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a b s t r a c t

Silver fir (Abies alba) reaches its southwestern distribution limit (rear edge) in the Pyrenees, where it
forms highly fragmented populations threatened by drought-induced die-off. Therefore, we need a better
knowledge of regeneration patterns and processes (seed production and dispersal, regeneration niche) of
such rear-edge stands to assist their long-term conservation. Seed rain patterns were studied in two
structurally contrasting sites: an even-aged pure stand (Las Eras) and an uneven-aged mixed silver
fir-beech (Fagus sylvatica) stand (Gamueta) over 8 and 12 years, respectively. Seed production
experienced a greater synchrony in years of high seed production than when crops were low, suggesting
masting behavior in both sites. Seed inverse modeling methods resulted in dispersal curves differing
between sites, with estimates of mean dispersal distances of 9.9 and 21.5 m for the pure and mixed
stands, respectively. Long-term sampling of seed dispersal and production was complemented with an
analysis of silver fir regeneration niche. Seed and seedling patterns were spatially uncoupled,
emphasizing the relevance of microsite filtering of regeneration. Understory light environment was the
main factor explaining seedling emergence and mortality. Our study provides a mechanistic basis and
a methodological approach for understanding the colonization ability of Pyrenean rear-edge silver fir
stands and similar tree populations.

� 2014 Elsevier B.V. All rights reserved.

1. Introduction

Forest dynamics depend largely on tree regeneration which is
influenced by biotic and abiotic factors acting at different spatial
and temporal scales (Clark et al., 1998a). Seed production and
dispersal, germination and seedling establishment are among the
main processes determining successful tree recruitment (Dovčiak
et al., 2003). Constraints acting on tree regeneration include low
amount of viable seeds, restricted spatial extent of seed dispersal
and reduced availability of suitable microsites for seedling estab-
lishment (regeneration niche sensu Grubb, 1977). At an individual
level, seed production is directly related to tree size (Greene and
Johnson, 1994). However, there are other factors affecting seed
production at wide spatiotemporal scales (stand, decades) such as

stand density, tree-to-tree competition or climatic conditions
triggering reproductive events or prolonging seed dormancy
(Greene et al., 2002; Debain et al., 2003, 2007; van Mantgem et al.,
2006).

Seed production often fluctuates from year to year, especially in
the case of masting tree species, in which there is a synchronous
production of many seeds at irregular intervals in the same
population (Silvertown, 1980; Herrera et al., 1998). Some of the
causes of masting are related to climatic variability, resource
matching, success in pollination and predator satiation (Janzen,
1971; Kelly, 1994; Kelly and Sork, 2002). Besides seed fecundity,
seed dispersal patterns are a critical component in the spatial
variation of tree recruitment (Ribbens et al., 1994; Nathan and
Muller-Landau, 2000). Seed density almost invariably declines
leptokurtically with distance to the parent tree, so the offspring
are clustered near the source and extended distribution tails usually
represent rare long-distance dispersal events (Clark et al., 1998b;
Stoyan and Wagner, 2001).
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Some microsites are more suitable for seed germination and
seedling survival than others, and that suitability depends on mic-
rotopography, canopy cover, understory type or presence of de-
cayed wood (Beckage et al., 2000; Dovčiak et al., 2003).
Therefore, the regeneration niche concept is central because it de-
fines the requirements for a high chance of success in the replace-
ment of mature trees (Grubb, 1977). The regeneration niche
includes multiple interacting filters of tree recruitment such as
canopy cover in temperate forests (Runkle, 1981) or soil water
availability in drought-prone Mediterranean forests (Marañón
et al., 2004). Habitat requirements of recruits also change through-
out the different regeneration stages since young seedlings may
heavily depend on water availability while older saplings require
more light (Dovčiak et al., 2003). Further, interactions between
adults and seedlings of other tree species constitute a complex bal-
ance between competition and facilitation, depending on factors
such as abiotic stress or tree density (Callaway and Walker,
1997). Successful recruitment might be also expected to be higher
at some distance of parental trees where predator pressure de-
creases as seed and seedling density do (Janzen, 1970). Therefore,
the importance of seed dispersal or selective recruitment in spe-
cific microsites may be differently magnified by factors acting
sequentially on seed germination and seedling establishment.

Here we assess the importance of seed production and dispersal
as related to seedling establishment for the regeneration of Pyre-
nean silver fir (Abies alba) forests. To get a deeper insight on regen-
eration processes of these forests is very relevant because they
constitute the south westernmost limit (rear-edge) of the species
distribution area in Europe. Rear-edge populations, which fre-
quently gather rare ecotypes and genotypes, are typically re-
stricted to specific drought-prone habitats as compared with
more central localities (Hampe and Petit, 2005). Therefore, study-
ing the regeneration of rear-edge populations is of great interest
because they portray ecological scenarios which may develop in
more northern core areas under warmer or drier conditions (Castro
et al., 2004). Besides, western Pyrenean silver fir forests are expe-
riencing drought-induced die-off processes and they are also
highly fragmented due to their past historical use for logging, both
threatening their persistence and regeneration (Camarero et al.,
2011). In addition, bioclimatic envelope models predict significant
reductions of the Pyrenean silver-fir area due to intensified warm-
ing at the end of the 21st century (Serra-Diaz et al., 2012). Hence,
the study of regeneration of rear-edge Pyrenean silver fir forests is
crucial to assess their ability to recruit, migrate and colonize new
territories in a warmer and drier climatic scenario.

Our aim is to characterize the spatio-temporal patterns of seed
production, seed dispersal and seedling establishment of silver fir
in two Pyrenean forests with contrasting structure and composi-
tion. Our specific objectives are: (i) to analyze the temporal varia-
tion of seed production in Pyrenean silver fir and its relation to
regional climatic conditions, (ii) to determine the spatial patterns
of seed dispersal and characterize seed dispersal curves, and (iii)
to relate the spatial patterns of seedling establishment with envi-
ronmental (canopy openness, substrate) and biotic variables (seed
deposition, basal area) with the aim of describing the species’
regeneration niche.

2. Materials and methods

2.1. Study species and site

Silver fir (A. alba Mill.) is one of the tree species with larger bio-
mass and height (up to 40 m) in the Spanish Pyrenees, where its
distribution area reaches the southwestern limit (Fig. 1). There, this
species dominates subalpine and montane forests, mainly on

northern and northwestern slopes of mesic and humid sites with
fresh and deep soils (Blanco et al., 1997). Most Pyrenean silver fir
forests were subjected to selective logging up to the late 1950s
when their exploitation for timber greatly decreased (Camarero
et al., 2011).

Silver fir is a monoecious and shade-tolerant conifer (Ruiz de la
Torre, 2006). It regenerates from seeds that are winged and dis-
persed by wind from upright cones (Ruiz de la Torre, 2006). Cones
ripen from September to October, and they are located in the upper
third of the crown from where seeds are released until May. Silver
fir bears fruit every year although it is known that seed production
varies greatly between years and in masting years the seeds may
present higher germination potential than in years of low crop
amount (Ruiz de la Torre, 2006). Seeds produce a resin with high
monoterpene content, which constitutes up to about 20% of the
fresh mass of seeds (Čermák, 1987). This resin is related to seed
predators deterrence, defenses against pathogens, protection of
the embryo from drying, and the deep physiological dormancy
experienced by silver fir seeds, which usually germinate in spring
under wet conditions (Kolotelo, 1998).

The study was conducted on the upper part of Ansó Valley (Par-
que Natural de los Valles Occidentales, western Aragón, Spain;
Fig. 1), where beech (Fagus sylvatica L.) or Scots pine (Pinus sylves-
tris L.) can coexist with silver fir. Other less abundant species in
these forests are Sorbus aucuparia L., Sorbus aria (L.) Crantz, and
Betula alba L. We studied two structurally different sites located
in Gamueta (42�530 5500N, 0�4705900W, elevation 1395–1415 m
a.s.l.) and Las Eras (42�5204000N, 0�4801800W, elevation 1320–
1350 m a.s.l.) (Fig. 1). Gamueta is a mature and mixed silver fir-
beech forest, while Las Eras is a young and pure silver-fir forest
with higher tree density than Gamueta (see Table 1 for a list of
characteristics of each stand). The soils of both study sites are basic
and derived from marls and limestones.

The climate in the study area is temperate and subjected to oce-
anic influence (wet winter and spring seasons) with a high rainfall
amount distributed throughout the year, and fog and snow are fre-
quent in winter. Mean temperature is 8.5 �C, with December
(1.9 �C) and August (15.8 �C) being the coldest and warmest
months, respectively. Total annual rainfall is 1843 mm, and July
and August are the driest months. Ground may be covered by snow
from November until March, and average wind speed during the
dispersal season (September–May) is 2.07 m s�1.

2.2. Adult location and seed shadows

Two 900-m2 square plots (30 m � 30 m) were established in
each stand. The first plot (Gamueta) was set in fall 2001, whereas
the second one (Las Eras) was set in fall 2005. We measured the
location (coordinates x, y) and size (diameter at breast height –
dbh–, total height) of all adult trees (dbh > 20 cm, individuals over
1.3 m in height) and seedlings (individuals with height < 0.5 m) lo-
cated within the plots, as well as within a buffer zone 10-m wide
surrounding the plots.

At the beginning of the study we placed 36 seed traps in each
plot following a regular 5-m grid (Fig. 2). Traps were cylindrical
containers of 0.014 m2 circular collecting surface coated with fine
mesh bags and placed 0.5 m above the ground. Seeds were
monthly or bimonthly collected from traps during the dispersal
season (September–May) until fall 2012, resulting in 12 and
8 years of seed rain estimates in Gamueta and Las Eras, respec-
tively. We grouped seeds depending on whether they were col-
lected in autumn (September–November) or in winter–spring
(December–May) to determine when the most seed fall occurs.
Then, seed density (seeds m�2) was calculated on annual or sea-
sonal basis considering the amount of seeds collected in each trap.
We determined the number of predated seeds collected within
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