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ABSTRACT

Aims: Do the effects of an understory shrub on woody seedlings explain the distributions of relict conifer trees at a regional
scale?

Location: Three natural Cedrus libani reserves from Lebanon.

Methods: Using an observational approach, we quantified associations of recruits of woody species at the center and periphery
of the spiny shrub Juniperus oxycedrus in forests and gaps along a north-south climatic gradient of both winter rainfall continen-
tality and summer drought. We quantified the associations of woody seedlings with shrubs using the Relative Interactions Index
(RII) calculated for recruits of all species together (community scale) and for four groups of functionally different species. We
then analyzed the variation of RIIs along different treatments. Vapor Pressure Deficit (VPD) was quantified in each treatment
combination, and its relationship with species-group RIIs and abundance was evaluated.

Results: At the community-scale, shrubs showed likely higher negative effects on woody seedlings at their center than at
their periphery. In contrast, there were contrasting responses at the species-group level, with overall negative associations for
Cedrus, positive associations for a group including Abies cilicica, and intermediate responses for two other groups. Positive
associations strongly varied along the drought gradient and with the canopy treatment, while negative associations only
slightly increased from forests to gaps. Positive associations varied together with VPD, peaking at an intermediate position
along the drought gradient coinciding with the southernmost limit of Abies and declining at the dry extreme of the gradient
where Cedrus is still present.

Main Conclusions: VPD appeared as a crucial driver of tree species occurrence and likely facilitation. Although manipulative
experiments are needed to confirm the real occurrence of facilitative and competitive effects of the shrub, our study highlights
the potential role of facilitation in explaining tree species distribution at regional scales.

1 | Introduction Michalet, Maalouf, et al. 2015; Soliveres et al. 2015). Plant-plant

interactions vary along environmental gradients, and pioneer
Facilitation and competition are important drivers of commu- models have proposed that competition should be dominant
nity composition and diversity (Chesson 2000; Lortie et al. 2004; when stress and disturbance are low (Grime 1973) and shift
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to facilitation with increasing environmental severity (i.e.,
the Stress-Gradient-Hypothesis, Bertness and Callaway 1994;
Bertness et al. 2024). However, facilitation has been shown
to decrease in extreme conditions of stress or disturbance
(e.g., Kitzberger et al. 2000; Tielborger and Kadmon 2000).
Therefore, facilitation may peak at mid position along envi-
ronmental gradients where diversity is the highest (Michalet
et al. 2006; Holmgren and Scheffer 2010). In addition, Michalet
et al. (2014) emphasized the importance of distinguishing two
scenarios and types of gradients: (i) the decline in facilitation,
which is the occurrence of null interactions in extreme condi-
tions of non-resource stress or disturbance (Chaieb et al. 2021)
(i) and the switch back to competition, which is the return
to competition in extreme conditions of resource stress (e.g.,
nutrient, water) (Tielborger and Kadmon 2000; Maestre and
Cortina 2004). In the former scenario, facilitation decreases to
null interactions because nurse species are too weak to amelio-
rate environmental conditions for the beneficiary species (e.g.,
Chaieb et al. 2021) or because all remaining species are strongly
stress-tolerant and do not require positive effects provided by
other species (Liancourt et al. 2017); whereas in the latter, com-
petition increases because of decreasing resource availability,
consistent with the MacArthur and Wilson (1967) r/K strategy
model (e.g., Davis et al. 1998).

Plant communities include species of contrasting functional
strategies that may have contrasting responses to neighbors
(Chapin III and Shaver 1985; Michalet, Chen, et al. 2015).
Although interactions may be null or very weak when quanti-
fied at the community level, strong positive and negative inter-
actions may exist at the species or functional group level within
a single community (Bai et al. 2021). Liancourt et al. (2005) have
shown that species tolerating drought but not shade have gener-
ally negative responses to neighbors because, for these species,
the benefit of ameliorating physical stress is low while the cost
of decreasing light is high. For opposite reasons, species toler-
ating shade but not drought have generally positive responses
to neighbors (Liancourt et al. 2005). Therefore, to better under-
stand changes in plant-plant interactions along spatial and tem-
poral climate stress gradients, it is crucial to assess the responses
of different functional groups of species while identifying the
direct mechanism of interactions for each species. The quantifi-
cation of spatial associations is a crucial preliminary method to
assess the likely interactions between understory and nurse spe-
cies since they include the response of all community members,
in opposition to experimental removal studies that only include
a few target species (Michalet, Chen, et al. 2015). However, spa-
tial associational measurements can be confounded by habitat-
sharing effects if not conducted with careful verifications of
environmental homogeneity within the communities between
vegetated and unvegetated patches (Michalet 2006; Steinbauer
et al. 2016; Michalet et al. 2024). Therefore, the combination of
both methods is certainly the most appropriate way of assessing
plant interactions in plant communities.

The assessment of variation in plant-plant interactions along
drought gradients needs to distinguish two different drought
stresses: the soil and atmospheric stresses (Saccone et al. 2009;
Aguirre et al. 2021). Focusing on the atmospheric stresses, high
Vapor Pressure Deficit (VPD) can lead to water (and tempera-
ture) stress in plants, affecting their growth, photosynthesis,

and overall health (Novick et al. 2016). Nurse plants, through
decreasing temperature with shade and increasing air humid-
ity with transpiration, can decrease VPD beneath their canopy,
thereby mitigating atmospheric stress for understory species
(De Frenne et al. 2019). However, atmospheric drought stress
has been overlooked in plant-plant interaction studies be-
cause many researchers have instead focused on soil drought
(but see Muhamed et al. 2013; Guignabert et al. 2020). Aguirre
et al. (2021) investigated the role of microclimate in biodiver-
sity experiments. Simulating natural atmospheric drought sce-
narios, they found that, during periods of high VPD, facilitative
interactions become more prominent in plant communities
with greater diversity. In contrast, soil water availability stress
is rather involved in competitive interactions, since species may
compete more when resource (water, nutrients and light) avail-
ability decreases (MacArthur and Wilson 1967). Because VPD is
a non-resource ecological factor, species are less likely to com-
pete in conditions of high VPD (Michalet et al. 2014).

During the severe 2003 European heat wave, Saccone
et al. (2009) compared the survival of different tree seedlings
transplanted into the understory and adjacent gaps of forests
from dry ridges and mesic valleys in the Alps. They found that
the seedlings of Abies alba were facilitated because of increas-
ing shade (and decreasing VPD) below the canopy of adult trees,
while those of Picea abies and Acer pseudoplatanus suffered from
competition in the same canopy conditions. Furthermore, they
found that facilitation for Abies was the highest in the mesic val-
ley forests and collapsed in the drier ridge forests. These results
were highly consistent with the ecological requirements of these
three species. Abies alba can grow in Mediterranean climates
with low soil-water availability during the growing season, but
not in very continental climates with high VPD (except in shady
understories). Picea abies and A. pseudoplatanus are not found
in Mediterranean climates with high soil drought stress during
the growing season, but occur in temperate continental climates
with high light and high VPD (Michalet et al. 2003).

Most biogeographical studies conducted along drought gradi-
ents have not separated the effects of low soil-water availabil-
ity during the growing season from those of high atmospheric
stress related to winter rainfall continentality (Bagnouls and
Gaussen 1953; Stephenson 1990). However, Michalet et al. (2021)
analyzed tree-species distribution in western USA in relation
to both rainfall continentality (quantified by the amount of
winter rainfall, Gams 1932) and summer-water balance. They
found that rainfall continentality was the main climatic vari-
able explaining the distribution of tree species in this large geo-
graphical area encompassing contrasting climates. In addition,
consistent with Saccone et al. (2009) they found that Abies spe-
cies were mostly found in oceanic temperate and Mediterranean
climates (characterized by low VPD due to important air hu-
midity) with potentially important soil drought during summer,
while Picea species were found in continental climates (with
potentially high VPD) with higher soil-water availability in
summer. Thus, although low rainfall during the growth season
has often been proposed as the only important drought factor in
bioclimatology and ecophysiology (Bagnouls and Gaussen 1953;
Stephenson 1990), it may be less important for species distribu-
tion than rainfall continentality, in particular in mountain areas
with strong rainshadow effects.
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The apparent consistency existing between tree species distri-
bution at the local and regional scales along climatic gradients
(Michalet et al. 2021) and tree seedling responses to the effects of
neighbors at the neighboring scale (Saccone et al. 2009) suggests
that the direct ecological mechanisms involved in these two
processes are the same. However, to our knowledge, there have
been no studies that have assessed variations in tree-seedling re-
sponses to the effects of canopy trees or understory shrubs along
regional climate gradients. Such studies are worth conducting if
we want to quantify the contribution of plant-plant interactions
to current tree species distributions and how it may influence
species responses to climate change.

The main goal of our study is to quantify the magnitude of changes
in spatial patterns of associations (positive or negative) between
understory shrubs and woody seedlings of several species of con-
trasting geographical distributions along a regional-climatic gra-
dient. We chose the Lebanese Mediterranean coniferous forests
as a model system. In Lebanon, there are a limited number of
relict Cedrus libani forests that are distributed along a north-to-
south gradient of drought due to both increasing winter rainfall
continentality and summer drought. In a previous study, Douaihy
et al. (2022) quantified the strength of associations between the
shrub Juniperus oxycedrus and woody seedlings below the for-
est canopy and in gaps at the northernmost and wettest Cedar
Reserve of Ehden. They found contrasting responses to the effects
of the shrub depending on the woody species, with (i) important
positive associations for a group of shade-demanding tree species
including Abies cilicica, a rare species only located in this wet
northernmost reserve, (ii) weak negative associations for a group
of shade-intolerant species including C. libani, found further south
in drier reserves. In the present study, we quantified, with the
same method, associations between the Juniper and tree seedlings
at four sites along the entire drought gradient in order to assess
the magnitude of changes in positive and negative associations
along this complex gradient, with the ultimate goal of quantifying
the relative contribution of facilitation and competition to woody
species distributions. We make the following predictions: (i) con-
sistent with Douaihy et al. (2022), the seedlings of the tree spe-
cies will have contrasting responses to the effects of the Juniper,
(ii) consistent with Saccone et al. (2009) and Michalet et al. (2021)
there should be stronger variation in positive than negative associ-
ations along our treatments, (iii) variation in positive associations
should be highly correlated with variation in VPD, (iv) variation in
positive associations along the drought gradient is likely to explain
the only occurrence of Abies in northern Lebanon.

2 | Material and Methods
2.1 | Climatic Gradient, Study Sites and Species

Due to the rarity of relict Cedar forests in the country (only eight
Cedar forests), among which four of them are very small (less
than 10ha and one is highly grazed), we selected in the three
largest Natural Reserves of Lebanon four sites along a drought
gradient driven by several complex factors: latitude, altitude,
climate, topography, and exposure to sunlight (Figures 1-3).
First, the four sites were positioned at three different latitudes.
The two wettest sites were located at the northernmost latitude
(33.2) in the Horsh Ehden Nature Reserve (HENR, hereafter

Ehden), the third site at a slighter southern latitude (33.1) in the
Tannourine Reserve, and the driest site at the southernmost lat-
itude (32.4) in the Shouf Reserve (Figure 1). The three reserves
were protected from grazing and various human activities and
located on a calcareous bedrock.

The three reserves are characterized by a Mediterranean oce-
anic climate with high winter rainfall and long summer drought
(Figure 1). However, Ehden and Tannourine are character-
ized by a slightly shorter summer drought period (4 months,
Figure 1b,c), than Shouf (5months, Figure 1d), due to the lower
latitudinal position of the latter. Additionally, although Ehden
and Tannourine share very similar macroclimatic conditions due
to their close latitudes (see the position of the sites along the first
axis of the PCA conducted on climate conditions, Figure 3a,b),
the more convex topography and more exposed dominant west
and south exposures of Tannourine (see Figure 2a,b, vs. ¢ and
d, respectively) makes it drier than Ehden. Finally, the two wet-
test sites from Ehden were selected at two different elevations,
1700-2000m for Ehden High and 1500-1700 for Ehden Low,
with, thus, slightly lower VPD in gaps (Figure 3c) for the for-
mer than the latter and also shorter summer drought season. To
summarize, the four sites were located at four different positions
along a drought gradient that was due to both increasing sum-
mer drought and rainfall continentality.

The four forests were dominated by C. libani A. Rich., mixed
with various other woody species, such as junipers (Juniperus
excelsa M. Bieb, J. oxycedrus L.), oaks (Quercus calliprinos Webb,
Quercus infectoria Oliv. and other deciduous oaks), wild apple
(Malus trilobata Lab. Schneider), maple species (Acer hermo-
neum Bornm & Schwer, Acer tauricolum Boiss. & Bal.), and sor-
bus species (Sorbus torminalis, Sorbus flabellifolia). Additionally,
the Cilician fir (Abies cilicica Antoine et Kotschy, Carriere
1855) was present (and abundant) only at the two wettest sites,
Ehden High and Low. The Horsh Ehden Nature Reserve is the
southernmost latitudinal limit of the distribution range of the
species, which is more widespread north of Lebanon, in Syria
and Turkey. Additionally, the driest site (Shouf) is also the
southernmost limit of the geographical distribution of C. libani
(Figure 2). Juniperus oxycedrus was used as a nurse species in
this study because it was present at the four sites, both in forests
and gaps. This is a drought-resistant and light-demanding shrub
species, native to the Mediterranean region. This spiny shrub is
very variable in shape, with either an erect (small tree of maxi-
mum eight meters high) or a prostrate (spreading shrub shape)
phenotype.

2.2 | Sampling Design at Each Site

We used an observational approach to quantify associations of nat-
ural recruits of woody species with the Juniper in the four sites
along the regional drought gradient. In early May 2023, we ran-
domly selected at each site five Juniper individuals for each combi-
nation of a Canopy (gap vs. forest canopy) and a Phenotype (erect
vs. prostrate shape) treatment, giving a total of 20 selected shrubs
per site. For each Juniper individual, we selected three plots of 1 m?
at three different Positions: (i) the center, (ii) the periphery, and
(iii) outside the shrub for the open plots (Appendix S1). The open
plots were located in close vicinity (at an approximatively distance
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FIGURE1 | Position of the three natural cedar reserves within Lebanon and corresponding ombrothermic diagrams. (a) Map of Lebanon and
position of the three natural reserves. (b) Ombrothermic diagram of Horsh Ehden Nature Reserve. (c) Ombrothermic diagram of Tannourine Cedar
Forest Nature Reserve. (d) Ombrothermic diagram of Shouf Cedar Nature Reserve. Alt = Altitude, Lat = Latitude, Long = Longitude, P= precipitation
(mm), T=mean temperature (°C). Note that ombrothermic diagrams are made at 1600m above sea level. Climatic data are from ClimateDT tool

(https://ibbr.cnr.it//climate-dt/).

of 1.5m) of the Juniper individuals in similar microhabitats to the
Juniper regarding soil depth, stone amount, and exposure.

From May to June 2023, we identified and counted the num-
ber of seedlings of all woody species in each plot. We obtained
a grand total of 2432 counted recruits belonging to 24 different
woody species in the 240 sampled plots (4 Sites X 2 Canopies X 2
Phenotypes and 3 Positions X 5 replicates).

2.3 | Microclimatic Measurements

In each of the four sites, we recorded air temperature (T, °C) and
air relative humidity (RH, %) in the 12 combinations of the three

treatments (2 Canopies X 2 Phenotypes X 3 Positions modalities).
We used hygrochron DS1923-F5 I-buttons data loggers (Maxim
Integrated) placed directly at ground level. To avoid heating of
the loggers due to direct sun radiation, we designed I-button
shelters following recommendations by Maclean et al. (2021).

In each site, we could place only 30 I-buttons at 30 plots, with
15 placed in forests and 15 in gaps. We randomly chose five
Junipers in gaps and five Junipers in forests and placed one I-
button at each of the three positions of all selected Junipers (cen-
ter, periphery and open). From early to mid-July to early August,
temperatures and relative humidity were registered at each site
every 2min and then averaged per hour during two consecutive
dry summer sunny days with no clouds in 2023.
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FIGURE 2 | Illustrations of the three natural Cedar reserves in Lebanon. (a and b) Horsh Ehden Nature Reserve. (c and d) Tannourine Cedar

Forest Nature Reserve. (e and f) Shouf Cedar Nature Reserve.

Since I-buttons were placed at different days between sites, we
used the temperature and relative humidity data provided by
the weather stations located in each reserve to correct the data
from the loggers as follows. For each hour and each reserve, we
used the data of the weather stations to calculate the difference
of temperature and relative humidity between the hour and date
of the hygrochron records (for instance 4th and 5th August in
Shouf) and the hour and date of a chosen reference period (7th
and 8th of July, dates of the first records in Ehden High). These
differences accounted for potential differences of temperature
and relative humidity between the different periods of hygro-
chron records due to variation of meteorological conditions.
Then we applied these differences to correct the data recorded
by the loggers, providing temperature and air humidity as if all
loggers had been placed in the different sites during the same 2-
day period. Then, we calculated average VPD between 11:00am
and 5:00 pm using the following equation:

VPD = ((100 — RH) /100) X 610.7 X 10°((7.5 X T) / (237.3+ T)) (1)

where, RH is relative humidity and T is temperature.

2.4 | Plant Interaction Indices
and Response Groups

For each Juniper shrub, we computed the Relative Interaction
Intensity index (RII, Armas et al. 2004) to quantify the impact
of the Juniper on the woody species recruits at each of the two
Positions within the Juniper patch (center and periphery). RIIs
were calculated with the following two equations:

RHcenler: (XJuniper center Xoutside Juniper) / (XJuniper center + Xoutside Juniper)
()

RHperiphery: (XJuniper periphery — Xoutside Juniper) / (XJuniper periphery + Xoutside Juniper)
(©)

represents the number of woody seedlings observed
the number of woody

Juniper center

at the center of the Juniper, X, .o erivhe ry

seedlings observed at its periphery, and X_ ... Juniper the number
of woody seedlings observed at the open position. RII values vary
between —1 and +1, with positive values indicating association,
and negative values indicating repulsion. The two RII indices
(center and periphery) of the five replicates of the 32 treatment
combinations (4 Sites X 2 Canopies X 2 Phenotypes X 2 Positions)
were calculated at the community level and at the response-
group level. For the community level, we calculated RII indi-
ces in each plot using the number of all individuals of woody
recruits recorded in the plot. For the response-group level, we
selected the 13 most common species and calculated mean RII
for each species in each treatment combination. Then we per-
formed a PCA on this RII of all species (prcomp base R function;
fviz_pca_*, factoextra library), followed by a hierarchical cluster
analysis (using Ward's method, Thioulouse et al. 1991) based on
the Euclidean distance (Appendix S8). This enabled the char-
acterization of four different groups of species, having similar
responses to the effect of Juniper shrubs in the different treat-
ments. Then, we calculated for each response group, position
and in each plot, the RII on the pooled number of all recruits
belonging to the same species response group.

2.5 | Data Analysis and Statistics

We first performed an ANCOVA to analyze the variation of
VPD along our climatic gradient (Site) with the other treatments
(Canopy, Phenotype and Position) with (Time), and their inter-
actions. Mixed models were used (Imer function, Ime4 package)
because of the dependency of the values coming from the same
data loggers located in the same position during the record.

Second, one-sample t-test were used to assess whether RII sig-
nificantly differed from zero in the different combinations of
treatments. Then, we analyzed the variation of RII according to
the different treatments (Site, Canopy, Phenotype and Position)
in a four-way ANOVA at the community level (Imer function,
Ime4 package). We performed a similar ANOVA at the Response
group level, including the Response group (and all possible inter-
actions) as a fixed factor in the model, and including the Juniper
identity as a random factor (Imer function, Ime4 package). To
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FIGURE 3 | Climatic characterization of the four sites. (a) Diagram of a PCA conducted on four climate variables at eight positions in the four
study sites (one position at the altitudinal top (triangle symbols) and one position at the altitudinal bottom (round symbols) position of the four
sites). Climatic data are from ClimateDT tool (https://ibbr.cnr.it//clima te-dt/). Blue symbols are for Ehden High, green for Ehden Low, yellow for
Tannourine and red for Shouf. (b) Variable diagram of the PCA. Continentality: Rainfall continentality calculated on winter rainfall with the Gams
index (Gams 1932), Summer Humidity: Ratio of mean precipitation of the three summer months to mean summer max temperature, T. Min: Minimal
January temperature, GSL: Growing season length (number of months with mean max temperature above 12.5°C; see Michalet et al. 2021 for precise
methods). (c) Mean (+SE, N=15) VPD values in the gaps of the four sites during zenith hours (from 14:00 to 17:00 pm). Colors are the same as in (a)

(see Section 2 for VPD calculation). Different letters indicate significant differences between sites (Tukey post hoc multiple comparisons).

reveal the potential variation of RII of the different Response
groups with climate, and more specifically with VPD, we as-
signed the average VPD of each combination of Canopy and
Site (i.e., eight different values of VPD). More precisely, since
Site and Canopy treatments create large variations of VPD, we
replaced these treatments with corresponding eight different
values of VPD for this analysis corresponding to the mean VPD
(from 11:00am to 5:00 pm) the 2days of the records. Then, we
conducted an ANCOVA to analyze the variation of RII accord-
ing to VPD, the Response group, the Position in the shrubs, and
their interactions (Imer function, Ime4 package). The treatments
Position and Phenotype were kept in the model despite their
influence on VPD because of their potential additional impor-
tance regarding light and water pre-emption and corresponding
effects on plant-plant interactions (Pescador et al. 2014). For
this ANCOVA, a quadratic term of VPD was included in the
model because of the non-linear relationship observed. During

RII analyses, we used mixed modeling (Juniper identity as ran-
dom factor) to control for the dependence between the two RIIs
(RII ey and RIIperiphery) calculated for the same shrub.

Third, we analyzed the variation of abundance of the different
response groups in our study (Im base R function). However, this
variation may be due to non-controlled effects like higher disper-
sal of seeds in some sites, in some areas within sites and for some
response groups more than others. Therefore, the three values of
abundance of seedlings for the different Response groups in the
three Positions (center, periphery, open) of each Juniper are not
independent. To ease the statistical analysis (and to avoid con-
vergence issues when using mixed modeling) we first built a glm
model (quasi-Poisson distribution) with the abundance (number
or recruits) as response variable and the identity of the Juniper
and the Response group and their interaction as factors. The vari-
ation of the residuals of this first model (hereafter referred to as
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“abundance indices”) was then analyzed similarly to the varia-
tion of RII (see above). A last simple ANCOVA was performed to
fit the relationship between the abundance indices and the VPD
according to the Response-group level (Im base R function).

All the analyses were conducted using the R software (R Core
Team 2024). During all ANOVA analyses, Tukey post hoc multi-
ple comparisons were performed to detect significant differences
between different Response groups when the related factors (or
interaction between factors) were significant (emmeans func-
tion, emmeans package; cld function, multcomp package). When
fitting linear models (ANOVA, ANCOVA), the conditions of ap-
plications of linear modeling were checked and validated (nor-
mal distribution and homoscedasticity of the residuals).

3 | Results

3.1 | Microclimatic Variation Along the Gradient
in Different Treatment Combinations

VPD was higher in Shouf and Tannourine than in Ehden Low
and High; higher in gaps than in forests; and higher in the open
intermediate in the periphery and lower in the center of plots, re-
spectively (Site, Canopy and Position effects, Appendices S2 and
S3). However, there were also highly significant Site by Canopy
and Canopy by Position interactions because the Canopy and
Position effects were much stronger at Shouf than at the other
three sites (Appendices S3 and S4, respectively). There was also a
highly significant Site by Canopy by Position interaction because
the stronger Position effect at Shouf was also mostly observed in
gaps (data not shown). Finally, there were also highly significant
interactions between the Time and other treatments because, de-
pending on sites, the buffering effects of the Canopy and Position
treatments were stronger either in the morning or the afternoon.

Overall these results show that there were strong buffering
effects on VPD by the forest and Juniper canopies inducing a
decrease in VPD stress along the drought gradient from the
southernmost site Shouf to the northernmost ones Ehden High
and from the periphery of the shrub to its center.

3.2 | Changes in RII at the Community Level

Only the Position treatment had a significant effect on RII calcu-
lated at the community level, with more negative RIIs at the cen-
ter than at the periphery of the Juniper (Appendices S5 and S6).

3.3 | Species Response Groups: PCA and Cluster
Analysis

The PCA axes accounted for 23.4% and 20.9% of the ex-
plained variance. The 13 most common species had contrast-
ing responses to the Juniper effects depending on treatments
(Appendix S7), allowing separation into four response groups
with the cluster analysis (Appendix S8). The PCA diagram
showed that axis 1 mostly opposed group IV to groups I and II,
with group III at an intermediate position. This was likely due
to negative RII values for group IV in all treatments except

T.G.P.P. (Tannourine, gap, prostrate, periphery). Axis 2 mostly
opposed group I, at its positive end, to group II at its negative
end. This was likely due to more positive RIIs for group I in
the erect Juniper phenotype and in the prostrate phenotype
for group II (Appendix S7).

3.4 | Treatments Effects on RII at
the Response-Group Level and Its Relation
With VPD

There was a significant effect of the Response group by Canopy
interaction (Figure 4, Appendix S9), due to more negative RIIs
for group IV but more positive RIIs for the other three groups
from forests to gaps (Appendix S9, Figure 4). However, there was
an additional significant effect of the Response group by Site by
Canopy interaction (Appendix S9), because the increasing facil-
itation from forests to gaps was only significant for group I at
Ehden Low (Figure 5a). Finally, there was a significant effect of
the Response group by Site X Phenotype interaction, likely due
to the occurrence, for group I only, of opposite increasing and
decreasing RII variation from Ehden High to Tannourine in the
erect vs. prostrate phenotype, respectively (data not shown).

Furthermore, there was a significant VPD? effect on RII show-
ing a unimodal relationship between VPD and RII. However,
this relationship was significant only for group I (with positive
maximum RII at intermediate VPD and a decrease to null RII
with lower and higher VPD), while RII became more negative
with increasing VPD for group IV (Figure 5b). This led to a
significant VPD by Response group interaction and a margin-
ally significant Response group by VPD? interaction for RII
(Appendix S10). There was an additional marginal interaction
between Response group and Position (p=0.07). This was due to
a significant effect of the Position on the RII when considering
group IV only (p <0.001).

0.6 -
e
0.4 -
de
0.2 A
cd
= . Kok K KKK
=z 0 + i /
kkok kokk @
02 ¢ bc
-0.4 A
a
-0.6 - group | group Il group Il group IV
C B B A

FIGURE4 | Means (+SE, N=10) of the relative interaction intensity
index (RII) of the four response groups (blue=group I, green=group
II, yellow=group III, red =group IV), with filled bars for forest and
hatched bars for gaps. Results of one-sample t-test are shown when sig-
nificant (*p <0.05; ***p <0.001). Capital letters represent the results of
the Tukey test for the Response group effect and small letters the results
of the Tukey test for the Canopy by Response group interaction. See
Appendix S9 for full statistical results.
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FIGURE 5 | (a) Means (£SE, N=10) of the relative interaction intensity index (RII) of the four response groups (see Appendix S3) according to
the Site, the Response group and the Canopy treatments. Filled and hatched bars are for RII in forest and gaps, respectively. RII values significant-
ly different from zero are shown above or below bars (*p <0.05; **p <0.01; ***p <0.001, one-sample ¢-test). Small letters represent the results of the
Tukey test for the Response group by Site by Canopy interaction. See Appendix S9 for full statistical analysis. (b) Relationship between RII and VPD
according to Species-response group and Position. A relationship considering the 2nd order polynomial of the VPD was fitted. Since the interaction
between the VPD and Response group was significant, the different fitted lines represent the relationships between the RII and VPD for each group.
The continuous line indicates a significant relationship (p <0.05 for the considered group only). Dotted lines are for p>0.05, 90% confidence enve-
lopes are shown with the same color code. The left and right vertical dotted lines represent the lower and upper limits of VPD in the forests and in
the gaps, respectively. There was also a marginal interaction between Response group and Position (p=0.07). This was due to a significant effect of
the Position on the RII for group IV only (p <0.001). Therefore, we chose to represent separately RII response for group IV according to the Position
(light color for periphery and dark color for center). See Appendix S10 for full statistical results. The color code used for the different response groups

is as in Figure 4.

3.5 | Abundance Index and Its Relation With VPD

There was a highly significant effect of the Response group by
Position interaction on the abundance index, because the abun-
dance index strongly decreased from the center of the Juniper to
its periphery and to open plots for group I, whereas the converse
effect was observed for group IV (Appendix S11, Figure 6a). This
indicates that for group I, the number of individuals found in-
creased from the open to the center of the Juniper, while the
pattern was opposite for group I'V.

Additionally, there was a highly significant effect of the Response
group by VPD? interaction on the abundance index because, with
increasing VPD, the abundance indices of groups I and IV in-
creased and decreased, respectively (Appendix S12, Figure 6b).

4 | Discussion

Consistent with our first prediction, we found that the seedlings
of the most common woody species had contrasting responses
to the effects of the Juniper, with overall negative responses for
Cedrus and positive responses for a group of species including
Abies. Consistent with our second prediction, we found stronger
variation in positive than negative responses along our treat-
ments. Consistent with our third prediction, we found that vari-
ation in positive responses was highly correlated to variation in
VPD, responses being the most positive at intermediate posi-
tions along the VPD gradient. Finally, consistent with our fourth
prediction, variation in positive responses along the drought

gradient may explain the only occurrence of Abies in northern
Lebanon. Overall, our results highlight the primary importance
of VPD for variation in spatial associations likely indicative of
plant-plant interactions along this Mediterranean drought gra-
dient and the potential role of facilitation for explaining tree spe-
cies distribution along spatial climatic gradients.

4.1 | The Contrasting Responses of Woody Species
to the Effects of Juniper

We found contrasting associations with Juniper at the species
level that could be synthesized in four main species groups.
There were two extreme responses, with overall positive RIIs
for species of group I (including Abies) and negative RIIs for
Cedrus, the only species of group IV. There were also two in-
termediate groups that had overall weakly positive or null RIIs.
This result is consistent with an increasing number of studies
showing that communities are formed of species with different
functional strategies that have contrasting responses to environ-
mental conditions and the effects of neighbors (Chapin III and
Shaver 1985; Choler et al. 2001; Liancourt et al. 2005; Michalet,
Chen, et al. 2015; Bai et al. 2021; Bahalkeh et al. 2024).

4.2 | Variation in Positive and Negative Responses
Along Our Treatments

The species group-specific responses to Juniper were primarily
affected by the presence of the forest canopy, with increasing
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FIGURE 6 | (a) Means (xSE, N=380) of the abundance index of the four response groups are shown at the three positions relative to the Juniper
shrubs. Small letters represent the results of the Tukey test for the Response group by Position interaction. See Appendix S11 for full statistical anal-

ysis. (b) Relationship between the abundance index and VPD for the different response groups. Relationships were fitted with 2nd order polynomial

of the VPD. Continuous lines indicate a significant relationship between RII and VPD (p <0.05); dotted lines are for non-significant relationships

(p>0.05). 90% confidence envelopes are shown with the same color code. See Appendix S12 for full statistical analysis. The color code of the different

response groups is as in Figure 4.

positive and negative associations with the shrub from forests to
gaps for the likely facilitated species (e.g., Abies) and the likely
outcompeted one (e.g., Cedrus), respectively. These results are
consistent with those of Douaihy et al. (2022), conducted in the
same system in Lebanon but only in the northernmost and wet-
test Cedar Reserve of the country. In our study including four
sites from the wettest northernmost Ehden Cedar Reserve to the
driest southernmost Shouf Cedar Reserve, we also found im-
portant variation in RII values among sites in interaction with
the presence of the forest canopy.

Consistent with our second prediction, we found stronger vari-
ation in positive than negative responses along the drought gra-
dient. Specifically, for group I, we found a unimodal variation
in positive association along the drought gradient, in particu-
lar in the gaps, with the most positive RIT at Ehden Low (sec-
ond wettest site), null RIIs in the most stressed conditions, that
is, at Shouf, and intermediate positive RIIs in the wettest site,
Ehden High. Therefore, positive responses peaked at intermedi-
ate positions along the drought gradient and waned in extreme
conditions of stress, consistent with Michalet et al. (2006) and
Holmgren and Scheffer (2010).

In contrast, negative responses of Cedrus remained relatively
stable across sites, only being slightly more intense in gaps
than in forests (Figure 5a). A higher sensitivity of facilitation
than competition along a drought gradient and the primary im-
portance of canopy effects as compared to the position of sites
along a drought gradient have also been observed by Muhamed
et al. (2013) and Saccone et al. (2009) in coastal oak forests and
mountain forests, respectively.

4.3 | Variation in Positive Responses Are Highly
Correlated to Variation in VPD

Douaihy et al. (2022) argued that the mechanism of facilitation
for Abies should be a mitigation of atmospheric stress (high VPD
and extreme temperatures) provided by the shade of the shrub,
consistent with a number of studies that highlighted that atmo-
spheric stress mitigation by the shade of neighbors is the primary
driver of facilitation in dry systems (Gémez-Aparicio et al. 2005;
Saccone et al. 2009; Muhamed et al. 2013; Guignabert et al. 2020;
Aguirre et al. 2021). Our microclimatic measurements suggest
that the driving mechanisms of the positive response of species
of group I to the shrub were very likely a mitigation of the atmo-
spheric stress. This result is consistent with the proposition of
Michalet et al. (2014) who suggested that the collapse of facilita-
tion is more likely to be observed along environmental gradients
when the direct driving mechanism is a non-resource factor such
as VPD, temperature, salinity, or disturbance.

The switch back to a competition pattern is more likely to be ob-
served when the driving mechanism is a resource factor such as
light, water, or nutrient availability. Species generally compete
when the availability of resources decreases (MacArthur and
Wilson 1967; Davis et al. 1998; Maestre et al. 2003), but cannot
compete for a non-resource factor. Therefore, it is likely that the
negative association of Juniper with Cedrus was due to compe-
tition for either water or light. Although we did not find an in-
creasingly negative RII for Cedrus along the drought gradient
and did not quantify soil moisture, water is likely more involved
than light in this negative association since RII decreased from
forests to gaps.
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4.4 | The Collapse of Facilitation May Explain
the Southernmost Limit of Abies in Northern
Lebanon

Michalet et al. (2021) showed that winter rainfall continental-
ity was the primary climatic driver of tree species distribution
in the western United States before temperature and summer
water balance. Winter rainfall continentality is a complex cli-
mate factor for plants that is mostly related to cloudiness, VPD,
and minimum temperature. One of the most oceanic species of
the Western United States, Sequoia sempervirens, is restricted
to northern coastal California, characterized by a high cloud-
iness, low VPD, and mild winter temperatures (Waring and
Franklin 1979). Simonin et al. (2009) have shown with an ex-
perimental manipulation of air humidity that the seedlings of
the species were able to support the summer drought of the
Californian Mediterranean climate because of the low VPD
values occurring below the forest canopy. In the case of Abies,
this is particularly true in Mediterranean climates, where the
low summer water balance limits VPD-sensitive species to the
most oceanic climates (Michalet et al. 2003, 2021; Quézel and
Médail 2003).

Our results showed that the species abundance index of the
group of Abies non-linearly decreased when VPD increased,
whereas Cedrus abundance showed the converse pattern.
Therefore, it is likely that the restricted occurrence of Abies in
the northernmost Cedar Reserve of Ehden could be explained by
the low VPD values occurring only there, due to the combined
effects of latitude, altitude, exposure, and topography (steep and
deep valleys exposed to the North West). Positive association of
Abies with the Juniper was correlated to decreased VPD, and
this effect was the strongest in the gaps of Ehden Low, where
stress was intermediate. At Ehden High, and in particular below
the forest canopy, positive associations decreased likely because
the benefit of shade for atmospheric stress was balanced by its
cost for photosynthesis. When drought stress was the highest,
in the gaps of the driest site, Shouf, positive associations sharply
declined likely because atmospheric stress was too high to be
mitigated by the Juniper, which likely stopped transpiring, as
shown by Saccone et al. (2009) for A. alba seedlings during the
2003 European heatwave. We conclude that Abies cilicica cer-
tainly thrives in the cool, moist valleys of northern Lebanese
forests of Ehden thanks to facilitation, and is absent southward
because of facilitation collapsing. However, manipulative ex-
periments should now be conducted on the same target species,
and in particular Abies and Cedrus, to provide straightforward
evidence of such interactions. It is worth also assessing indirect
interactions with herbivores, since the positive association of
Abies with Juniper might in part also be due to the protection
of seedlings by the spiny leaves of the Juniper (Rousset and
Lepart 2000).

5 | Conclusion

Relict Cedar forests of Lebanon include woody species of dif-
ferent functional strategies that have contrasting spatial asso-
ciations with the dominant shrub J. oxycedrus, likely indicative
of positive or negative interactions; however, manipulative ex-
periments are needed to conclude. We found a gradient in the

effect of Juniper on woody seedlings, from negative over Cedrus
to facilitative over Abies. Positive effects strongly varied along
our treatments, and in particular along the drought gradient and
with the presence of the forest canopy, whereas negative effects
only slightly increased from forests to gaps. Positive effects var-
ied with VPD, being the most positive at intermediate to high
VPD values and decreasing in the wettest and driest conditions.
The southernmost limit of Abies cilicica in the Near East is ob-
served at Horsh Ehden Nature Reserve, where positive effects
are the highest. This suggests that the absence of the species
further south might be due to a decline in facilitation, caused
by excessive dry conditions, like in the Tannourine and Shouf
Reserves. Cedrus libani appeared more tolerant to high VPD
but less to low light and water availability since it is likely ex-
cluded by Juniper, in particular in the gaps. However, we did
not find evidence that the southernmost limit of Cedrus found
in Lebanon can be due to plant-plant interactions, in particu-
lar competition. Our results bring important knowledge for the
management and restoration of the relict coniferous forests of
Lebanon, in particular in the context of climate change. Beyond
this, our study brings crucial insights on the role of plant-plant
interactions for large-scale tree species distribution.
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