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Abstract
& Background Plant resources in natural ecosystems are
frequently spatially structured at a scale relevant to individuals.
This spatial structure can be variable in time, and can even vary
within a single growing season. Several leaf traits may show
spatial structure at the same scale as light or soil resources.
However, whether this spatial structure stays constant from one
growing season to the next is still unknown.
& Methods We hypothesize that the spatial structure of the
limiting nutrient should be more stable over the years than the
non-limiting nutrient. We also hypothesized that single leaf
traits [leaf N, leaf P, and leaf mass per area ratio (LMA)]
should be less spatially variable than those regulated by
complex processes, such as leaf polyphenols or nutrient
resorption efficiencies. We studied these different leaf traits
in green and senesced young oak leaves sampled during 2000
and 2006, using a spatially explicit design.
& Results Leaf P, the most limiting nutrient, also showed
the most stable spatial structure. Nitrogen and P resorption
efficiencies had more variability than green leaf N and P
respectively. Leaf polyphenols had the highest spatial and
temporal variability of all studied leaf traits.

& Conclusions Our results suggested that the variability of
a leaf trait may increase as more variables control it. The
relatively constant patch size makes the space predictable,
and this may have important consequences for ecosystem
processes such as litter decomposition and nutrient cycling.
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1 Introduction

Spatial heterogeneity of essential resources for plants at
different scales is a ubiquitous feature of natural ecosystems
(Schlesinger et al. 1996; Gallardo 2003; Gallardo et al.
2006). The spatial distribution of essential resources has
functional implications for plants, where they directly
influence plant establishment and performance and affect
populations, community, and ecosystem processes (Beckage
and Clark 2003; Hutchings et al. 2003).

Previous studies have shown that the spatial pattern of
soil resources at the scale of individual plants changes with
successional status and disturbance (Robertson et al. 1993;
Gross et al. 1995; Guo et al. 2004; Mou et al. 2005;
Rodríguez et al. 2009). Furthermore, these soil spatial
patterns change at shorter time scales, such as within a
single growing season, and in different ways for different
soil variables (Wang et al. 2007). These changes cause the
correlation between soil resources and vegetation patterns
to be weaker than predicted by theory (Ryel et al. 1996;
Cain et al. 1999). Thus, sporadic soil sampling may not be
an effective method to infer the effect of spatial variability
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of soil resources on plant nutrition. Additionally, plant roots
preferentially exploit rich soil patches (Hodge 2004; Wang
et al. 2006), raising serious questions about the net effect of
soil resource variability on local performance of plants.
However, Robertson et al. (1997), Covelo and Gallardo
(2004), Gallardo and Covelo (2005), and Covelo et al.
(2008a) found a spatial structure in leaf traits at a scale
similar to soil resources. This similarity suggests that even
if soil heterogeneity is changing with time, these changes
have a net effect on plants, and that the plants experience a
heterogeneous environment. Little is known about the
temporal changes in the spatial patterns of leaf traits,
although it is known that spatial patterns change along leaf
senescence (Covelo et al. 2008a).

The main objective of this study was to evaluate
whether the spatial pattern of leaf traits was maintained
at a scale of years. We chose Quercus robur (pedunculate
oak) young trees because they represent the dominant tree
species in the deciduous forest of NW Spain. We
compared the global variability (CV) and the spatial
structure of several oak leaf traits [eaf N, leaf P, leaf
mass-to-area ratio (LMA) and leaf polyphenols] in the
same forest stand in 2000 and 2006. We selected these
variables because N and P are the two most important
nutrients for plants, LMA is correlated with light avail-
ability, and leaf polyphenols represent investment of
excess carbon compounds for leaf protection and defence
(Jones and Hartley 1999; Poorter et al. 2009). Based on
the fact that plant uptake will tightly depend on soil
nutrient availability, and the capacity of plants to increase
their potential for absorbing the limiting nutrient and
reducing the absorption of other ions (e.g., Lee 1982), we
hypothesised that the leaf concentration of the most
limiting nutrient would be more variable than non-
limiting nutrients over time. In addition, the spatial
structure of the limiting nutrient should be more stable
over the years than the non-limiting nutrient insofar as the
limitation remains. Numerous variables affect leaf traits.
For example, in addition to soil availability, leaf N or leaf
P are influenced by factors like light availability, herbiv-
ory, and ontogenetic stage. The same can be said for leaf
polyphenols; however, the synthesis of these compounds
further depends on resource allocation to secondary
metabolism. Based on this reasoning, we hypothesized
that single leaf traits such as green leaf N, leaf P, and LMA
should be less globally variable than complex regulated
substances, such as leaf polyphenols, less variable than
their senescent counterparts, and less variable than
compound indexes such as nutrient resorption efficiencies.
As most factors influencing these leaf traits showed spatial
dependence (Covelo and Gallardo 2004; Gallardo and
Covelo 2005 and Covelo et al. 2008a), we also extended
our hypothesis to the spatial variability of those traits.

2 Materials and methods

2.1 Study site

The study was conducted in a 30-year-oldmaritime pine forest
(Pinus pinaster Aiton) in northwestern Spain (42° 10′ N,
08° 40′ W). The site was located 450 m above sea level near
the University of Vigo. The density of pine trees was
approximately 400 trees per hectare, with an average height
of 15 m. Leaf area index and canopy openness (as estimated
by hemispherical photograph) ranged from 1.67 to 2.15 and
17.1% to 19.5% respectively. The stratum under the pine
canopy largely comprised young (approximately 10- to 15-
year-old) deciduous oaks (Quercus robur L.), with the
occasional presence of Castanea sativaMill. The herbaceous
stratumwas dominated by Bracken fern (Pteridium aquilinum
(L.) Kuhn) and Agrostis curtisii Kerguelen. The climate is
warm–temperate with a slight Mediterranean influence, with
little rainfall during the summer months. Mean annual
rainfall is about 1,800 mm, and the mean annual temperature
is about 15°C. Soils (classified as Humic Cambisol) are
acidic (pH 4.3–4.7) and derived from the weathering of
gneiss bedrock (IGME 1981). These sandy soils are
characterized by high organic carbon and total nitrogen
content (111 and 7.6 mg g−1 respectively), and very low
concentrations of other nutrients, especially available phosphorus
(2.8 mg kg−1).

2.2 Field sampling

An area of approximately 120×120 m was chosen from
within the study site. An irregular plot was marked inside
this area, where apparently disturbed surfaces (affected by
roadways or forestry works) with a buffer (approximately
10 m) were excluded. All young oak trees in the plot (n=
125) were tagged and mapped using the computer program
INTERPN, which is based on tree diameter and tree-to-tree
distance measurements (Boose et al. 1998). Mean and
minimum distances between trees were 4.4 m and 1.1 m.
Oak leaves were sampled in 2000 and 2006 during August
(green leaves) and December (senesced leaves), and the
same methods were applied for both sampling years. We
chose this time interval to be long enough to avoid temporal
autocorrelation, but short enough to minimize changes in
the oak stand development. About 20–25 leaves from
different positions were picked from each tree. Senesced
leaves were sampled after abscission, just prior to leaf fall
(leaves would fall from the tree with just a gentle shake or
touch). Leaves were collected directly from trees rather than
from the leaf litter, to ensure sampling of fresh abscised
leaves and to avoid soil contamination. Leaves were
transported to the laboratory in a cooler under dark
conditions, and processed within 24 h.
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2.3 Laboratory analysis

To calculate leaf mass-to-area ratio (LMA), air-dried leaves
from each tree were individually weighed and their areas
were calculated using the UTHSCSA Image Tool 2.0
software (ftp://maxrad6.uthscsa.edu). Leaf samples were
finely ground (passed through a 0.5 mm screen) without
heating. For leaf N and P analysis, leaf samples were
digested in selenous sulphuric acid (Walinga et al. 1995).
Three replicate samples of diluted aliquots of the digestion
were analysed by colourimetry for N (indophenol blue
method) and for P (molybdenum blue method) using a
microplate reader (Sims et al. 1995). Total leaf phenolics
concentration was determined following the method of
Makkar (2003). Duplicate extraction of 0.2 g of leaf tissue
with 10 ml of 70% aqueous acetone (v/v) was performed by
using ultrasonic treatment in a water bath (Branson 3210)
for 20 min at room temperature. The extracts were
centrifuged for 10 min at 3,000 g at 4°C, and total
polyphenol content in the supernatant was measured
colourimetrically using the Folin–Ciocalteu reagent, with
tannic acid from Merck as a standard (Makkar 2003). Total
leaf polyphenol concentration was expressed in tannic acid
equivalents (TAE) as mg g−1 of leaf dry weight.

2.4 Resorption efficiency

Leaf nitrogen and phosphorus resorption efficiency (defined
as the percent of reabsorbed nutrients relative to the maximum
amount of that nutrient in green leaves) was calculated on a
leaf surface basis to avoid any effect of changes in leaf weight
during senescence (Aerts 1996).

2.5 Statistical analysis

Spatial dependence of the samples was analysed using
geostatistical analyses (Rossi et al. 1992). For each
variable, semivariograms were used to analyse the autocor-
relation at increasing distances. To estimate the magnitude
of spatial dependence, we calculated the percentage of total
variance (sill; C0+C) explained by the structural variance
(C, variance explained by spatial autocorrelation). To
estimate the scale at which dependence occurs, we
estimated the distance beyond which samples are indepen-
dent (range). Prior to performing the semivariogram, the
soil properties were log-transfomed when the Shapiro–Wilk
test indicated lack of normality. When this transformation
failed, we used a Box–Cox transformation (Box and Cox
1964; Ribeiro and Diggle 2001). Detrended analysis and
the corresponding semivariograms for the residuals were
performed for each variable. To facilitate comparisons, all
the empirical semivariograms were fitted to a spherical
model. The model fitted to the semivariogram allows for

interpolation (‘kriging’), which provides optimal, unbiased
estimates of non-sampled points. Although the resulting
maps provide a powerful visualization of pattern (Ettema
and Wardle 2002), we opted for maps showing the
probability of exceeding a threshold value (we chose the
mean value). The probabilities were calculated by
performing 1,000 conditional simulations on the predicted
distribution of values. These stochastic models have the
advantages (1) of avoiding the smoothing effect of any
interpolation method, and (2) of including a measure of
uncertainty in the maps (Chilès and Delfiner 1999).

The relationships and differences between spatially
distributed data cannot be analysed using classical statisti-
cal tests, such as ordinary least squares (OLS) regression or
analysis of variance, because the assumption of indepen-
dently distributed errors is often invalid. To include the
effects of spatial autocorrelation, the differences in leaf
traits between years were tested using a spatially adjusted
one-way ANOVA (Griffith 1978). We used conditional
autoregressive models (CAR, Lichstein et al. 2002) to
evaluate the relationship between leaf traits in 2000 and
2006. Statistical and geostatistical analysis were performed
with R 2.7 statistical software (Ellner 2001; R Development
Core Team 2008) using the geostatistical modules geoR and
gstat (Ribeiro and Diggle 2001).

3 Results

Global variability (as measured by the CV) ranged from
9.8% to 38.4%, with the lowest variability in the leaf mass-
to-area ratio (LMA) and the highest variability in the total
leaf polyphenols (TLP) concentrations in both green and
senescent leaves and for the 2 sampling years (Table 1).
The global variability of leaf N was less than the variability
of leaf P, and N and P resorption efficiencies (NRE and
PRE) had higher CVs than single leaf traits in green leaves.
Leaf traits in senesced leaves had higher global variability
than in green leaves, while for most leaf traits the CVs in
2000 were markedly similar to those in 2006.

We found significant correlations between the 2 sam-
pling years for LMA, leaf N, leaf P, N-to P ratio and
PRE (Table 2). Higher correlations were observed for
green leaves than for senesced leaves (Table 2). The
correlation between leaf P in 2000 and 2006 had the
highest percent of explained variance (R2=0.45, P<0.001).
Leaf N levels in 2000 and 2006 were the least correlated
(R2=0.037, P<0.05).

All semivariograms were significantly fitted to a spher-
ical model, indicating the existence of spatial dependence
for all studied variables and for both years (P<0.05,
Table 3). The percentage of total variance explained by
spatial dependence (C/[C0+C]) ranged between 31.2% and
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100% (Table 3). Some variables, such as the N-to-P ratio or
TLP, showed considerable structural variance changes. In
green leaves, the distance at which samples remained
spatially correlated ranged from 6 m (LMA) to 16.4 m
(TLP). LMA, leaf N and P concentrations, N to P ratio and
PRE had similar ranges for the 2 sampling years. However,
TLP and NRE had the highest differences in patch size
between 2000 and 2006 (Table 3). In senesced leaves, the
spatial ranges of leaf traits tended to be higher and more
variable than in green leaves, varying between 7.3 m (TLP)
and 21 m (leaf P). Differences in the range between the
2000 and 2006 sampling years were higher in senesced than
in green leaf traits.

4 Discussion

Fraterrigo and Rusak (2008) suggested that variability can
be an extremely sensitive metric for studying processes that
structure ecosystems, and that variability may capture

Table 1 Mean and coefficient of variation for the analysed variables
in green and senesced oak leaves (n=125) in 2000 and 2006. LMA,
leaf N and TLP for the year 2000 sampling were re-analysed from
Covelo and Gallardo (2004), green leaf P from Gallardo and Covelo
(2005), and NRE and PRE from Covelo et al. (2008a). LMA, leaf N
and TLP for the year 2006 sampling were re-analysed from Covelo
and Gallardo (2009)

Green leaf P Senesced leaf P

2000 2006 2000 2006

LMA (mg cm−2)

Mean 6.2 6.6 0.001 5.9 5.8 n.s.
C.V. 10.4 11.6 12.6 11.4

N (mg g−1)

Mean 21.5 22.2 n.s. 15.7 13.8 0.001
C.V. 9.8 11.4 17.2 15.1

P (mg g−1)

Mean 1.29 1.24 n.s. 0.73 0.75 n.s.
C.V. 21.0 20.9 34.2 34.8

N to P

Mean 17.3 18.6 n.s. 21.0 19.4 0.01
C.V. 18.3 21.6 26.6 33.7

TLP (mg g−1)

Mean 141.7 119.2 0.001 89.1 88.4 n.s.
C.V. 27.0 24.6 38.4 35.0

NRE (%)

Mean 33.4 44.7 0.001

C.V. 36.5 23.4

PRE (%)

Mean 48.0 46.4 n.s.

C.V. 37.2 34.1

NS: P>0.05. TLP = total leaf polyphenols; NRE and PRE = nitrogen
and phosphorus resorption efficiency, respectively

Table 2 Conditional autoregressive models (CAR) between analysed
variables in green and senesced oak leaves in 2000 and in 2006.
N=125

Green leaves Senesced leaves

2006 vs 2000 R 2006 vs 2000 R

LMA 0.42*** LMA 0.3**

N 0.19* N 0.25*

P 0.67*** P 0.22*

N: P 0.61*** N: P 0.23*

TLP n.s. TLP n.s.

NRE n.s.

PRE 0.2*

A single asterisk (*) indicates P<0.05; double asterisks (**) indicates
P<0.01; triple asterisks (***) indicates P<0.001; n.s. indicates P>
0.05. Only the non-spatial component of the model is shown.
TLP = total leaf polyphenols; NRE and PRE= nitrogen and
phosphorus resorption efficiency, respectively

Table 3 Variogram model parameters for leaf variables in green and
senescent oak leaves in 2000 and 2006. N=125. Semivariograms were
adjusted significantly (P<0.05) to a spherical model. LMA, leaf N and
TLP for the year 2000 sampling were re-analysed from Covelo and
Gallardo (2004), green leaf P from Gallardo and Covelo (2005), and
NRE and PRE from Covelo et al. (2008a). LMA, leaf N and TLP for
the 2006-yr sampling were re-analysed from Covelo and Gallardo
(2009)

Green leaf 2000 2006

Range
(m)

Structural
variance
C/(C0+C)
(%)

R2 Range
(m)

Structural
variance
C/(C0+C)
(%)

R2

LMA
(mg cm−2)

6.0 43.2 0.451 9.0 37.1 0.851

N (mg g−1) 10.5 53.1 0.761 10.5 77.1 0.875

P (mg g−1) 12.0 77.4 0.899 10.0 35.9 0.621

N to P ratio 13.0 80.4 0.916 13.0 48.2 0.791

TLP (mg g−1) 16.4 74.7 0.934 9.34 39.8 0.725

Senesced leaf

LMA
(mg cm−2)

13.0 49.1 0.880 8.0 100 0.860

N (mg g−1) 13.5 48.6 0.935 12.0 39.8 0.814

P (mg g−1) 21.0 51.8 0.938 12.4 100 0.953

N to P ratio 10.0 82.0 0.821 16.0 69.9 0.913

TLP (mg g−1) 19.0 31.2 0.735 7.3 79.5 0.909

Resorption efficiency

NRE (%) 13.8 71.5 0.850 9.7 54.1 0.956

PRE (%) 15.0 82.4 0.876 15.6 100 0.909

LMA = Leaf mass to area ratio. TLP = Total leaf polyphenols.
NRE = Nitrogen resorption efficiency. PRE = Phosphorus resorption
efficiency
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differences obscured by averaging, and thereby reveal
important ecological information about underlying causal
processes. We found that the coefficient of variation was
remarkably similar for most leaf traits in 2000 and 2006,
even for those leaf traits that had significant differences in
the mean values of those years. Thus, global variability
may be a fixed ecosystem property at the temporal scale
examined, at least in undisturbed plant communities
(Collins 2000). The similar CVs probably indicate the
maximum and minimum physiological levels of those leaf
traits in the oak population. Interestingly, the structural
variance showed considerable changes for some variables
(such as the N-to-P ratio or the TLP), suggesting that even
under the same variability limits marked by the CVs, the
importance of the spatial and non-spatial components of the
variance may experience significant changes. However, a
clear pattern of these changes did not emerge from our
results. The spatial ranges for most of the leaf properties
(excepting TLP) were also fairly similar between 2000 and
2006, at least in green leaves, suggesting that it may also be
an intrinsic property of this ecosystem.

A 6-year period is a relatively short time span compared
to the evolution in an oak stand to expect major changes in
soil fertility and leaf nutrient content. However, even if
overall nutrient content did not change, a high temporal
variability at shorter time scale (even within a single
growing season) in the spatial structure of soil nutrient
have been described (Ryel et al. 1996; Cain et al. 1999;
Guo et al. 2004). Therefore, we initially expected a low
coincidence in the spatial pattern of leaf nutrient content
between 2000 and 2006. Nevertheless, the opposite results
for green leaves were found, suggesting that even if the
spatial properties of soil resources change temporally,
plants perceive that spatial heterogeneity at a fixed spatial
scale.

In senescent leaf traits, the spatial ranges varied by a
factor of two to three between 2000 and 2006. This high
inter-annual variability may be a result of the physiological
processes involved in leaf senescence being concentrated in
a short period of the year. Then, senescent leaf traits may be
more dependent on short-term climatic variability and the
physiological status of the trees. The range is an important
spatial property that defines patch size, and although it was
similar in both years for several leaf traits, the patches in
those years may not be the same. For example, we detected
a high spatial coincidence between patches of high and low
levels of leaf P between 2000 and 2006 (Fig. 1), but the
spatial correlation was much lower for leaf N, despite the
fact that the spatial ranges were very similar for both
sampling years. Phosphorus is probably the most limiting
nutrient in this ecosystem (Gallardo and Covelo 2005;
Covelo et al. 2008b), supporting our hypothesis that the
spatial variability of a limiting nutrient should be higher but

also more temporally stable than a non-limiting nutrient
(such as N). The spatial structure of P would be coupled
with soil P availability, and insofar as a group of nearby
trees find low or high soil P availability, this pattern would
be reflected in the leaf chemistry in different years. In
contrast to leaf P, leaf N concentration would be uncoupled
with soil N availability because it is relatively abundant in
the soil, and consequently, leaf N global variability would
be low. Then, the observed spatial structure in 2000 and
2006 would be caused by factors other than soil N
availability (e.g., physiologic investment in structural or
functional N compounds; Niinemets 1997). PRE was also
significantly correlated between years, while NRE was not,
confirming that differences between these two nutrients are
reflected in the temporal stability of the spatial pattern.

LMA had the lowest global variability of all examined
leaf traits, as predicted in our hypothesis. The variability of
LMA should be related primarily to spatial variability in
light availability, although it may also be influenced by
other variables such as water or N availability (Poorter et al.
2009). Young oaks were growing under a regular and
mature pine canopy with low spatial variability in total
transmitted radiation (Covelo and Gallardo 2004). As
suggested by Rich (1990), mature pine canopies typically
have a relatively homogeneous physical structure, with low
variability in space and time. This low temporal variability
may explain why patch size for LMA was very similar in
2000 and 2006.

As opposed to LMA, total leaf polyphenols had the
highest spatial and temporal variability of all studied leaf
traits, and total leaf polyphenols was the only trait that had
substantial changes in the spatial range of the variogram
between 2000 and 2006 in both green and senescent leaves.
This is consistent with our hypothesis, where the variability
of a leaf trait should increase when more variables control
it. Leaf polyphenol concentrations have been attributed to
stress, harmful radiation, herbivores and the C-to-N balance
(Koricheva et al. 1998; Jones and Hartley 1999). The
variability of leaf polyphenols in the oak population is
likely to depend on any combination of these factors, which
in turn may also have spatial dependence (Brenes-Arguedas
and Coley 2005; Andrew et al. 2007).

Global variability was higher in senescent leaves than in
green leaves for all leaf variables, which is consistent with
the findings of Covelo and Gallardo (2004) and Covelo et
al. (2008a). Differences between CVs in 2000 and 2006
were also higher for senescent than green leaves. While
green leaf nutrient concentrations may depend on nutrient
availability, senescent leaf nutrient concentration is regulat-
ed by more complex metabolic processes, and therefore we
predicted higher variability in the spatial structure of
senescent leaves. However, as mentioned above, the
temporal scale at which physiological processes occur
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may also affect the variability of leaf traits. Green leaf
nutrient content is the result of the entire growing season,
but senescent leaf nutrient content is the result of relatively
rapid changes during a short period of time (Thomas and
Stoddart 1980). Differences in time scale may also explain
why NRE and PRE had more variability than green leaf N
and P respectively. A high variability in nutrient resorption
efficiencies was noted by Nordell and Karlsson (1995),
Killingbeck (1996) and Covelo et al. (2008b).

We attempted to explain differences in the variability
between leaf traits based on responses to environmental
resources or the time scale at which processes influencing
those leaf traits occur. However, comparisons of variability

among different leaf traits are not straightforward, because
differences in leaf plasticity for the different compounds
may also explain differences in the global variability and
the spatial structure of these leaf traits. Genotypic similarity
between nearby trees is another mechanism that can create
spatial structure independently of environmental variation
in plant resources. We do not know if trees separated by
only a few meters are more genetically similar than trees
several meters apart, but oak acorns are dispersed by birds
and mammals, and accordingly, we do not expect genotypic
variability to make a difference in a relatively small area. A
similar idea is that leaf traits might keep constant between
years for the same individuals, therefore showing a

Fig. 1 Semivariograms and
kriged maps for the probability
of finding a value higher than
the mean P and N content in
green leaves of Quercus robur
in 2000 and 2006. The lines in
the semivariograms represent
the fitted spherical model
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relatively stable spatial structure in the oak population. In
this case, the variables for plant plastic responses would be
the number of leaves more than individual leaf traits.
However, leaf nutrient concentrations reflect both genotypic
and phenotypic sources of variation, and nutrient availability
may increase concentrations within species, especially when
another nutrient becomes limiting (Aerts and Chapin 2000).
We previously found in the same area a significant
correlation and spatial dependence between leaf P concen-
tration in oaks and indicators of P soil availability (Gallardo
and Covelo 2005), suggesting phenotypic responses of oak
leaves to environment resources.

To identify which mechanisms are responsible for the
spatial structure of leaf traits and why patches of leaf traits
varied with time is still challenging. Few papers have
described the existence of spatial structure of leaf traits at a
scale of meters to hundred of meters, and we are not aware
of any paper describing changes in spatial structure with
time at this scale. We demonstrated that one of the most
important characteristics of spatial structure, patch size, was
relatively constant for 6 years for most of the studied
variables. Furthermore, some variables had a high spatial
coincidence of patches of high or low leaf trait content
during that time interval, demonstrating that the spatial
structure found in deciduous tree species is not the effect of
a single growing season. The likely changes in environ-
mental variables and tree growth which occurred during the
6-year period make more remarkable the coincidence in the
spatial pattern of some of our leaf traits. The spatial
structure maintained across time makes the space predict-
able, and it may have important consequences for ecosys-
tem processes such as herbivory or litter decomposition.
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