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altitude difference to colonization sites), and com-
position of reproductive trees at the individual level, 
and of (2) past land use/cover on the colonization 
of two functionally distinct Mediterranean oaks, the 
evergreen Quercus ilex L. and the deciduous Quercus 
faginea Lam., in a 55-year-old maritime pine (Pinus 
pinaster Ait.) plantation.
Methods  We assessed oak juvenile density in 153 
plots within a Mediterranean pine plantation estab-
lished on cropland and shrubland. We geolocated 
and measured the diameter at breast height of repro-
ductive oaks (n = 5020) within a 500 m-radius buffer 
around each plot.
Results  Q. ilex showed higher colonization than 
Q. faginea after accounting for remnant abundance. 
For Q. ilex, remnant abundance was the most influ-
ential factor, whereas colonization by Q. faginea was 
primarily driven by distance and altitude difference 
between reproductive trees and colonization sites. 
Tree size did not affect recruitment. Former crop-
land exhibited higher oak colonization than former 
shrubland.
Conclusions  In this study, Q. ilex was a more effi-
cient colonizer than Q. faginea, likely leading to 
evergreen oak dominance in pine plantations in the 
mid-term. Spatial attributes influenced recruitment of 
both oak species differently and independently of tree 
size. These findings help to identify high-regeneration 
areas more accurately, which supports the optimiza-
tion of pine plantation diversification in Mediterra-
nean mountain areas.

Abstract 
Context  Forest remnants in fragmented land-
scapes may trigger forest recovery after disturbances. 
Beyond extension of patches and distance to coloni-
zation sites, little is known about how the size struc-
ture of reproductive trees within patches and past land 
use/cover shape colonization dynamics in mountain-
ous landscapes.
Objectives  To assess the influence of (1) forest rem-
nant abundance, spatial attributes (i.e. distance and 
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Introduction

Forest cover has increased in the Northern Hemi-
sphere since the second half of the twentieth century 
(McMahon et al. 2010). This re-greening is primarily 
attributed to two factors: the implementation of large-
scale afforestation policies (Doelman et  al. 2020) 
and the natural expansion of second-growth forests 
on abandoned agricultural land (García et  al. 2020; 
Sheffer 2012). These new forests are changing under 
unprecedented conditions linked to global change, 
including increased tree mortality and reduction in 
canopy cover, especially in planted forests, which 
reflects their vulnerability to stress factors (McDowell 
et al. 2020). These shifts highlight the need to under-
stand the processes driving forest tree regeneration, 
which is key to catalyzing secondary succession lead-
ing to species diversification and optimizing forest 
restoration (Crouzeilles et  al. 2016; Trumbore et  al. 
2015).

Regeneration of tree species is a slow process in 
Mediterranean environments (Cruz-Alonso et  al. 
2020) due to the interaction of multiple factors such 
as harsh climatic conditions (Gómez-Aparicio et  al. 
2009), herbivory (Davis et  al. 2011) and seed dis-
persal (Pons and Pausas 2007a). Summer drought 
is the most limiting abiotic factor in this environ-
ment, resulting in high seedling and juvenile mortal-
ity (Gil-Pelegrín et al. 2017). In this context, topog-
raphy can also influence tree species regeneration 
(Álvarez-Martínez et  al. 2014; Martín-Alcón and 
Coll 2016; Urbieta et al. 2011) by shaping microsite 
abiotic conditions such as soil moisture or radiation 
(Ritsche et  al. 2021), which directly affect seed-
ling establishment. The legacy of past land use may 
also affect Mediterranean forest colonization and 
dynamics (Álvarez-Martínez et  al. 2014; Perring 
et  al. 2016). For instance, agricultural use directly 
affects soil properties by modifying nutrient avail-
ability and physical properties (Comita et  al. 2010; 
Martín-Alcón and Coll 2016; Navarro-González et al. 
2013), which can facilitate plant colonization after 
cropland abandonment. Increased nutrient availabil-
ity may also indirectly shape biotic interactions. For 
example, it may favor dominant species that suppress 

less competitive ones (Kepfer-Rojas et  al. 2015), or 
increase herbivory pressure, as higher soil phosphorus 
enhances plant palatability (de la Peña et  al. 2016). 
Such impacts can persist for centuries after interrup-
tion of human land use (Plue et al. 2008), highlight-
ing the importance of addressing the legacy effect of 
agricultural land abandonment to better understand 
and predict forest dynamics (Navarro-González et al. 
2013). In this regard, the regeneration pattern of zoo-
chorous plants like oaks, which depends on animals 
for seed dispersal (Gómez et  al. 2003), provides a 
unique perspective on how multiple factors, including 
the past legacy and presence of seed sources, interact 
to shape forest dynamics (Schupp et al. 2010). How-
ever, despite this evidence and to our knowledge, no 
study has examined how past land use/cover legacy 
interacts with seed availability in the landscape and 
topography to influence tree species recruitment.

Cropland expansion often occurs at the expense 
of forest loss and reduced landscape connectivity. In 
this context, pre-disturbance forest remnants, often 
persisting as small patches or scattered individuals, 
play a key role in maintaining ecological connectiv-
ity (Herrera and Garcia 2009; Manning et  al. 2006) 
and act as propagule sources that may facilitate for-
est recovery (Crouzeilles et al. 2020; Wu et al. 2022). 
The effectiveness of forest remnants in promoting 
recolonization depends strongly on the abundance 
and size (often measured as diameter at breast height 
–hereafter, dbh–, basal area and/or height) of repro-
ductive individuals. These attributes influence seed 
availability and, consequently, both the likelihood 
and spatial extent of natural regeneration across the 
landscape (Andivia et al. 2017; Wimberly and Spies 
2002). For instance, Zahawi et  al. (2021) found that 
larger reproductive trees, in terms of dbh and height, 
in tropical forest patches within abandoned agricul-
tural landscapes correlated positively with seedling 
recruitment, particularly for large-seeded species. 
Because tree size serves as a proxy for both age and 
reproductive output (Greene and Johnson 1994; 
Moracho et al. 2018), it may be an indicator of a rem-
nant potential to contribute to forest regeneration. 
Despite this, many landscape-scale studies have esti-
mated propagule pressure based primarily on remnant 
patch area and distance to colonization sites (Andi-
via et al. 2017; Bueno et al. 2020; Navarro-González 
et al. 2013), assuming a homogeneous propagule pro-
duction. This overlooks the demographic structure 
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within remnant patches, namely the number and size 
of reproductive individuals, which could improve 
predictions of natural regeneration patterns (but see 
Barber et  al. 2022 and Zahawi et  al. 2021). Such 
assessments have been conducted mainly in tropical 
regions, limiting our understanding in wet temperate 
and Mediterranean ecosystems.

Beyond the internal structure of remnant patches, 
the spatial distribution of propagule sources relative 
to recruitment sites plays also a key role in forest 
colonization. While distance of remnants to coloni-
zation sites often correlates negatively with recruit-
ment abundance (Gómez-Aparicio et  al. 2009), this 
relationship is not always consistent (e.g., Bueno 
et al. 2020). This is likely due to two reasons. First, 
colonization patterns are influenced by trade-offs 
driven by density-dependent processes, such as spe-
cies abundance and seed/seedling mortality, which in 
turn depend on context-specific factors such as stand 
structure (tree density, tree age or dispersers avail-
ability); as a result, the influence of distance may 
vary with study scale (Sheffer et  al. 2013). Second, 
which is related to the first reason, the short dis-
tances analyzed in some cases (< 100 m; Barber et al. 
2022; Ritsche et al. 2021; Zahawi et al. 2021) may be 
insufficient to fully understand the dispersal of some 
zoochorous tree species, such as oaks, whose seeds 
can travel distances of up to 1  km (Gómez 2003). 
Unlike distance, the importance of altitude difference 
between seed sources and colonization sites has been 
largely overlooked. Altitude difference may hinder 
forest expansion of zoochorous trees in mountainous 
areas by limiting the uphill movement of seed dis-
persers (Li and Zhang 2003; Zamora et al. 2013) due 
to higher energy expenditure (Shepard et  al. 2013). 
Thus, assessing the effect of the altitude difference 
along with the distance on the colonization of zoo-
chorous species may improve recruitment prediction 
patterns.

Oaks encompass approximately 400 deciduous and 
evergreen trees and shrub species distributed across 
the Northern Hemisphere (Denk et al. 2017), exhibit-
ing large differences in their ecology. Differences in 
their functional attributes such as leaf habit (Quero 
et al. 2006) can influence the colonization capacity of 
oak species (Gil-Pelegrín et  al. 2017). For instance, 
the evergreen Quercus ilex L. colonizes pine planta-
tions (Carnicer et  al. 2014; Gavinet et  al. 2016) and 
mixed oak forests (Espelta et al. 2009) more quickly 

and abundantly than deciduous oaks. Similarly, Q. 
ilex shows greater colonization efficiency (i.e., a 
higher rate of colonization per unit of oak cover area 
in the forest remnant) in shrubland dominated by 
Retama sphaerocarpa (L.) Boiss. compared to the 
deciduous Quercus faginea Lam. (Cruz-Alonso et al. 
2020). These differences in colonization between 
oaks with different leaf habit may be attributed to 
environmental filters affecting each group, with 
deciduous species being more impacted by drought 
(Gil-Pelegrín et al. 2017) and lower soil fertility (Lal 
et al. 2001; Villar-Salvador et al. 2013), as well as dif-
ferences in reproductive capacity (Espelta et al. 2009) 
or acorn preferences by dispersers (Pons and Pausas 
2007a; Wróbel et al. 2022). Despite this evidence, it 
is largely unknown how differences in oak coloni-
zation are influenced by the age and composition of 
reproductive trees within remnants, their spatial dis-
tribution in the landscape and the legacy of past land 
use/cover.

This study assesses how the abundance, spatial 
attributes, and size of trees within forest remnants 
affect the capacity of two coexisting and function-
ally different oaks to colonize a pine plantation estab-
lished in a mountainous area with contrasting past 
land use/cover in central Spain. The studied oak spe-
cies were Q. ilex, an evergreen drought tolerant tree, 
and Q. faginea, a deciduous tree that is less tolerant 
to drought than Q. ilex (Rey Benayas et  al. 2005; 
Niinemets and Valladares 2006). We posed the fol-
lowing questions: Q1. Do oak species differ in colo-
nization efficiency? Q2. Do landscape structure of 
forest patches (abundance, distance and altitude dif-
ference of individuals to colonization sites) and tree 
size modulate oak colonization? And Q3. Does past 
land use/cover (cropland vs. shrubland) affect oak 
colonization? We hypothesized that: H1. Q. ilex is a 
more efficient colonizer than Q. faginea under limit-
ing environments because of its better adaptation to 
harsh climatic conditions; H2. Colonization capacity 
decreases with increasing distance and altitude dif-
ference between seed sources and colonization sites 
because of the increasing effort made by dispers-
ers; H3. Larger reproductive trees within the rem-
nants, which were present in the landscape prior to 
pine afforestation, contribute proportionally more to 
colonization than smaller, younger reproductive indi-
viduals due to its higher acorn production; and H4. 
Recruitment will be higher in plots with a legacy of 
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agricultural use than in those with shrubland cover, 
because of the nutrient supply in the past and 
improved soil physical structure, and consequently, 
differences in colonization patterns among oak spe-
cies are less pronounced in former agricultural areas.

Material and methods

Study site

The study was carried out in the southeast of 
the ‘Sierra Norte de Guadalajara’ Natural Park 
(40° 60′  00′′ N, 3° 11′  00′′ W; central Spain) cover-
ing an area over 300  ha. Elevation ranges from 870 
to 1100 m a.s.l. The climate is continental Mediterra-
nean, characterized by cold winters and hot summers 
with a marked summer drought from June to August. 
Mean annual temperature is 12.4 °C and mean annual 
rainfall is 754  mm, mainly concentrated in autumn 
and winter (weather station El Vado, located at 
10 km; period 1942–2022). The topography is char-
acterized by slopes that range from 0 to 80% and the 
presence of numerous ravines.

Around 90% of the study area is dominated by a 
plantation of Maritime pine (Pinus pinaster Ait.) 
established in 1969 as part of the afforestation efforts 
to mitigate soil erosion (Vadell et al. 2016). Pine for-
est understory is composed by different shrub species 
including Cistus ladanifer L., C. laurifolius L., Sal-
via rosmarinus Schleid., Crataegus monogyna Jacq., 
Rubus ulmifolius Schott., Rosa canina L., Daphne 
gnidium L. and Erica spp. Scattered individuals of 
Juniperus oxycedrus L., Q. ilex L. subsp. ballota 
(Desf.) Samp and Q. faginea are also present in some 
areas, along with herbaceous vegetation dominated by 
grasses and legumes. The pine plantation is crossed 
by a firebreak with N-S direction that was established 
in the highest part of the study site. This study site 
is representative of many landscapes of the Mediter-
ranean basin characterized by a matrix of pine planta-
tions colonized by mid- and late successional woody 
species with scattered preexisting forest patches and 
isolated trees of oak species. At the west and south-
west of the site there are several patches of mixed 
oak stands (Fig.  1). There are also oaks of different 
size scattered on the slopes, inside the pine forest and 
especially in the ravines. According to orthophotos 
from American Flight B Series (1956–1957; CNIG 

2022), two main land use/cover existed in the study 
area before the pine plantation, namely cropland and 
shrubland.

Density of oak juveniles and characteristics of 
reproductive oak trees

We measured the density of recruits of both Quercus 
species inside the pine plantation by establish-
ing a systematic sample grid design of 153 plots 
—10 × 10  m in size— located in the central part of 
the study area. Plots were separated 50  m among 
them (Fig.  1). In each plot, we counted the num-
ber of recruits of both oaks, mostly seedlings 
(height < 30  cm) and saplings (height > 30  cm 
and < 150 cm).

We thoroughly surveyed the study site to iden-
tify and measure all reproductive oaks to assess the 
effect of individual adult oaks on the density of oak 
recruits. The limits of the surveyed area were defined 
by delimiting 500  m from the most external plots 
(Fig.  1). This distance covers most acorn dispersals 
carried out by the Eurasian jay (Garrulus glandarius 
L.), the main oak disperser in Mediterranean wood-
lands (Gómez 2003; Pérez-Camacho et  al. 2023; 
Pons and Pausas 2007a), which is also present at 
the study site (Lorente-Casalini unpublished obser-
vations). We classified an oak as reproductive if we 
observed acorns in their crown during the autumn 
and/or the presence of acorn cupules under its crown 
on the ground during the rest of the year. All repro-
ductive trees were geolocated with a hand-held GPS 
receiver (Garmin GPSMAP® 78  s, Olathe, Kansas, 
USA; error ± 5 m) and their diameter at breast height 
(dbh) was measured. When a tree had multiple stems 
below breast height, we measured all stems with 
dbh > 10 cm.

We identified the pre-existing oak trees in the land-
scape prior to the establishment of P. pinaster plan-
tation using orthophotos from the American Flight B 
Series (1956–1957; CNIG 2022; Fig. S1). According 
to their presence in 1956 and current dbh, reproduc-
tive trees were classified into three dbh categories 
with thresholds of 15, 50 and 160 cm. To distinguish 
between younger and recently reproductive trees, we 
used a 15-cm dbh threshold based on previous stud-
ies (Arasa-Gisbert et al. 2024) and field observations. 
Individuals < 15 cm showed minimal seed production 
(1–5 acorns). The 50-cm dbh threshold corresponds 
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to the smallest trees visible in the American Flight B 
Series; this size represents the only confirmed indi-
viduals present approximately 70  years ago, which 
likely are the founders of the current population. 
Finally, the upper threshold of 160  cm was set as a 
descriptive reference, corresponding to the largest 
old-growth trees observed in the sampled area.

Spatial analysis and landscape characterization

We calculated the basal area and the Euclidean dis-
tance to the centroid of all plots for each oak spe-
cies and each category of reproductive oak trees 
separately. These variables were used as indicators of 
potential seed availability (Moracho et  al. 2018). To 

measure the influence of the distance and basal area 
of oak trees in the density of oak recruits, we included 
all reproductive oaks growing inside a 500 m-radius 
buffer around each plot centroid. To measure the 
influence of the altitude difference between reproduc-
tive oak trees and target plots with oak recruitment, 
we used a digital terrain model (DTM) with a spa-
tial resolution of 2 m. We also calculated the Topo-
graphic Wetness Index (TWI, a hydrological indicator 
of the potential of each plot to accumulate water) with 
SAGA GIS (7.8.2; Conrad et al. 2015) following the 
algorithm indicated in Mattivi et  al. (2019). TWI is 
a function of the slope, aspect and curvature of the 
terrain (accounting for water and nutrient soil avail-
ability and radiation exposure). As the DTM had a 

Fig. 1   Orthophoto of 
the study site and the P. 
pinaster plantation. White 
dots indicate the locations 
of sampled plots used to 
measure density of Q. ilex 
and Q. faginea recruits. 
Green (Q. ilex) and orange 
(Q. faginea) dots are the 
reproductive oaks measured 
in the 500-m radius buffer 
around each plot (white line 
delimits the buffer)
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grid cell size of 2 m, each plot contains 25 cells and 
therefore we calculated the average value in each plot. 
High TWI values indicate wetter areas. TWI can be 
used to characterize forest site quality, species assem-
blage, vegetation spatial patterns and other ecological 
features (Álvarez-Martínez et al. 2014; Kopecký et al. 
2021; Sørensen et al. 2006).

To assess the influence of each type of reproduc-
tive tree on recruit density, we calculated the Seed 
Pressure Potential on a plot j (SPP; Andivia et  al. 
2017) as:

where BAi is the basal area of each reproductive tree 
(i) within the 500 m-radius buffer around each plot (j) 
and dij is the distance from reproductive tree i to plot 
j. As seed dispersal usually declines exponentially 
with distance, dij is raised to the power of 1.65 based 
on previous studies of acorn dispersal by European 
jays (Gómez 2003).

To assign a past land use/cover type to each plot, 
we used the American Flight B Series (1956–1957; 
CNIG 2022), with a spatial resolution of 1 m. Plots 
were classified into cropland and shrubland types. 
When plots shared both types, they were assigned to 
either category based on the predominant number of 
pixels on each land use/cover type (Fig. S1). All the 
spatial information and analysis were performed with 
Quantum GIS (v 3.22).

Data analysis

To assess the colonization efficiency of each oak spe-
cies and the influence of past land use/cover (Q1, 
Q3; H1, H4), we used a Generalized Linear Model 
(GLM) with a log-link function and negative bino-
mial distribution of errors. The response variable was 
the juvenile density in each plot (discrete count data) 
and the explanatory variables were SPP, oak species, 
and past land use/cover. Given the imbalance in the 
number of plots between cropland (n = 64) and shrub-
land (n = 89), we used bootstrapping as a resampling 
method. For that, we first generated 1000 datasets 
randomly sampled with replacement from the origi-
nal dataset. In each of these datasets, we selected 64 
observations of both land use/cover types. Secondly, 
we applied the GLM in each dataset. Finally, we 

SPP =
∑ BAi

d1.65
ij

(m2
⋅ m−1)

obtained the mean parameter estimates and CIs for 
each variable.

To assess spatial autocorrelation among plots 
based on measured oak juvenile density, we con-
ducted a Moran’s I test distinguishing between oak 
species. There was not autocorrelation for Q. faginea 
data (I = 0.001, p = 0.164), but there was for Q. ilex 
(I = 0.123, p < 0.001). The density of Q. faginea juve-
niles was analyzed using zero-inflated Poisson regres-
sion models as the number of observed zeros in the 
response variable exceeded the expected frequency 
after adjustment. The density of Q. ilex juveniles was 
analyzed using a Generalized Least Square model 
(GLS) with a spherical spatial correlation structure to 
account for spatial autocorrelation. For each model, 
TWI of each plot, mean distance and altitude differ-
ence between the reproductive trees and the coloni-
zation point (i.e., the plot centroid), and total basal 
area of all reproductive trees located inside the 500-m 
radius circle at each plot were used as explanatory 
variables (Q2; H2). Continuous variables (i.e., basal 
area, distance, altitude difference, and TWI) were 
standardized through the subtraction of the mean 
from each value and dividing by the SD. Standardiza-
tion of variables allows comparisons among model-
estimated parameters and test interactions (Zuur 
et al. 2009). Model selection was performed accord-
ing to a backward stepwise procedure following the 
principle of parsimony, comparing fitted models by 
AIC. Finally, we obtained parameter estimates and 
95% confidence intervals (CI) of the best-supported 
model.

To assess the influence of each type of repro-
ductive oak on the density of oak juveniles (Q2; 
H3), we first checked Pearson’s correlations among 
SPP of the three types of reproductive individuals. 
For Q. faginea, the three types were highly corre-
lated (r > 0.95 in all cases), but were not for Q. ilex 
(r < 0.50 in all cases). Thus, we could not perform 
the analysis for Q. faginea, but for Q. ilex we used 
a Generalized Linear Mixed Model (GLMM) with a 
log-link function and Poisson distribution of errors. 
We established juvenile density as the response vari-
able and mean SPP and tree size as the explanatory 
ones. We grouped medium and small reproduc-
tive trees versus old-growth trees according to their 
presence in the landscape before the pine planta-
tion took place. The coordinates and the identifier of 
each plot were included as random terms to account 
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for spatial autocorrelation and lack of independence, 
resulting from repeated measurements within each 
plot. All data wrangling and statistical analysis were 
performed using the packages ‘tidyverse’, ‘nlme’, 
‘MASS’, ‘stats’, ‘pslc’, ‘glmmTMB’ and ‘DHARMa’ 
in R v 4.3.2 (R Core Team 2023).

Results

Oak abundance

A total of 5020 reproductive trees were censused. 
The predominant species was Q. ilex (n = 4701; old-
growth: 258, medium size: 1593, small size: 2850) 
compared to Q. faginea (n = 319; old-growth: 17, 
medium size: 217, small size: 85). The abundance of 
oak juveniles in sampled plots, mostly seedlings and 
saplings, was also greater for Q. ilex (n = 1279) than 
for Q. faginea (n = 104).

Colonization efficiency and past land use/cover

Colonization efficiency, measured as oak juvenile 
density after controlling for species SPP differences in 
the landscape, differed between oak species (Table 1; 
R2 = 0.18). On average, predicted juvenile density 
of Q. ilex was 12-fold higher than the density of Q. 
faginea. Juvenile density was on average 44% higher 
in plots where the past land use before pine planting 
was cropland as compared to shrubland cover (38% 
higher for Q. faginea and 50% higher for Q. ilex; 
Fig. 2). However, we found no significant interaction 
between oak species and past land use/cover type.

Effects of oak remnant abundance, landscape 
distribution and tree size

The factors that affected recruitment showed dif-
ferences between oak species. For Q. ilex, the most 
parsimonious model included the basal area and 

Table 1   Mean and 95% confidence intervals (CI) for estimated parameters included in the adjusted GLM to explain the differences 
in juvenile density between both oak species (SPP is Seed Pressure Potential)

Parameter Mean estimate CI

Intercept [‘Cropland’ and ‘Q. faginea’] − 0.19 − 0.51, 0.09
Oak species [‘Q. ilex’] 2.34 2.04, 2.67
Past land use [‘Shrubland’] − 0.36 − 0.59, − 0.14
SPP 49.0 26.4, 87.5

Fig. 2   Predicted juvenile 
density (± SE) of Q. ilex 
and Q. faginea in the pine 
plantation on sites that 
were cropland or shrubland 
before the pine plantation 
took place. Predicted values 
account for differences in 
SPP of reproductive oaks 
in the landscape. Note the 
scale change due to a break 
in the Y-axis



	 Landsc Ecol (2025) 40:157157  Page 8 of 15

Vol:. (1234567890)

the distance of reproductive trees to plot centroid 
(Table  S2; R2 = 0.21), with a positive and nega-
tive influence, respectively (Fig. 3). For Q. faginea, 
the most parsimonious model included the inter-
action between distance and altitude difference to 
plot centroid (Table  S2; R2 = 0.17). Both factors 
reduced oak juvenile density (Table  2), with den-
sity peaking at shorter distances and lower altitude 
differences from the reproductive tree to the plot 
centroid. The effect of altitude difference on oak 
density decreased or disappeared at intermediate 
distances (Fig.  4). TWI did not have a significant 
effect on the density of juveniles in any oak species 
(see Table 2).

We found no significant differences between the 
type of reproductive trees on the recruit density of 
Q. ilex (see parameters in Table S3; R2 = 0.20), with 
old-growth trees contributing in the same propor-
tion than younger and smaller trees established after 
the pine plantation (Fig. 5).

Discussion

This study assessed how the characteristics and land-
scape structure of forest remnants affected coloniza-
tion of two functionally contrasting oak species in 
a pine plantation with different past land use/cover 
types. Our results provide insights into the impor-
tance of characterizing forest remnants patches at 
fine-scale to assess the colonization of oak spe-
cies. The evergreen oak (Q. ilex) showed a markedly 
higher colonization efficiency than the deciduous 
oak (Q. faginea; Q1 and H1). In addition, the role of 
remnants abundance and position in the landscape on 
juvenile recruitment differed between oak species (Q2 
and H2), whereas the size of reproductive remnant 
trees did not affect recruitment in either oak species 
(Q2 and H3). Finally, the past land use/cover —crop-
land vs. shrubland— had a key role in determining 
the intensity of colonization (Q1 and H4), with simi-
lar effects on both oak species.

Fig. 3   a) Predicted Q. 
ilex juvenile density as a 
function of distance and b) 
basal area of reproductive 
trees measured in the 500-m 
radius buffer around the 
plot centroid

Table 2   Mean and 95% 
confidence intervals (CI) for 
each estimated parameter 
in the selected models 
explaining the recruitment 
of Q. faginea and Q. ilex 
juveniles

Parameter of selected models Q. faginea Q. ilex

Mean estimate CI Mean estimate CI

Intercept 0.43 0.11, 0.75 2.01 1.90, 2.12
Basal area – – 0.21 0.08, 0.33
Distance − 0.53 − 0.87, − 0.19 − 0.18 − 0.31, − 0.05
Altitude difference − 0.36 − 0.62, − 0.10 – –
TWI – – – –
Distance × Altitude difference − 0.30 − 0.52, − 0.08 – –
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Coexisting oaks differ in colonization capacity

In absolute terms, Q. ilex has greater colonization 
capacity than Q. faginea. These differences persist 
after accounting for differences in propagule pressure 
between species, indicating that Q. ilex is inherently 
more efficient at colonizing pine plantations than Q. 
faginea, consistent with our first hypothesis. Simi-
lar differences in colonization between these oaks 
have been reported in shrublands (Cruz-Alonso et al. 
2020). Consequently, the greater dominance of the 
evergreen oak in Mediterranean landscapes may be 
attributed to its higher colonization capacity, which 

can be explained by several processes. First, Q. ilex 
acorn production per capita is higher (Montserrat-
Martí et al. 2009) and more stable over time than in 
Q. faginea (Sánchez Humanes 2009). Second, the 
Eurasian jay (Garrulus glandarius), the primary 
long-distance disperser of oaks, prefers removing Q. 
ilex acorns than those of Q. faginea (Pons and Pau-
sas 2007b). This preference, together with the higher 
acorn production, enhances acorn dispersal of Q. ilex 
across the landscape. Finally, the evergreen habit of 
Q. ilex results in more scleromorphic leaves with 
lower nutrient concentration than the malacophyllous 
marcescent leaves of Q. faginea (Castro-Díez et  al. 

Fig. 4   Predicted density 
of Q. faginea juveniles as 
a function of distance and 
altitude difference

Fig. 5   Predicted Q. ilex 
juvenile density as a 
function of each type of 
reproductive remnant tree. 
Old-growth trees are those 
established before the 
pine plantation took place 
whereas small/medium 
trees are those established 
after it
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1997; Gil-Pelegrín et al. 2017). These characteristics 
confer Q. ilex juveniles a greater tolerance to drought 
stress (Quero et  al. 2006; Rey Benayas et  al. 2005) 
and herbivory (Davis et al. 2011), potentially provid-
ing them a competitive advantage over Q. faginea 
(Martín-Alcón et  al. 2015; Montserrat-Martí et  al. 
2009; Sánchez de Dios et al. 2009). Other less-studied 
processes, such as differences in post-dispersal preda-
tion (Pérez-Ramos and Marañón 2008), acorn desic-
cation sensitivity and germination capacity (Amimi 
et al. 2020), and dispersers’ selection of microsites to 
cache acorns (Woziwoda et al. 2018) may also influ-
ence the recruitment differences between the two oak 
species.

The importance of forest remnant characteristics for 
colonization differs between oak species

The attributes of forest remnants that drive coloni-
zation efficiency differed between oak species, with 
remnant abundance in the landscape playing a criti-
cal role in these differences. For Q. faginea, which 
showed 15 times fewer reproductive individuals in the 
landscape than Q. ilex, the distance and altitude dif-
ference of remnants relative to colonization sites were 
key for recruitment. In contrast, the distance to colo-
nization sites had a smaller effect for Q. ilex, while 
altitude difference showed no effect. These results 
partially confirm our second hypothesis regarding the 
negative effect of remnant distance and altitude dif-
ference on colonization capacity of oaks.

The spatial distribution of forest remnants plays 
a crucial role in the colonization capacity of several 
species, including oaks (Barber et  al. 2022; Down-
ing et  al. 2019; Perea et  al. 2021; Wu et  al. 2022). 
Many studies have shown that the likelihood of oak 
species colonizing new sites decreases with distance 
to propagule sources (Gómez-Aparicio et  al. 2009; 
Kepfer-Rojas et al. 2015; Nathan and Muller-Landau 
2000; Zahawi et  al. 2021), illustrating how spatial 
patterns influence ecological processes such as forest 
regeneration. Our findings, however, indicate that the 
importance of spatial distribution of remnants may 
be even more critical in landscapes where propagule 
sources are scarce, as for Q. faginea in our study area. 
Fewer reproductive trees in the landscape may result 
in a smaller seed shadow due to lower seed produc-
tion (Nathan and Muller-Landau 2000), which may 
reduce species’ colonization capacity. This limitation, 

however, can be partially offset by the location of oak 
reproductive trees, which may influence how easily 
dispersers can access them (Gómez 2003; Schupp 
et al. 2010). In contrast, Q. ilex is much more abun-
dant across the landscape and likely has a broader 
seed shadow. As a result, the effect of spatial distribu-
tion of remnant trees may be less pronounced, since 
their high abundance increases the likelihood that dis-
persers will find and disperse acorns. In this regard, 
Wu et  al. (2022) found similar results, showing that 
remnant location of many species, oaks among oth-
ers, had a greater influence on post-disturbance colo-
nization than remnant abundance through simulation 
of forest recovery. In contrast, Zahawi et  al. (2021) 
found that abundance of tropical large-seeded for-
est remnants positively influenced colonization over 
short distances (< 100  m), even for less abundant 
species in the landscape. Thus, the effect of remnant 
abundance on colonization seems highly context 
dependent. Sheffer et  al. (2013) highlighted that the 
influence of abundance varies at different study scales 
(local, landscape, or regional), underscoring the com-
plexity of scale-dependent dynamics. Furthermore, 
patterns of oak colonization exhibit context-depend-
ent effects shaped by microclimate related to where 
the seeds are deposited (Cruz-Alonso et  al. 2020), 
the availability of seeds and dispersers (Schupp et al. 
2010) or predation pressure at early life stages, as 
mentioned before. This indicates that colonization 
capacity cannot be predicted solely by species abun-
dance in the landscape.

Interestingly, for Q. faginea altitude difference 
between the remnants and colonization sites also 
influenced colonization intensity. Movement limita-
tions by dispersers have been observed at smaller 
scale in rodents (Li and Zhang 2003) and suggested 
for jays (Zamora et al. 2013), but to our knowledge, 
the importance of elevation differences on tree colo-
nization at the landscape scale has not been observed 
to date (but see González-Moreno et  al. 2011). This 
result suggests uphill movement limitations in acorn 
dispersers. The steep terrain in the study area likely 
makes Eurasian jay to make uphill flights that are 
energetically more demanding since they involve 
high and constant flapping and significant take-off 
effort compared to downhill or straight flights (Butler 
2016).

The different size of mother trees, a surrogate of 
age, had a similar influence on the recruitment of 
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holm oak, contrary to our third hypothesis. This lack 
of difference contrasts with the results of Zahawi 
et  al. (2021), who observed that larger mother trees 
close to abandoned tropical agricultural fields con-
tributed more significantly to recruitment. In our 
study, however, this pattern may be masked by the 
high abundance of small and medium-sized trees. 
This effect could reflect a demographic compensa-
tion mechanism as the great number of reproductively 
active individuals compensates for their lower per 
capita contribution. Similar compensatory patterns 
have been observed in herbaceous plant populations, 
where most recruitment is often attributed to the 
most abundant individuals, not necessarily the most 
fecund ones (Chambers and Aarssen 2009). This sug-
gests that recruitment is influenced not only by the 
fecundity of individual trees but also by population 
structure. Under certain demographic configurations, 
the reproductive output of few large individuals may 
be diluted by the contribution of many smaller ones. 
Such patterns align with studies indicating that varia-
tion in fecundity among individuals does not always 
translate into differential recruitment (Clark et  al. 
2004; Schreiber and Beckman 2020).

Effect of land use legacy

The legacy of the past land use/cover in the areas con-
verted to pine plantations had a long-lasting influence 
on the colonization capacity of the two oak species 
even 55 years after pine planting. Sites with a history 
of cropland use showed higher regeneration densities 
for both oak species compared to former shrubland 
sites, even after accounting for variation in propagule 
pressure potential across the landscape, confirming 
our fourth hypothesis. However, we found no support 
for smaller colonization differences between oak spe-
cies in areas of former cropland use as compared to 
shrubland. Our observations could be explained by 
several factors. First, soil improvement practices tra-
ditionally implemented for cropping such as fertili-
zation or structural amelioration (Abadie et al. 2018; 
Cramer et al. 2008) can persist for over a century, sig-
nificantly influencing the growth of trees established 
after cultivation has ceased (Dupouey et  al. 2002; 
von Oheimb et al. 2014). Second, shrubland and pas-
tureland usually had lower soil quality than cropland, 
negatively affecting oak colonization after abandon-
ment (Abadie et al. 2018). In line with our findings of 

higher recruitment in previous cropland, Vilà-Cabrera 
et  al. (2017) reported that newly established forests 
(conifers, deciduous and sclerophyllous) on aban-
doned agricultural land during the twentieth century 
showed higher growth rate and carbon storage com-
pared to those on shrubland or grassland.

Variations in TWI, mediated by topographic dif-
ferences across the landscape, did not significantly 
influence the colonization capacity of oak species. 
This may be because TWI, while closely related to 
soil moisture content (Kopecký et  al. 2021), does 
not account for other key factors affecting juvenile 
recruitment such as light competition (Martín-Alcón 
et al. 2015; Rey Benayas et al. 2005), facilitation pro-
cesses (Cruz-Alonso et al. 2020) or herbivory (Davis 
et  al. 2011), which were beyond the scope of this 
study.

Ecological and restoration insights

The higher regeneration efficiency of Q. ilex com-
pared to Q. faginea has ecological implications, espe-
cially in the context of climate change. Dense, unman-
aged pine plantations, which cover millions of ha 
across the Mediterranean basin (Pausas et  al. 2004), 
often show poor pine regeneration (Gómez-Aparicio 
et  al. 2009; Ruiz-Benito et  al. 2012). Consequently, 
in regions where remnants of both oak species coex-
ist near pine plantations, regeneration in the mid-term 
is expected to be dominated by the evergreen oak. 
This transition toward oak-dominated systems is not a 
novel phenomenon; rather, it is a widespread process 
in the Iberian Peninsula (Carnicer et  al. 2014). Our 
findings contribute to this broader understanding by 
providing insight into the ecological mechanisms that 
facilitate the increasing dominance of Q. ilex in these 
environments. In contrast, given its ecology, regen-
eration of the deciduous oak will likely remain con-
fined to areas with higher moisture availability, such 
as ravines and north-facing exposures, and close to 
remnants at similar altitudes.

The findings of this study can enhance predic-
tions of recruitment spatial patterns and have prac-
tical implications for modelling oak expansion and 
guiding future research. Importantly, the spatial 
distribution of forest remnants used for modelling 
oak colonization capacity, distance and altitude dif-
ference between trees and colonization sites, must 
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account for species specificities. Prediction of 
regeneration hotspots also provides crucial infor-
mation for designing effective landscape restoration 
and management programs. For instance, identify-
ing areas with high potential for passive oak res-
toration (i.e., natural regeneration) can optimize 
resource allocation for active restoration efforts 
such as seedling plantings by targeting areas with 
low regeneration potential. Moreover, in places 
where passive restoration measures are planned, 
our results highlight the importance of not only 
considering the presence of seed sources but also 
their spatial accessibility. Thus, the size and rela-
tive position of seed sources in relation to the loca-
tion of areas intended to be restored can guide more 
effective natural regeneration of oaks, and seed 
sources such as woodland islets can be strategically 
planted in the landscape to assist tree regeneration 
(Rey Benayas et  al. 2008). In addition, preserving 
all potential seed sources, regardless of the age of 
the individuals, remains crucial to catalyze the 
regeneration of these species.

Acknowledgements  We thank Fernando Soneira and Marta 
Galve for their valuable fieldwork and Guillermo Fandos 
for his expert advice on spatial autocorrelation analysis. We 
acknowledge the suggestions and comments by two anonymous 
reviewers that improved the contents and presentation of this 
manuscript.

Author contributions  OLC: conceptualization, data cura-
tion, formal analysis, investigation, methodology, visualization, 
writing—original draft. PVS: conceptualization, investigation, 
methodology, validation, supervision, writing—review and 
editing. EA: formal analysis, writing—review and editing last 
versions. PV: conceptualization, investigation, methodology, 
writing—review and editing last versions. JLGP: investigation, 
methodology, writing—review and editing last versions.  JAO: 
conceptualization, methodology, writing—review and editing 
last versions. JMRB: funding acquisition, project administra-
tion, supervision, writing—review and editing last versions.

Funding  Open Access funding provided thanks to the 
CRUE-CSIC agreement with Springer Nature. This study 
was supported by the projects EVALUAVE (PID2019-
106806  GB-I00) and QueVADIS (PID2022-141762OB-I00) 
of the Spanish Ministerio de Ciencia e Innovación, and the 
REMEDINAL network of the Regional Government of Madrid 
(TE-CMS2017/EMT-4338). OLC was supported by a predoc-
toral fellowship of the Regional Government of Madrid (PIPF 
2022-PEJ).

Data availability  Processed data are openly available in 
Zenodo at https://doi.org/10.5281/zenodo.15986932.

Declarations 

Competing interests  The authors declare no competing inter-
ests.

Open Access  This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any 
medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The 
images or other third party material in this article are included 
in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit 
http://creativecommons.org/licenses/by/4.0/.

References

Abadie J, Avon C, Dupouey JL, Lopez JM, Tatoni T, Bergès L 
(2018) Land use legacies on forest understory vegetation 
and soils in the Mediterranean region: Should we use his-
torical maps or in situ land use remnants? For Ecol Manag 
427:17–25

Álvarez-Martínez JM, Suárez-Seoane S, Stoorvogel JJ, de Luis 
CE (2014) Influence of land use and climate on recent for-
est expansion: a case study in the Eurosiberian-Mediter-
ranean limit of north-west Spain. J Ecol 102(4):905–919

Amimi N, Dussert S, Vaissayre V, Ghouil H, Doulbeau S, Cos-
tantini C, Ammari Y, Joët T (2020) Variation in seed traits 
among mediterranean oaks in Tunisia and their ecological 
significance. Ann Bot 125(6):891–904

Andivia E, Villar-Salvador P, Tovar L, Rabasa S, Rey Benayas 
JM (2017) Multiscale assessment of woody species 
recruitment in Mediterranean shrublands: facilitation and 
beyond. J Veg Sci 28(3):639–648

Arasa-Gisbert R, Arroyo-Rodríguez V, Cervantes-López 
MDJ, Meave JA (2024) The need for a strict delimitation 
of early tree life stages in vegetation ecology. J Veg Sci 
35(5):e13313

Barber C, Graves SJ, Hall JS, Zuidema PA, Brandt J, Bohlman 
SA, Asner GP, Bailón M, Caughlin TT (2022) Species-
level tree crown maps improve predictions of tree recruit 
abundance in a tropical landscape. Ecol Appl. https://​doi.​
org/​10.​1002/​eap.​2585

Bueno RS, García D, Galetti M, La Mantia T (2020) Past cover 
modulates the intense and spatially structured natural 
regeneration of woody vegetation in a pastureland. Plant 
Ecol 221(3):205–218

Butler PJ (2016) The physiological basis of bird flight. Philos 
Trans R Soc Lond B Biol Sci 371(1704):20150384

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/eap.2585
https://doi.org/10.1002/eap.2585


Landsc Ecol (2025) 40:157	 Page 13 of 15  157

Vol.: (0123456789)

Carnicer J, Coll M, Pons X, Ninyerola M, Vayreda J, Peñuelas 
J (2014) Large-scale recruitment limitation in Mediter-
ranean pines: the role of Quercus ilex and forest succes-
sional advance as key regional drivers. Glob Ecol Bioge-
ogr 23(3):371–384

Castro-Díez P, Villar-Salvador P, Pérez-Rontomé C, Maestro-
Martínez M, Montserrat-Martí G (1997) Leaf morphol-
ogy and leaf chemical composition in three Quercus 
(Fagaceae) species along rainfall gradient in NE Spain. 
Trees 11:127–134

Centro Nacional de Información Geográfica (CNIG) (2022) 
American Flight B Series (1956–1957). Infraestructura de 
Datos Espaciales de España (IDEE)

Chambers J, Aarssen LW (2009) Offspring for the next genera-
tion: most are produced by small plants within herbaceous 
populations. Evol Ecol 23:737–751

Clark JS, LaDeau S, Ibanez I (2004) Fecundity of trees and 
the colonization–competition hypothesis. Ecol Mon 
74(3):415–442

Comita LS, Thompson J, Uriarte M, Jonckheere I, Canham 
CD, Zimmerman JK (2010) Interactive effects of land use 
history and natural disturbance on seedling dynamics in a 
subtropical forest. Ecol Appl 20(5):1270–1284

Conrad O, Bechtel B, Bock M, Dietrich H, Fischer E, Gerlitz 
L, Wehberg J, Wichmann V, Böhner J (2015) System for 
automated geoscientific analyses (SAGA) v. 2.1.4. Geosci 
Model Dev 8(7):1991–2007

Cramer VA, Hobbs RJ, Standish RJ (2008) What’s new about 
old fields? Land abandonment and ecosystem assembly. 
Trends Ecol Evol 23(2):104–112

Crouzeilles R, Curran M, Ferreira MS, Lindenmayer DB, 
Grelle CEV, Rey Benayas JM (2016) A global meta-anal-
ysis on the ecological drivers of forest restoration success. 
Nat Commun 7:11666

Crouzeilles R, Beyer HL, Monteiro LM, Feltran-Barbieri 
R, Pessôa ACM, Barros FSM, Lindenmayer DB, Lino 
EDSM, Grelle CEV, Chazdon RL, Matsumoto M, Rosa 
M, Latawiec AE, Strassburg BBN (2020) Achieving cost-
effective landscape-scale forest restoration through tar-
geted natural regeneration. Conserv Lett 13(3):e12709

Cruz-Alonso V, Villar-Salvador P, Ruiz-Benito P, Ibáñez I, 
Rey-Benayas JM (2020) Long-term dynamics of shrub 
facilitation shape the mixing of evergreen and decidu-
ous oaks in Mediterranean abandoned fields. J Ecol 
108(3):1125–1137

Davis FW, Tyler CM, Mahall BE (2011) Consumer control 
of oak demography in a Mediterranean-climate savanna. 
Ecosphere 2(10):1–21

de la Peña E, Baeten L, Steel H, Viaene N, De Sutter N, De 
Schrijver A, Verheyen K (2016) Beyond plant–soil feed-
backs: mechanisms driving plant community shifts due to 
land-use legacies in post-agricultural forests. Funct Ecol 
30(7):1073–1085

Denk T, Grimm GW, Manos PS, Deng M (2017) An updated 
infrageneric classification of the oaks: review of previ-
ous taxonomic schemes and synthesis of evolutionary 
patterns. In: Gil-Pelegrín E, Peguero-Pina J, Sancho-
Knapik D (eds) Oaks physiological ecology. Exploring 
the functional diversity of genus Quercus L. tree physi-
ology. Springer, pp 13–38. https://​doi.​org/​10.​1007/​
978-3-​319-​69099-5_2

Doelman JC, Stehfest E, van Vuuren DP, Tabeau A, Hof AF, 
Braakhekke MC, Gernaat DEHJ, van den Berg M, van 
Zeist WJ, Daioglou V, van Meijl H, Lucas PL (2020) 
Afforestation for climate change mitigation: potentials, 
risks and trade-offs. Glob Change Biol 26(3):1576–1591

Downing WM, Krawchuk MA, Meigs GW, Haire SL, Coop 
JD, Walker RB, Whitman E, Chong G, Miller C (2019) 
Influence of fire refugia spatial pattern on post-fire forest 
recovery in Oregon’s Blue Mountains. Landscape Ecol 
34:771–792

Dupouey JL, Dambrine É, Laffite JD, Moares C (2002) Irre-
versible impact of past land use on forest soils and biodi-
versity. Ecol 83(11):2978–2984

Espelta JM, Cortés P, Molowny-Horas R, Retana J (2009) 
Acorn crop size and pre-dispersal predation determine 
inter-specific differences in the recruitment of co-occur-
ring oaks. Oecologia 161(3):559–568

García C, Espelta JM, Hampe A (2020) Managing forest regen-
eration and expansion at a time of unprecedented global 
change. J Appl Ecol 57(12):2310–2315

Gavinet J, Prévosto B, Fernandez C (2016) Do shrubs facilitate 
oak seedling establishment in Mediterranean pine forest 
understory? For Ecol Manag 381:289–296

Gil-Pelegrín E, Saz MÁ, Cuadrat JM, Peguero-Pina JJ, San-
cho-Knapik D (2017) Oaks under mediterranean-type 
climates: functional response to summer aridity. In: Gil-
Pelegrín E, Peguero-Pina J, Sancho-Knapik D (eds) Oaks 
physiological ecology. Exploring the functional diversity 
of genus Quercus L. tree physiology. Springer, pp 137–
193. https://​doi.​org/​10.​1007/​978-3-​319-​69099-5_5

Gómez JM (2003) Spatial patterns in long-distance dispersal of 
Quercus ilex acorns by jays in a heterogeneous landscape. 
Ecography 26(5):573–584

Gómez-Aparicio L, Zavala MA, Bonet FJ, Zamora R (2009) 
Are pine plantations valid tools for restoring Mediterra-
nean forests? An assessment along abiotic and biotic gra-
dients. Ecol Appl 19(8):2124–2141

González-Moreno P, Quero JL, Poorter L, Bonet FJ, Zamora R 
(2011) Is spatial structure the key to promote plant diver-
sity in Mediterranean forest plantations? Bas Appl Ecol 
12(3):251–259

Greene DF, Johnson EA (1994) Estimating the mean annual 
seed production of trees. Ecol 75(3):642–647

Herrera JM, García D (2009) The role of remnant trees in seed 
dispersal through the matrix: being alone is not always so 
sad. Biol Conserv 142(1):149–158

Kepfer-Rojas S, Verheyen K, Johannsen VK, Schmidt IK 
(2015) Indirect effects of land-use legacies determine tree 
colonization patterns in abandoned heathland. Appl Veg 
Sci 18(3):456–466

Kopecký M, Macek M, Wild J (2021) Topographic Wetness 
Index calculation guidelines based on measured soil mois-
ture and plant species composition. Sci Total Environ 
757(25):143785

Lal CB, Annapurna C, Raghubanshi AS, Singh JS (2001) 
Effect of leaf habit and soil type on nutrient resorption 
and conservation in woody species of a dry tropical envi-
ronment. Can J Bot 79(9):1066–1075

Li HJ, Zhang ZB (2003) Effect of rodents on acorn dispersal 
and survival of the Liaodong oak (Quercus liaotungensis 
Koidz.). For Ecol Manag 176(1–3):387–396

https://doi.org/10.1007/978-3-319-69099-5_2
https://doi.org/10.1007/978-3-319-69099-5_2
https://doi.org/10.1007/978-3-319-69099-5_5


	 Landsc Ecol (2025) 40:157157  Page 14 of 15

Vol:. (1234567890)

Manning AD, Fischer J, Lindenmayer DB (2006) Scattered 
trees are keystone structures—implications for conserva-
tion. Biol Conserv 132(3):311–321

Martín-Alcón S, Coll L (2016) Unraveling the relative impor-
tance of factors driving post-fire regeneration trajectories 
in non-serotinous Pinus nigra forests. For Ecol Manag 
361:13–22

Martín-Alcón S, Coll L, Salekin S (2015) Stand-level drivers 
of tree-species diversification in Mediterranean pine for-
ests after abandonment of traditional practices. For Ecol 
Manag 353:107–117

Mattivi P, Franci F, Lambertini A, Bitelli G (2019) TWI com-
putation: a comparison of different open source GISs. 
Open Geospat Data Softw Stand. https://​doi.​org/​10.​1186/​
s40965-​019-​0066-y

McDowell NG, Allen CD, Anderson-Texeira K, Aukema 
BH, Bond-Lamberly B et  al (2020) Pervasive shifts 
in forest dynamics in a changing world. Science 
368(6494):eaaz9463

McMahon SM, Parker GG, Miller DR (2010) Evidence for a 
recent increase in forest growth. Proc Natl Acad Sci USA 
107(8):3611–3615

Montserrat-Martí G, Camarero JJ, Palacio S, Pérez-Rontomé 
C, Milla R, Albuixech J, Maestro M (2009) Summer-
drought constrains the phenology and growth of two 
coexisting Mediterranean oaks with contrasting leaf habit: 
implications for their persistence and reproduction. Trees 
23(4):787–799

Moracho E, Jordano P, Hampe A (2018) Drivers of tree fecun-
dity in pedunculate oak (Quercus robur) refugial popula-
tions at the species’ southwestern range margin. Plant Biol 
20(51):195–202

Nathan R, Muller-Landau HC (2000) Spatial patterns of seed 
dispersal, their determinants and consequences for recruit-
ment. Trends Ecol Evol 15(7):278–285

Navarro-González I, Pérez-Luque AJ, Bonet FJ, Zamora R 
(2013) The weight of the past: land-use legacies and 
recolonization of pine plantations by oak trees. Ecol Appl 
23(6):1267–1276

Niinemets Ü, Valladares F (2006) Tolerance to shade, drought, 
and waterlogging of temperate Northern Hemisphere trees 
and shrubs. Ecol Monogr 76(4):521–547

Pausas JG, Bladé C, Valdecantos A, Seva JP, Fuentes D, Alloza 
JA, Vilagrosa A, Bautista S, Cortina J, Vallejo R (2004) 
Pines and oaks in the restoration of Mediterranean land-
scapes of Spain: new perspectives for an old practice—a 
review. Plant Ecol 171(1/2):209–220

Perea AJ, Wiegand T, Garrido JL, Rey PJ, Alcántara JM (2021) 
Legacy effects of seed dispersal mechanisms shape the 
spatial interaction network of plant species in Mediterra-
nean forests. J Ecol 109(10):3670–3684

Pérez-Camacho L, Villar-Salvador P, Cuevas JA, González-
Sousa T, Martínez-Baroja L (2023) Spatial decision-mak-
ing in acorn dispersal by Eurasian jays around the forest 
edge: insights into oak forest regeneration mechanisms. 
For Ecol Manag 545:121291

Pérez-Ramos IM, Marañón T (2008) Factors affecting post-
dispersal seed predation in two coexisting oak species: 
microhabitat, burial and exclusion of large herbivores. For 
Ecol Manag 255(8–9):3506–3514

Perring MP, De Frenne P, Baeten L, Maes SL, Depauw L, 
Blondeel H, Carón MM, Verheyen K (2016) Global envi-
ronmental change effects on ecosystems: the importance 
of land-use legacies. Glob Change Biol 22(4):1361–1371

Plue J, Hermy M, Verheyen K, Thuillier P, Saguez R, Decocq 
G (2008) Persistent changes in forest vegetation and 
seed bank 1600 years after human occupation. Landsc 
Ecol 23:673–688

Pons J, Pausas JG (2007a) Acorn dispersal estimated by 
radio-tracking. Oecologia 153(4):903–911

Pons J, Pausas JG (2007b) Not only size matters: Acorn 
selection by the European jay (Garrulus glandarius). 
Acta Oecol 31(3):353–360

Quero JL, Villar R, Marañón T, Zamora R (2006) Interac-
tions of drought and shade effects on seedlings of four 
Quercus species: physiological and structural leaf 
responses. New Phytol 170(4):819–834

R Core Team (2023) _R: A Language and Environment for 
Statistical Computing_. R Foundation for Statistical 
Computing, Vienna, Austria. https://​www.R-​proje​ct.​org/

Rey Benayas JM, Navarro J, Espigares T, Nicolau JM, Zavala 
MA (2005) Effects of artificial shading and weed mow-
ing in reforestation of Mediterranean abandoned crop-
land with contrasting Quercus species. For Ecol Manag 
212(1–3):302–314

Rey Benayas JM, Bullock JM, Newton AC (2008) Creating 
woodland islets to reconcile ecological restoration, con-
servation, and agricultural land use. Front Ecol Environ 
6(6):329–336

Ritsche J, Katzensteiner K, Acácio V (2021) Tree regenera-
tion patterns in cork oak landscapes of Southern Portu-
gal: the importance of land cover type, stand character-
istics and site conditions. For Ecol Manag 486:118970

Ruiz-Benito P, Gómez-Aparicio L, Zavala MA (2012) Large-
scale assessment of regeneration and diversity in Medi-
terranean planted pine forests along ecological gradi-
ents. Divers Distrib 18(11):1092–1106

Sánchez de Dios RS, Benito-Garzón M, Sainz-Ollero H 
(2009) Present and future extension of the Iberian sub-
mediterranean territories as determined from the distri-
bution of marcescent oaks. Plant Ecol 204(2):189–205

Sánchez Humanes B (2009) Acorn production and growth 
in Mediterranean oaks: trade-offs and the role of cli-
mate, modular organization and phenology. Universitat 
Autònoma de Barcelona

Schreiber SJ, Beckman NG (2020) Individual variation in 
dispersal and fecundity increases rates of spatial spread. 
AoB Plants 12(3):plaa001

Schupp EW, Jordano P, Gómez JM (2010) Seed dispersal 
effectiveness revisited: a conceptual review. New Phytol 
188(2):333–353

Sheffer E (2012) A review of the development of Mediter-
ranean pine-oak ecosystems after land abandonment and 
afforestation: are they novel ecosystems? Ann for Sci 
69(4):429–443

Sheffer E, Canham CD, Kigel J, Perevolotsky A (2013) 
Landscape-scale density-dependent recruitment of 
oaks in planted forests: more is not always better. Ecol 
94(8):1718–1728

https://doi.org/10.1186/s40965-019-0066-y
https://doi.org/10.1186/s40965-019-0066-y
https://www.R-project.org/


Landsc Ecol (2025) 40:157	 Page 15 of 15  157

Vol.: (0123456789)

Shepard EL, Wilson RP, Rees WG, Grundy E, Lambertucci 
SA, Vosper SB (2013) Energy landscapes shape animal 
movement ecology. Am Nat 182(3):298–312

Sørensen R, Zinko U, Seibert J (2006) On the calculation of 
the topographic wetness index: evaluation of different 
methods based on field observations. Hydrol Earth Syst 
Sci 10(1):101–112

Trumbore S, Brando P, Hartmann H (2015) Forest health and 
global change. Science 349(6250):814–818

Urbieta IR, García LV, Zavala MA, Marañón T (2011) Medi-
terranean pine and oak distribution in southern Spain: Is 
there a mismatch between regeneration and adult distribu-
tion? J Veg Sci 22(1):18–31

Vadell E, de-Miguel S, Pemán J (2016) Large-scale reforesta-
tion and afforestation policy in Spain: a historical review 
of its underlying ecological, socioeconomic and political 
dynamics. Land Use Pol 55:37–48

Vilà-Cabrera A, Espelta JM, Vayreda J, Pino J (2017) “New 
Forests” from the Twentieth Century are a relevant contri-
bution for C Storage in the Iberian Peninsula. Ecosystem 
20(1):130–143

Villar-Salvador P, Peñuelas JL, Nicolás-Peragón JL, Benito LF, 
Domínguez-Lerena S (2013) Is nitrogen fertilization in 
the nursery a suitable tool for enhancing the performance 
of Mediterranean oak plantations? New for 44(5):733–751

von Oheimb G, Härdtle W, Eckstein D, Engelke HH, Hehnke 
T, Wagner B, Fichtner A (2014) Does forest continuity 
enhance the resilience of trees to environmental change? 
PLoS One 9(12):e113507

Wimberly MC, Spies TA (2002) Landscape- vs gap-level con-
trols on the abundance of a fire-sensitive, late-succes-
sional tree species. Ecosystem 5(3):232–243

Woziwoda B, Krzyżanowska A, Dyderski MK, Jagodziński 
AM, Stefańska-Krzaczek E (2018) Propagule pressure, 

presence of roads, and microsite variability influence dis-
persal of introduced Quercus rubra in temperate Pinus 
sylvestris forest. For Ecol Manag 428:35–45

Wróbel A, Kurek P, Bogdziewicz M, Dobrowolska D, Zwolak 
R (2022) Avian dispersal of an invasive oak is modulated 
by acorn traits and the presence of a native oak. For Ecol 
Manag 505:119866

Wu MM, Liang Y, He HS, Liu B, Ma T (2022) Remnant trees 
location and abundance play different roles in forest land-
scape recovery. For Ecol Manag 511:120154

Zahawi RA, Werden LK, San-José M, Rosales JA, Flores J, 
Holl KD (2021) Proximity and abundance of mother trees 
affects recruitment patterns in a long-term tropical forest 
restoration study. Ecography 44(12):1826–1837

Zamora R, Pérez-Luque AJ, Benito BM, Bonet-García FJ, Nav-
arro I, Pérez-Pérez R, Hódar JA, Matías L (2013). Cambio 
Global, Migración Altitudinal y Colonización de Hábitats 
Degradados en Montañas Mediterráneas (MIGRAME); 
Invitación a la Ecología. In Asociación Española de 
Ecología Terrestre: Pamplona, Spain, 2013. https://​doi.​
org/​10.​7818/​AEET.​XICon​gress.​2013

Zuur AF, Ieno EN, Walker NJ, Saveliev AA, Smith GM (2009) 
Mixed effect models and extensions in ecology with R. 
Springer, Heidelberg

Publisher’s Note  Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

https://doi.org/10.7818/AEET.XICongress.2013
https://doi.org/10.7818/AEET.XICongress.2013

	Abundance and spatial attributes of forest remnants differently influence colonization patterns of contrasting oak species
	Abstract 
	Context 
	Objectives 
	Methods 
	Results 
	Conclusions 

	Introduction
	Material and methods
	Study site
	Density of oak juveniles and characteristics of reproductive oak trees
	Spatial analysis and landscape characterization
	Data analysis

	Results
	Oak abundance
	Colonization efficiency and past land usecover
	Effects of oak remnant abundance, landscape distribution and tree size

	Discussion
	Coexisting oaks differ in colonization capacity
	The importance of forest remnant characteristics for colonization differs between oak species
	Effect of land use legacy

	Ecological and restoration insights
	Acknowledgements 
	References




