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Habitat fragmentation results in smaller and more isolated populations that may be at higher risk of
extirpation or further decline in comparison with their more continuously distributed progenitors. Risks
to fragmented populations have frequently been considered from the perspective of population genet-
ics, however, disruption of normal plant demography may be an equal or greater threat to population
persistence. We compared demographic performance and tree health in continuous and fragmented
forest plots with similar tree size structure and local climatic and physiographic conditions in order to
determine if fragments are characterized by poor health and reproduction. We found that beech forest
fragments showed lower seedling density, more tree crown damage and also higher percentage of dead
trees. However, mortality of juveniles in the youngest age class was substantially lower in fragments
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Inbreeding such that long-term population structure remained similar between the two forest types. If reduced
Isolation mortality compensates for reduced seedling establishment, as our data suggest, then fragmented pop-
Demography ulations should show greater long-term persistence than would be predicted based on comparison of
Mortality young age cohorts alone. However, despite such demographic compensation, the decreased health of
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adult trees may pose an increasing future threat to the fragmented populations. Our results demonstrate
the importance of integrating demographic patterns over long time periods and not relying on single
year or cohort comparisons and may partly explain population genetic differences previously reported
for the same populations.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Habitat fragmentation can have a significant impact on plant
populations because the creation of small patches reduces local
population sizes which, in combination with their increased iso-
lation, can have negative impacts on plant performance. In many
species, individuals in populations declining to low numbers expe-
rience diminished viability and reproduction for both non-genetic
effects, such as edge effects, and genetic reasons, such as decreased
genetic diversity and increased inbreeding (Lande, 1988). Because
of enhanced edge effects, fragmented landscapes experience more
exposition to wind speed and turbulence leading to forest struc-
tural damage, or warmer air and soil temperatures caused by
increases of light transmission (Saunders et al., 1991; Ferreria
and Laurance, 1997; Harper et al., 2005; Heithecker and Halpern,
2007). Heithecker and Halpern (2007), reported that most micro-
climatic variables were altered significantly at or near the edge in
Douglas-fir dominated forests. This included increase in light rang-

* Corresponding author. Tel.: +34 93 5811312; fax: +34 93 5814151.
E-mail address: adria_sigfrid@yahoo.es (A. Barbeta).

0378-1127/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.foreco.2011.02.029

ing from <5 m to >40 m from the forest edge, and also more elevated
minimum and maximum air and soil temperatures by the for-
est edge. Furthermore, tree damage and mortality increase rapidly
when the size of the fragment falls below about 500 ha in tropical
forests (Ferreria and Laurance, 1997). Plant-animal interactions are
also likely to be altered; forest fragmentation can lead to density
compensation, where loss or reduced abundance of some species
allows increased density of competitors (Cordeiro et al., 2009). Den-
sity compensation in seed predator communities, such as rodents
(Laurance, 1994) and birds (Wethered and Lawes, 2003) could
increase predation rates of undispersed seeds and/or seedlings in
fragments. Moreover, reduced seed dispersal may occur if key dis-
persal agents are absent or too scarce to effectively remove fruits
and disperse seeds (Howe, 1977; Schupp, 1993). Cordeiro and Howe
(2003) and Cordeiro et al. (2009), reported much lower overall bird
visitation in fragments than in continuous forest of the endemic
African tree Leptonychia usambarensis.

Isolated populations can also be characterized by reduced gene
flow from other populations as a consequence of the reduction
pollen flow and seed transfer between patches (Ellstrand and Elam,
1993). Such reductions may result from increased distance alone, or
disruption to biotic interactions, such as reduced pollinator services
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for entomophillous species (Broadhurst and Young, 2006; Rathcke
and Jules, 1993; Klein et al., 2003; Aizen and Feinsinger, 1994;
Ghazoul and McLeish, 2001; Tomimatsu and Ohara, 2002) although
increases in pollen or seed transfer have also been reported in some
fragmented forest systems (Bacles et al., 2006; Nazareno and de
Carvalho, 2009). In isolated populations, dispersal limitation can
negatively impact recruitment rate, which at the landscape scale
is largely explained by the distance to the nearest population of
mature trees (Turner et al., 2005; Kunstler et al., 2007). Further-
more, reduced seed germination success has also been noted for
fragmented populations (Bruna, 1999; Henriquez, 2004).

The disruption of plant breeding systems that can occur as a con-
sequence of habitat fragmentation can lead to increased inbreeding
and population differentiation and the erosion of genetic variabil-
ity within populations (Ellstrand and Elam, 1993; Petit et al., 2002;
Young et al., 1996; Hamrick, 2004; Lowe et al., 2005). Such reduc-
tion in diversity below typical population levels might reduce the
capacity of populations to adapt to changing environmental con-
ditions, thereby hastening their decline (Lande, 1988; Frankham,
1996; Jump et al., 2009). Decreasing diversity and performance
within fragmented populations is, therefore, indicative of the com-
bined impact of altered population distribution and a decline in
habitat quality. Whereas the former is typically investigated from
a population genetic perspective, the latter can be evaluated by
measuring changes in vegetative and reproductive capacity, popu-
lation structure or long-term demography (Adriaens et al., 2009).
These two aspects of habitat fragmentation are not, however, inde-
pendent in their effects, since inbreeding can reduce flowering
and seed production (Lienert et al., 2002; Paschke et al., 2002;
Lienert, 2004; Robledo-Arnuncio et al., 2004; Wang et al., 2010)
in addition to the impacts of reduced habitat quality outlined
above.

In long-lived woody species, rare or infrequent reproductive
events can be sufficient to maintain population size, or at least
substantially reduce population decline, even where mean climatic
conditions are unfavorable for plant regeneration (Mejias et al.,
2007; Pulido et al., 2008). Furthermore, given limited microsite
availability and the particularly high mortality in very young trees,
age/size distributions can be maintained through the survival of
only a very small number of establishing seedlings in a given
area (Pefiuelas et al., 2007; Wang et al., 2004). Consequently, the
longevity of tree species, combined with effective seed or pollen
dispersal, can enhance their resistance to the negative effects of
fragmentation on populations (Hamrick, 2004). This potential resis-
tance to habitat fragmentation impacts is reflected in the forest
fragmentation genetics literature, where case studies reporting
both the presence and absence of negative impacts abound (Kramer
etal.,2008; Bacles and Jump, 2011). Nonetheless, in the widespread
and wind-pollinated European Beech (Fagus sylvatica) (Jump and
Pefiuelas, 2006), an abundant tree species that forms the matrix
of the community offering shelter and food to many other species,
having an overriding importance for the ecosystem (Lienert, 2004),
it has been reported that forest fragmentation has a negative
genetic impact. This negative impact can be linked to low effec-
tive dispersal distances in this species, recently estimated in closed
stands as 100 m or less for pollen and approximately 20 m for seeds
(Wagner et al., 2010).

In order to begin to tease apart the impacts of changes in pop-
ulation distribution and reduced habitat quality, both genetic and
demographic studies must be conducted in the same forest popu-
lations and in a system where fragmented and continuous forest
populations co-occur in the local landscape (Bacles and Jump,
2011). Consequently, we chose to investigate impacts of forest
fragmentation on tree condition and demography in the F. syl-
vatica forests of the Montseny Mountains in Catalonia, northeast
Spain, where significant negative genetic impacts of forest frag-

mentation were previously reported linked to deforestation dating
back some 600years (Jump and Pefiuelas, 2006). In this region,
small F. sylvatica forest fragments of up to 52 ha occur alongside a
continuous forest covering some 2830 ha. Previously reported neg-
ative genetic impacts of forest fragmentation include a reduction in
geneticdiversity, increased inbreeding and increased genetic diver-
gence indicative of disruption of the normal breeding system of the
species in this region (Jump and Pefiuelas, 2006). In the present
study, we aimed to identify if health and demographic impacts
of forest fragmentation were detectable alongside these negative
genetic impacts. To assess potential changes in tree condition and
demography, we compared seedling density, defoliation index, the
percentage of dead trees, and demographic structure of fragment
and continuous forest plots whilst controlling climatic and physio-
graphic conditions as far as possible. Considering the consequences
of habitat fragmentation described above, we hypothesized that we
should find reduced reproductive capacity, poorer tree health sta-
tus and reduced recruitment into young age classes of fragment
forests.

2. Methods
2.1. Study area

The study was conducted in the northeast of the Iberian Penin-
sula, at the southern edge of the distribution of F. sylvatica in Europe.
The studied beech forests are located within the Montseny Natural
Park, 50 km northeast of Barcelona (Catalonia) (longitude 2°16'-
2°33’E and latitude 41°42’-41°52’). Beech colonized the Montseny
Mountains more than 4000 years ago (Comps et al., 2001). The
northeast ridge of Montseny Mountains rises to 1712 m above sea
level and includes 2380 ha of near-continuous beech forest (Jump
et al.,, 2006). The southwest ridge rises 1344 m above sea level and
is mainly dominated by pastures that occupy the top of a high
plain, and beech forest fragments are restricted to the steeper sur-
rounding areas. Individual fragments cover an area of up to 52 ha
(Jump and Pefiuelas, 2006) (Fig. 1). Both ridges are separated by
a valley such that fragment and continuous forests are separated
by 1.5-5.5 km. Beech forests occur above 1000 m above sea level
and form the tree line on the highest peaks of the region (Tur6
de I'Home and Les Agudes, 1712 and 1706 m, respectively). Below
the beech forest in all areas of these mountains, the vegetation is
Mediterranean, dominated by Quercus ilex (Pefiuelas et al., 2007).
The bed-rock consists mostly of metamorphic phyllites and schists
(Avila et al., 2002) with some granodiorites areas at the northeast-
ern ridge.

2.2. Data collection

Data collection was carried out during the spring of 2010. This
year was a mast year in beech, therefore our fieldwork was con-
ducted during a year of high seedling production. We selected
6 forest fragments investigated previously for population genetic
structure by Jump and Pefiuelas (2006). All of these forest frag-
ments have F. sylvatica as the dominant tree species, just as it
occurs in most of the local continuous beech forest. We charac-
terized all investigated fragments according to their altitude, slope
and aspect. This information was then used to select 6 continu-
ous forest areas from the northeastern ridge as similar as possible
to each one of the six fragments in order to allow us to compare
seedling production, health status (defoliation index), tree mortal-
ity and forest demographic structure, between maximally similar
fragmented and continuous beech forests. Details of fragments and
their corresponding sampling sites from the continuous forest are
shown in Table 1.
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Fig. 1. Distribution of F. sylvatica in Europe and location of sample sites and meteorological stations within the Montseny natural Park, Catalonia, northeast Iberian Peninsula.
Grid lines are marked with Universal Transverse Mercator coordinates in kilometers. V, Viladrau; T, Tagamanent; TH, Turé de 'Home meteorological stations.

In each fragment or zone of continuous forest, three 20 m x 20 m
plots were established randomly but at least 50 m away from the
forest edge, i.e., a total of 36 plots. Potential disturbance impacts
by grazing were minimised by locating the plots distant from any
paths or tracks. For each plot, we measured the diameter of the
dominant stem of all individuals at 50 cm height and grouped
them into 5cm stem diameter range size classes in every plot.
For multistemmed individuals, all stem diameters of each indi-
vidual were measured at 50cm height in order to derive the
mean number of stems per individual of each plot. We also cal-
culated the relative proportion of the number of individuals for
each size class after measuring the density of each plot as the
number of individuals per hectare. As F. sylvatica is a resprouting
species, we also considered the cumulative basal area from all the
stems for each individual. All beech current year seedlings were
counted to consider seedling production (seedlings ha—1). We cal-
culated the population size structure (stem diameter distribution)
both considering these seedlings and without considering them,
as well as both taking the dominant stem diameter of each indi-
vidual and its cumulative stem diameter. Finally, we estimated
the seedling incorporation to the next size class (individuals with
the largest stem between 0 and 5cm), as the percentage of indi-
viduals of this 0-5cm class (older than 1 year) relative to the
current year seedlings, which was calculated plot per plot and then
averaged for each sampling site. This approach gives a relative
estimate of survival, which can be compared with total popula-
tion structure, although we did not follow the fate of individual
seedlings.

Table 1

A visual evaluation of defoliation was used as indicative of
tree health for each plot. Selected individuals were predominant,
dominant and co-dominant individuals and without significant
mechanical damage. Defoliation was defined as the percentage of
leaf loss in the assessable crown, using a sliding scale of 5%. Ten
randomly selected dominant individuals per plot were sampled.
Percentage of dead trees was evaluated as the ratio between dead
individuals and total individuals, without considering dead stems
from otherwise living individuals, i.e., mortality was evaluated at
the individual level, not at the stem level. The dominant stem diam-
eter of dead individuals was also measured in order to calculate the
size distribution and percentage of dead trees.

Climatic data (temperature and rainfall) for fragment and con-
tinuous forests sites was collected from the Climatic Digital Atlas
of Catalonia (Pons, 1996; Ninyerola et al., 2000), ensuring that the
main climatic variables, at least as modeled in this interpolation-
based atlas, did not differ between the two sampled areas. Several
landscape variables such as shortest distance to the continuous
populations, fragment size and isolation levels (resulting from the
average distance among the five closest beech forests) were deter-
mined with a GIS (Miramon 6, Barcelona). Distance of each plot
to the top of the ridge was also measured. These characteristics
might potentially influence the microclimatic conditions of the for-
est. Additionally, we collected meteorological data (temperatures
and rainfall) from two stations within the Montseny Natural Park.
Tagamanent station (marked with a T in Fig. 1) is located 2 km west
of the southernmost sampling site of fragmented forests at an alti-
tude of 1030 m, and Viladrau station (marked with a V in Fig. 1) is

Physiographic conditions of fragments (labeled as F) and sampling sites at the continuous forest (labeled as C). UTM coordinates are given for the center of the three different
plots sampled at each site. Altitude, aspect and slope are given as the range within each plot. Density is given as the mean of the three plots + SEM.

Name Code UTM coordinates (X, Y) Altitude (m) Aspect Slope (%) Density (ind ha=')
Collformic F1 445,579, 4,627,860 1148-1173 N-NO 25-40 1667 + 373
La Cortada F2 445,682, 4,626,799 1191-1206 N-NE 15-30 1042 + 55
Roca dels Corbs F3 444,878, 4,624,728 1113-1139 N-NE 35-40 392 +29
Carena del Bofinar F4 444,064, 4,624,855 1165-1183 NO 10-20 900 + 154
Bac del Vilar F5 444,876, 4,624,233 1229-1256 N 10-30 517 £ 57
Casanova de Vallfornés F6 444,375, 4,622,461 1176-1231 NO 10-30 1358 + 156
- C1 452,752, 4,628,225 1145-1197 N-NO 15-30 700 + 121
- 2 449,225, 4,629,481 1128-1225 NE 25-40 1067 + 54
- a3 452,845, 4,628,248 1143-1156 N 20-40 667 + 13
- C4 449,855, 4,629,407 1128-1225 NO 5-20 942 + 82
- () 450,482, 4,630,004 1180-1185 N 20-30 1283 + 140
- c6 450,348, 4,629,867 1145-1181 NO 10-40 1183 + 101
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Table 2

Landscape variables of each forest remnant (fragment). Distance to continuous forest was taken as the distance to the closest continuous beech forest population of Montseny
Mountains’ Northeastern ridge. Isolation is the mean distance among the closest five beech forest populations, either continuous or fragmented.

Code Name Area (m?) Distance to continuous forest (m) Isolation (m) Distance to ridge top (m)
F1 Fageda de Collformic 451605.6 1954.8 90.9 186.3

F2 La Cortada 148611.8 1677.1 174.4 139.3

F3 Roca dels Corbs 99335.5 3377.9 307.6 101.3

F4 Carena del Bofinar 148668.7 43829 99.9 608

F5 Bac del Vilar 320191.2 34235 307.6 226.7

F6 Casanova de Vallfornés 265392.6 5599 677.2 188.7

also located about 2 km but north from most of the continuous for-
est sampling sites at 953 m above sea level. Their data allowed us to
compare growing season conditions that might affect reproductive
capacity and tree health in the two sampling areas (Table 2).

2.3. Statistical analyses
We used Student’s t-test analysis to compare recruitment rate,

defoliation index and mortality of each fragment and continuous
forest area. Mortality and defoliation were arcsin(,/x) transformed
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and seedling production logarithmically transformed prior to the
test in order to meet assumptions of normality and homoge-
nous variance. For forest size structure, we used non-parametric
Kolmogorov-Smirnov tests to evaluate the differences in stem
diameter distribution and tree frequencies of the different size
classes. The percentage distribution of stem diameter classes (num-
ber of individuals of each class standardized by the total number of
population trees) of F. sylvatica fragments and continuous forests
were also tested by analyses of the variance. We carried out the
tests for tree frequencies distribution with and without the current

1 . I

JI

Defoliation Index (%)

Dead trees stemdiameter (cm)

P
-
o

L
o
—n

a
iy
-

e
N

A
-
o

n
a
-

"
a
o

P
Q
-

n
o
5]

Contnuous rest Fegmented frest

Confinuous forest Fragmened brest

A
a
a

Seedingincorporationirto the <5 class (%)
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incorporated into the next size class, for continuous and fragmented forests. The values are mean 4 SEM of the 6 sampling sites. Significant differences are indicated with
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year seedlings. The differences in the stem diameter of dead trees
between forest fragments and continuous forest plots were also
evaluated with Kolmogorov-Smirnov tests as the data distribution
did not fit normality. As an exploratory analysis, we tested the rela-
tionship of seedling production, defoliation, and tree mortality with
landscape variables of each fragment with multiple regression anal-
yses. Statistical analyses were conducted using Statistica (StatSoft,
Tulsa, OK, USA).

3. Results

3.1. Density, seedling production, health status and percentage of
dead individuals

Individual density was similar in both fragment and continuous
areas (979 (mean) 4 81 (standard error) versus 974 442 tree indi-
viduals ha~1) (Student’s t-test; t=0.02, df=10, p=0.98). However,
fragmented forests had more stems per individuals (3.63 +0.70)
than continuous forests (2.2040.27) (Student’s t-test, p<0.001,
t=3.80, df=1287) (Fig. 2e and Table 4).

Continuous forests showed a higher seedling density of F. syl-
vatica: the mean of the 18 plots was 25,917 + 2623 seedlings ha!
whereas for fragment forests it was 774 + 88 seedlings ha~! (Fig. 2a)
(Student’s t-test; t=—5.42, df =10, p<0.001). The defoliation index
was higher in fragment forests (11.61% + 1.04) than in the contin-
uous forest (2.89% 4+ 0.22) (Fig. 2b) (Student’s t-test, t=3.92, df=10
and p<0.01). Seedling incorporation into the next size class was
higher in fragmented forest (0.13%+0.03) than in the continu-
ous forest (0.01% 4 0.003) (Fig. 2f) (Student’s t-test; t=2.41, df=10,
p<0.05) (Table 4).

The percentage of dead individuals within a plot tended to be
also higher in forest fragments (7.2% + 0.82), although it did not
differ significantly from continuous forest (4.67% 4+ 0.64) (Student’s
t-test, t=0.99, df =10, p=0.34) (Fig. 2¢). The dead trees of the frag-
ment forests were slightly larger (p <0.05, Kolmogorov-Smirnov)
than the dead trees of the continuous forests (stem diameter aver-
age of 6.88 versus 3.52 cm) (Fig. 2d and Table 4).

3.2. Size structure

We censused 4743 trees (4226 F. sylvatica trees), split between
fragment and continuous forests. Fragment forests plots had 2121
beech individuals, and continuous forests had 2013.

Size structure in both areas showed a similar shape, where
smaller size classes contained more individuals and larger classes
presented a progressive decrease of trees number. However, con-
tinuous forest size structure showed a slight trend towards two
peaks, one for smaller classes and the other for class from 25 to
30 cm (Fig. 3a). This slightly bimodal size distribution is not present
when using basal areas of each individual, i.e., when consider-
ing the cumulative diameter of all the stems of each individual
(Kolmogorov-Smirnov test) (Fig. 3b). The variances of all these size
distribution variables in the different plots were not different in the
fragments than in the continuous forest.

3.3. Climatic data

Climatic conditions collected from the Climatic Digital Atlas of
Catalonia (Pons, 1996; Ninyerola et al.,2000) were very similar both
in fragments and continuous forests. Annual rainfall in the frag-
ment forests ranges between 982 and 1044 mm, whereas it ranges
between 1017 and 1100 mm in continuous forest sites, slightly
more rainy (Student’s t-test, p < 0.05, t=3.14, df= 10). Average tem-
perature did not differ between both zones as it ranges between
9.1 and 9.5°C in fragment forests and between 8.9 and 9.6°C in
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Fig. 3. (a) Number of F. sylvatica individuals per hectare distributed per size classes.
(b) The distribution of the cumulative basal area per individual considering all the
stems of each individual. Seedlings of the current year were not included. Significant
differences are marked with *(p <0.05).

continuous forest (Student’s t-test, p=0.73, t = —0.34, df = 10). Sum-
mer rainfall ranges between 217 and 224 mm in fragment forests,
whereas it ranges between 188 and 219 mm in continuous forests,
which are slightly dryer during these months (Student’s t-test,
p<0.01, t=-3.59, df=10).

Local instrumental meteorological data taken from the stations
at Viladarau and Tagamanent (Fig. 1) show similar mean tempera-
ture and monthly rainfall across the study area during the seedling
growing season, when water availability is likely to be critical for
seedling germination and survival. Precipitation was slightly higher
in March and April at Viladarau station (near the continuous for-
est) whilst, in May, precipitation was highest at Tagamanent station
near the fragmented populations. Monthly mean temperature is
higher throughout the spring at the Viladarau station, which is sit-
uated at a lower altitude that that at Tagamanent (953 m versus
1030 m). Extreme temperatures, both maximum and minimum are
hotter and colder, respectively, for Viladarau station (Table 3).

4. Discussion

Fragment populations of F. sylvatica showed noticeable differ-
encesin health and seedling recruitment with the continuous beech
forest. Seedling recruitment was more than 30 times lower in
fragment forests, trees were more than 4 times more defoliated,
and the percentage of dead trees tended to be higher in frag-
ment forests. Furthermore, the growth form of individual trees
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Table 3
Meteorological data from the two stations near the sampling sites. Tagamanent is closer to the fragmented forests and Viladrau to the continuous forest.
Altitude Mean Mean of daily Mean of daily Absolute Absolute Monthly Maximum
(m) temperature maximum minimum maximum minimum rainfall (mm) rainfall in 24 h
(°C) temperatures temperatures temperature temperature (mm)
O Q) Q) 0
March
Tagamanent 1030 5.1 9.4 20 194 -8.6 81.6 38.8
Viladrau 953 5.7 11.6 1.2 213 -9.6 91.6 48.1
April
Tagamanent 1030 9.2 13.1 6.3 193 13 60.8 214
Viladrau 953 9.5 154 4.7 234 -0.2 70.3 24.2
May
Tagamanent 1030 10.5 14.4 7.4 23.0 0.6 240.2 70.0
Viladrau 953 114 17.3 6.2 25.8 0.3 197.6 65.0

differed on average between the two forest types, since trees had
more stems per individual in the forest fragments when compared
with the continuous forest (Fig. 2e). However, although seedling
recruitment was significantly lower in the forest fragments, this
reduction in seedling production has not been translated into dif-
ferences in stand structure, since the size class distribution of
the two forest classes remains similar (Fig. 3 and Table 4). This
similarity appears to be due to demographic compensation, since
substantially reduced mortality occurs in the forest fragments
when compared with the continuous forest (0.13% of seedlings are
incorporated into the next size class in the fragments whereas only
0.01% are incorporated into the next largest size class in continuous
forest) thereby counteracting initially much lower seedling pro-
duction in the forest fragments. Seedling production is, however,
likely to vary significantly between years, along with the propor-
tion of these seedlings that survive to be incorporated into larger
size classes. However, the similar size profiles between the con-
tinuous and fragmented forest suggests that such a demographic
compensation may be a persistent phenomenon.

Our results nonetheless suggest that chronic habitat fragmen-
tation entails a reduction of reproductive and vegetative capacity
of populations. Decreased seedling establishment and plant health
is indicative of reduced habitat quality in the fragmented popu-
lations (Saunders et al., 1991; Harper et al., 2005). This proposed
impact of reduced habitat quality in generating differences in plant
performance between continuous and fragmented populations is
further supported by the identified alterations to stem morphology,
since increased stem branching also occurs in response to elevated
environmental stress (Kramer and Kozlowski, 1979), although this
differential branching could also be the result of different manage-
ment (e.g., charcoal versus timber). Unfortunately, we do not have
information on historical management of these sites earlier than
40 years ago.

However, whilst in the short term, major differences in plant
performance are evident, the effects of such differences when inte-
grated over time may be less significant for population persistence,
since, overall, the size profiles between the two forest classes do not
differ significantly. This reduced impact of differences in seedling
production over time highlights the importance of rare reproduc-
tion events in populations of woody species on longer timescales
(Mejias etal.,2007; Pulido et al.,2008) and demonstrates the neces-
sity of taking more than single year ‘snapshot’ measures of plant
performance in long-lived species. Fig. 3 does, however, indicates
that the relative proportion of plants in the smallest age class tends
to be reduced in forest fragments, which might be an indication
of future decline. Given that these populations occur at the very
edge of the distribution of this species in southern Europe, the
ongoing increase in temperature in this region is likely to progres-
sively decrease the frequency of successful seedling establishment
in these populations (Mejias et al., 2007; Pulido et al., 2008).

Although we believe that the differences in plant performance
that we report occur principally as a response to differences in habi-
tat quality, they might also be indicative of reduced plant fitness,
or inbreeding depression (Lienert et al., 2002), given the elevated
inbreeding levels reported by Jump et al. (2006) for these for-
est patches. Declining reproductive success can be a response to
reduced pollination and seed production, and higher seed abortion
rates. Paschke et al. (2002) found a positive correlation between
reproductive performance and allelic variation as inbred plant
populations produced fewer flowers and seeds, whilst Aizen and
Feinsinger (1994)reported decreased pollen and seed productionin
several species in fragmented forests. Furthermore, with decreas-
ing fragment areas reduced seed production has been related to
self-fecundation, as Wang et al. (2010) have recently described
on Pinus tabulaeformis fragmented forests, and as was similarly
shown in Pinus sylvestris (Robledo-Arnuncio et al., 2004), where
fragmented forests showed a higher abortion rate than continuous
ones.

Inbreeding is typically higher in seeds and seedlings than adult
trees (Naito et al., 2005; Fuchs and Hamrick, 2010), an observation
confirmed by Jump and Pefiuelas (2006) for the F. sylvatica pop-
ulations studied here. However, whereas inbreeding is effectively
zero in adult trees in the continuous forest, levels of inbreeding
remain higher for adult trees in the forest fragments than popu-
lation genetic models based on population size predict (Jump and
Pefiuelas, 2006). The results that we present in the current paper
raise the intriguing possibility that reduced mortality of seedlings
in the forest fragments might contribute to the elevated inbreed-
ing recorded in adult trees. Such an effect is possible if density
dependent selection againstinbred individuals is lower in the forest
fragments than the continuous forest, a condition highly possible
based on the data that we present here. Whereas we cannot test
such a possibility directly from the present work, it remains an
exciting possibility for future research.

The differences in plant health, structure and demography that
we report are unlikely to be related to differences in macroclimatic,
or physiographic conditions, management practices or stand den-
sities, since these are similar in fragment and continuous forests.
In effect, average temperatures for all plots were estimated to be
all in the same range with little variation (£0.7 °C). The rainfall was
also estimated to be very similar and although continuous forests
could receive a very slightly higher amount of water annually, sum-
mer rainfall would even be higher for fragment forests. Summer is
the season when F. sylvatica is likely to suffer drought, which is
critical both for growth of adult trees and seedling survival (Jump
et al., 2007). The meteorological data of the spring of 2010 from
surrounding stations also showed little difference between ridges
(Table 3), as accumulated rainfall is similar during the growing
season of seedlings and even the most important rainfall events
coincided in time at both sites. However, microclimatic conditions



Table 4

Summary of results by sampling site. The values are mean + SEM of the three plots of each site (fragments labeled as F and continuous forest sites as C).

Cc6

C5

C4

c3

c2

C1

F6

F5

F4

F3

F2

F1

3750+ 1090
0.04+0.01

12,583 + 3110
0.003 + 0.0005

41,583 +15,277
0.002 +0.0005

43,250 + 18,242 30,417 + 17,567 23,917+11,812
0.001 + 0.0004

467 +109
0.4+0.14

550 + 279
0.1 + 0.09

925 + 788

1500+722 33+33

0.05+0.03

1167 +£547
0.08 +0.04

Seedlings ha~!

0.01+0.003

0.004 + 0.001

0.19 £ 0.16

0.03+0.03

Seedling incor-

poration to

the next size
class (%)
Percentage of

0.05+0.01 0.074+0.02 0.03 + 0.02 0.11+£0.05

0.01 + 0.01

0.124+0.02 0.01 £+ 0.03

0.06+0.03 0.08£0.04 0.14 + 0.04 0.02 + 0.02

0.02+0.02

dead trees

(%)
Defoliation

0.02+0.01 0.02+0.01 0.05 + 0.02 0.02+£0.01

0.02 + 0.005

0.04 + 0.002

0.20 + 0.08 0.05 + 0.03 0.17+0.11

0.15+0.04

0.06+0.004 0.07+£0.02

index (%)
Dead trees

2.36

4.03 + 0.94

15.50

5.16

717 £1.35 8.19 + 3.04 6.90+03 4.13 £+ 1.67 3.11 £ 041

24.64

4.32+0.38

2.262
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stem

diameter
(cm)
Stems per

2.70 £ 391 2414248 1.60+2.15 2.14 £ 1.67 3.12+5.28

4.51+2.87 217+2.16 231 £ 140 5.83 £ 548 2.13+1.70 123 +1.18

4.81+3.62

individual

(branchi-
ness)

2 There is no SEM for “Dead trees stem diameter” in those sites where only one out of the three plots presented mortality.

associated with the small area of the fragments such as wind speed
or air moisture could still be playing an important role, especially
in fragmented forests where these microclimatic conditions might
vary (Ferreria and Laurance, 1997). In any case, although microme-
teorological differences cannot be totally discarded, there was not
any significant correlation between physiographic variables such
as distance to the top of the ridges and seedling density, defolia-
tion index or percentage of dead trees. It is unlikely that other site
characteristics such as air or soil quality could explain our results.
Soils are silicieous, rocky and scheletic in both sampling areas, so
edaphic determinants of water and nutrient availability should be
similar. Tropospheric ozone mixing ratios within the study area
range from 95 g m~3 in winter to 125 wg m~3 in summer (XVPCA,
Network for Vigilance and Forecast of Atmospheric Pollution, Cata-
lan Government). Locally elevated tropospheric ozone is unlikely
to be responsible for the observed defoliation since sampling sites
are all at 1150-1250 m above sea level, also ozone mixing ratios
are expected to be similar as they increase with altitude (Diaz-de-
Quijano et al., 2009) and the geographical scale of this study is not
large enough to define different areas of ozone mixing ratios.

Regarding management, forest owners state that neither the
fragments nor the sites of the continuous forests here studied had
been managed for atleast 40 years, although some exploitation may
still have been carried out near our continuous forest’s plots (per-
sonal communication from the owners). Beech forests of this area
were managed in the first half of the 20th century in order to obtain
timber and charcoal, although the steepness of most of these stud-
ied forests only permitted low intensity exploitation. However, the
indication of a slight bimodal structure in the size profile for the
continuous forest might be an indication of past management activ-
ity (Fig. 3aand b). The lower seedling density in fragments cannot be
attributed to a reduced number of maternal trees or to an altered
size structure since the number of individuals and their relative
proportion did not reveal large differences for the following larger
size-classes, and tree density did not differ.

2010 was a mast year for the F. sylvatica forests in Montseny. The
forest plots that we investigated are separated by a maximum dis-
tance of 5.5 km, therefore, differences in timing of masting between
populations are highly unlikely to be responsible for the differences
in observed seedling density given the known climatic triggers for
masting in beech (Piovesan and Adams, 2001; Drobyshev et al.,
2010) and that temperature and moisture interannual variations
are similar across the geographical scale of this study. Alvarez-
Aquino and Williams-Linera (2002), reported F. grandiflora seedling
intensities 6 times higher in a mast year and Masaki et al. (2008)
identified mast years as those with a seeding density higher than
169.8 seedsm~2, whereas modest or poor seeding years ranged
between 0 and 169.8 seedsm~2. Seedling production 30 times
higher for continuous forest versus fragments in our study is well
outside these limits and is therefore highly likely to be a response to
other factors, such as those described above. However, Burgos et al.
(2008) reported stronger interannual variations in seed production
for Nothofagus glauca continuous forests than in fragmented ones
that may indicate a higher occurrence of mast events in continu-
ous populations, thereby raising the possibility that fragmentation
mightitself reduce seedling production through less frequent mast-
ing. Seed and seedling predation by livestock, might be higher in
the fragments, as the high plain located above forest fragments is
dominated by pastures and shrublands (Laurance, 1994; Santos and
Telleria, 1994; Wethered and Lawes, 2003). Despite the presence
of livestock, it is unlikely to expect impacts on seedling density
due to grazing or trampling, as these herbivores rarely forage in
the forest and nowadays the intensity of pasture is low. Further-
more, similar seedling density was found in fragments with more
visual evidence of animal movement through nearby paths as in
those with apparently less animal movement. Moreover, plots were
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located far enough from the paths in order to minimize grazing
impacts.

Negative effects of habitat fragmentation on tree health, such as
increased defoliation, have been attributed to edge and area effects
(Harper et al., 2005; Ferreria and Laurance, 1997), which could
affect forest microclimatic conditions through an increased expo-
sure to the prevailing climate of the forest exterior. The negative
effects could be also explained by the fact that inbred popula-
tions may reduce their capacity to ward off pathogens, and that
small populations are also more sensitive to negative climatic
episodes such as droughts (Lienert, 2004). Aridity and windspeed
are expected to be higher on the upper areas close to the ridge
top, affecting tree health through drought and mechanical damage.
Thus, increasing mortality and defoliation index would be expected
for these more exposed locations; however, we did not find such
an increase either in the fragments or in the plots of the continuous
forest, which showed a homogenous response.

In summary, there were significant differences in forest repro-
duction, tree structure (number of stems per individual) and
health between continuous and fragmented F. sylvatica popula-
tions. However, since size structures remain similar between the
two forest types, it appears that the differences in seedling den-
sity that we report have not yet been translated into long-term
decrease in fitness of the studied populations. Despite the apparent
absence of differences between the forest classes when integrated
over time, our results provide clear evidence of the demographic
and ecological impacts of forest fragmentation. Furthermore, two
aspects of our results might give immediate cause for concern
with regards to future decline in these fragments, the appar-
ently reduced proportion of individuals in the youngest age class
is shown in Fig. 3 and the increased defoliation of adult trees.
Given the previously demonstrated negative impacts of rising tem-
peratures on the growth and reproduction of this species in the
region (Jump et al.,, 2007; Pefiuelas et al., 2007, 2008) further
increases in temperature and drought stress are likely to signif-
icantly reduce adult growth and viability and seedling survival
whilst elevated crown damage might, in turn, reduce future seed
production.

Our results do not yet allow us to fully disentangle the
genetic impacts of reduced population size and increased isola-
tion from those of decreased habitat quality. Indeed, they raise
the interesting possibility that ecological-genetic feedbacks in
forest fragmentation might be more complex than had previ-
ously been envisaged. Further research is therefore necessary to
tease apart the contribution of genetic and environmental fac-
tors contributing to the differences we observe. Such research
must include greater understanding of the microclimatic dif-
ferences between plots and long time series of reproductive
output and success, in combination with controlled environment
studies aimed at identifying the impact of elevated inbreeding
on establishment success and demographic-genetic modeling.
In combination with the data that we present here and those
reported previously, such research will substantially increase our
understanding of both the short and long-term impacts of forest
fragmentation.
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