1995; Benitez-Malvido
and Martinez-Ramos, 2003; Zhu et al., 2004). The composition
of understorey species is also expected to be influenced di-
rectly by forest structural properties (diametrical class distri-
bution, leaf area index—LAI, basal area and canopy cover)
(Hardle et al., 2003), that are clearly determined by forest man-
agement practices (Laatsch and Anderson, 2000; du Toit and
Dovey, 2005). Particularly, the characteristics of the dominant
species in the canopy (such as height, branching pattern or leaf
area index) may influence understorey composition by con-
trolling the radiation arriving to the ground, or soil character-
istics (such as litter load, structure and chemical composition).
In addition, the species richness at stand level may also be re-
lated to the size of forest patches which may determine the
available species pool (Ricklefs, 1987), or because it reflects
disturbance and management history.

A way to discriminate the effects of regional climatic vari-
ability and local structural characteristics on species richness
is to compare contrasting forest types, determined by their
dominant species, that are found within the same climatic
range. A few studies have analysed how dominant species
may influence patterns of species richness in forests. Plots sit-
uated in oak (Quercus spp.), pine (Pinus spp.) and oak-hickory
(Carya spp.) stands had a significantly greater number of tree
species than those in loblolly (Pinus taeda)-shortleaf (Pinus echi-
nata) pine forests in southeastern USA (Stapanian and Cassell,
1999). Aspen (Populus spp) and jack pine (Pinus banksiana)
stands are richer in vascular species than black spruce (Picea
mariana) stands in Minnesota (Reich et al., 2001), and plant
species richness is greater in coniferous plantations than in
broadleaved secondary forests in Japan (Nagaike, 2002). These
differences may be due to different habitat characteristics
(fertility, soil, moisture); to functional features provided by
the dominant species, which influence the resource availabil-
ity (Reich et al., 2001); to differences in past management prac-
tices, or to the levels of other anthropogenic disturbances
(Stapanian and Cassell, 1999; Nagaike, 2002).

Here we focus our study on comparing the patterns of
woody species richness in two types of temperate forests oc-
curring in Catalonia (NE Spain; 0°15 E to 3°15' E longitude,
40°30’ N to 42°40' N latitude): Pinus sylvestris evergreen forests
(pine, hereafter) and deciduous Fagus sylvatica (beech, hereaf-
ter) forests. Both species are widely distributed throughout
North and Central Europe, with their southern limit in the Ibe-
rian Peninsula and Italy. In Catalonia, both species share
a part of their range in mid-mountain altitudes (from approx.
600 to 1800 m a.s.l.), with similar climatic conditions (mean
annual temperature between 7.4 °C and 14.6 °C and mean an-
nual precipitations between 600 and 1400 mm). As a result of
the structural and functional differences related with leaf
habit, these two types of forests show contrasting differences
in canopy cover and LAI (being these values around twice in
beech than in pine forests), while having similar mean basal
area values (Gracia et al., 2004). They have also experienced
different logging history and the average size of forest patches
with beech stands tends to be smaller than the average size of
forest patches with pine stands.

We hypothesise that differences on woody plant richness
emerge across climatic gradients and between different forest
types found in this gradient, as a result of their contrasting
structural characteristics. Since these characteristics are
also related to processes occurring at landscape level (frag-
mentation, forest exploitation), stand richness would also be
differently related to forest patch size in each forest type.
We use mean annual temperature and the Thornthwaite arid-
ity index (Thornthwaite index, hereafter) as variables that
synthesises climatic conditions, and LAI, forest canopy and
tree stem diameter distributions as variables describing major
functional and structural features of forest stands. We fo-
cused on woody species richness, because that is the only in-
formation provided by the Third National Forest Inventory of
Spain (IFN3), which is an extensive database on the forests in
the region, including records of the occurrence of trees and
shrubs.

2. Materials and methods
2.1. Study site and species

The study area is located in central Catalonia (NE of Spain).
This is mainly a forested area, with dense forests occupying
63% of the total surface area of approx. 4000 km?. We also
find shrublands, grasslands in the upper altitudes and crop-
lands, as well as urban areas (Gracia et al., 2000, 2001).

Pine forests are considered primary or secondary forests
(from degradation of oak forests) (Folch, 1981) found in moun-
tains, from 400 to 2000 m a.s.l. They are widely exploited in the
region and constitute the first timber species (Terradas and
Roda, 2004). They mostly regenerate from seeds and consti-
tute even-aged stands managed by the shelterwood system
or uneven-aged stands after selective felling or natural gap dy-
namics (Centre de la Propietat Forestal, 1992, 1994).

Beech forests are considered primary forests occurring in
humid mountain areas, from 600 to 1800m a.s.l. (Folch,
1981). They were probably overexploited in the past (Terradas
and Roda, 2004), but they are currently recovering. The se-
lection logging is the more common treatment applied to
beech forests in the study area (Centre de la Propietat
Forestal, 1992, 1994; Meson and Montoya, 1993), and it is com-
patible with the aesthetical, landscape and leisure values
given to beech forests nowadays. Stand regeneration natu-
rally occurs from stump sprouts or seedling establishment
mostly occurring in gaps of the forest canopy. Saplings may
remain for many years in the understorey until clearing. Man-
agement practices, along with the human occupation of the
lowlands, greatly influence the current distribution of both
forest types.

2.2. Data set

The forestry data are based on the Third National Forest In-
ventory of Spain (IFN3) (Ministerio de Medio Ambiente, 1997)
which, in Catalonia, was carried out in 2000 and 2001. Our
study data consists of 2230 circular vegetation field plots dis-
tributed in woody areas, at a rate of one plot per km?.
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The IFN3 database includes exhaustive information about
trees (in circular plots normally within a 15-m radius, but
they can be smaller or larger, depending on the plot’s largest
tree size), as well as details of the understorey (shrub and
regenerative species present within a 10-m and 5-m radius,
respectively). Structural variables, such as tree diametrical
class distribution, leaf area index, or basal area, were taken
from the inventory, and were obtained from field data com-
bining sampling and allometric regressions. Canopy cover
was visually estimated as the percentage of the canopy pro-
jection on the ground. Woody species richness was also
recorded, and a classification was made of the sample plots
according to the dominant tree species (defined as the species
that represents more than 50% of the plot’s basal area).

Among the different forest types found in the study area,
we focused on the plots dominated by Pinus sylvestris
(N =785, the most frequent type) and the plots dominated
by Fagus sylvatica (N = 153). Nevertheless, and to avoid bias,
we only selected Pinus and Fagus plots of the same size (15 m
radius, which is the most common size in the inventory)
and sited in the same territory, where a gradient of humidity
can be established (Thornthwaite aridity index from 40 to
120). In this way, 282 plots (211 dominated by Pinus, and 71
dominated by Fagus) were included in the study.

Two climate variables were included in the analysis:
Thornthwaite aridity index and mean annual temperature.
The Thornthwaite aridity index is a variable that synthesizes
conditions of climatic water balance in the plots. It has been
calculated by using estimates of precipitation, solar radiation
and temperature from the Catalonia Climatic Atlas (Pons,
1996; Ninyerola et al., 2000), according to the formula:

Thornthwaite Index = (Total annual precipitation — PET)
x 100/PET

where PET (Potential Evapotranspiration) is calculated by the
mean monthly mean temperatures and a coefficient esti-
mated by the numbers of days in a month and the daily
hours of sun as a function of latitude (Thornthwaite, 1948).
The climatic values provided by The Catalonia Climatic Atlas
provide mean climatic values in a collection of digital raster
maps with a 180 m resolution. They were obtained from ex-
trapolation procedures from the available climatic station
network with series of at least 20 years of data for precipita-
tion and temperature and 4 years for solar radiation. Al-
though this index is correlated to temperature (r = —0.65 for
mean annual temperature, p < 0.0001), we included mean an-
nual temperature (temperature, hereafter) in the analysis to
distinguish the effects of temperature and water balance.
Temperature values were also obtained from the Catalonia
Climatic Atlas.

For each plot, the forest patch sizes were obtained from the
“Mapa de Cobertes de sol de Catalunya 1993” (DARP, 1998), af-
ter overlaying the field plots from the IFN3, using MiraMon GIS
software (Pons, 2000). While Pinus plots are found in a large
range of forest patch sizes (between 7 and 150,000 ha), Fagus
plots are only found in forest areas ranging from 3200 to
150,000 ha. Thus, only patches larger than 3200 ha including
both Pinus and Fagus forests (n = 7) were included in the anal-
ysis performed to compare the effects of patch size on woody
species richness of the two types of forests.

2.3. Statistical analysis

The effect of climate (temperature and Thorntwaite index)
and forest type (Pinus or Fagus) on woody species richness
and the interactions between climate factors and forest type
were evaluated by a General Linear Model (GLM). However,
as the number of woody species found in neighbouring plots
may not be independent due to a spatial autocorrelation, we
also performed a Mantel-test with the PASSAGE package
(Rosenberg, 2002) by creating a “‘geographic distance matrix”
from the Euclidean distance between the plots. Since a signif-
icant spatial autocorrelation was observed, we performed Par-
tial Mantel tests (Fortin, 1999) for the variables included in the
GLM, keeping the effect of geographical distance constant, i.e.,
differences on richness between pairs are correlated to differ-
ences between climate (temperature, Thornthwaite index)
when the effects of spatial location are kept constant. The sta-
tistics resulting from this test are regression coefficients
(bas.c), corresponding to the partial linear correlation of two
distance matrices (A, B) after controlling for the linear effect
of a third matrix (C). In our case, we used geographical Euclid-
ean distance matrix as the “C” matrix, the absolute difference
distance matrices of the dependant variable (woody species
richness) as “A” matrices and each of the three independent
variables (temperature, Thornthwaite index and forest type)
as “B” matrices. Significant differences from zero in the re-
gression coefficients were assessed by comparing with
reference distributions obtained after 999 iterations that per-
muted the arrangement of the elements of one of the distance
matrices.

We evaluated the relationship between forest patch size
and woody species richness for the two types of forests. We
took the 7 forest patches that include both types of forest as
the study units. Accordingly, we performed a repeated mea-
sures ANOVA with the mean richness of the Pinus and Fagus
plots belonging to the same patch as a dependent variable,
the area of the forest patch as a between-subject factor (after
log-scaling to allow normalisation) and the forest type as
a within-subject factor. We also calculated the interaction be-
tween forest type and forest patch size. For the two types of
forests, we analysed by regressions the relationship between
the structural variables mean LAI, mean canopy cover and
mean percentage of basal area of the plots found in each forest
patch with the respective patch size. We also performed re-
gressions between these variables and the respective plot
richness. For the two forest types a chi-squared test was
used to reveal differences in the tree stem diameter class dis-
tribution in small (<8 x 10% ha), medium (8 x 10°-5 x 10* ha),
and large patches (>5 x 10* ha). The trees found in plots be-
longing to the same patch size class (23, 102 and 38 Pinus plots,
and 7, 14 and 51 Fagus plots in small, medium and large
patches, respectively) were pooled together into the respec-
tive stem diameter class.

3. Results

According to the GLM (r* = 0.295, F = 23.15, p < 0.001), climate
was a major determinant of woody species richness, since it
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increased with higher values of temperature, that is, as we get
closer to Mediterranean conditions (Fig. 1, parameter esti-
mate: 0.117, SE: 0.028; Table 1). Thornthwaite index did not
show significant effect on species richness. Forest type failed
to significantly explain woody species richness (Table 1), de-
spite Pinus forests showed higher values (mean = 11.03,
SD = 3.77) than Fagus ones (mean = 8.93, SD = 3.51). No signif-
icant interactions between the type of forest and the climate
variables were observed (Table 1). A very low but significant
spatial autocorrelation of richness between the plots was ob-
served by performing a Mantel Test (r = 0.0789; p = 0.004). So,
Partial Mantel Tests were carried out in order to keep the spa-
tial factor constant. The results of the Partial Mantel correla-
tions did not substantially change the pattern observed with
GLM: temperature and Thornthwaite index analysed sepa-
rately were significantly related to woody species richness
(b=0.168, p <0.001; b=0.137, p <0.001, respectively), but
the forest dominant species was not (b = 0.010, p = 0.703).
However, when considering forest patch size in the analy-
sis, woody species richness increased in larger patches of
Pinus forest, while the opposite was found in Fagus forest
(repeated measures ANOVA, Forest type x Forest patch size
interaction F=14.47 p=0.013). Overall, in these patches,
species richness was significantly lower in Fagus than in Pinus
forests (F=11.29, p =0.020). Forest structure variables also
showed different behaviour in the two forest types, in relation
to the patch area. Leaf area index (LAI) slightly increased with
patch size for both forests types, but this increase was steeper
in Fagus (r = 0.85, p = 0.016, slope = 1.17) than in Pinus forests
(r=0.84, p =0.019, slope = 0.24) (Fig. 2, left). In addition, the
overall canopy in Fagus forests became denser in larger patch
sizes (r =0.78, p = 0.039, slope = 51.85) (Fig. 2, right), suggest-
ing a limitation for the coexistence of other canopy and under-
storey species. No significant relationship between canopy
cover and patch size was found in Pinus forests (r=0.40,
p = 0.378). Accordingly, in Fagus plots, woody species richness
was significantly lower with increasing canopy cover and this
relationship was only marginally significant with LAI and
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Fig. 1 - Relationship between mean annual temperature
and woody species richness (r = 0.473, p < 0.001) in forest
plots dominated by Pinus sylvestris and Fagus sylvatica
from Catalonia (Spain) after the Third National Forest
Inventory of Spain.

Table 1 - Statistical results of the relationship between
woody species richness and (A) climate and forest type

(GLM including for the whole set of plots); (B) forest
structural variables (regressions for Fagus and Pinus
plots separately)

SS df F p
(A) Climate and forest type
Temperature 186.79 1 17.95  <0.001
Thornthwaite index 11.71 1 1.12 0.290
Forest type 2.81 1 0.27 0.604
Temperature = Forest type 8.21 1 0.79 0.375
Thornthwaite * Forest type 1.88 1 0.18 0.671

2872.00 276
1204.50 5 23.15

Error (Residual)
Whole model <0.001
(B) Forest structural variables
Fagus sylvatica
Canopy cover —0.02 0.24  0.046
LAI —0.57 0.20  0.088
Percentage of basal area —0.05 0.21  0.081
Pinus sylvestris
Canopy cover 0.01 0.06  0.405
LAI 0.78 0.11 0.136
Percentage of basal area —0.03 0.11  0.155

Slope r p

percentage of Fagus basal area (Table 1). No significant rela-
tionship was found for these variables in Pinus plots. The per-
centage in basal area occupied by Fagus increased from 55% to
85% as the patch grows, while in Pinus the value decreased
from 95% to 85%, although the respective correlation coeffi-
cients were not statistically significant (r=0.62, p =0.141,
and r = 0.72, p = 0.069, respectively). Stem diameter class dis-
tribution showed significant differences between small, me-
dium and large patches both in Pinus and Fagus forests
(x® =44.489, p < 0.001 and x* = 21.109, p = 0.001, respectively).
The pattern was similar for both forest types: larger diametri-
cal classes were more abundant in smaller patches, and they
were less common in larger patches (Fig. 3).

4, Discussion

There is a general agreement about the role of energy and re-
source availability in explaining global patterns of decreasing
forest diversity from the tropics to the poles (Wright et al.,
1993; O’Brien, 1998; Whittaker and Field, 2000; Hawkins
et al,, 2003). Within the climatic range considered in this
study, this would correspond to locations with higher temper-
atures, that are also closer to the Mediterranean conditions,
which are well known for providing high-diversity hotspots
(Quézel, 1985) and presumably also larger species pools
(Ricklefs, 1987). Although Thornthwaite index was also nega-
tively correlated to richness, this parameter failed to show sig-
nificant effect in the whole model, probably as a consequence
of its negative correlation to temperature. Higher values of the
Thornthwaite index corresponded to colder conditions (north-
facing slopes, higher altitudes) with shorter growth periods
and lower energy input into the ecosystem. Neglecting the
spatial autocorrelation between sampling areas can lead to
erroneous results (Cliff and Ord, 1981). We successfully
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Fig. 2 - Relationship between forest patch size (log m?) and leaf area index (left) and canopy cover (%) (right) for forests
dominated by Pinus sylvestris and Fagus sylvatica from Catalonia (Spain) after the Third National Forest Inventory of Spain.

incorporated this effect, revealing a consistent pattern of de-
creasing richness in stands with a higher temperature.
Although pine forests stands on average showed higher
woody species richness than beech ones, these differences
did not achieve statistical significance. However, when in-
cluding forest patch size, important differences arose between
the two types of forests. While richness increased with patch
area in Pinus plots, it decreased in plots dominated by Fagus.
Since the distance between the plots and the limits of the for-
est patch (less than 200 m in 90% of cases) followed a similar
pattern in both types of forest, we do not expect that differ-
ences on edge effects between the two types of forest would
explain these trends. Other differences between Pinus and

Fagus forests associated with topoclimatic conditions were
minimised by the paired design (comparisons of Pinus and
Fagus plots located within the same forest patch). Also, we
analysed the occurrence of both types of forests within their
common range of distribution.

However, the two types of forests differed in the relation-
ship between some structural and functional properties and
forest patch size. LAI and canopy cover increased more with
patch size in Fagus than in Pinus forests. This canopy structure
would explain the lower species richness in beech forest on
large patches, due to light competition, as supported by the
observed negative relationship between canopy cover and
woody species richness. Our study was limited to woody
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Fig. 3 - Distribution of tree stem diameter classes in Pinus sylvestris and Fagus sylvatica stands located in small

(<8 x 10° ha), medium (8 x 10°>-5 x 10* ha), and large forest patches (>5 x 10* ha) from Catalonia (Spain) after the Third
National Forest Inventory of Spain. Data are shown as the percentage of trees belonging to each class, after pooling all trees
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species since the available data bank did not include herba-
ceous species. However, when considering the whole set of
plant species (including herbaceous ones), different patterns
of relationship between canopy closure and understorey di-
versity may occur, as reported in temperate forests. Although
a negative relationship has been shown by Balandier et al.
(2002), it may shift to no effect in deciduous forests depending
on moisture conditions (Hardle et al., 2003). Positive relation-
ships may appear when open canopies favour the develop-
ment of dominant woody species (i.e. Rubus spp.) which
competitively exclude most herbs (Decocq et al., 2004). Our re-
sults support the hypothesis of overstorey control of under-
storey diversity through controlling light availability.

The differences in the structural properties of the canopy
in relation to patch size may be related with management
practices. Although both pine and beech forests are currently
exploited in the region, there is a general agreement of local
managers to preserve beech forests due to their chorological
peculiarities. As a result, most Fagus plots (70.4%) are located
in areas with some kind of protection status, while this only
applies to 34.1% of Pinus plots. Also, beech stands in small iso-
lated patches may have experienced greater human impact
than in larger ones, as suggested by their lower percentage
of beech basal area and more open canopies. This pattern
would be different in pine forests, where the percentage of
basal area decreased with patch size, and LAI only slightly in-
creased. These practices, however, do not seem to have
produced differences in the pattern of tree stem size distribu-
tion of the Pinus and Fagus stands in relation to forest patch
size. In both types of forests, smaller patches support a higher
proportion of larger diametrical classes. Therefore, the contri-
bution of small trees to the increase of the percentage of basal
area in large forest patches would be greater in Fagus stands
than in Pinus ones.

5. Conclusion

In summary, we conclude that the climate-richness relation-
ship is significant in Southern European forests. More specifi-
cally, warmer temperatures, associated with the neighbouring
Mediterranean region, enhanced species diversity at stand
level. However, stand richness patterns were also influenced
by the spatial context, and particularly by forest patch size.
In our case, this parameter had a different relationship with
richness in beech and pine forests. Differences in canopy
structure related to canopy closure, that are likely to be deter-
mined by management practices, appeared to be a reliable ul-
timate cause of the spatial woody species richness patterns
found on a local and regional scale.
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