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Abstract
& Context The knowledge of how shrub–seedling interactions
vary with summer drought, canopy opening, and tree species is
crucial for adapting forest management to climate change.
& Aims The aim of this study was to assess variation in
shrub–oak recruitment associations along a south–north
drought climate gradient and between two levels of canopy
cover in coastal dune forest communities in a climate
change-adapted forest management perspective.
& Material and methods Mapped data of associational pat-
terns of seedlings of three oak species with interspecific
pooled shrubs were analyzed using a bivariate pair correla-
tion function in 10 (0.315 ha) regeneration plots located in
forest and recent gap sites along the climate gradient. An
index of association strength was calculated in each plot and
plotted against a summer moisture index.
& Results The association strength increased with increasing
summer drought from wet south to dry north and from
closed forests to gaps.
& Conclusion Consistent with facilitation theory, our results
suggest that climate change may shift associational patterns
in coastal dune forest communities towards more positive

associations, in particular in canopy gaps. In a perspective of
climate change, foresters may need to conserve understory
shrubs in gaps in order to promote oak species regeneration.

Keywords Facilitation . Spatial association . Point pattern
analysis . Stress gradient hypothesis

1 Introduction

The threat of climate change is now recognized as an im-
minent issue in forestry and incorporating adaptation to
climate change into forest management is crucial for the
long-term sustainability of forest ecosystem services and
diversity (Millar et al. 2007). Several options for climate
change adaptation have been explored, such as the control
of climatically unfavored species, provenance testing, assis-
ted migration, insect and disease control, or modifying the
components of timber harvesting (Steenberg et al. 2011).
Another aspect of climate change-adapted forest manage-
ment which has been rarely addressed is the adaptation of
sylvicultural techniques to changes in interactions between
tree regeneration and understory species due to climate
change (Fotelli et al. 2001; Saccone et al. 2009), although
a number of studies have shown that forest understory
composition is currently changing with climate change
(i.e., Mendoza et al. 2009; Suarez and Kitzberger 2008).

Interactions between understory species and tree regen-
eration are known to be crucial in forest management but
most studies have rather emphasized negative effects of
understory species (often called forest weeds) for both pro-
ductivity and regeneration success (Balandier et al. 2006;
Nambiar and Sands 1993). However, positive effects of
woody or herbaceous species on tree seedlings or saplings
are increasingly shown to occur in forest or woodland com-
munities, in particular in severe environmental conditions
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(Callaway et al. 1996; Rodriguez-Garcia et al. 2011a). The
“nurse plant syndrome” mostly includes two different pro-
cesses, either environmental stress mitigation (i.e., direct fa-
cilitation) or associational defences against grazers and
browsers (Callaway 2007). In addition, positive effects may
arise from indirect interactions among competitors (Callaway
2007; Saccone et al. 2010). For example, Rodriguez-Garcia et
al. (2011b) found that overstory canopy of adult trees indi-
rectly facilitated Pinus pinaster seedlings growth via suppres-
sion of the direct negative effects ofCistus ladanifer shrubs on
P. pinaster seedlings. It is widely considered that interactions
among species in plant communities including forests are
dominantly negative when environmental conditions are fa-
vorable and turn to positive when environmental stress
increases (i.e., stress gradient hypothesis (SGH; Bertness and
Callaway 1994). This switch in interactions along stress
gradients has been demonstrated in a number of experi-
ments (see Callaway (2007) for a review) and facilitation is
now considered as a useful tool for restoring woodlands in
arid and semi-arid environments (Gomez-Aparicio 2009;
Padilla and Pugnaire 2006).

Climate change is known to influence associations among
species in plant communities (Brooker 2006; Saccone et al.
2009). Plant–plant interactions are strongly regulated by var-
iation in climate conditions and climate change has been
shown to also alter the direction and importance of interac-
tions within plant communities (Brooker 2010). For example,
Gomez-Aparicio et al. (2004) found in their meta-analysis
conducted in the Sierra Nevada mountains in Spain that the
net facilitative effect of nurse shrubs on seedling survival and
growth increased at low altitudes and on sunny, drier slopes
and decreased at high altitudes and on shady, wetter slopes.
Additionally, they found that net facilitation increased in dry
years as compared to wet ones

Thus, interactions between tree seedlings and understory
species are expected to change in forest communities with
climate change and these changes deserve to be considered
in climate change-adapted forest management strategies.
Based on the SGH, either competition or facilitation should
increase if climate change decreases or increases climate
stress, respectively (Brooker 2006). For example, in south-
ern European latitudes where climate change is expected to
increase summer drought (Intergovernmental Panel on Cli-
mate Change 2007), if the competitive effect of understory
species on tree seedlings decreases, then there will be less
need to control forest weeds for regeneration success. Fur-
thermore, if facilitation increases, then foresters should rath-
er conserve understory nurses to limit regeneration mortality
due to drought.

However, it has been shown that competition may
also remain important in water-stressed systems, in particular
for tree seedlings competition with strong belowground com-
petitors such as grasses (Fotelli et al. 2001). The role of

facilitation in dry environments has been strongly debated
but there is increasing evidence in recent studies that both
competition and facilitation may occur in a same site depend-
ing on the species and the ecological factor involved in the
interaction (Gomez-Aparicio 2009; Michalet 2007;
Rodriguez-Garcia et al. 2011a; Saccone et al. 2009). Specifi-
cally, stress-intolerant species have been shown to be more
sensitive to facilitative effects and stress-tolerant species to
competitive effects (Liancourt et al. 2005). Furthermore, fa-
cilitation generally involves mostly nonresource factors (such
as decrease in vapor pressure deficit and extreme temper-
atures), whereas competition rather involves resource factors
(such as water or nutrient availability), as shown by Saccone
et al. (2009).

Additionally, species have both negative and positive
effects on each other that often depend on season or growth
stage, which makes important to consider the net effect or
the outcome of interactions (Callaway and Walker 1997)
over a long time period, in particular in a forest regeneration
perspective where regeneration success may only be evalu-
ated after several years. A practical method to assess the
long-term role of interactions for regeneration success is
through the measurements of spatial associational patterns
(Fajardo et al. 2006; Wiegand et al. 2006; Wiegand and
Moloney 2004). For example, in a forest community, a high
frequency of seedlings located close to nurse shrubs does
not guarantee a lack of competition, but rather suggests that
positive effects overwhelm negative ones on the long term
(Padilla and Pugnaire 2006). Spatial patterns have recently
received a strong renew of interest in ecology and spatial
structure is considered to play an important role for species
coexistence (McIntire and Fajardo 2009). This is in partic-
ular true for direct plant–plant interactions (Callaway and
Walker 1997) and dispersal limitation (Nathan and Muller-
Landau 2000) and in general for all coexistence processes
that display strong temporal and spatial variation. Addition-
ally, in forest communities, there is a strong potential to
study spatial patterns since there is a high availability of
point pattern data (horizontal and vertical data arrangement)
as compared to grasslands (Law et al. 2009; Wiegand and
Moloney 2004).

The main goal of our study was to assess variation in the
direction of tree seedlings–understory shrubs associational
patterns with climate drought and canopy opening in a
perspective of climate change-adapted management.

The coastal dune communities of the Aquitaine region
(southwest France) are very good systems to address this issue
since there is a 240-km long strip of natural forest communi-
ties in similar sandy habitats but with varying climate drought,
ranging from wet south toward dry north. Additionally, three
oak species of contrasting functional strategies are located in
the sandy coastal forest communities along a latitudinal gra-
dient, the temperate deciduous oak Quercus robur throughout
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the gradient and two Mediterranean evergreen species, Quer-
cus ilex in the dry north, and Quercus suber in the wet south.
Thus, in this system, we may use space-for-time design to test
for the effect of climate change (time effect) through studying
spatial variation in ecological processes across sites differing
in their current climate conditions (space effect) since there
were few, if any, other confounding factors along the gradient,
and in particular minimal soil variation and similar manage-
ment regimes by the French National Forest Office.

We quantified associational patterns of the three oak
seedlings with understory shrubs in forests and recent gaps
across the climate gradient. Consistent with the SGH and
with the results of studies on species-specific responses to
interactions (i.e., Gomez-Aparicio 2009; Liancourt et al.
2005), we make the following predictions:

1. Understory shrub–oak seedling associational patterns
should shift from negative to positive with increasing
summer drought along the south–north climate gradient.

2. The removal of the forest canopy should increase pos-
itive associations between understory shrubs and oak
seedlings due to increasing drought stress.

3. Association patterns may be species specific (i.e., vary
depending of the oak species) with drought-tolerant
species more negatively associated with understory
shrubs than drought-intolerant species.

2 Materials and methods

2.1 Sites, study species, and forest canopy treatments

The study was conducted in the coastal dunes forests of the
Aquitaine region (southwestern France) stretching along the
Atlantic Ocean from the Gironde estuary in the north (45°
32′N, 1°05′W) to the mouth of the Adour River in the south
(43°41′N, 1°25′W). All along the sand strip, there are two
kinds of dunes occurring in the region: mobile dunes with
herbaceous communities close to the shoreline, and inland
fossile dunes with forest communities at 1–10 km distance
from the shoreline. The climate is overall temperate oceanic
with the rainiest period during winter, but mean annual
precipitation decreases with increasing distance from the
Pyrenees mountain range from 1,200 mm in the south to
750 mm in the north. Maximum temperatures also slightly
decrease from 25.9 and 17.6 °C (summer and spring, re-
spectively) in the south to 23.6 and 15.4 °C in the north
(Meteo-France data 2007). Three oak species dominate the
forest communities, Q. robur, Q. Suber, and Q. ilex. Q.
robur is a common oak species in Europe, in particular in
its northern and central parts where climate is temperate
with no summer drought, whereas the two evergreen species
are mostly found in the Mediterranean climatic area of

Southern Europe and North Africa. These two Mediterra-
nean oaks may also occur within the warm temperate or
submeditteranean parts of Southern Europe where there is
no summer drought, but only on dry soils, like is the case in
the coastal dunes of the Aquitaine region. Thus, there is a
strong difference in drought-tolerance between the decid-
uous temperate Q. robur and the two evergreen Mediter-
ranenan species (Ozenda 1985). However, there are also
differences in drought- and cold-tolerance between Q.
suber and Q. ilex (David et al. 2007), the former inhab-
iting warmer and wetter Mediterranean climates than the
latter (Ozenda 1985; Michalet 1991). In the coastal dunes
of the Aquitaine region, Q. suber is indeed mostly pres-
ent in the south where the climate is wetter and milder,
whereas Q. ilex is very abundant in the north where the
climate is drier and less mild.

Five latitudinal positions were chosen along the south–
north gradient of decreasing rainfall to select our plots in
this study (Table 1). At each latitudinal position, for the
canopy treatment a forest and a gap plot was selected when
available. However, in the north, there was only a forest plot
in the northernmost site (Soulac) since we did not find a
suitable gap. Additionally, only the gap of the second north-
ernmost site (Hourtin) was analyzed here since the forest
plot did not include the interspecific associations required in
this study. Most plots were located in an east exposure,
where remained the oldest oak forests, since foresters
stopped logging oak forests only on this exposure at least
30 years ago. All forest sites (F) were mature forests with at
least 75 % canopy closure by mixed oak tree overstory and
all open plots (G) were recent gaps created (3–5 years) by
opening overstory canopy through seed tree cutting method.
In each plot, a uniform and homogeneous permanent
0.315 ha (21×15 m) plot was established in the middle part
of a moderate to steep slope (between 15° and 25° slope).
Because of topographic limitations, the Bisc. 2 G plot was
arranged as 9×35 m.

3 Data collection and statistical analysis

In September 2009, the locations of oak species and shrub
neighbors growing in each of the 10 plots were recorded
(Table 1). Each plot was divided into 35 quadrats of 9 m2

using rubber tapes, and each quadrat was exhaustively sur-
veyed. Individuals were classified in two categories: (1)
seedlings (height, <25 cm), (2) shrubs (height, >50 cm;
diameter at breast height (DBH), <4 cm). Because the min-
imum number of stems required to run the point pattern
analyses (n=30; Meyer et al. 2008) was not found for
sapling (height between 25 and 50 cm) and adult tree
(DBH, ≥4 cm) categories in all plots, saplings, and seedlings
of each oak species were pooled into one category (oak
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seedlings) and the adult trees were excluded from the data
set. The Cartesian coordinates (±1 cm) of all individuals of
woody plants inside a plot were recorded by using metric
tapes along the longer (x-axis, 21 m) and shorter (y-axis,
15 m) sides of the plot. Additional tapes were placed every
3 m (35 quadrats of 9 m2) to measure the coordinates of the
center of the main stem of each tree individual relatively to
the reference point (x, y)=(0.0) of the plot, located in its
lower right corner. The total number of mapped individuals
was 5,731 with 4,514 oak seedlings and 1,217 shrubs indi-
viduals with average of canopy area 223 cm2.

Associational spatial patterns of oak seedlings with their
shrub neighbors were analyzed using the pair correlation
function (Wiegand and Moloney 2004). This function is
useful for analyzing the second-order properties of fully
mapped spatial point patterns within increasing distance
scales. Compared to the more commonly used Ripley’s K
function in point pattern data analysis, the pair correlation
function has the advantage of being noncumulative, where
spatial patterns at finer scales does not influence the func-
tion at broader scales. Moreover, the pair correlation func-
tion tests for interactions between points separated by a
distance r, whereas the cumulative K function confounds
effects at larger scales with effects at finer scales and refers
to interactions within a distance r (Getis and Franklin 1987).

Since we aimed at studying spatial associations between
two point patterns (shrubs, pattern 1; oak seedlings, pattern
2) at different spatial scales, we used the bivariate version of
the pair correlation function. Mathematically, the pair cor-
relation function is the normalized density of neighboring
pattern 2 points (i.e., the density of pattern 2 points at the

plot scale) as a function of distance r from average pattern 1
points; (Wiegand and Moloney 2004). It is defined as:

g12ðrÞ ¼
Pn1

i¼1
P2 Rw

i ðrÞ
� �

Pn1

i¼1
A Rw

i ðrÞ½ �
1 2= ð1Þ

Where n1 is the number of points of pattern 1, Ri
w(r) is the

ring with radius r and width w=0.5 m centered around the ith
point of pattern 1, P2 is the number of points of pattern 2
within Ri

w(r), A is the area of the ring, and 1 2 is the intensity
of point pattern 2. When, g12(r) >1, seedlings display attrac-
tion to shrubs (i.e., positive association). When g12(r) <1,
seedlings exhibit repulsion from shrubs (i.e., negative associ-
ation). When g12(r)=1, seedlings and shrubs are independent.
Within each plot, we computed the bivariate pair correlation
function considering radii ranging from 0.25 to 3 m, with
intervals of 0.25 m.

Since shrubs species composition naturally varies across
plots, we pooled the shrubs in each plot. In order to detect
possible interspecific positive or negative associations be-
tween oak seedlings and pooled shrubs at increasing dis-
tances, we compared our data to the antecedent conditions
null model to test whether during the establishment the
pattern of oak seedlings is influenced by the pattern of
shrubs. For that purpose, the locations of the oak seedlings
were randomized and shrub locations were maintained fixed
(assuming that oak seedlings may occur anywhere in the
plot and that the shrub pattern did not change during the
development of seedlings; Wiegand and Moloney 2004). To

Table 1 Main characteristics of the study plots

Study plot Canopy
treatment

Coordinates Distance to the
northermost (km)

Aspect Target oak
species

Main shrub species

Soulac (So.) Forest 45°32′N, 1°05′W 0 E Q. robur, Q. ilex Arbutus unedo, Ruscus aculeatus, Q. ilex

Hourtin (Ho.) Forest 45°11′N, 1°07′W 76 E Q. robur, Q. ilex Q. ilex

Gap 45°09′N, 1°10′W E Q. robur, Q. ilex Cytisus scoparius, Q. ilex, Cistus salvifolius,
Q. robur

Biscarrosse1
(Bisc.1)

Forest 44°26′N, 1°13′W 102 E Q. robur Ilex aquifolium, Arbutus unedo, Q. robur

Gap 44°01′N, 1°12′W E Q. robur Arbutus unedo, Q. robur

Biscarrosse2
(Bisc.2)

Forest 44°27′N, 1°13′W 103 W Q. robur Cytisus scoparius, Arbutus unedo

Gap 44°26′N, 1°12′W W Q. robur Arbutus unedo, Cistus salvifolius,Cytisus
scoparius, Ulex europaeus, Q. robur

Born (Bo.) Forest 44°02′N, 1°17′W 222 E Q. robur, Q. suber Erica cinerea, Ulex europaeus, Q. robur

Gap 44°01′N, 1°17′W E Q. robur, Q. suber Cytisus scoparius

Seignosse (Se.) Forest 43°41′N, 1°25′W 240 E Q. robur, Q. suber Arbutus unedo, Ilex aquifolium, Ruscus
aculeatus

Gap 43°41′N, 1°24′W E Q. robur, Q. suber Erica cinerea, Calluna vulgaris, Ruscus
aculeatus,Q. suber
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test the significance of patterns against the null model,
approximate (two sided) 95 % simulation envelopes were
generated by calculating for each distance r of the fifth
lowest and highest values using 99 Monte Carlo simulations
of the null model; this yields an approximate 5 % error rate.
We performed goodness-of-fit tests in order to avoid the risk
of inflating type I errors due to the simultaneous testing of
the null hypothesis at several spatial scales (Diggle 2003).
We used the Programita software for all point pattern anal-
yses (Wiegand and Moloney 2004).

4 Effects of summer drought and canopy opening
on the strength of the oak seedling–shrub spatial
association

In order to test if associational patterns of oak seedlings with
pooled understory shrubs were influenced by the climate
drought and canopy opening, we calculated at each site an
index of association strength (IA; Fajardo et al. 2006).

IAðrÞ ¼ g12ðrÞ � 1

CE� 1j j ð2Þ

This index IA(r) is a ratio between the observed value of
g12(r) and the corresponding y coordinate of the upper (if
g12>1) or lower (if g12<1) confidence envelope at distance
r. We calculated this index at three distances (1, 2, and 3 m),
assuming that beyond 3 m the patterns are more influenced
by environmental heterogeneity than by biotic interactions
(Wiegand and Moloney 2004). In order to characterize the
climate drought stress acting at each of our 10 plots, we
calculated a Summer Moisture Index (SMI) derived from
Lang (1920):

SMI ¼ Psummer

Tmax
ð3Þ

Where P and T representing the precipitation and the
mean of maximum temperatures calculated for the three
summer months (June, July, and August). This index
decreases with increasing summer drought, from south to
north in our study. The climate data used here were the
average of the 1998–2008 period obtained from the nearest
meteorological stations to the study sites (maximum dis-
tance from study plots=16 km) (Meteo-France data 2008).

Since the three oak species were not present naturally in
each site, the three species were pooled. At each of the three
studied distances, effects of summer drought and canopy
opening treatments on IA values of shrub–oak seedlings
associations were analyzed using quadratic analysis of co-
variance (ANCOVA) models including one factor (canopy
treatment: forest or gap) and one covariate (summer drought
represented by the SMI gradient). For each of the three

distances taken into consideration, the ANCOVA model
was summarized as follows:

Yij ¼ μþ ai þ b SMIij þ g iSMIþ d SMI2ij þ ηiSMI2ij þ "ij

ð4Þ
Where Yij is the IA measured on individual j under

canopy condition i, μ is the global mean of IA, αi is the
mean contribution of canopy condition i to the mean of the
IA index, β is the mean slope, SMIij is the summer moisture
index undergone by individual j under canopy condition i, γi
is the contribution of canopy condition i to the slope, δ is the
mean quadratic coefficient, ηi is the contribution of canopy
condition i to the quadratic term, and εij is the residual error.
Normality and homoscedasticity of residuals assumptions
were met in all models. All analyses were performed using
the R software for statistical computing (version 2.10.1,
2010).

5 Results

Overall, the spatial pattern analysis revealed dominant signif-
icant positive associations in the two northern sites (Soulac and
Hourtin) and dominant significant negative associations in the
southernmost site (Seignosse), whereas most spatial patterns
were not significantly different from the null hypothesis in the
center of Aquitaine (Biscarrosse) and in the other southern site
(Born, Table 2). More precisely in the north, and for both Q.
robur and Q. ilex seedlings, the spatial associations were
positive at all distances in the gap plot (Ho.G), but only at
small distances in the forest plot (So.F), with even independent
associations occurring up to a distance of 3 m (Table 2; Figs. 1a
and b). In the southernmost site, where both Q. robur and Q.
suber seedlings were present, spatial associations for both
species were significantly negative at all distances in the forest
(Se.F) but only at small distances in the gap (Se.G), with even
positive associations occurring at a distance of 2 m distance for
Q. robur (Table 2; Figs. 1g and h). Finally, in the center (Born
and Biscarrosse sites), six cases among eight were not signif-
icant and the two significant cases observed in gaps for Q.
robur were quite complex to understand; at small distances,
there were positive associations in the Born site and negative
associations in the Biscarrosse 1 site but these patterns turn to
independent up to a distance of 3 m (Table 2; Figs.1d and f).

The index of the association strength was significantly
affected by the summer drought of the sites at the three
analyzed distances (from 1 to 3 m; P=0.03, 0.02, and
0.03, respectively), with a shift from positive values in the
dry north to negative values in the wet south (Table 3;
Fig. 2). There was also a significant effect of the canopy
treatment, but only at distances of 2 and 3 m (P=0.03 and
0.03, respectively; Table 3; Fig. 2). Furthermore, there was a
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significant interaction between the summer drought and
canopy treatments (P=0.05, 0.03, and 0.03, respectively)
due to the occurrence of significant effects of the canopy
treatment only at the driest and wettest ends of the summer
drought gradient, but not at intermediate position (Table 3;
Fig. 2). Finally, the occurrence of significant quadratic in-
teraction terms at all distances shows that the IA curve
switches from convex to concave when passing from the
forest to the gap (Table 3; Fig. 2). Considering the summer
moisture index interval of this study (see Fig. 2), this means
that the IA reached zero asymptotically at the wet end of the
gradient in gaps, whereas its decrease towards negative
values was accelerated along the drought gradient under
forest canopies.

Species effects could not be tested statistically since all
species were not present in each site. However, there were
graphically no obvious differences in species responses
within sites, i.e., between Q. robur and Q. ilex at the two
northern sites and between Q. robur and Q. suber at the two
southern sites (Fig. 2).

6 Discussion

In agreement with our two first hypotheses, both summer
drought and canopy removal increased positive associations
between oak regeneration and understory shrubs in the

coastal sand dune forest communities of the Aquitaine re-
gion. Although our design did not allow us to fully assess
the species effect in our study, no obvious differences in
species responses were recorded within sites (i.e., between
Q. robur and Q. ilex at the two northern sites and between
Q. robur and Q. suber at the two southern sites (Fig. 2),
which shows at least that the response of the deciduous Q.
robur did not differ from that of the two evergreen species.

7 Positive associations increase with summer drought
and canopy opening

Our results showed that positive spatial associations be-
tween oak seedlings and understory shrubs significantly
dominated in the dry climate of the north of Aquitaine and
spatial negative associations were more frequent in the wet
climate of the south of Aquitaine. Additionally, canopy
openings increased the positive effect of the shrubs in the
dry north but decreased negative effects of shrubs in the wet
south toward independent or positive association pattern.
These results support the SGH (Bertness and Callaway
1994) arguing that positive effects of woody or herbaceous
species on tree seedlings or saplings are more frequent in
open forests or woodland communities from severe environ-
ments than in closed forests from benign climate conditions
(Callaway et al. 1996; Rodriguez-Garcia et al. 2011a;

Table 2 Signs of the spatial associational patterns between oak seedlings and interspecific shrubs based on bivariate g12(r) function for the 10 plots

Site Target oak species n1/n2 Distance t (m)

0.25 0.5 0.75 1 1.25 1.5 1.75 2 2.25 2.5 2.75 3 P

So.F Q. robur 155/34 + + 0.01

Q. ilex 47/1067 + + + + + 0.02

Ho.G Q. robur 122/147 + + + + + + + + + + + + 0.01

Q. ilex 85/192 + + + + + + + + + + + + 0.01

Bis.1F Q. robur 130/198 + 0.4

Bis.1G Q. robur 53/134 − − − − 0.01

Bis.2F Q. robur 162/41 0.69

Bis.2G Q. robur 134/80 − − 0.06

Bo.F Q. robur 48/63 − 0.34

Q. suber 101/66 − − 0.15

Bo.G Q. robur 83/92 + + + - - 0.01

Q. suber 96/58 0.7

Se.F Q. robur 107/58 − − − − − − − − − − − 0.01

Q. suber 107/627 − − − − − − − − − − − − 0.01

Se.G Q. robur 127/735 − − − + + + + 0.01

Q. suber 114/922 − − − 0.04

+ Significant positive association, − significance negative association, no symbol indicates no significant association. F and G are forest and gap
plots, respectively; n1 and n2 correspond to the number of shrubs and of target oak species, respectively. See Table 1 for site abbreviations

P value computed through goodness-of-fit test used for overall significance of patterns over the complete range of t
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Saccone et al. 2009). However, it has also been shown that
both facilitation and competition may occur through time in
a single site (Fotelli et al. 2001) but that the net balance
depends on the species and the ecological factor involved in
the interaction (Gomez-Aparicio 2009; Michalet 2007;
Saccone et al. 2009; Pugnaire and Luque 2001). Specifically,
Michalet (2007) proposed that facilitation should rather in-
volve nonresource factors (such as decrease in vapor pressure
deficit, extreme temperatures, and photoinhibition), whereas
competition is more likely to occur when the limiting factors
are resources (such as water or nutrient availability). For
example, Saccone et al. (2009) showed during the 2003 Eu-
ropean heat wave in a single system that the forest canopy

facilitated seedlings of Abies alba through atmospheric stress
mitigation but that adult trees competed for water with the
seedlings of Picea abies. Although we did not measure envi-
ronmental conditions in our study, it is very likely that the
positive effects of understory shrubs in the dry north of Aqui-
taine were not due to decrease in soil water stress in these
sandy soil conditions but rather to decrease in irradiance,
vapor pressure deficit, and extreme temperatures. Indeed, in
the north, positive associations with shrubs were much stron-
ger in the gaps than in the forests, likely because oak seedlings
were protected from atmospheric stress by the tree canopy in
the forests but not in the gaps. Additionally, all neighbors in
our study were shrubs, known to provide strong aboveground
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Fig. 1 The interspecific
association patterns of shrub Q.
robur seedling up to 3 m scale
along 240 km climate gradient.
The blue dotted line represents
the observed pair correlation
values g12(r). The red lines
represent the confidence
envelope constructed by using
the fifth heights and fifth lowest
value of 99 Monte Carlo
simulations of the null model.
Values above and below the
envelope indicate significant
positive and negative
associations, respectively. See
Table 1 for site abbreviations
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positive effects and low belowground negative effects, as
compared to grasses (Castro et al. 2004; Gomez-Aparicio
2009; Michalet 2007). However, in the gaps of the dry north,
positive associations may also be due to indirect facilitative
effects of shrubs, i.e., grass competition release (Callaway
2007; Cuesta et al. 2010).

We are aware that only a removal study may allow
us to conclude on the real occurrence of shrub–oak
seedling interactions in our study. However, our results
are very unlikely to have been influenced by differences
in soils between shrubs and open areas since our obser-
vations showed that the sandy soils were, at least for
important physical characters such as soil depth and
texture, very similar between both patches. The occur-
rence of important differences in soils depth between
patches within communities is indeed more common in
arid and semi-arid rocky areas than in sandy oceanic
communities as those of our study, due to the impor-
tance of soil erosion processes in the former (Michalet
2006). Thus, our analysis of spatial patterns instead of
real plant interactions was likely sufficient to suggest
the long-term net balance of interactions in the system
under study (Callaway and Walker 1997). Such infor-
mation is certainly of higher value for managing tree
regeneration than short-term removal studies.

8 Spatial patterns were not influenced by target species
functional strategies

We were not able with our design to assess the difference in
response between the two evergreen oaks since they natu-
rally occur in different climate conditions. However, our
design allowed us to assess differences in responses to the
shrubs between Q. robur and Q. ilex or Q. suber at the
northern and southern sites, respectively. Since temperate
deciduous oaks, and in particular Q. robur, are known to be
less tolerant to drought stress than evergreen Mediterranean
oaks (Ozenda 1985), we hypothesized that the former will
be more demanding of environmental amelioration by
neighbors than the latter. Indeed, a number of authors have

shown that drought-intolerant species are better candidates
for facilitation than drought-tolerant ones since the benefit
of having neighbors mitigating drought stress is higher for
the former than for the latter (Liancourt et al. 2005; Michalet
2007; Saccone et al. 2009). Additionally, since there is a
tradeoff between drought and shade tolerance in particular
for tree species (Smith and Huston 1989), the addition of
shade by neighbors is inducing a higher cost for a drought-
tolerant species than for a drought-intolerant one.

If, however, most of the facilitative effect of under-
story shrubs is not improvement in soil water availabil-
ity but rather a mitigation of atmospheric stress and
photoinhibition through decreasing irradiance as stressed
above, then our three species may not differ enough in
their atmospheric and light requirements to produce
contrasting patterns of association with shrubs. Indeed,
the three species do not have contrasting light require-
ments since both evergreen species are late successional
species in a sunny Mediterranean context, i.e., avoiding
atmospheric stress in full light conditions (Cuesta et al.
2010; Penuelas et al. 2001; Perez-Devesa et al. 2008),
whereas Q. robur is rather considered as a postpioneer
species, requiring gaps for regeneration in a shady tem-
perate context (Cater and Batic 2006; Rozas 2003).

9 Conclusions

Our study showed that spatial patterns of association be-
tween understory shrubs and oak seedlings are very sensi-
tive to increasing drought and canopy opening independent
of the oak species. Climate change models predict a strong
decrease in summer rainfall in the Aquitaine region with a
shift from a current warm temperate climate toward a sub-
mediterranean climate at the end of the century. Our results
suggest that with climate change, the positive effect of
understory shrubs on tree seedlings should increase in the
forest gaps of the north of Aquitaine. Thus, in a perspective
of climate change-adapted management, foresters should
rather conserve understory nurses in gaps in order to limit
oak seedlings mortality due to drought and extreme

Table 3 Results of ANCOVAs
tests for the effects of summer
drought, canopy opening, and
their interaction on the index of
association strength at distances
of 1, 2, and 3 m

Treatments Distances

1 m 2 m 3 m
F P F P F P

Canopy 4.934 0.052 6.690 0.027 6.772 0.026

Summer moisture 6.787 0.026 9.109 0.012 5.875 0.035

Summer moisture2 7.612 0.020 9.947 0.010 6.333 0.030

Canopy×summer moisture 4.921 0.050 6.716 0.026 6.671 0.027

Canopy×summer moisture2 4.982 0.049 6.886 0.025 6.708 0.026
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irradiance. However, we are aware that measuring seedling
performance parameters in relation to presence and absence
of the shrubs may further support our observational results
of this study. Therefore, experiments including transplanta-
tions of the three species all along the gradient are currently
being conducted in this system. Such design will allow us to
also more straightforwardly test the role of target species

functional strategy since all oak species do not occur in all
climate conditions. Additionally, environmental measure-
ments (light, soil moisture, and VPD) should be conducted
in order to analyze the relative roles of atmospheric vs. soil
water stress in driving changes in biotic interactions be-
tween understory shrubs and oak seedlings along complex
environmental gradients.

Fig. 2 Regressions of the IA
calculated at three distances (1,
2, and 3 m) against the SMI for
the 10 plots and the three target
oak species. The full and empty
circles represent the forest and
gap plots, respectively, whereas
the blue, red, and green circles
represent Q. robur, Q. suber,
and Q. ilex targets, respectively.
The full line represents the
regression for the forest plots,
whereas the dashed line
represents the regression for the
gap plots. The two dashed red
lines represent the confidence
envelope area around the
expected 0 value of g12(r). See
Table 1 for site abbreviations
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