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Abstract
& Introduction The great spatial and temporal heterogeneity
of Mediterranean ecosystems can influence establishment
success in woody species, whose natural regeneration occurs
to a very small extent. In this work, the effect of the spatial
pattern of environmental variables (light availability, soil
moisture and herbaceous production) on seedling emergence,
growth, survival and establishment success was examined by
using a spatially explicit approach.
& Methods Seeds of four Quercus species differing in leaf
longevity (Quercus ilex, Quercus suber, Quercus faginea
and Quercus pyrenaica) were sown in two plots located in a
holm oak forest (southern Spain). The spatial pattern of the
studied variables was examined by Spatial Analysis by
Distance Indices.
& Results All environmental variables exhibited an aggregated spatial pattern. There was no clear spatial association
between the environmental variables and emergence and
survival. Only soil moisture during the dry season was
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spatially associated with the establishment success of all the
species. Species also differed in survival and establishment
success, with evergreens having higher percentages than
deciduous. No aggregated spatial pattern for growth and
morphological traits was apparent, these being more dependent on seed mass than on environmental factors. Identifying
which microsites facilitate regeneration may provide useful
hints with a view in focusing restoration endeavours on
microenvironments with high survival percentage.
Keywords Oak . Regeneration . Seedling performance .
SADIE . Survival . Variability

1 Introduction
Natural regeneration in Mediterranean vegetation is heavily
limited at all stages (Jordano et al. 2008), but particularly in
seedlings, which are highly sensitive to their microenvironmental conditions (Urbieta et al. 2008a). The availability
of major resources including light, water and nutrients for
plants can change within a few metres (Gallardo 2003;
Gómez et al. 2004; Quero et al. 2011). Also, these
environmental factors exhibit complex mutual relationships
(Sack and Grubb 2002; Gallardo 2003) and can vary widely
in space and time, affecting ecosystem structure and
composition (Terradas 2001; Maestre 2006). Thus, open
forest areas possess a light availability that influences not
only abiotic resources, such as nutrients or soil moisture
(Pérez-Ramos et al. 2010), but also the structure and
composition of the herbaceous layer (Milton 1995).
Herbaceous abundance can either diminish seedling survival through competition for water (Rey Benayas et al. 2005)
or increase it by reducing evaporation and alleviating the
effects of high temperatures (Gómez-Aparicio et al. 2005b).
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In addition, the spatial structure of seedling recruitment
may be governed not only by resource availability but also
by factors involved in the earliest regeneration stages such
as seed rain and dispersal (Gómez et al. 2004; García and
Houle 2005).
Therefore, the spatial distribution of environmental
variables, which usually takes the form of gradients or
patches, is usually of a non-random nature and promotes
the formation of heterogeneous microsites to which plants
respond differently (Jurena and Archer 2003), thereby
facilitating coexistence between species (Beckage and
Clark 2003).
The spatial structure of environmental variables is also
time-dependent. The significance of temporal variability in
the resources for establishment success has been the subject
of many studies (Paynter et al. 1998; Castro et al. 2004;
Gómez-Aparicio et al. 2005a), especially under Mediterranean and semi-arid climates, where water is a highly
restrictive resource (Milton 1995). Thus, Quero et al.
(2011) found the spatial structure of plant survival to vary
between years with a different precipitation. In wet years,
there is a high microsite availability, and therefore, survival
is high, and it is not aggregated along the space; on the
other hand, in dry years, there is no aggregated survival
along the space due to the unsuitability of the microsites.
Aggregated survival only emerges under intermediate
scenarios because the spatial structure of environmental
conditions (i.e. patches with greater water availability)
influences the spatial survival pattern. Therefore, experimental designs and statistical analyses should consider the
above-described spatial and temporal heterogeneity (Legendre
1993) in order to assess accurately the influence of some key
factors affecting early recruitment stages. Although an
increasing number of spatially explicit experimental designs
is being used to examine spatial patterns for recruitmentrelated variables (Maestre et al. 2003; García and Houle 2005;
Quero et al. 2011), few authors have applied them simultaneously to several phylogenetically related species differing in
leaf habit (evergreens vs deciduous) and leaf longevity. Leaf
longevity is a key variable of the leaf economics spectrum
(Wright et al. 2004) related to the resource acquisition versus
resource conservation strategies, and it could also explain the
different response of species with environmental factors (RuizRobleto and Villar 2005).
Moreover, no study appears to have so far been conducted
to establish the spatial patterns for morphological- and growthrelated variables in seedlings (see Laliberté et al. 2008), which
might have an impact on plant establishment. Seedling
growth rates are very often influenced by environmental
factors (Poorter 2001; Villar et al. 2008); therefore, changes
in such factors along spatial and temporal gradients might
lead to the presence of areas with bigger or faster growing
seedlings. In addition to environmental factors, some intrinsic
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traits such as seed mass determines early seedling performance (González-Rodríguez et al. 2010, 2011; Pérez-Ramos
et al. 2010), especially on large-seeded species growing in
unfavourable environments (Leishman and Westoby 1994).
Experiments that evaluate seedling growth have been
typically carried out under controlled conditions, and field
experiments often limit growth measures only to seedling
height (Beckage and Clark 2003; Laliberté et al. 2008).
Moreover, those trials do not give any information about leaf
biomass invest, reflecting photosynthetic capacity, which
may be important for plant growth and establishment (Poorter
1999; Villar et al. 2008). Therefore, it would be necessary to
extend field studies on seedlings growing in a heterogeneous
environment by including more morphological variables
(Pérez-Ramos et al. 2010).
The genus Quercus is widely represented in the
Mediterranean basin. Evergreen species (e.g. Quercus ilex
L. subsp. ballota and Quercus suber L.) are abundant in the
dry Mediterranean mountains of southern Spain; in contrast, semi-deciduous and deciduous species (e.g. Quercus
faginea Lam. and Quercus pyrenaica Willd) are scantier
and occupy areas with greater water availability owing to
their lower drought tolerance (Urbieta et al. 2008b).
Moreover, deciduous oaks usually have higher leaf areas
and growth rates than evergreens (Ruiz-Robleto and Villar
2005; Quero et al. 2006).
In this work, we expected to find a spatial pattern of
environmental factors which may be related to the spatial
pattern of both the establishment and growth of Quercus
seedlings. Moreover, we assumed that seed size could act as
an intrinsic variable with an important role in the studied
variables (morphology, biomass and establishment). Specifically, we have covered four primary purposes (a) to
explore small-scale spatial heterogeneity of three environmental factors with a high impact on the Mediterranean
region (light, soil moisture and herbaceous production); (b)
to assess the influence of these factors on the spatial
patterns for seedling emergence, growth and survival in
four Quercus species differing in leaf longevity; (c) to study
changes in the aggregation spatial patterns for plant
survival and establishment success during the dry period;
and (d) to explore the influence of seed mass and
environmental factors on growth and morphology in these
species developing under natural field conditions.

2 Material and methods
2.1 Study area and species
The experiment was conducted in the “Sierra de Cardeña y
Montoro” Natural Park (Sierra Morena, Córdoba, Spain,
38° 14´ 16´´ N, 4° 13´ 18´´ W). The climate is semi-humid
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Mediterranean, with continental variations and summer
droughts. Annual rainfall ranges from 570 to 970 mm,
and the mean annual temperature is 15.3°C. Soils are
regosols and consist mainly of sand with granite as bedrock
(Quero et al. 2007). The experimental site, which was
fenced to exclude large herbivores, was an open forest of Q.
ilex L. subsp. ballota (Desf.) with sparse individuals of
Pinus pinaster Aiton and Cistus ladanifer L. shrubs. The
area has smooth hills with a mean altitude of 480 m. Two
evergreen species (Q. ilex L. subsp. ballota and Q. suber
L.) and two deciduous species (Q. faginea Lam. and Q.
pyrenaica Willd) were selected for the study. The four
species coexist in the protected area and exhibit regeneration problems derived from very low seedling and sapling
recruitment mainly from the effects of herbivory and
summer droughts.
2.2 Experimental design
Acorn collection was carried out in autumn 2006. In order
to reduce effects of genetic variability, acorns of each
species were selected from one mother tree for each species
from the vicinity of the experimental site. Acorns were
stored in a refrigeration chamber at 2–5°C until sowing.
Any acorns exhibiting holes or signs of rot were discarded.
For each species, a random sub-sample of seeds was used
to calculate predictors of seed dry mass. For that, fresh
mass and dry mass of each acorn were determined after
oven-drying at 70°C for at least 48 h and removing the
pericarp from the cotyledons. Linear regression equations
of acorn fresh mass against seed dry mass were generated
for each species (in all cases R2 >0.90, P<0.05) and were
used to estimate the seed dry mass of each acorn used in the
experiment, based on its fresh mass.
The study was conducted in two 40×40-m plots. In each
40×40-m plot, 121 sampling points were established using
a 4×4-m sampling grid. To achieve a spatially explicit
design, x and y coordinates of each sampling point were
determined. The two plots were 50 m apart. In January
2007, one acorn of each species was weighed and sown
(buried about 5 cm deep) at each sampling point. The
distance between acorns of each species at each node was
about 20 cm. This minimized competition between individuals since Quercus seedlings produce a pivot root.
2.3 Data collection
Seedlings were monitored for emergence and survival twice
a month between January and September 2007. Mean
emergence date ranged from 108±17 days (Q. suber, plot
2) to 120±18 days (Q. ilex and Q. pyrenaica, plot 1) after
sowing. Emergence was calculated as percentage of seeds
emerging from the sown seeds. Survival was calculated as
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percentage of seedlings surviving from the emerged seeds
and the seedling establishment success as a percentage of
seedlings surviving from the sown seeds. At the beginning
of the growing season (March–April), seedlings were
subjected to the following measurements: stem length and
both basal and apical diameter of principal and secondary
branches.
The data were used to calculate the total stem volume for
each plant, using the truncated cone formula. Total leaf area
was estimated according to Poorter et al. (2004), using a
point grid printed on a transparent sheet.
In a subsample of seedlings (15–25 plants per species)
sown in the experimental site but outside the two plots,
non-destructive measurements were taken, and after that,
they were harvested. Leaf area was calculated, and leaves
and stems were dried at 70°C and weighed. Linear
regressions between stem volume and stem dry weight for
each species and sampling date (R2 >0.75) were used to
estimate stem mass from the previously calculated volume
(Pérez-Ramos et al. 2010). Leaf mass per unit area (LMA)
was calculated as the ratio of leaf dry mass to leaf area.
Because LMA depends on both the particular species and
incident light (Aranda et al. 2004; Poorter et al. 2009),
linear regressions between LMA and light availability
(global site factor, GSF) were calculated for each species
in order to obtain accurate estimates of LMA in relation to
GSF (R2 >0.40). LMA and the leaf area estimates were used
to calculate leaf dry mass per seedling.
At the end of the growing season (July 2007), dead
seedlings were harvested for calculation of stem and leaf
dry weight. No significant differences in spring aerial
seedling biomass were found between seedling which
survived after summer and those which did not survive.
Therefore, seedling biomass of dead seedlings could be
assumed to be representative of the population. In those
seedlings measured on both sampling dates (beginning and
end of the growth season) stem relative growth rate (RGRt)
and aboveground relative growth rate (RGRa) were calculated as:
RGR ¼ ðln M2  ln M1 Þ=t;

ð1Þ

M1 and M2 were biomass (aboveground or stems) at the
beginning and at the end of the growing season, respectively, and t is the time interval between the two measurements. Aerial leaf mass fraction (LMFa) was calculated at
the end of the growth season (t2) as:
LMFa ¼ Ml = Mt ;

ð2Þ

Ml was leaf mass, and Mt was total aboveground biomass,
both estimated at t2.
Environmental variables (light availability, soil moisture
and herbaceous production) were measured at each node.

Author's personal copy
1220

For simplicity, herbaceous production was called an
“environmental variable” because it was studied as an
external factor that could influence seedling growth and
establishment. Light availability was estimated via the GSF
(Rich 1989), using hemispherical photographs taken with a
Coolpix camera fitted with an FC E8 fish eye lens, both from
Nikon (Tokyo, Japan), in the spring of 2007. Photographs
were processed with the software Hemiview Canopy Analysis
version 2.1 (Delta-T, Cambridge, UK). Soil moisture was
measured as the volumetric content of water (with TDR,
Model 100, Spectrum Technologies, Inc., Plainfield, IL,
USA) at each sampling point on a monthly basis from
February to September 2007. Herbaceous aboveground
biomass was harvested in July 2007 within a 25×25-cm
square centred at each sampling point and oven-dried in a
stove at 70°C for at least 48 h prior to determining dry weight.
2.4 Statistical analysis
The spatial pattern for the studied variables was examined
by Spatial Analysis by Distance Indices (SADIE) (Perry
1998) as implemented in SadieShell version 1.3 (www.
rothamsted.ac.uk/pie/sadie). The spatial pattern for each
factor was assessed in terms of the aggregation index (Ia)
and clustering index (υ). Ia provides information on the
global spatial pattern in the variable concerned; depending on
whether Ia is unity, greater than unity or less than unity, the
pattern is usually random, aggregate or regular, respectively
(Maestre et al. 2003). Clustering index (υ) measures the
degree of clustering of the data into patches (areas of high
values of the target variable) and gaps (areas of low values);
because υ is a continuous variable, data can be mapped by
kriging (Legendre and Legendre 1998) showing patches and
gaps (zones with υ≥1.5 and υ≤1.5, respectively; Perry and
Dixon 2002). A separate SADIE analysis was performed per
environmental variable and species. Continuous variables
were categorized according to Maestre and Quero (2008).
A spatial covariance analysis was performed in order to
identify spatial coincidences between aggregated zones for
the different variables detected with υ (Perry and Dixon
2002). SADIE measurements provided an overall clustering
index X, ranging from −1 to 1, which measures whether
two variables are spatially associated, dissociated or not
related. Indeed, X is the correlation coefficient between the
values of v of two variables (Perry et al. 2002). Likewise,
they provided a local clustering index χ, which estimates
the contribution of each sampling unit to the overall
clustering pattern. Like the clustering index (υ), these two
indices are continuous and provide mapping in order to
better envisage zones of spatial association and spatial
dissociation between pairs of variables. Maps were produced by linear interpolation with the software SURFER
version 8 (Golden Software, Inc.).
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Since no spatial aggregation was detected in all the
growth and morphology variables (except for four cases
from 72, see Section 3), these data were assumed to be
space-independent. Thus, growth and morphology variables
were compared across species and between the two plots by
a two-way analysis of variance (ANOVA) (plot and species
as categorical factors). When necessary, a logarithmic
transformation of the data was made to fulfil the requirements of normality and variance homoscedasticity. A nonparametric Kruskal–Wallis test was applied in those cases
where the transformed data failed to fulfil the ANOVA
assumptions.
A multiple regression analysis (forward stepwise method)
was applied in order to identify the environmental factors
influencing growth and morphology in each species and plot.
Model fit was evaluated using the adjusted R2. On each
model, error terms and y values were normally distributed
and had constant variance. Absence of collinearity across
dependent variables was checked as the variance inflation
factor (FIV) that was in all cases lower than two (Graham
2003). Non-spatial statistical analyses were made with the
software STATISTICA 8.0. (Statsoft, Inc.) and R version
2.9.1 (R Development Core Team 2009).

3 Results
3.1 Spatial aggregation in environmental factors
Most of the environmental variables studied (light availability, soil moisture at different times and herbaceous
production) changed according to an aggregated spatial
pattern (9 out of 12 cases presented spatial aggregation,
Table 1). Herbaceous production in plot 1 exhibited the
highest aggregation index (Ia, Table 1). The clustering
index maps [υ] (Fig. 1) showed patches and gaps for some
selected variables. Although the overall pattern was random
in some cases (e.g. maximum spring moisture in plot 1),
there were zones of significant local aggregation.
3.2 Spatial pattern in emergence, survival, establishment
success and growth
Emergence ranged from 38% for Q. faginea in plot 1 to
64% for Q. suber in plot 2 (Table 2). Only Q. ilex in plot 1
and Q. pyrenaica in plot 2 exhibited a spatial aggregation
pattern for emergence.
Survival at the end of the summer (September) ranged
from 1% for Q. pyrenaica in both plots to 36% for Q. ilex
in plot 1 (Table 2). Most species exhibited lower survival in
plot 2. Survival at the end of the summer displayed an
aggregation pattern for Q. ilex and Q. suber in plot 1;
however, the spatial pattern could not be assessed in plot 2
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Table 1 Means, standard deviations, ranges and aggregation
indices (Ia) for the measured
variables in the two studied
plots
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Light (GSF)

Mean soil moisture growing season (%)

Maximum soil moisture growing season (%)

The spatial pattern is aggregated
when Ia is significant and greater
than unity. Ia values less than
unity values correspond to a
regular pattern and near-unity
values to a random pattern. The
growing season spanned from
February to May
ns not significant
a

July soil moisture (%)

September soil moisture (%)

Herbaceous production (g/0.25 m−2)

P<0.07

*P < 0.05; **P < 0.01; ***P <
0.001

due to the low number of living plants remaining. The
aggregation pattern for survival persisted over time (July to
September); thus, if survival was aggregated at the
beginning, it remained aggregated at the end of the summer.

Plot 1

Plot 2

Mean±sd
Min–Max
Ia
Mean±sd
Min–Max
Ia
Mean±sd
Min–Max
Ia
Mean±sd
Min–Max
Ia
Mean±sd
Min–Max
Ia

0.43±0.12
0.18–0.68
1.6**
10.84±1.99
6.6–21.9
1.2 ns
15.7±3.7
8–41
1.1 ns
1±0.9
0–3
1.9***
6.0±1
4–10
1.3*

0.60±0.13
0.23–0.83
1.4**
11.0±3.2
5.6–31.4
1.4**
17.2±5.3
5–45
1.4*
0.3±0.5
0–2
1.7**
5.5±1.2
4–11
1.4**

Mean±sd
Min–Max
Ia

5.02±4.87
0–39.7
2.4***

6.6±3.8
0.10–20.41
1.3a

Establishment success (a combination of emergence and
survival) at the end of the summer was generally higher for
the evergreens Q. ilex (20%) and Q. suber (15%) than the
deciduous species Q. faginea (5%) and Q. pyrenaica (2%)

Fig. 1 Maps of clustering indices (υ) for selected variables in each sampled plot. The zones bounded by solid lines are patches with high values
(υ>1.5) in the variable concerned and those bounded by dashed lines gaps of low values in the variable (υ<1.5)
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Table 2 Emergence and temporal variation of plant survival and establishment success for the four species in the two studied plots
Plot 1

Emergence

Q. ilex

%
1/0
Ia
%
1/0
Ia
%
1/0
Ia
%
1/0
Ia
%

57.0
69/52
1.36**
60.3
73/48
0.92 ns
38.0
46/75
1.11 ns
58.7
71/50
0.95 ns
52.1

Ia

1.03 ns

%
1/0
Ia
%
1/0
Ia
%
1/0
Ia
%
1/0
Ia
%
Ia

47.1
57/64
0.86 ns
64.4
78/43
1.3a
41.3
50/71
1.02 ns
62.8
76/45
1.31*
55.2
0.92 ns

Q. suber

Q. faginea

Q. pyrenaica

All species
Plot 2
Q. ilex

Q. suber

Q. faginea

Q. pyrenaica

All species

July
survival

August
survival

September
survival

July
success

August
success

September
success

78.2
54/15
1.22a
74.0
54/19
1.27*
60.9
28/18
1.14 ns
50.7
36/35
1.38*

44.9
31/38
1.71***
31.5
23/50
1.3a
24.3
9/37
1.63**
5.6
4/67
–

36.2
25/44
1.54**
24.7
18/55
1.28*
15.0
6/40
–
1.4
1/70
–

44.6
54/67
1.62***
44.6
54/67
1.32*
23.1
28/93
1.02 ns
29.8
36/85
1.14 ns
35.7

25.6
31/90
1.91***
19.0
23/98
1.31*
7.4
9/111
1.35*
3.3
4/117
–
14.0

20.6
25/96
1.69***
14.9
18/103
1.31*
4.9
6/115
1.05 ns
2.5
1/120
–
10.5

1.56**

1.94***

1.78***

28.1
34/87
0.88 ns
34.7
42/79
0.92 ns
15.7
19/102
0.97 ns
14.9
18/103
1.57**
23.3
1.11 ns

9.1
11/110
–
4.1
5/116
–
0.8
1/120
–
0.8
1/120
–
3.7
1.39*

8.3
9/112
–
3.3
2/119
–
0.8
7/114
–
0.8
1/120
–
3.9
1.33*

59.6
34/23
0.86 ns
53.8
42/36
1.17 ns
37.3
19/31
0.93 ns
23.7
18/58
1.40**

19.3
11/46
1.15 ns
6.4
5/73
–
2.0
1/49
–
1.4
1/75
–

15.8
9/48
–
2.5
2/76
–
2.0
7/43
–
1.4
1/75
–

1/0 denotes the number of studied cases. The codes are for emergence: (1) the number of emerged and (0) non-emerged; for survival: (1) alive and
(0) dead and for establishment success: (1) alive and (0) dead or non-emerged plants. The number of cases in the entry “All species” has been
omitted because points exhibited values from 0 to 4 (see Section 2). An aggregation index (Ia) less than 1 corresponds to a regular pattern and a
near-unity one to a random pattern. The spatial pattern is aggregated when Ia is significant and greater than unity. The dashes in some entries
indicate that spatial aggregation could not be assessed owing to the scarcity of cases in some category
ns not significant
a

P<0.07

*P<0.05; **P<0.01; ***P<0.001

in plot 1 (Table 2). A similar pattern, but with a lesser
establishment success was found in plot 2 (Table 2).
Establishment success in July, where an adequate number
of plants for assessment of each species remained, exhibited
an aggregation pattern in Q. ilex and Q. suber in plot 1
(Table 2, Fig. 2). The pattern for Q. ilex reflected aggregation
in both emergence and survival, whereas that for Q. suber
was aggregated in survival only. On the other hand, only Q.
pyrenaica in plot 2 exhibited aggregation in establishment
success, reflecting aggregation in both emergence and
survival in July (Table 2, Fig. 2). Establishment success for

the four species together was aggregated in the three
sampling months except in plot 2 in July, although there
were small patches of local aggregation (Fig. 2). As in
survival, the aggregation patterns for establishment success
persisted throughout the dry period. Also, low-success gaps
increased during the dry season (July to September,
Appendix). Success for all species together at the end of
the summer also showed an aggregation pattern (Fig. 3a).
No spatial aggregation in plant growth was detected in
growth-related parameters (leaf mass, aerial and total stem
mass, RGRstem and RGRaerial) in the four species. Only Q. ilex
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was no spatial covariance, however, between other environmental factors and emergence or survival of the studied
species in this plot. Stem biomass for Q. ilex in plot 1 was
spatially associated with light availability.
There was a spatial association between maximum moisture
in spring and moisture in September in plot 2. Regarding
Quercus sowing-related variables, there was a spatial association between emergence of Q. pyrenaica and maximum
moisture in spring, especially in a zone where low moisture
levels led to low oak emergence percentage. Plot 2 also
exhibited spatial association between sowing success in all
species at the end of the summer and moisture in July. In this
case, there was a local gap where low moisture levels
corresponded to zones of little or no sowing success (Fig. 3b).
Herbaceous production in plot 2 was spatially associated
with light availability and establishment success for Q.
pyrenaica in July (Table 3), i.e. this species was especially
successful in zones with an abundant herbaceous cover.
3.4 Non spatial analysis of growth
3.4.1 Interspecific and site differences
Stem height varied across species and both plots, this being
generally higher in plot 2 (P=0.01) (Appendix). Q. suber
seedlings were the tallest. Aboveground biomass and RGRa
showed significant differences across species. Q. faginea
had the highest aboveground biomass and Q. pyrenaica the
lowest. RGRa was higher in Q. faginea and Q. suber. Leaf
area, LMFa and RGRt were similar in different species and
plots (Appendix).
3.4.2 Factors affecting growth and morphology

Fig. 2 Maps of clustering indices (υ) for establishment success (living
seedlings with respect to dead or non-emerged plants) in the four
species and both studied plots in July. For details, see Fig. 1

in plot 1 exhibited an aggregated spatial pattern in stem
biomass, leaf area and RGRstem, and in stem height in plot 2
(Appendix).
3.3 Spatial covariance between variables
Some variables were found to exhibit a significant positive
association (Table 3). Thus, plot 1 displayed covariance
between light availability (GSF) and moisture in September. Also, establishment success for Q. ilex in July was
spatially associated with moisture in the same month. There

Seed mass was one of the best predictors for growth and
morphology as it appears in 39% of the 48 models fitted
(six variables per species and plot), this being the factor
mainly selected in models of plot 1 (Table 4). Figure 4
shows the positive seed mass–aboveground biomass relationship in plot 1.
Environmental variables were more explanatory on plot 2,
and they appeared as the best predictors either with or without
seed mass effect (Table 4). Soil moisture effects were always
positive on morphology and growth variables. Seed mass
effect was positive in all cases except on LMFa of Q.
pyrenaica in plot 2. Light effect was positively related with
aboveground biomass of Q. pyrenaica in plot 1, and
negatively correlated with stem height of Q. ilex in plot 2.
Herbaceous production effect was negative in all cases apart
from stem height of Q. ilex in plot 2 (Table 4 and Fig. 5).
Adjusted R2 varied from 0.06 to 0.31. In general, the
model explaining aboveground biomass and RGR fitted
better than those related to leaf traits (Table 4).
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Fig. 3 a Maps of clustering indices (υ) for establishment success
(living seedlings with respect to dead or non-emerged plants) in the
four species and both studied plots in September. For a description of
patches and gaps, see Fig. 1. b Map of covariance between moisture in

July and sowing success on all species in plot 2. The patches represent
association zones and the gaps dissociation zones for the variables,
and are bounded by lines if significant at the P<0.05 level

4 Discussion

variables influencing establishment success and growth in
woody seedlings. Most environmental variables exhibited an
aggregation pattern, showing the small-scale heterogeneity in
the environment, that is consistent with previous results of
spatial variability in Mediterranean areas (Valladares and Guzmán 2006; Quero et al. 2011). There was, however, virtually
no spatial covariance between the environmental variables
measured. This suggests, for example, that the study area
encompasses high light zones of widely variable soil moisture
and vice versa. As a result, the area spans a wide spectrum of
microsites, which is consistent with the great complexity of the
relationships between these factors (Sack and Grubb 2002;
Valladares and Pearcy 2002). Only plot 1 contained a zone
where high light levels were associated with high moisture
levels in September (after the earliest autumn rains). This may
have resulted from the tree canopy intercepting rainwater and the
more open zones having increased moisture levels as a
consequence of a less marked evaporation in autumn (Tielbörger
and Kadmon 2000). Also, there were association patches

In this work, we found that the environmental variables studied
(light availability, soil moisture, and herbaceous production) had
an aggregated spatial pattern along the space, but a low spatial
covariance among them, thus showing a high complexity in
their spatial relationships. Soil moisture during the dry season
was the variable which could explain the spatial aggregation
pattern of establishment success. Spatial pattern in survival and
establishment success varied across functional groups (evergreens vs deciduous) the aggregated pattern being more
frequent in evergreen species. Surprisingly, seedling growth
and morphology did not present aggregated patterns and
depended more on seed mass than on environmental factors.
4.1 Environmental factors
The primary aim of this work was to characterize the spatial
distribution and potential association between environmental
Table 3 Summary of spatial
covariance between studied
variables

The clustering index and its
significance for each case are
shown. All statistically significant covariances were positive
(i.e. associations)
*P<0.05; **P<0.01;
***P<0.001

Variables

Plot 1

Light—September soil moisture
Q. ilex success July—July soil moisture
Q. ilex stem mass—light

0.28 **
0.17 *
0.28 *

Max growing season soil moisture—September soil moisture
Light—herbaceous production
Q. pyrenaica emergence—max growing season soil moisture
Q. pyrenaica July success—herbaceous production
All species September success—July soil moisture

Plot 2
0.16 *
0.22 *
0.16 *
0.17 *
0.51 ***
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Table 4 Significant predictors in the selected models analysing the response of growth and morphology variables to seed mass and environmental
factors (*P<0.05; **P<0.01; ***P<0.001)
Species

Growth variable

Plot 1
Predictors

Qi

Qs

Qf

Qp

Stem height t1
Leaf area t1
Aboveground biomass t2
LMRa t2
RGRt
RGRa
Stem height t1
Leaf area t1
Aboveground biomass t2
LMRa t2

−
−
seed mass **
−
−
−
−
seed mass *
seed mass *
−

RGRt
RGRa
Stem height t1
Leaf area t1
Aboveground biomass t2
LMRa t2
RGRt
RGRa
Stem height t1
Leaf area t1
Aboveground biomass t2
LMRa t2
RGRt
RGRa

seed
−
−
−
seed
−
seed
−
−
seed
seed
−
−
−

Plot 2
Relation

+

Adjusted R2

0.23

+
+

0.08
0.10

mass **

+

0.16

mass *

+

0.14

mass *

+

0.17

mass *
mass * light *

+
++

0.06
0.18

Predictors

Relation

Adjusted R2

light * herb *
seed mass *
seed mass *
−
seed mass **
−
seed mass * soil moisture *
−
seed mass *** soil moisture *
soil moisture *

−+
+
+

0.14
0.07
0.12

+

0.14

++

0.09

++
+

0.31
0.07

seed mass ***
seed mass***
−
−
soil moisture *** herb **
−
−
soil moisture * herb *
seed mass ***
seed mass **
−
light ** seed mass *
seed mass *
herb **

+
+

0.24
0.16

+−

0.25

+−
+
+

0.14
0.14
0.11

+
+
-

0.17
0.07
0.10

LMRa leaf mass fraction, RGRt stem relative growth rate, RGRa aboveground relative growth rate, Qi Q. ilex, Qs Q. suber, Qf Q. faginea, Qp Q.
pyrenaica
The sign of the effect of the independent variable (positive or negative) and the adjusted R2 of the model are also indicated. Herb refers to
herbaceous production. Soil moisture reflects mean soil moisture during the growing season

between maximum moisture in spring and moisture in
September (after the earliest autumn rains) in plot 2, which is
suggestive of a spatial and temporal consistency in soil water
availability.
4.2 Emergence, survival and establishment
No spatial aggregation patterns for emergence were virtually
found. This suggests that emergence is largely independent of
environmental factors or that, as noted above, the differential
distribution of environmental variables in space conceals their
effect on plant performance (Gallardo 2003; Pérez-Ramos et
al. 2010). The two exceptional emergence aggregation
patterns corresponded to Q. ilex in plot 1 and Q. pyrenaica
in plot 2. The aggregation pattern for Q. ilex was not
associated with any of the variables studied. On the other
hand, that for Q. pyrenaica was positively associated with

maximum moisture in spring. Therefore, the least moist zone
in winter has a strong limiting effect on emergence of Q.
pyrenaica seedlings, this being consistent with its increased
moisture requirements (Costa et al. 1997). Success in this
species at the beginning of the dry period was associated
with herbaceous biomass. Some studies have shown herbaceous species to use large amounts of water to grow, thereby
limiting survival of woody plants at an early growth stage
(Davis et al. 1999; Rey Benayas et al. 2005). However, Q.
pyrenaica is one of the Quercus species with the highest root
investments (Quero et al. 2006), which allows it to evade
water competition. In addition, abundance of herbaceous
cover may indicate increased light and moisture levels in
spring, and, hence, easier establishment of oaks at the
emergence stage.
Spatial aggregation in survival and establishment success
persisted throughout the studied period. The zones with the
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Fig. 4 Relationship of seedling
aboveground biomass at the end
of the growing season in plot 1
as a function of seed dry mass.
Lines are the regression lines

lowest survival percentage expanded as the dry period
progressed and the patterns disappeared only when plant
mortality was virtually 100% (deciduous species, Q. faginea
and Q. pyrenaica, in plot 2 at the end of the summer). Some
studies (Quero et al. 2011) have found spatial patterns in
survival to differ depending on the drought conditions of the
year. The differences in soil moisture between the beginning
and end of the summer in our study were probably not large
enough to alter the aggregation patterns so markedly. Also,
Maestre (2006) previously found that survival spatial
patterns persisted despite mortality episodes in subsequent
years, which suggests that the earliest months of growth are
very important for successful establishment. Although
precipitation during the study was close to the average for
the area (709 mm between September 2006 and August
2007), the amount of rainfall collected during the summer
(June-August) was only 3 mm. Such a dry summer could
have caused both the low survival observed and the
disappearance of some spatial patterns. Interestingly, in plot
1 we found aggregation patterns in survival and establishment success for the evergreen species, whereas spatial
aggregation was scarce in deciduous ones. Quero et al.
(2011) proposed that the spatial pattern may depend on the
rainfall of the year, but it is also logical to suggest that, even
for the same year, different species may experience drought
differently (see below in Section 4.4). Thus, in our study, for
evergreen species the extreme event—scant summer rainfall—
may not be so extremely perceived whereas for deciduous
ones the mortality caused by drought might be so high that the
aggregation pattern disappears. Thus, spatial distribution at a

small scale depends not only on environmental conditions
such as soil moisture or the year's rainfall but also on the
species considered.
Establishment success for the four species as a whole
exhibited aggregation in both plots, with zones especially
favouring the performance of Quercus seedlings. Identifying
the zones, which are bounded in order to facilitate
regeneration, and examining their persistence may provide
useful hints with a view to focusing restoration actions on
microenvironments with high survival percentage (Maestre
et al. 2006). What are the specific factors governing
establishment success? In plot 1, the spatial distribution of
light, soil moisture and herbaceous production was not
directly associated with success. Plot 2 exhibited some zones
where a decrease in moisture during July was associated with
a low establishment success. However, other factors such as
topography, soil stoniness or nutrient distribution (Maestre et
al. 2006) could determine the presence of zones of a low or
high establishment success. Water is known to be a major
limiting factor in Mediterranean ecosystems, especially
during the summer droughts (Herrera et al. 1994). Site
factors such as microtopography, vegetation patches or soil
type determine spatially and temporally heterogeneity in soil
moisture (Quero et al. 2011) influencing species performance. As a result, seedlings in especially dry microsites
may have inadequate water resources to survive. Overall,
survival and establishment success were lesser in plot 2 than
in plot 1, possibly as a result of increasing water stress
during the summer in the former as indicated by lower soil
moisture in July in plot 2 than plot 1.
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Fig. 5 Relationship of different
morphology and growth variables with a light availability, b
soil moisture and c herbaceous
production (g/0.25 m−2) in different plots. Lines are the regression lines
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4.3 Growth and morphology
Unexpectedly, growth-related variables exhibited virtually no
aggregation patterns. Laliberté et al. (2008) found the spatial
patterns for stem diameter and height to account for a very
low fraction of the overall variance. Pérez-Ramos et al. (2010)
and Villar-Salvador et al. (2010) found growth of Quercus
seedlings during the first year to depend more markedly on
the seed reserves than on the environmental conditions. In our
study, seed mass was the main factor explaining growth and
morphology, and it was especially important on plot 1. Seedmass represents the amount of reserves available for growth
development in the first stages of seedling development. A
larger seed-mass is related to a larger seedling biomass
(Quero et al. 2008; González-Rodríguez et al. 2010), which
confers some advantages on seedling establishment (Hendrix
et al. 1991; Chacón and Bustamante 2001).
In general, variance explained in all models was not very
high. Pérez-Ramos et al. (2010) found similar values for

first year growth in Quercus species, and the models' fit
increased in the second year, in which environmental variables
were more explicative. As noted above, it seems that, during
the first year, seedlings are more dependent on intrinsic
characteristics like seed-mass or other factors such as seed
chemical composition, not contemplated in this study but
which could be more crucial (Villar-Salvador et al. 2010).
Although environmental variables explained less variance
than seed mass, they were selected as predictors in many
models in plot 2 whereas they were only included in one model
of plot 1. This confirms the high variability in Mediterranean
ecosystems, where, as we have seen, resource availability may
change in a few metres, determining two areas very close to
each other but in which seedling performance was different.
Light availability is an important resource which determines species distribution in Mediterranean environments
(Beckage and Clark 2003; Zavala and Zea 2004). However, it
does not appear as a key factor explaining Quercus growth
variability. This may be caused by the fact that the growth of
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large-seeded species is less responsive to environmental
conditions (Beckage and Clark 2003). Moreover, natural
shading in the experimental site was mainly produced by Q.
ilex, P. pinaster and C. ladanifer. The two latter species alter
physico-chemical properties of the top-soil by emitting
allelochemical compounds or modifying the amount of
nutrients (Gallardo 2003; Gómez-Aparicio et al. 2005a;
Puerta-Piñero et al. 2006). These plant-plant interactions
take place in different signs depending on the species, and
could hide the specific responses to light availability per se.
In fact, Pérez-Ramos et al. (2010) found that light and
nutrient availability is negatively related, therefore the effect
of each factor may be masked.
According to a similar experiment carried out in Sierra
Nevada (Spain) (Gómez-Aparicio et al. 2008), light
increased aboveground biomass and leaf mass fraction of
Q. pyrenaica. As the canopy intercepts rainfall during the
growing season (Aussenac 2000), shaded sites could be
occasionally drier, so oak seedlings growing in open and
wet areas could be favoured, even though this species is
shade tolerant in its early life stages (Quero et al. 2006). On
the other hand, stem height of Q. ilex increased in the
shade. This effect has been previously observed in plants
growing in shaded areas (with a reduced R:FR, red:far-red
light ratio) (Ziegenhagen and Kausch 1995; Ammer 2003).
In this experiment, no deep shaded microsites were
represented as they are scant in the study area, so other
strong negative relations between light and growth rarely
appear. Moreover, the studied species are in general,
intermediate or good shade tolerant (Cardillo and Bernal
2006; Quero et al. 2006; Pérez-Ramos et al. 2010).
As observed in survival and establishment, soil moisture
during the growing season affected Quercus growth and
biomass positively. Holm oak was not influenced by soil
moisture, maybe due to its greater drought tolerance
(Mediavilla and Escudero 2004; David et al. 2007).
Competition between the herbaceous layer and woody
seedlings is mainly for water (Davis et al. 1999; Rey
Benayas et al. 2007). In the present study, the herbaceous
layer was related to a decrease in RGRa and aerial biomass
and to an increase of stem height in Q. ilex at the beginning
of the growing season. Holmgren et al. (2000) found a
similar herbaceous effect in Chilean woody seedlings.
Competition could be, in this case, for light as well as for
water, diminishing aboveground growth in biomass but
enhancing height growth in the same way as shade
conditions did.
4.4 Differences across species
Species differed in survival and establishment success. Q.
ilex was the most successful species in both plots. This
species develops an effective water stress avoiding strategy
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(Valladares et al. 2008) and possesses the highest drought
resistance (Costa et al. 1997). By contrast, the deciduous
species (Q. faginea and Q. pyrenaica) exhibited a lesser
survival, possibly as a result of their lower drought
tolerance (Quero et al. 2006; Villar et al. 2008). Q.
pyrenaica exhibited virtually no survival or establishment
success. This species is scantily represented in Sierra de
Cardeña y Montoro, where it only occurs in especially
moist areas (Castillo and Castillo 2004).
Species growth differed only slightly in their response to
environmental gradients. Other studies have shown how
interspecific differences in response to drought and shade
disappeared in the first stages of life, when seedlings from
different Quercus species showed a common strategy
(Mediavilla and Escudero 2004; Quero et al. 2006). A
striking outcome of this study is that Q. faginea had the
highest aboveground biomass at the end of the growing
season but this could be an experimental design effect. Q.
faginea seed mass average was the highest and this trait
was positively correlated with seedling mass (see above).
On the other hand, the lower aboveground inversion of Q.
pyrenaica seedlings could be due to the higher root
allocation of this species (Quero et al. 2006, 2007).

5 Conclusions
Heterogeneity at the microsite level was found to govern the
small-scale availability of some resources including light and
water, determining that, in the two studied plots, seedling
performance was different, although the plots were very close
each other. The seedling emergence process appears to be
scarcely influenced by the environmental conditions. The
same happens for plant growth during the first year, which is
more markedly dependent on seed reserves than on the
particular environmental conditions. On the other hand,
survival and establishment success depend, at least partly, on
water availability. A scarcity of this resource can lead to
heavily limited survival in some zones. The spatial aggregation patterns for seedling survival and establishment success
persist during the dry season and only vanish when plant
mortality is very high (e.g. under extremely dry conditions or
in species with a high sensitivity to water limitation).
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Appendix

Fig. 6 Maps of clustering indices (υ) during the dry season for
establishment success (living seedlings versus dead or non-emerged
plants) in plot 1 for each species and for all as a whole. No data for
plot 2 and for Q. pyrenaica in plot 1 are shown since the number of
living plants present in the August and September censuses were

inadequate to examine their aggregation patterns. The zones bounded
by a solid line correspond to patches with high values of the variable
(υ>1.5) and those bounded by a dashed line gaps with low values of
the variable (υ<1.5)
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Table 5 Means, standard deviations, ranges and aggregation indices (Ia) for the different variables related to growth and morphology for the four
species in the two plots
Q. ilex
Plot 1
Stem height t1 (cm)

Leaf area t1 (cm2)

LMFa t2

Stem mass t2 (g)

Leaf mass t2 (g)

Aboveground
mass t2 (g)

RGRs
(mg g−1 day−1)

RGRa
(mg g−1 day−1)

Q. suber
Plot 2

Plot 1

Q. faginea
Plot 2

Plot 1

Q. pyrenaica
Plot 2

Plot 1

Plot 2

Mean±ds

4.28±1.51 A

4.78±1.64 a,b

5.74±2.21 B

6.15±2.38 c

5.05±2.20 A,B

5.60±2.28 a,c

4.00±1.56 A

3.95±1.17 b

Min–Max

1.5–7.5

2–13.5

1.7–12.3

2–10.4

1.28–12.4

2.5–12

1.5–7.5

1.7–7

Ia

1.13 ns

1.35 *

1.09 ns

1.18 ns

1.03 ns

1.01 ns

1.08 ns

1.10 ns

N

61

56

72

82

42

48

68

71

Mean±ds

13.9±8.33

17.1±8.6

18.1±12.3

17.9±12.6

26.8±23.2

26.5±18.9

21.5±13.3

20.3±10.6

Min–Max

1.8–35.0

1.5–45.0

1.8–50.9

0.4–68.5

1.3–121

3.75–74.5

3.5–50.0

2.7–52.9

Ia

1.63 **

0.76 ns

0.97 ns

1.29 ns

1.02 ns

1.02 ns

0.91 ns

0.96 ns

N

60

57

71

82

40

48

66

71

Mean±ds

0.73±0.18

0.77±0.12

0.73±0.07

0.74±0.06

0.74±0.10

0.72±0.12

0.65±0.17

0.68±0.18

Min–Max

0.08–0.90

0.21–0.89

0.58–0.87

0.47–0.87

0.33–0.86

0.39–0.86

0.20–0.84

0.08–0.86

Ia

1.28 ns

1.11 ns

1.05 ns

0.85 ns

0.88 ns

1.21 ns

0.89 ns

1.71 ns

N

33

38

46

68

30

42

63

64

Mean±ds

0.08±0.05

0.08±0.07

0.09±0.05

0.10±0.05

0.14±0.08

0.14±0.08

0.07±0.04

0.08±0.11

Min–Max

0.02–0.25

0.01–0.40

0.01–0.22

0.01–0.26

0.02–0.36

0.03–0.35

0.02–0.23

0.01–0.71

Ia

1.46 *

1.20 ns

1.18 ns

0.95 ns

0.95 ns

0.82 ns

0.98 ns

0.87 ns

N

33

38

46

68

30

42

63

64

Mean±ds

0.27±0.18

0.27±0.15

0.26±0.13

0.28±0.17

0.43±0.25

0.44±0.30

0.16±0.10

0.16±0.11

Min–Max

0.02–0.70

0.03–0.61

0.02–0.54

0.01–0.75

0.03–0.99

0.03–1.34

0.01–0.36

0.02–0.82

Ia

0.78 ns

1.04 ns

1.05 ns

0.92 ns

0.96 ns

1.03 ns

0.85 ns

0.90 ns

N

33

38

46

68

30

42

63

64

Mean±ds

0.34±0.21 A,B

0.35±0.18 a,b

0.35±0.17 A

0.38±0.22 a

0.56±0.32 A

0.59±0.36 c

0.23±0.11 B

0.24±0.17 b

Min–Max

0.04–0.85

0.03–0.73

0.03–0.67

0.01–0.92

0.08–1.33

0.06–1.69

0.03–0.44

0.05–1.14

Ia

0.89 ns

0.96 ns

1.09 ns

0.91 ns

0.98 ns

1.01 ns

0.88 ns

0.72 ns

N

33

38

46

68

30

42

63

64

Mean±ds

12.7±9.5

14.9±13.4

13.3±6.3

11.5±5.4

15.1±6.5

15.5±15.5

15.2±8.9

13.6±12.2

Min–Max

1.1–40.5

1.3–74.4

3.1–36.8

1.1–25.3

1.5–26.6

1.52–85.92

0.8–51.6

1.1–64.3

Ia

1.37 *

0.80 ns

1 ns

0.84 ns

0.87 ns

0.81 ns

1.30 ns

0.91 ns

N

26

38

42

61

30

37

58

55

Mean±ds

8.3±7.1 A

11.4±11.7

14.5±8.6 B

13.1±7.8

13.8±8.8 B

17.6±8.0

11.1±8.7 A

16.2±7.6

Min–Max

1.9–25.1

3.8–57.1

2.1–37.8

3.4–46.9

1.6–32.2

9.6–39.5

0.1–39.2

7.5–33.0

Ia

0.98 ns

0.84 ns

0.89 ns

0.85 ns

1.21 ns

0.94 ns

0.95 ns

1.01 ns

N

18

27

35

54

21

30

39

37

ns not significant, LMFa leaf mass fraction aerial is the ratio of leaf mass to aboveground biomass, RGRs relative growth rate of stems, RGRa
relative growth rate of aboveground biomass, t1 and t2 refer to spring and summer, respectively
An aggregation index (Ia) less than 1 corresponds to a regular pattern and a near-unity one to a random pattern. The spatial pattern is aggregated
when Ia is significant and greater than unity. Different letters indicate significant differences (P<0.05) across species at plot 1 (capital letters) and
at plot 2 (lower case letters). No difference were found between plots, except from stem height that was higher in plot 2 (P=0.01). No letters
indicate no significant differences
*P<0.05; **P<0.01; ***P<0.001
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