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Abstract

The potential impacts of species colonization on the structure and functioning of ecosystems are poorly understood. We
propose a novel approach for understanding the consequences of habitat colonization, highlighting the influence of colonists
on the availability of limiting resources to resident species. We studied how colonization of dry oak woodlands by pines
(Pinus halepensis) is affecting water stress of resident oaks (Quercus calliprinos). We monitored predawn leaf water potential
(PLWP) of oaks monthly for 2 years. Using maximum likelihood and multi-model inference, we evaluated how the PLWP
of oaks was affected by pine colonists. The influence of colonizing pines on PLWP of resident oaks varied in time and space
from negative to positive depending on season, oak size, pine size, and proximity to pines presence. The water stress of oaks
increased along the dry season (— 1.5 to — 4.5 MPa), with small oaks becoming more severely stressed than large ones (up
to 60% difference). During the dry season, neighboring pine colonists increased the water stress of oaks (up to — 0.4 MPa
difference), but during the wet season, they reduced the water stress mainly for large oaks. Our findings indicate that pine
colonization differentially affects water limitation for resident oaks with implications for future development and regenera-
tion. The influence of pine colonists shifted from positive to negative along an increasing water stress gradient, contrary to
predictions by the stress gradient hypothesis. Our work demonstrates how colonization by non-resident species can influence
key ecosystem processes through the redistribution of limiting resources. Identifying these processes is fundamental for
understanding the consequences of colonization, mitigating these influences, and predicting future change in the structure
and function of ecosystems.

Keywords Human altered ecosystems - Maquis - Mediterranean - Multi-model inference - Pinus halepensis - Predawn -
Quercus calliprinos - Stress gradient hypothesis

Introduction

Colonization of plant communities by non-resident species
(i.e., species that were not part of the community; hereaf-
Communicated by Miren del Rio. ter ~“colonization’’) is expected to become more prevalent
with increasing human influences. Climate change, land-use
change, species introduction, and other human-driven pro-
cesses are leading to both the spread of plant species into
new habitats (Mooney and Hobbs 2000; Root et al. 2003;
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the forest understory, shrub encroachment in a prairie, tree
colonization in a grassland; Wiser et al. 1998; Asner et al.
2008; Eldridge et al. 2011) and as a consequence influence
various ecosystem processes (e.g., primary productivity and
nutrient cycling; Chapin et al. 1997; Hibbard et al. 2001).
These modifications can, in turn, change the local conditions
for resident species and lead to further modifications in the
structure and function of the ecosystem (Foster and Dickson
2004). The effects of colonization on the resident vegetation
largely depend upon the way by which the colonizer influ-
ences the availability of limiting resources (nutrients, light,
or water, Funk and Vitousek 2007). Thus, understanding
how colonization influences patterns of resource availability
in space and time is key for studying and predicting conse-
quences of colonization (Prevosto et al. 2006).

Colonizing plants can compete for resources with resi-
dents or indirectly increase the availability of limiting
resources to resident plants. According to the stress gradi-
ent hypothesis (sensu Bertness and Callaway 1994; Callaway
et al. 2002), plant—plant interactions will shift from com-
petitive in resource-rich (low stress) environments to facili-
tative in resource-limited (high stress) environments. For
example, in arid, semiarid, and Mediterranean ecosystems,
where water is a limiting resource, facilitation (plant A alle-
viates water stress for plant B) is more prevalent in drier sites
compared to competition (plants A and B mutually increase
water stress) (e.g., Pugnaire and Luque 2001, Malkinson and
Tielborger 2010). The latter is more prevalent in mesic sites.

East Mediterranean woodlands, representing the xeric
end of the Mediterranean Basin, are mostly composed of
sclerophyllous tree and shrub species, dominated by the
common oak, Quercus calliprinos Web. The vegetation in
these woodlands is adapted to high intra- and inter-annual
variation in water availability including severe droughts
(Grunzweig et al. 2008). Throughout the Mediterranean
Basin, many areas that were historically dominated by oak
woodlands are now covered by pine plantations (mostly P.
halepensis), established more than half a century ago as part
of vast afforestation projects following centuries of over-
exploitation of the local vegetation (Maestre et al. 2003).
The pioneer nature of P. halepensis, which made this spe-
cies a successful plantation tree in degraded dry habitats
(Ne’eman and Trabaud 2000), has also facilitated its spon-
taneous expansion into neighboring oak woodlands several
decades later (Osem et al. 2011; Sheffer et al. 2014a) and to
the creation of mixed pine—oak communities (Sheffer 2012).

Quercus calliprinos is a sclerophyllous evergreen tree
species common to the eastern Mediterranean Basin. This
species varies significantly in size and architecture rang-
ing from multiple-stem low shrubs to single-stem tall
trees (> 10 m) according to genetics, age, environmental
conditions, and browsing pressure. In dry woodlands Q.
calliprinos rarely exceed 6 m height, much shorter than
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mature P. halepensis trees growing under similar condi-
tions. Several drought resistance mechanisms, including
sclerophyllous leaves, a deep root system, and physiologi-
cal tolerance to low water potentials, allow the survival
of Q. calliprinos during hot, dry Mediterranean summers
(Schiller et al. 2003; Grunzweig et al. 2008; Klein et al.
2013b). Pinus halepensis grows mainly in the southwest-
ern Mediterranean, but it is also native to Israel. This
species was extensively used for afforestation in Israel
during the previous century (Osem et al. 2008). It is a
light-demanding and drought-resistant species known for
its isohydric water conserving strategy (stomatal control
of transpiration; Schiller 2000; Klein et al. 2011, 2013a).

The establishment of pine trees in oak woodlands forms
a new tall canopy stratum, overtopping the oak canopies
(Fig. 1a; Sheffer et al. 2014b). The formation of this new
canopy layer can affect various processes including light
penetration to lower canopy strata, water and nutrient
availability, microclimate, litter composition, rates of lit-
ter decomposition, as well as above- and belowground
plant—plant interactions (e.g., Conn and Dighton 2000;
Gonzalez-Moreno et al. 2011; Van Wilgen et al. 2008;
Sheffer et al. 2015). Considering all these, the net effect
of pine colonization on the performance of resident oaks
can be either negative (e.g., competition) or positive (e.g.,
facilitation), with the nature of this pine—oak interaction
varying in space and time depending on local abiotic con-
ditions (e.g., the stress gradient hypothesis; Bertness and
Callaway 1994), species characteristics (e.g., stress resist-
ance and strategy of resource utilization; Maestre et al.
2009), and vegetation structure (e.g., height, density, and
spatial configuration of interacting species; Bullock 2009;
Rodriguez-Garcia et al. 2011).

The effect of pine colonization on water availability to
resident vegetation is particularly complex as it involves a
series of processes including rain interception by the tall
pine canopy, reduced evaporation by pine shading (Raz
Yaseef et al. 2012), and vegetative uptake from both shal-
low and deep soil layers (Raz Yaseef et al. 2012, Sarris
et al. 2013). Indeed, previous studies looking at the effects
of overstory pine cover on understory water regime in
water-limited P. halepensis forests are inconsistent, vary-
ing among climatic regions, seasons, forest structures, and
soil characteristics (Maestre et al. 2003; Bellot et al. 2004;
Prevosto et al. 2011). As water is the most fundamental
resource in these ecosystems, it implies that the conse-
quences of pine colonization may be determined primarily
by pine-induced changes in the availability and the distri-
bution of water. The ongoing process of pine colonization
in dry oak woodlands allowed us to evaluate the influence
of pine colonists on water stress of resident oaks across
a range of pine sizes, oak sizes, and pine—oak distances.
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Quercus
calliprinos

Fig.1 Vegetation and landscape structure of our study site. a Tall
P. halepensis colonist growing in-between smaller shrubs and trees,
dominated by Q. calliprinos; b location of our site (starred) in the
map of Israel; ¢ map of the region of our oak woodland study, indi-

To better understand the potential ecological implications
of colonization by pines, we examined the effect of coloniz-
ing pine trees on the water stress of resident oaks. Specifi-
cally, we asked (1) how neighboring pine colonists affect
the water stress of resident oaks and how this effect varies
as a function of (2) time (i.e., seasonal and inter-annual vari-
ation); (3) the size of the resident oak; (4) the size of the
colonizing pine; and (5) the spatial proximity between the
oak and the pine. Our hypothesis was that drought-adapted
P. halepensis colonists (Schiller 2000) would compete
with the resident vegetation for the limiting water resource
and increase the water stress for local oaks. However, we
expected that the competitive effect incurred by pines would
change to a facilitative effect with increasing water limita-
tion, as proposed by the stress gradient hypothesis (sensu
Callaway et al. 2002). The proposed shift in the effect of pine
colonists on the water status of resident oaks during spring
vs. summer should be strengthened by the isohydric water
use strategy of pines which close their stomata and diminish
their water consumption during the summer period (Klein
et al. 2011, Helman et al. 2017). We took an observational
approach in which we monitored the variation in water stress
of resident oaks for 2 years, and analyzed this variation with
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cating the distribution of planted P. halepensis stands in the land-
scape as potential seed sources for colonization by pines. The region
of our study site is indicated by the black rectangle

respect to neighboring pine colonists. Using maximum
likelihood analyses and comparison of different models to
explain these effects allowed us to reduce the dimensionality
of this complex interaction and evaluate it in the context of
the natural heterogeneity of our field site.

Methods
Study system

The study was conducted in the area of Britannia Park
(34°55"49" E 31° 40’ 54" N), in the Judean lowland region,
Israel (Fig. 1b). The climate is typical East Mediterranean
with long, hot, and rainless summers and mild, rainy winters.
Mean annual precipitation is 480 mm, mainly concentrated
between December and March. The local soil is a mix of
brown forest Rendzina with bright Rendzina (Haploxeroll or
Xerothent, USDA) formed on rolling hills of early Eocene
chalk sediments, covered by a petrocalcic horizon (or cal-
crete, locally termed Nari; Dan et al. 2007). The study site
is a highly diverse Mediterranean woodland with Q. cal-
liprinos as the dominant species accompanied by a variety of
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other trees (e.g., Pistacia palestina, and Ceratonia siliqua),
shrubs (e.g., Pistacia lentiscus and Calicotome villosa), and
dwarf shrubs (e.g., Sarcopoterium spinosum), intermingled
with patches of ephemeral herbaceous vegetation. Total
woody vegetation cover at the study site ranges between 40
and 60% with Q. calliprinos trees constituting about 60-80%
of that cover. The site is at the driest edge of the distribution
of Q. calliprinos (Feinbrun-Dothan and Danin 1991), where
water limitation is acute (Klein et al. 2013a).

Experimental setup

For the study, we designated a typical natural woodland area
of about 100 ha. The woodland is dominated by Quercus
calliprinos trees with the density of these trees ranging
from 400 to 800 tree ha™! (5-3.5 m distance between stems,
respectively), their heights from few centimeters up to six
meters, and their number of stems from one to six. Oak den-
sities and heights are randomly distributed in space. The
studied woodland is subjected to an ongoing colonization
by P. halepensis trees (Sheffer et al. 2014a). Pine coloniza-
tion is assumed to be the result of a continuous seed flow
originating from seed sources in adjacent pine plantations
(Fig. 1b). Pinus halepensis colonists (9-40 years of age)
are sparsely distributed (~25 trees ha™!), with heights rang-
ing 1-20 m. We selected 48 oak trees that stratified the
range of examined factors including the size of oak—1.1 to
5.5 m height (average=2.89 SE=0.17 m) and 0.50-6.2 m
crown diameter, the size of neighboring pine tree—6.1 to
14.7 m height (average =9.20 SE=0.34) and 10-38 cm stem
diameter at breast height (average=20 SE=1.1 cm), and
pine—oak distance—0.5 to 8 m (average =4.64 SE=0.28 m).
Selected oaks were at least 10 m apart from each other and
had only one pine colonist in their immediate neighborhood
(8 m radius). Vegetation around the oaks is typically domi-
nated by shrubs (30-50% cover) and open patches which
are covered by ephemeral vegetation during mid-winter to
early spring (February—April). Vegetation below the oaks
canopy is very limited due to their closed evergreen canopy
and thick litter layer.

Water potential measurements

We used predawn water potential of oak shoots as a proxy of
water stress of oak trees and applied a series of measuring
events of predawn water potential to monitor changes in the
oak water stress. Leaf water potential is evaluated by meas-
uring the amount of pressure applied on the leaf blade (often
measured on twigs or shoots) required to force out water
through the petiole. When measured before dawn (predawn),
it is a well-accepted robust measure of water availability
at the root—soil interface for plants in situ (Turner 1988;
Reich and Hinckley 1989; Saha et al. 2008). We focused on
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measuring water potential only because in the conditions
of these dry Mediterranean woodlands soil moisture varies
considerably in space, depth, and time, and the terrain is
highly rocky and stony, making it virtually impossible to
measure soil moisture at relevant depths representing the
trees’ root zones which typically reach soil and rock crev-
ices few meters deep. However, predawn water potential was
shown to be well correlated with relative extractable water
in dry forest soils (Breda et al. 1995). Furthermore, in previ-
ous studies conducted in similar East Mediterranean envi-
ronments we found predawn water potential to be closely
correlated with both daily mean stomatal conductance and
photosynthetic activity and therefore highly representative
of tree water status in Q. calliprinos (Vdéninen et al. 2020)
as well as in another East Mediterranean oak species—Q.
ithaburesis (Cooper et al. 2014).

We conducted monthly campaigns during two full hydro-
logical years (2010/11-2011/12) to measure predawn water
potential of 48 Q. calliprinos individuals. At each sampling
campaign, we collected from each oak tree three shoots car-
rying healthy-looking fully developed leaves located at~ 1 m
height aboveground. Sample collection began two hours
prior to dawn and ended just before dawn. Collected shoots
were sealed in plastic bags and kept in a dark cooler. We
measured the predawn water potential of each shoot using
a gas chamber (PMS Instrument Company, Oregon USA),
immediately after sample collection.

Data analysis

We used maximum likelihood estimation (Burnham and
Anderson 2002) to analyze how the predawn water poten-
tial of the oak is affected by: (1) oak height; (2) size of the
nearest neighbor pine colonist; and (3) distance to the near-
est neighboring pine. Pine stem basal area and height were
both tested and compared (repeating all model types once
with pine height and once with basal area but not with both,
Appendix A) to test two alternative hypotheses. The first
hypothesis is that large pines compete with resident oaks
for water belowground. The alternative hypothesis is that
pines are not only competing with local oak trees for water,
but tall pines can also shade local oaks and by that either
increase competition for light, or reduce evaporative pres-
sure in the dry hot summer. Stem basal area is a good meas-
ure of the potential water uptake by the pine (Lopez-Serrano
et al. 2000), while height represents the shading effect of the
pine and less closely its water demand. Although both meas-
ures are usually correlated (Appendix B), the nature of this
height—diameter allometry varies as a function of vegetation
structure and habitat conditions (Lines et al. 2012).

The analysis was conducted for each measurement date
separately, to include only independent samples and to
understand the temporal variability of the pine—oak effects
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by comparing the results (model fit and maximum likelihood
estimates of the parameters) across measurement dates. We
used a basic additive model of the form:

Pl =P +aHy + fSp; + ¥'D; 1)

where the predawn water potential of the ith oak (i=1...48)
at the jth measurement date (j=1...13), P,/, is a function of
the basal predawn water potential of oaks at the jth date P,
7 (estimated intercept) and the additive effects of the inde-
pendent variables: height of the focal oak H, size (height
or basal area) of the neighboring pine Sp, and oak—pine dis-
tance D, respectively, for the ith oak; o/, f#/, and ¥ are esti-
mated linear slope parameters that quantify the magnitude
of the effects of each of the independent variables at the jth
measurement date. We compared several types of functional
relationships for model effects, to evaluate different ecologi-
cal hypotheses (Appendix A), including (1) linear models, in
which each effect is independent of the others; for example,
the influence of pine is constant regardless of the size of the
oak or its proximity (null model); (2) multiplicative models,
in which the effects of different independent variables are
multiplied by one another (instead of summed), and there-
fore test for the product of interactions among these effects;
(3) neighborhood models, in which the effect of the nearest
neighboring pine is divided by the distance to this pine (Can-
ham and Uriarte 2006), which tests for a spatial sensitivity
in the effect of the pine; and (4) neighborhood threshold
models, in which the effect of the neighboring pine is dif-
ferent for small vs. large oak trees, and the height threshold
is another parameter in the model for which we look for the
maximum likelihood value. The “threshold model” there-
fore allowed us to test for a possible shift from facilitation
to competition as a function of oak size. For example, for
a linear threshold model there will be two  parameters: fg
for small oaks with Hy,< Hg_ypesnoa @0d Sy, for large oaks
with Hy; > H . presnotas Where H presnola 18 @nother estimated
parameter. To understand the relative importance of each of
the independent variables, we tested models with different
grouping of the effects and different partial combinations of
them. The complete set of models is detailed in Appendix A.

Parameter estimation and model evaluation

We used the mean predawn water potential of each oak
tree, calculated as the mean of the water potential measure-
ments of three shoots. We solved for the maximum likeli-
hood parameter values for each model in our set of models
and for each measurement date separately, using a search
algorithm based on the “simulated annealing” method in
the “likelihood 1.3” package in R (Murphy 2012). For each
scientific model, we assume an additional error model for
which we included the residuals (¢) in the model as normally

distributed. We used asymptotic two-unit support intervals
to assess the strength of evidence for individual maximum
likelihood parameter estimates (Edwards 1992). All analyses
were done using the R programming environment version
2.8.0 (R Development Core Team 2008).

Model comparison and multi-model inference

We compared alternative models on the basis of Akaike
information criterion corrected for a small sample size
(AICc). However, we chose the multi-model inference
approach to encompass the multidimensional complexity
in our data because we found that: (a) the most parsimoni-
ous model differed between measurement dates, and (b) in
many measurement dates there was no single best model,
that is, several models had similar AICc values (AAICc<2).
Therefore, we inferred the pine—oak effects from the full
set of models analyzed for each measurement date based
on Akaike weights w; as indicators of the probability that
each model is the best among the whole set of our tested
models (Burnham and Anderson 2002) and as a measure
of the relative strength of evidence for competing hypoth-
eses. We then used the sum of Akaike weights Zw, of all
the models that included a specific effect (e.g., the effect of
oak height), representing the combined percentage weight
for those models, as a measure of the strength of evidence
for the significance of that effect. We calculated the size of
each effect using the model-averaged parameter estimates
(appendix C) as a measure of the direction and magnitude
of each of these effects, which reduce the bias in parameter
estimates compared to using only the estimates from the best
model (Burnham and Anderson 2002).

Results
Temporal pattern

Water stress of Q. calliprinos in the studied dry woodland
increased from early spring (April) toward the end of the
summer (September), as indicated by increasingly negative
values of the predawn water potential, and recovered during
the wet winter (November—March, Fig. 2). Furthermore, our
results show that the predawn water potential of the oaks
tracked the potential changes in soil water availability fol-
lowing precipitation events during the 2 years of our experi-
ment. That is, the amounts and timing of precipitation events
corresponded to the values of oak predawn water potentials
(Fig. 2). Low precipitation in the first winter (2010/11, 65%
of the annual average) resulted in extremely negative water
potentials at the end of the following summer (October
2011, <5 MPa average; i.e., severe water stress). In com-
parison, higher precipitation in the second winter (2011/12
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Fig.2 Inter-annual and seasonal patterns of predawn water potential
of resident oaks. Monthly precipitation in the 2 years of our experi-
ment (gray bars, right-side axis) and the predawn water potential of
oaks as estimated by: the multi-model-averaged estimated basal water
potential (intercept parameter P;) (black triangles); the estimated
basal water potential intercept in the best model, with two upper and
lower support intervals (black dot with error bars); and the mean of
all water potential measurements (n=127-288) at each measurement
date (gray open circles)

110% of the average) resulted in a milder decrease in the
water potential along the following summer (September
2012, >—-4 MPa average, Fig. 2).

Water stress and oak size

Our findings show that the predawn water potential of
oaks, at a given time of the year, was positively related
to oak size, that is, small trees experienced significantly
more severe water stress (more negative water potential)
compared to large ones (Fig. 3a, b). The effect size of oak
height (i.e., average maximum likelihood estimate for the
slope of the effect of oak height): (1) was a positive number,
which means that the predawn water potential will be less
negative (reduced water stress) the taller the oak is and (2)
increased with increasing water stress (Fig. 3¢, appendix C),
which means that the difference in predawn water poten-
tial between short and tall oaks increases with increasing
drought conditions. The same positive effect of oak height
was also captured in the inverse multiplicative models we
tested (models 15-18 in Appendix A), where the predicted
predawn water potential (a negative number) was divided

Oak height (m)
0 1 2 3
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6 - ° O June % | olune olJuly
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Fig.3 Oak predawn water potential as a function of oak height
and influence of the size of neighboring pine. Measurements of the
predawn water potential as a function of oak height along 2 years:
2011 (a) and 2012 (b), some of the months were excluded from the
figure to allow a clearer view. Effect sizes, calculated as multi-model-
averaged slope parameters, for ¢ the effect of the height of the oak
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[MPa m™'], d the basal area [MPa m~2], and e the height of a neigh-
boring pine [MPa m~!] on the predawn water potential of oaks, as a
function of the multi-model-averaged basal predawn water potential,
at each sampling date. The rainy season is marked by gray-shaded
area, and white area marks the rainless dry season
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by the height of the oak, and thus became less negative with
increasing oak height.

Effect of pine colonists

Our multi-model inference indicates that the effect of pine
colonists on the predawn water potential of resident oaks
was important throughout the 2 years of our study, espe-
cially in the transition between the rainy and rainless seasons
(Table 1). The effect of pine colonists depended either on
their height or on their basal area. Although the influence
of pine height or basal area had a very similar level of sup-
port in parts of the year, the pine effect tended to clearly be
driven by either pine height or pine basal area but not both
during the transition from the rainy to the rainless season,
when the effect of pine was especially high.

The magnitude and direction of pine colonists’ effect on
the water potential of oaks varied substantially along the sea-
sonal water stress gradient (Fig. 3d, e). When the predawn
water potential of the oaks was low (< -2 MPa; dry season),
the effect size of neighboring pine colonists was negative
(Fig. 3d, e), meaning: (1) that neighboring pines reduced
the predawn water potential (i.e., increased the water stress)

of resident oaks and (2) that this negative effect increased
with increasing size of the pine. The negative effect of pine
colonists became more pronounced with increasing drought.
However, when the predawn water potentials of oaks were
high (i.e., close to zero; wet season), the effect size of neigh-
boring pine colonists (estimated slope) was close to zero.
Furthermore, at the wettest time of the year the effect size
of a neighboring pine was positive, indicating that pine colo-
nists reduced, significantly, the water stress experienced by
resident oaks. Interestingly, significant negative effects were
usually more related to pine basal area, and significant posi-
tive effects were more related to pine height.

We made a further attempt to evaluate under what condi-
tions pine colonists reduce rather than increase the water
stress experienced by resident oaks. Based on the strong
support for models with an interaction between the effects of
oak and pine heights (Zw;> 0.6 for multiplicative neighbor-
hood models during the spring, Table 1), we tested thresh-
old interaction models in which the effects of pine colonists
were allowed to change depending on the size of resident
oaks.

Indeed, we found that the effect of pine colonists on oak
water potential shifted from neutral or negative to positive

Table 1 Summary of support (summed Akaike weights ) for each of the modeled effects at each measurement date

Date Basal predawn

Sum of Akaike weights Zw; for all models that include

R? of best model

water potential

Pine BA (44%)  Pine Pine all Oakepine inter- Neighbor index Distance all
height effects action (50%) effect (38%) effects (69%)
(44%) (88%)
2011
May —2412 0.363 0.430 0.793 0.355 0.355 0.514 0.21
Jun —3.600 0.426 0.332 0.759 0.017 0.341 0.436 0.35
Jul —-4.210 0.560 0.281 0.842 0.002 0.442 0.537 0.40
Oct —5.154 0.539 0.250 0.789 0.020 0.291 0.463 0.30
Dec  —2.044 0.448 0.293 0.741 0.049 0.423 0.495 0.26
2012
Feb - 1.799 0.127 0.848 0.976 0.363 0.081 0.373 0.32
Mar - 0.586 0.646 0.261 0.907 0.098 0.119 0.551 0.22
May -0.924 0.345 0.510 0.855 0.675 0.453 0.611 0.21
Jun —1.462 0.310 0.578 0.887 0.644 0.553 0.646 0.21
Jul —1.634 0.313 0.406 0.719 0.473 0.327 0.526 0.07
Aug  —2398 0.301 0.354 0.655 0.366 0.249 0.359 0.15
Sep —-3.332 0.454 0.253 0.707 0.009 0.187 0.335 0.34
Oct —3.644 0.435 0.313 0.748 0.031 0.182 0.315 0.25

For each measurement date, the basal predawn water potential indicates the model-average baseline water status of the oaks at that date, without
the additional effect of other independent variables. The summed Akaike weights of all models that include each of the independent variables or
a combination of them evaluate the strength of evidence for the importance of such effects (ranging 0-1). Numbers in parenthesis in header row
indicate the percentage of models from the set of tested models that contained that tested effect. Values in bold letters and in bold italics indicate
high and very high support, respectively. For each date, the R value of the best model is indicated as a measure of model fit

The effects here refer to models in Appendix A as follows: oak height only—model 1; pine BA—models 3, 5, 7, 10, 12, 14, 16; pine height—
models 2, 4, 6, 9, 11, 13, 15; pine all effects—all models except 1, 8, 17, 18; oakepine interaction—models 6, 7, 9, 10, 13—16; neighbor index
effect—models 11-16; and distance all effects—models 4, 5, 8-16
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depending on the size of the affected oak and pine height
(Fig. 3d, e). It should be noted, however, that strong support
for such models was found only in spring, at the time of tran-
sition from the rainy to the rainless season (May 2011 and
May—June 2012). Our models indicate that large oaks (e.g.,
larger than H peqnoig=1.65 and 2.2 m in May and June
2012, respectively; Appendix D) experienced a decrease in
water stress (positive effect by pine colonists) while small
oaks were not affected by pines (slope ~0, May 2011 and
2012) or experienced increased stress (negative pine effect,
June 2012) (Appendix E). The size of the positive effect
(slope parameter) imposed by pine colonists on large oaks
was more than twofold larger in magnitude than their nega-
tive effect on small oaks (Appendices D,E).

Effect of pine-oak proximity

We found that the effects of pine colonists were also strongly
influenced by their proximity to focal oak trees. Most of the
support for this spatial effect was found in the neighbor-
hood models, in which the effect of the size of the pine was
divided by the distance to the pine (Canham and Uriarte
2006; Table 1, Appendices A, D), therefore indicating that
the influence of pine decreased with increasing distance
from the focal oak.

Discussion
Temporal-seasonal pattern

The predawn water potentials (PLWP) of resident oak trees
declined gradually along the dry season indicating increas-
ing drought stress which became severe (PDWP=— 4 to
— 5 MPa) during late summer (Viidninen et al. 2020). The
water stress decreased with increasing oak size, and the
difference in the extent of water stress between small and
large oaks became more pronounced as drought conditions
became more severe. This observed size-related variation in
the water stress level of oaks likely indicates variation in the
size of their root systems, whereby larger oaks have deeper
root systems allowing them to exploit deep water resources
that are unavailable to small oaks. The assumption that large
oaks have a deeper root system than small ones is supported
by previous work showing high correlation between canopy
and root size in various forest systems (see, for example,
Tatarinov et al. 2008; Christina et al. 2011; Stahl et al. 2013)
and on evidence relating variation in predawn leaf water
potential of neighboring individuals to their rooting depths
(Otieno et al. 2006; Stahl et al. 2013). Our results suggest
that forest vulnerability to future increase in drought condi-
tions may depend on the size—structure of the community
and that small individuals are likely to be more severely
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affected than large ones. However, our models explained
only ~30% of the variability in the predawn water poten-
tial of these oak trees. Other parts of the variation could be
related to additional process such as regulation within the
tree (e.g., stomatal conductance) or belowground distribu-
tion of the water and of the roots of the oak trees and all their
neighboring shrubs and trees (Breda et al. 1995).

Pine colonists-resident oaks interaction

Our results revealed a complex interaction in which the
effect of pine colonists on the water status of resident oaks
depended on the size of both pine colonists and resident
oaks, their proximity, and the season.

The influence of pine colonists on the water stress of resi-
dent oaks was spatially limited (up to 5 m from the pine, see
appendix E). This coincides with an overlap in the rooting
zones, assuming that the lateral size of the rooting zone of
these trees is similar to that of their canopy (a conservative
estimate; rooting zones tend to be larger than canopies in
resource-limited environments; Schenk and Jackson 2002).
Within this spatial range, the pattern of pine—oak interac-
tion varied between seasons and oak sizes. In the spring,
pines had a negative influence on the water status of small
oaks but a positive influence on large oaks. We propose that
this differential influence reflects a delicate balance between
belowground and aboveground pine—oak interactions.

Belowground, pine colonists compete for water with the
resident oaks. This competitive effect (manifested mainly
through pine stem basal area, Sun et al. 2019) is likely to
increase with increasing overlap between the root zones of
the two species (i.e., closer proximity and/or denser coloni-
zation). We hypothesize that the observed stronger competi-
tive effect of pines on small compared to large oaks is the
outcome of greater overlap in the root zones of pines and
small oaks, as both are assumed to have shallower root sys-
tems than large oaks. This assumption is based on evidence
demonstrating the capacity of P. halepensis to develop an
extensive lateral root system in dry shallow soil rocky ter-
rains (Ganatsas and Spanos 2005) and of Q. calliprinos to
penetrate rock cracks and develop a deep root system (Schil-
ler et al. 2010). Furthermore, this is in agreement with del-
Castillo et al. (2016) who proposed, based on stable isotope
composition, that in a mixed oak (Quercus ilex)-pine (Pinus
halepensis) Mediterranean forest, the use of shallow water in
oaks was limited by pines, which forced them to shift to deep
soil water use, whereas pines had more restricted access to
deep water in the presence of oaks. On the other hand, Voltas
et al. (2015) have shown in a typical Mediterranean pine
forest of eastern Spain that P. halepensis shifts into deeper
water pools during the summer.

Aboveground, pine colonists usually are taller than the
tallest oaks (Sheffer et al. 2014b) and therefore intercept
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sunlight, affecting the exposure of resident oaks to direct
beam radiation (shading effect). It has been previously
shown in drylands that shading, to a certain extent, can ame-
liorate the water stress of understory vegetation and facili-
tate its growth (Gomes-Aparicio et al. 2009; Semchenko
et al. 2012). When sparsely distributed, pine colonists may
exert a moderate shading effect, manifested mainly through
the effect of pine height, thereby reducing the evaporative
demand for the oaks without causing substantial light limita-
tion for their photosynthetic activity (Holmgren et al. 2012).
Our findings regarding a positive effect of pine colonists on
the water status of large oaks, but not of small oaks, might
be related to vertical variation in shading experienced by
large vs. small oaks. The influence of shading from pines
is proportionally smaller for small oaks, which are already
shaded by large oaks growing around them, than for the
mostly unshaded large oaks, which can be shaded only by
tall pine colonists. The proposed positive influence of pine
colonists on resident oaks, through shading, may be regarded
as a facilitative effect. Nevertheless, it may be the result of
other processes that should not be considered as facilitation
per se, such as reduced competition by understory shrubs
and herbs, growing around the oaks, due to the shading of
pines.

We found two conditions under which pine colonists had
a positive influence on the water status of resident oaks: in
early spring (beginning of the rainless season; March—-May),
on all oaks, and in late spring (May—June), on large oaks
only. In both cases, water stress was moderate. However, fur-
ther along the rainless season, as conditions became increas-
ingly drier, the influence of pines on the oak water status
shifted and became increasingly negative, with both small
and large oaks experiencing increasingly stronger negative
effects by the neighboring pine colonists. We propose that
the interaction between large oaks and large colonizing pines
shifted from facilitation to competition along the seasonal
water stress gradient (Holmgren and Scheffer 2010). This
finding is at odds with the stress gradient hypothesis, which
suggested that the net balance between competition and
facilitation shifts toward higher importance of facilitation
with increasing stress (Callaway et al. 2002, Malkinson and
Tielborger 2010), with the caveat that the stress gradient
hypothesis has been proposed mostly in the context of a
spatial stress gradients and not a temporal one. Whereas the
stress gradient hypothesis predicts a positive linear relation-
ship between abiotic stress level and the relative importance
of facilitation, Maestre and Cortina (2004) as well as Micha-
let (2006) proposed that under certain circumstances nonlin-
ear relationships, such as unimodal, might be expected and
that the functional form of this relationship might not only
depend on the stress level, but rather on multiple additional
factors including the life history of the interacting species
(Maestre et al. 2009).

Furthermore, the pattern we found contradicts our expec-
tations that the relatively isohydric water use strategy of P.
halepensis (e.g., relative to Quercus calliprinos, Klein et al.
2013b) will result in stronger belowground competition dur-
ing the spring season, when P. halepensis is at peak activity
and not in the summer when it avoids water uptake almost
completely (Klein et al. 2011; 2013a, b; Helman et al. 2017).

The positive influence of pine colonists during the early
rainless season can be highly important for the develop-
ment of the resident oaks, as this is the most active season
for Mediterranean woody vegetation (Klein et al. 2013b;
Viindnen et al. 2020). Nevertheless, the negative influence
of pines during the summer also can be meaningful, as this
is the most stressful season in terms of water limitation.
Altogether, our results show that pine colonization in the
oak woodland influences the availability of resources to the
resident vegetation and alludes to a possible shift in the dis-
tribution of water among plants in the woodland (e.g., large
vs. small oaks). This may incur substantial consequences for
the future structure of the colonized woodland.

Consequences of colonization

Based on our findings, we predict that the influence of pine
colonization on the water status of resident oaks will become
more pronounced as a result of further growth of established
pine colonists, further colonization, and increasing den-
sity of pine colonists (i.e., decreasing the average distance
between oaks and pines). This is in agreement with Moreno-
Gutierrez et al. (2015) who demonstrated, by conducting a
retrospective analysis of growth rings and stable C isotopes,
how P. halepensis afforestation reduced water and nutrient
availability for resident understory vegetation in a semiarid
Mediterranean ecosystem.

The variation in pine—oak interactions for small vs. large
oaks probably reflects a more complex influence of pine
colonization, which changes the distribution of above- and
belowground resources among the woodland components.
According to our findings, pine colonization can severely
increase the local water stress for small resident oaks while
at the same time having a relatively minor negative influ-
ence or even a positive influence (reducing the water stress)
for large oaks. While consequences on oak stand dynamics
were not addressed explicitly in this study, we propose that
the size-dependent differential effect of colonizing pines on
the water status of resident oaks may result in decreased oak
recruitment, reduced growth of small oaks, and consequently
increased allocation of woodland resources toward the exist-
ing large oaks (and the colonizing pines). Overall, such
processes can lead to the development of a taller pine—oak
forest. This idea agrees with Pretzsch and Schutze (2014),
who demonstrated how conversion from pure to mixed tree
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species composition with different resource requirements
affects the size—structure dynamics of forest stands.

The differential effect of pine colonists on the water stress
of small vs. large oaks may suggest that large oak trees and
colonizing pine trees are somewhat complementary in their
water capture (taking water from different soil layers). Thus,
a mixed pine—oak forest growing under the same rainfall
regime may support more biomass compared to pure oak
or pine dominated woodlands, which possibly results in an
improved water use efficiency for this dry climate. Such effi-
ciency in capturing the most critical resource can explain the
recent emergence of oak—pine ecosystems across the Medi-
terranean biome (Sheffer 2012). Increasing biomass densi-
ties in these ecosystems could increase long-term carbon
sequestration in semiarid regions (Knapp et al. 2008; Poulter
et al. 2014), but also increase the risk of wildfire (Wittenberg
and Malkinson 2009).

Our results should be understood in the context of the
extreme water limitation in a xeric Mediterranean site. The
influence of pine colonization can vary along increasing
water availability levels, as the severity of the drought stress
gradually decreases, while the importance of competition
for light increases.

Our work demonstrates the complexity of the interactions
between a local plant community, non-resident colonizing
species, and limiting resources. New colonists can affect not
only the total availability of resources but also their distribu-
tion among resident vegetation components. The redistribu-
tion of resources can further influence vegetation dynamics
and lead to altered patterns of vegetation structure, resource
use, and ecosystem functioning. These findings highlight the
importance of looking at vegetation processes (e.g., succes-
sion, colonization, and invasion) through interactions over
limiting resources. Such an approach can provide meaning-
ful insights and improve the predictive capacity regarding
vegetation dynamics under changing environmental condi-
tions and increasing human impacts.
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