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abstract
Natural regeneration faces increasing difficulties in dry forests from the Mediterranean basin, including for normally well-regenerating species
such as maritime pine (Pinus pinaster Aiton). In this paper, w e studied female fertility, seed dispersal a n d spread rates in P. pinaster from the
Spanish Northern Plateau, w h e r e natural regeneration failure is a m a i n concern for forest managers. For this purpose w e periodically collected data
from seed traps and trees located at t w o core locations across several years. W e found sig-nificant variation in interannual cone production, with
the best seed trees being the s a m e across years. In addition, w e found highly s k e w e d distributions of female reproductive effort and large fertility
differ-ences across stands located f e w kilometres a w a y . Annual seed dispersal kernels fitted lognormal or 2 D t m o d e l s depending o n the stand
analysed, with m e d i a n dispersal distances b e t w e e n 1 4 and 2 5 m . Kernels fitted for m a x i m u m dispersal periods s h o w e d a n outstanding
intraseasonal variation of m e d i a n dispersal distances, from 1 0 to 5 4 m , in association to variable patterns of rainfall a n d m a x i m u m w i n d speed.
T h e a m o u n t of seed produced appeared to b e e n o u g h to guarantee the natural regeneration of the stands during the typical 20-year regeneration
period. Colonisation simulations concluded that Med-iterranean maritime pine has a notable dispersion capacity, w h i c h is strongly influenced by
levels of fecundity and, especially, b y the n u m b e r and frequency of long-distance dispersal events. T h e latter play a key role in tree dispersion
processes through enlarging the occupied area a n d fostering the invasion of abandoned crop land.
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1. Introduction

(Houle, 1996), depends in turn o n the interactions of m a n y site factors (Kitajima and Fenner, 2000).

The regeneration phase is a key part of sustainable forest m a n agement, as it determines the feasibility of most silvicultural treatments and the quality of the goods and services provided by the
forest (Gordo et al., 2012). It also conditions the future developm e n t of the stand. Therefore, understanding natural regeneration
processes of plant species is an important prerequisite for their
conservation and m a n a g e m e n t (Guarigata and Pinard, 1998). Stand
regeneration is a complex process driven by the interplay of multiple abiotic and biotic factors (Tíscar Oliver, 2007), involving different stages in the life cycle of plants. The success of each one, with
the seed and seedling stages recognised as the most important

Seed dispersal is one of the central processes in the dynamics
and evolution of plant populations (Ouborg et al., 1999), operating
at multiple temporal and spatial scales (Nathan, 2001). In plant
populations, seed dispersal is the predominant stage at which
plants m o v e in space (Schupp and Fuentes, 1 9 9 5 ; Nathan and
Muller-Landau, 2000), generating the initial spatial pattern of
n e w individuals. Besides, the process has tremendously important
implications at multiple scales of organisation: for the survival,
growth and reproduction of individuals; for the composition, structure and dynamics of populations and communities; and for the
persistence, evolution and geographical distribution of species
(Nathan, 2001). Thus, spatiotemporal patterns generated during
the seed stage are critically important to plant dynamics (Nathan
et al., 2001; Nathan and Muller-Landau, 2000; Schupp and Fuentes,
1995), in particular long-distance dispersal (Nathan et al., 2002;
Nathan and Muller-Landau, 2000). A s a result, a m o r e realistic
incorporation of seed dispersal in forest dynamic models is needed

(Nathan et al., 2001). However, models of tree spread have rarely
been implemented for pines (Prévosto et al., 2003; Lavi et al.,
2005), and very few deal with Pinus pinaster (Higgins et al., 2001;
Thuiller et al., 2005).
Maritime or cluster pine (P. pinaster Aiton) is one of the most iconic species of the western Mediterranean forest landscape. In Spain,
it is the most widely distributed native pine (^600,000 ha of natural
populations) and also the most widely used in reforestation. Maritime pine has been planted in temperate regions within and outside
its natural range mainly because of its commercial importance and
easy acclimation. In fact, outside its natural range, this species is considered one of the most relevant invasive plants in the world (Lowe
et al., 2004). In the light of this, ecological information from natural
populations of the species, in particular that related to seed dispersal
Fig. 1. Location m a p of experimental plots. The distribution range ofPinus pinaster
and recruitment can be very useful for developing population dy(native and introduced) in Spain in also given (in grey on the m a p of Spain).
namic and spread models (Rodríguez-García et al., 2010).
Success or failure of maritime pine regeneration is influenced
network (level II, 2004-2007) corresponding to this locality (Direcby debris accumulation, and herbaceous and moss cover
torate
for Nature Affairs and Forest Policy, www.marm.es). For
(Rodríguez-García et al., 2010). Nevertheless, water availability
Coca,
rain
data were taken from A E M E T (Spanish National Meteofrom precipitation is the most limiting factor for recruitment
Agency,
http://www.aemet.es/). Specifically, w e used the
rological
(Rodríguez-García et al., 2010, 2011; Ruano et al., 2009). Generally,
following
variables:
precipitation, m a x i m u m and m e a n temperapost-harvest natural regeneration of this species is considered
ture, and m a x i m u m and m e a n wind speed. Temperature and wind
easy. However, nowadays, natural regeneration in large parts of
data for 2007 were not available for Coca.
P. pinaster distribution, such as on the dry (sandy) soils of the
Spanish Northern Plateau, is not achieved satisfactorily, with
several examples of poor regeneration (González-Alday et al., 2.3. Experimental design and measurements
2009; Serrada et al., 2008; Rodríguez-García et al., 2010). This limSeed dispersal was studied in Coca during the years 2000, 2006
itation m a y compromise the sustainability of these stands, forcing
and 2007 (Co00, Co06 and Co07, respectively) and in Cuéllar from
alternatives such as seeding or planting (Gordo et al., 2012).
2004 to 2007 (Cu04, Cu05, Cu06 and Cu07). In the year 2000, w e
Regeneration problems in dry sites will likely get worse by effect
placed 28 square ( 1 x 1 m 2 ) traps in a 30 m radius plot in Coca.
of global climate change, since seasonal droughts are expected to
As
numbers of collected seeds were low that year, in 2006 and
become longer and more intense. In these sites, an adequate
2007 seed deposition was measured by placing 45 traps of bigger
amount of seed dispersed to suitable places results central to
size (1.5 x 1.5 m 2 ) , which were situated in a 75 m radius plot.
ensure natural regeneration.
The objectives of this study are (1) to describe seed dispersal pat- Traps in Coca were visited weekly from M a y to October, covering
the main seed dispersal period, and all seeds were collected and
terns in Mediterranean maritime pine (P. pinaster Aiton) from the
counted. In Cuéllar, w e placed 90 square ( 1 x 1 m 2 ) traps across
Spanish Northern Plateau at different spatial and temporal scales,
(2) to estimate its potential spread rates and (3) to analyse ecological an area of 11.4 ha. Seeds were collected in Cuéllar every 15 days
from January 2004 to December 2007.
implications of the described spread capability, in special those reIn both stands, polar coordinates of all trees and traps were talated to natural regeneration success and forest management. To
ken, and age, total height and diameter (at 1.30 m ) were measured.
achieve these objectives, w e first developed a multiyear study of
To get an estimate of the relative contribution of each tree to the
fecundity and seed dispersal in natural populations of this species
seed crop, cones on all trees were counted in Coca (n = 362) in
using modelling techniques based on the spatial distribution of
the springs of 2000 (Miguel-Pérez et al., 2002), 2006 and 2007,
seeds (seed shadows) to simultaneously estimate fecundity and seed
dispersal kernels. Second, w e used the forest simulation model SOR- and on a large tree sample in Cuéllar (n = 212) in the spring of
2004. In Co00 and Cu04 only the cones in half of the crown were
TIE-ND (Murphy, 2008) to assess P. pinaster spread rates under dicounted, using a conversion coefficient to estimate the cones on
verse cases of stand fertility, long-distance dispersal (LDD), and
the whole crown (Miguel-Pérez et al., 2002). All traps were proforest structure. Our study contributes to the understanding of the
tected from seed predators with a net of 1 c m 2 mesh.
role of seed dispersal in the complex process of natural regeneration
of P. pinaster in central Spain.
2.4. Seed dispersal kernels
2. Materials and methods
In absence of molecular marker data, modelling techniques
(conventionally named ‘inverse modelling’, IM) were used to ad21. Study site and sampled stands
just dispersal kernels. W e built a classical seed dispersal model
by assuming all trees dispersed their seeds according to a probabilThe study was conducted in two natural P. pinaster stands
(Coca, 41°16N, 4°29W; and Cuéllar, 41°22N, 4°29W) with a density ity density function for the random dispersal distance r. Three disca. 110 trees/ha. Both are located in a flat sandy region in Mediter- persal kernels with two unknown parameters (namely the scale
parameter u and the shape parameter p) were examined and comranean Central Spain (Fig. 1) and have trees 25-150 years old.
pared. (1) The exponential kernel that was developed by Ribbens
Management is based on natural regeneration following a shelteret al. (1994) and later modified by Clark et al. (1998), whose equaw o o d system adapted to resin production.
tion w e use here:
2.2. Meteorological data
Meteorological data for Cuéllar were extracted from daily
measurements recorded in the Spanish forest damage monitoring

p

f(r) = 2pu2Cð2=pÞ exp

u

(2) the lognormal kernel (Greene and Johnson, 1989):

Table 1
Seed crops and distribution of cone production in Coca and Cuéllar, two natural maritime pine stands from Central Spain. Seed crops have been calculated from the number of
cones.
Population

Year

Seed crop (seed/
m2)

15.9
12.3

Coca

Average number of cones per
tree

M a x i m u m number of cones
per tree

1

f(r) = (2p) 32 pr2 exp

1-9

10-40

reproductive

cones

cones

22.8
41.8
51.4
61.8

62.1
46.1
22.5
11.6

25.7
26.6

(lnr-u/

2p2

and (3) the ‘2Dt’ function, developed by Clark et al. (1999). The 2Dt
is a Gaussian kernel where the shape parameter is allowed to vary
over distance r:

p

f(r) =

Non

6.1
5.2

na

5.2
3.8

Coca
Coca

Distribution of cone production (% of trees)

pu 1þru2 p+1

where r denotes the distance a seed travels. In I M techniques, tree
fecundity is usually estimated using linear models with basal area,
although there are other options. In s o m e cases, ecologists prefer to
conduct direct cone counts on the tree crown (Sagnard et al., 2007)
or use models to independently estimate seed production (Calama
et al., 2008 for P. pinea). W h e n reproductive success is weakly or
moderately related to tree size, Nanos et al. (2010) suggest using
the unrestricted fecundity (UF) model, which allows fecundities to
vary freely from one tree to another and even to be null. In this
study, w e tested t w o approaches to estimate tree fecundity: the linear models with basal area and the direct cone counts. Despite the
latter being suggested to produce m o r e stable estimations (Manso
et al., 2012), the basal area model w a s eventually chosen, as convergence could not be obtained in Coca using direct counts.
Parameter estimation w a s based o n m a x i m u m likelihood
assuming that the expected n u m b e r of seeds arriving in a seed trap
is Poisson-distributed and by approximating the likelihood n u m e r ically. Negative binomial distribution w a s also used, but the fits
were statistically superior and ecologically m o r e meaningful w h e n
the Poisson distribution w a s chosen instead.
The best-fitting dispersal kernels were chosen based o n the
negative log-likelihood score (NLL) and the correlation coefficient
between the n u m b e r of observed seed counts in the seed traps
and the n u m b e r predicted by the model. In total, w e fitted seven
dispersal kernels, one for each dispersal season studied in each site
(i.e. four in Cuéllar and three in Coca). For Cuéllar, w e were also
able to compute intra-season seed dispersal kernels, considering
m a x i m u m periods of seed dispersal within each year (more than
1 0 0 seeds trapped between t w o consecutive inventories). Parameter estimates and dispersal distances calculated from intra-season
seed dispersal kernels were subsequently correlated with dispersal-season climatic variation, such as accumulated daily rainfall
and peak wind betweenfieldinventories.
2.5. SORTIE model simulations
W e simulated different scenarios to analyse the influence of
mating system and dispersal parameters o n P. pinaster natural
regeneration dynamics using SORTIE-ND v.6.09, which is an individual tree, spatially-explicit mixed-species forest model that
m a k e s predictions at the tree and stand levels (Coates et al.,
2003; Pacala et al., 1993; Pedersen, 2007). The model works by creating individual virtual trees which are subjected to biological processes called ‘behaviours’, such as growth, recruitment, mortality,
light or substrate. W e focused o n the ‘recruitment’ behaviour,
which predicts the density of seedlings produced by a tree as a

More than 40
cones

function of the size of the tree and the distance from the tree
(the ‘seedling shadow’). The ‘disperse’ behaviour was based on
the location and size of parent trees, and on lognormal dispersal
kernels to determine the number and placement of seeds. The kernel fitted for Cu04 was considered the most representative of the
two P. pinaster stands studied (see Section 4.2) and was used in
all models. The ‘establishment’ behaviour was used to control the
losses occurred between dispersal and effective recruitment
(0.001 in González-Martínez et al., 2006) and the ‘mortality’ behaviour (senescence) to model death of adult trees. The remainder
parameters in the model were considered to be similar to other
pines.
A basic (control) simulation was carried out and subsequent
simulations were performed changing initial parameters such as
density (100 and 300 trees/ha), initial population size (2 and 5 ha
stands) and fertility (double or half the observed levels in the
experimental sites). In another set of simulations w e included 10,
20 or 50 random L D D events. These L D D events were placed in
the simulations stochastically using random Poisson distributions
to determine the number of dispersal events that m a y occur at
100, 500 or 1000 m away from seed sources. This amount of L D D
can be considered moderate (^1 to 5 every 7 x 104 dispersal
events; see Nathan et al., 2008; Kremer et al., 2012, and references
therein). Five replicated simulations of 500 years were run for each
parameter combination.
3. Results
3.1. Fertility estimates based on observed cone production
In Coca, cone production was variable across years (Table 1).
Counts of non-reproductive individuals were lower in 2000 (6.1%
of trees) than in 2006 (25.7%) or 2007 (26.6%). For those trees producing cones, 2000 was also more productive (71% of trees with
more than 10 cones), with Co07’s crop being the less abundant of
all (no tree above forty cones and the majority below ten; Table 1).
Since the m e a n number of seeds per cone was ^94.7 (SD: 11.6,
n = 11) and the estimated percentage of empty seeds in this population is ^16.4% (Miguel-Pérez et al., 2002), the m e a n overall seed
production in Coca ranged from 15.6seeds/m2 in 2000 to
3.8 seeds/m2 in 2007.
In Cuéllar, the estimated seed production in 2004 (Cu04) was
similar to the one in 2000 in Coca (Co00) and m u c h higher than
those observed in Co06 and Co07. These among-site differences
in female fertility were also reflected in fertility estimates from
best fitting dispersal kernels, which showed seed crops 3-4 times
bigger in Cuéllar than in Coca (see Table 4). However, substantial
differences between fertility estimations via basal area and those
obtained by direct counts were found in some cases, with modelling producing fertility estimates for Cu04 over twofold those in
Co00 and more similar fertility estimates across Coca crops.
Remarkably, w e found a highly skewed distribution of female
reproductive effort, as estimated by cone counts. Only a few
mother trees were responsible for most cones produced in the
stand. W e estimated that half the crop was produced in Coca by

Table 2
Correlations across years for cone production and different tree parameters in Coca stand. Spearman correlations are shown over the diagonal and Kendall correlations under the
diagonal; D B H : diameter at 1.30 m ; H T : total height; AG: annual growth.
Cone production

Tree features

DBH

Age

HT

-0.129**
-0.047ns
0.002ns

-0.119**
-0.146***
0.047ns

AG

Cone production

2000

Tree features

-0.085**
-0.082**
0.099***

Age
HT

AG

-0.033ns
-0.102***
0.170***

ns: Non-significant.
0.05 < p < 0.10.
**
0.01 < p < 0.05
***
p < 0.01.

Table 3
Collected seeds in Coca and Cuéllar study sites from 2000 to 2007.
Site

Year

Code

Collected seeds
Area sampled (m 2 )

N

Coca

500
Cuéllar

Cu04
Cu05
Cu06
Cu06

Largest dispersal period (%)

Second largest dispersal period (%)

53(22.9)
295(31.2)
162(32.4)

48(22.8)
na
na

352(33.5)
616(38.5)
409 (31.3)
420(34.2)

187(17.8)
168(10.5)
240(18.4)
238(19.4)

Seeds/trap

Seeds/m2

11.11 ±7.14

7.22 ± 4.09
9.47 ± 7.43
4.94 ±3.17
12.76 ±8.87

13.64 ±9.06

na: Not possible to estimate.

the 22.8%, 15.6% and 18.5% most productive trees in 2000, 2006
and 2007, respectively, and by 1 9 % of the trees in Cu04. In Coca,
individual cone production w a s correlated across years, with high
fertility trees remaining the same, in particular in years 2006 and
2 0 0 7 (Table 2). In addition, w e found significant correlations between the n u m b e r of cones per tree and tree attributes, such as
diameter and annual growth.
3.2. Seed shadows and phenology of dispersal
In total, w e collected 6 9 5 8 seeds (1677 in Coca and 5 2 8 1 in
Cuéllar), which s u m u p to annual averages of 14.67 seeds/m 2 in
Cuéllar (four year average) and about half that a m o u n t
(7.21 seeds/m 2 ) in Coca (three year average). There were also notable differences across years within sites (Table 3). Overall, maxim u m differences found between t w o seed crops were 3.6-fold,
from 4.94 seeds/m 2 in C o 0 7 to 17.76 seeds/m 2 in Cu05. Fertility
estimates based o n seed traps were relatively similar to those
based o n direct cone counts, except for Co00.
In a ‘regular’ year, most dispersal events were concentrated on
the m o n t h s of June, July and August (Fig. 2). However, variability
across seasons w a s high. For example, in 2 0 0 7 there w a s practically n o seed rain until July and the m a x i m u m dispersal happened
a m o n t h later than the other years, and in 2 0 0 5 the dispersal seasonfinishedaround the middle of August, one m o n t h before than
expected. In Cuéllar, there were always t w o seed rain peaks, the
first one being m o r e pronounced than the second. In Coca, in contrast, seed dispersal distributions were m o r e irregular.
3.3. Seed dispersal kernels
Dispersal kernel fits were always better for Cuéllar than for
Coca (Table 4 and Fig. 3). The lognormal model w a s always the

best-fitting one in Cuéllar, having the lowest N L L and the highest
correlation values. Although w e selected the best model each year,
scale and shape parameters were relatively constant for all years in
this site. Distributions of 2Dt type, however, gave the bestfitfor
seed dispersal kernels in Coca and kernels using this model were
the only ones biologically meaningful in t w o (Co06 and Co07)
out of the tree yearsfittedfor this site.
The best-fitting seed dispersal kernels can be classified in three
groups according to kernel shape (Fig. 3), with models built for
Cu04, C u 0 5 and C o 0 0 showing intermediate seed dispersal probability functions (Table 4). Log-normal kernels for C u 0 6 and C u 0 7
have slightly higher shape parameters, which thickens the far tail
while pushing the modal density backwards towards the mother
tree. In contrast, 2Dt kernels for Coca in the s a m e years (Co06
and Co07) have large scale parameters and extended far tails
(Table 4). Median dispersal distances varied from 14.10 m in
C o 0 0 to a m a x i m u m of 24.53 m in Cu05, with an average across
years and sites of 20.29 ± 3.97 m .
Median dispersal distances varied notably a m o n g dates within
dispersal seasons, for example from 9.96 to 32.37 m in C u 0 4 and
from 12.24 to 54.91 m in C u 0 5 (Fig. 4). A m o n g thefittedintraseasonal kernels in Cuéllar, the one corresponding to 18th June 2 0 0 5
stands out because of its largest fecundity (i.e. seeds available for
dispersal) and median dispersal distances, 6 5 7 4 and 54.91 m ,
respectively.
3.4. Correlations with climatic events
Meteorological data w a s used to correlate seed dispersal
parameters with climatic events. A significant non-parametric
Spearman correlation of 0.39 (n = 49, p-value = 0.008) w a s found
between dispersed seeds (i.e. collected in seed traps) and precipitation (daily rainfall sums). Moreover, intra-seasonal median

Table 4
Seed dispersal kernels adjusted by modelling approaches based on seed shadows. The best-fitting models are shown in bold. NLL: negative log-likelihood, COR: correlation
coefficient between the number of seeds observed and predicted by the model.
Site

Coca

Year

2000

Code

Co00

Model

2Dt
Co06

Ribbens
log-norm

2Dt
log-norm

2Dt
Cuéllar

2004

Dispersal distance ( m )

Scale

Shape

Mode

Median

Average

0.87
1.13
0.42

na
3.86
na
na

na

na

2.63
47.24

14.10
na

na
na

3.07
3651.70

0.49
5.58

na
na
na
na

21.98
na
na
23.51

na
na
na
na

-20318
-20335
20361
-198451
-1971.65
196937
-730.96
-731.60
727.90

na

na
15.64
na
na
2453
na
na
22.20
na
na
20.09
na

na
29.62
na
na
60.21
na
na
78.57
na
na
77.08
na

-1954.11
195538
-1937.55
-323863
3239.08
-3228.41
-2567.24
2568.75
-2535.13
-2242.41
2243.37
-2194.95

526

Cu04
log-norm

log-norm

log-norm

log-norm

5213.97
5558.69
6474.61
653032
6523.88
3443.84
339524
3477.40

COR

Kernel parameters

Ribbens
log-norm

2006

Fecundity (fitted)

0.14

3 29
3214.53

437

13204.70
13402.68
12385.06

1.03
2.75

0.49
1.13

19540.71
16924.20

3.20

1779239

3.10
4925.81

0.40
1.34

751
021

16214.09

3.00

1.59
6.76
0.19
1.64
6.99

436
na
na
4.07
na
na
1.77
na
na

136
na

0.46
0.45
0.47
0.46

039
0.47
0.46
0.46
0.55

056
0.48

059
059
054
0.46
0.47

038
0.65
0.66
0.47

na: Not possible to estimate or without biological meaning.

dispersal distances (estimated only in Cuéllar) were correlated
with m a x i m u m wind speed of the period considered (Spearman
correlation of 0.58; n = 17; p-value = 0.019).
3.5. Dispersal models and spread rates
Basic (control) simulation models showed that, given the dispersal parameters obtained experimentally in our study, and under
the theoretical conditions represented by the current parameterization of SORTIE-ND, maritime pine is capable of occupying an area
of ^ 3 0 ha along 500 years, with a rate of spread slightly higher
than 1.1 m/year (Table 5). Starting tree density did not affect
spread rates while increased fertility led to 2.5-fold occupied area.
Other factors, such as percentage of trees located outside the initial
stand or m a x i m u m establishment distance, also displayed higher
values with increased fertility.
Long-distance dispersal (LDD) played a key role in natural regeneration, as expected. Simulations considering L D D resulted in occupied areas as large as ^ 2 9 0 ha in the 50 simulated LDD-events case
(Table 5). The m a x i m u m distance reached by a single tree in this
set of simulations was of ^ 2 km, with about fourfold spread rates
(3.8 m/year) compared to simulations that did not consider LDD.
4. Discussion
4.1. Female fertility and seed dispersal across years and sites
Cone production was scarce in the Coca and Cuéllar stands,
especially in 2006 and 2007. Higher cone production has been reported for other pine species (e.g. 27.7 cones per tree for P. palustris; Grace et al., 2004 and 242.3 cones per tree for Pinus
halepensis; Nathan et al., 1999) and for maritime pine seed orchards in northern Spain (average of 40 cones per tree; Merlo and
Fernández-López, 2004). In the later study, an exceptional crop
with 65 cones per tree was also observed, probably due to climatic
factors, masting or as a response to an intensive harvesting carried
out two years before (Merlo and Fernández-López, 2004). In
P. halepensis, also a Mediterranean pine, local tree density is
inversely correlated with seed production (Schurr et al., 2008).

With regards to P. pinaster, natural regeneration is considered
successful w h e n thefinaldensity of seedlings from 8 to 1 0 years
old is over 2000 trees/ha (Gordo et al., 2012). According to the cone
production data obtained by our study and taking into account a
typical regeneration period of 2 0 years, w e can conclude that the
a m o u n t of dispersed seed is not a limiting factor for the natural
regeneration process in the Spanish Northern Plateau.
Interannual variation in cone production w a s remarkable. In
Co00, cone production w a s m o r e than three times that of Co06
and Co07. High inter-annual variability in cone production has also
been reported in other Mediterranean pines. For example, 50-fold
differences in cone crop along a period of 6 years have been reported for Pinus pinea, mainly as a direct response to climatic factors during cone development (e.g. winter rainfall; Calama et al.,
2011) and resources depletion (Mutke et al., 2005). In Pinus nigra,
Tiscar Oliver (2007) found 8 7 7 seeds/m 2 one year but n o seed production the next t w o years.
The beginning and end of the dispersal season, as well as its
length, varied also across years and stands in our study, with differences in m a x i m u m dispersal of over 3 0 days depending o n the season/stand. These differences were probably caused by climate, as
suggested previously (Manso et al., 2012); in particular, w e found
a correlation between precipitation and seed rain in P. pinaster,
similarly to the patterns found by M a n s o et al. (2012) in P. pinea.
Thesefindingssuggest a synchronic pattern of seed rain with precipitation in Mediterranean pines. Moreover, in P. pinaster, the effect of precipitation together with the significant correlation
between intra-seasonal median dispersal distances and m a x i m u m
wind speed point to violent s u m m e r storms as the main driver of P.
pinaster seed dispersal in the study region.
Dispersal events in P. pinaster were concentrated in only one
period, from June to August; a similar pattern w a s found in P. nigra,
in which seed release occurs from January to April, with 3 4 of the
total n u m b e r of seeds dispersed from the beginning of February
to the end of M a r c h (Tíscar Oliver, 2007). However, seed release
in other Mediterranean pines can occur twice a year, e.g. in association with seasonal Sharav events in spring and a u t u m n in P. halepensis (Nathan et al., 1999).
Seed dispersal kernels estimated median dispersal distances in
P. pinaster from 14.1 to 24.5 m , with an intraseasonal m a x i m u m of

L. Juez et al./Forest Ecology and Management 313 (2014) 329–339

Fig. 3. Seed dispersal kernels grouped according to its functional shape.

Fig. 2. Seed rain intraseasonal variation by site and year. Continuous lines are used
for Cuéllar and dotted lines for Coca. Note the different scale.

54.9 m. Similar dispersal distances have been reported for other
wind-dispersed conifers, for example 4.3-17.4 m for Picea abies
(Dovciak et al., 2008), ^ 1 6 m for Pinus strobus (Ribbens et al.,
1994) or 42 m for Pinus palustris (Grace et al., 2004). In P. halepensis, only 2.7% of the seeds travelled more than 20 m (Nathan et al.,
2000). Reported dispersal distances are often m u c h larger for animal-dispersed trees. For example, García et al. (2007) found median seed dispersal distances of 145.2 m in Prunus mahaleb, a
Mediterranean wild cherry tree. Inter-annual differences in dispersal distance were noticeable (from 14.1 m in Co00 to 23.5 m
in Co07 or from 15.6 m in Cu04 to 24.5 m in Cu05) and were also
found a m o n g dates within a single dispersal season (see Fig. 4).
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Fig. 4. Fecundity, shape and scale parameters of dispersal kernels for intraseasonal m a x i m u m dispersion periods. The date of the dispersal kernel and some median dispersal
distances are marked. Median dispersal distance increases with higher values of scale and shape parameter.

Table 5
Mediterranean maritime pine spread rates obtained by simulating different scenarios with SORTIE-ND. First two columns show the parameter studied in each simulation and its
value.
Simulation set

Parameter value

Basic
Density

200 trees/ha (1 ha)
100 trees/ha (1 ha)
300 trees/ha (1 ha)
200 trees/ha (2 ha)
200 trees/ha (5 ha)
Double the basic simulation
Half the basic simulation
10 L D D events
20 L D D events
50 L D D events

Area
Fertility

Area invaded (ha)

% Trees out of initial stand

M a x i m u m distance to source ( m )

52.0
56.72 ± 7.60
76.35 ± 8.04

141.14 ±40.75
292.27 ± 30.41

In our study, intraseasonal differences in dispersal distances can be
explained, at least partially, by m a x i m u m wind speed during dispersal, a pattern that has also been reported by other authors (Higgins et al., 2003; Nathan et al., 1999, 2000).
4.2. Choice of seed dispersal kernels in Coca and Cuéllar
Lognormal seed dispersal kernels were chosen for Cuéllar because of slightly lower NLLs and, mainly, a better correlation between the n u m b e r of seeds observed and predicted by the
model, while w e chose the 2Dt model for Coca because it w a s
the only one with biological meaning (others produced unrealistic
kernels with high probability of dispersing all seeds to similar distances from the mother tree). The lognormal model has been c o m monly used to describe dispersal functions, in particular for tree
species. For example, Greene et al. (2004) pointed that the lognorm a l is preferred to other two-parameter functions (Weibull and
2Dt) for wind-dispersed species because, apart from providing a

framework for mechanistic interpretation, it tends to provide a
closer approximation to observed dispersal curves.
The 2Dt dispersal kernel predicts convexity at the source and a
fat tail (Clark et al., 1999). This type of function has been used in
several other studies of seed dispersal too (Greene et al., 2004;
Jones et al., 2005; Schurr et al., 2008). As the 2Dt model can simultaneously capture the shape of the curve both ‘near and far’ (Clark
et al., 1999), w e speculate that the 2Dt modelfitsbetter in Coca because, in this site, sampling w a s based o n a lower n u m b e r of traps,
which m a y have resulted in a reduced collection of seeds that travelled intermediate distances.
O n e possible cause of differences in the shape of best-fitting
seed dispersal kernels across sites and years could be related to
sampling design. Indeed, Co06 and C o 0 7 had the s a m e design
and kitted similar curves whereas Co00, based o n a sampling design with less sampling effort, yield greater differences in terms
of estimated curve parameters. In the case of Cuéllar, the sampling
design w a s always the same, which apparently resulted in fairly

Fig. 5. M a p s of predicted colonized area by Pinus pinaster under different scenarios (see text for details). (a) Basic scenario and effect of source density and population area;
(b) Fecundity effects; (c) Basic model including some moderate (in terms of number and distance reached) L D D events.
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Fig. 5 (continued)

stable shape and scale parameter estimation across years and
a m o n g seasons within years. This fact agrees with RobledoArnuncio and Garcia (2007) findings suggesting that dispersal
curve fitting can be biased by the sampling method. Bias and inaccuracy in dispersal parameters are reduced by increased sampling
effort, larger spatial scale of sampling and lower kurtosis of seed
dispersal (Robledo-Arnuncio and García, 2007). Thus, a higher
number of well-distributed seed traps in Cuéllar, as well as a higher fecundity, a bigger plot and less leptokurtic curves would
explain the better correlation a m o n g observed and predicted
values in this stand. Given the expected higher accuracy for fitted
dispersal curves from Cuéllar, w e chose one of the kernels from
this site, Cu04, as input for SORTIE simulations.
Apart from sampling issues, differences in functional shape of
best-fitting kernels could be due to individually and temporally
variable ecological factors such as weather conditions or landscape
configuration (Clobert et al., 2012). In our case, the less heterogeneous density in Coca (Cuéllar is characterised by dense areas
intermingled with clearings) m a y have influenced the functional
shape of the best-fitting kernel in this population. Increased tree
density at the source shortens median dispersal distance while
enhancing long-distance dispersal (Schurr et al., 2008).
Most fitted kernels for maritime pine were non- or little leptokurtic. In contrast to our study, several works in temperate trees
have found strongly leptokurtic seed dispersal kernels (Nathan
et al., 2000; Greene et al., 2004; Jones et al., 2005; Lavi et al.,
2005). Accordingly, in the light of our results, maritime pine would
probably have a lower capability for LDD than other forest trees.
In this study, traps were located at least 25 m from the edge of
the plot, so immigrant seed rain was assumed to be zero (median
dispersal distances estimated for P. pinaster of ^ 1 4 to 25 m ) . This
assumption is c o m m o n in modelling techniques to adjust dispersal
kernels (Ribbens et al., 1994; Schurr et al., 2008). However, other
studies (e.g. Jones and Muller-Landau, 2008) have suggested that
curve fits without consideration of immigrant seed rain lead to
overestimation of dispersal distances and fecundities. The degree

of such overestimation would depend on immigration rates. Clark
et al. (1998) proved that excluding potential source trees at the
edge of the study area has little effect o n estimates for species with
short to intermediate dispersal distances (<25 m ) , such as is the
case in P. pinaster, but a substantial effect for species with longer
dispersal distances.

4.3. Insights on maritime pine spread potential
Our simulation framework showed a noticeable capacity of
P. pinaster to reach favourable sites for regeneration within its current distribution and to colonise n e w available territory (as long as
the subsequent recruitment process was successful), even considering moderate LDD (in terms of both number and distance travelled, see Clark et al., 2003; Williams et al., 2006).
The potential area invaded by P. pinaster is conditioned by the
characteristics of the initial stand (size and number of trees; see
Fig. 5a). A similar dependence on initial population size and area
for forest tree spread has also been shown by Bialozyt et al.
(2006). With regards to P. pinaster’s mating system, fertility turned
out to be one of the most influential factors in population spread
(see Fig. 5b), as low fertility rates limit the dispersion capacity.
Simulations including L D D events produced m u c h larger invaded areas (up to ^10-fold) due to the establishment of trees
ahead of the main wave of colonisation (see Fig. 5c). These trees
have critical importance because they work as n e w seed sources
in expanding populations (Lavi et al., 2005). The importance of rare
L D D events has also been noted for other forest tree species (Lavi
et al., 2005; Nehrbass et al., 2007) or can be deduced from theoretical models (Clark et al., 2003; Hastings et al., 2005; Higgins and
Richardson, 1999; Le Corré et al., 1997). L D D events can also m a k e
novel niches available for establishment and growth, which could
promote local adaptation and niche expansion, and mitigate the
impact of the ongoing process of climate change in wide-breadth
pine species, such as P. pinaster.

Fig. 5 (continued)

5. Conclusions
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Maritime pine stands from the Spanish Northern Plateau (central Spain) face increasing difficulties for natural regeneration,
which can threaten their future persistence. Shape of dispersal kernels and associated dispersal distances, and the frequency of longdistance dispersal events decisively condition the ability of species
to reach safe sites for regeneration and to colonise n e w areas, especially under the current and near-future climate changes. Our estimates of female fertility, and dispersal distances and spread rates
suggest that recruitment in P. pinaster is not limited by either the
production of seeds or its dispersion capability. In addition, w e
found great variation in fertility and seed dispersal across stands
and years, and even within a year, as well as a high individual variation in female fertility. Likewise, the best-fitting dispersal kernels
were different for each stand, with Cuéllar following the lognormal
model and Coca the 2Dt model. These findings highlight the high
stochasticity of the regeneration process in Mediterranean environments. Spread rates estimated in maritime pine were low
(f-1.1 m/year). Nevertheless, they appear sufficient to colonise
abandoned crop land in the region, expanding its current range,
in particular under increased fertility and frequent long-distance
dispersal scenarios.
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