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A B S T R A C T

Forestry at the dry edge of forest existence has been a long-lasting interest to arid land residents. Current land-
use and climate changes have broaden this interest to the global society, seeking for improved tree and forest
drought resistance across biomes. Within this transition, Israel is a hub for scientific research and testing ground
alike. Israel is a small country, spanning over arid, semi-arid, and thermo-Mediterranean environments, with
relatively little forest. Nevertheless afforestation efforts have been unprecedented (by percent change in land
cover), and many of these forests serve today as a ‘living lab’ for forest and tree drought resistance research.
Considering the ongoing warming and drying, tree physiologists, forest ecologists, and forest managers in Israel
are running a race to the unknown. To ensure local forest sustainability for future generations, the gap between
the increased drought risk on the one hand, and the rather stationary forest drought resistance on the other hand,
must be closed. The aim of this review is to highlight the findings and achievements, as well as challenges, of this
contemporary research. Examples from Israel are given at the Middle East, and the wider, global arid land,
contexts. In particular, important progress has been made in the following aspects: (1) the physiology of tree
drought resistance, including water-use traits and phenology; (2) the genetic approach, advancing from pro-
venance trials, to the application of molecular tools in the identification of tree drought resistance mechanisms;
(3) the canopy flux measurement approach, e.g. monitoring the exchange of carbon, water, and energy in water-
limited forests; (4) the application of remote sensing tools, such as satellite-based vegetation indices; and (5) the
application of adaptive management practices in increasing forest resilience under drought. Taken together,
these advances represent a way forward, while indicating important gaps, and open questions to future research.
Lessons learnt in forests in Israel should be useful and transferable to other forest ecosystems in the Middle East,
the Mediterranean, and additional water-limited regions.

1. Introduction

Trees are among the most remarkable organisms on planet Earth.
Recently, it has been shown that two Acacia species of the Middle East
actively grow at temperatures as high as 45 °C and relative humidity as
low as 6% (Winters et al., 2018). These were single trees growing in
desert ephemeral riverbeds. In the slightly wetter conditions of the
semi-arid zone, tree communities can already form viable forests. And if
forests can sustain in semi-arid sites, then the process of desertification
might be attenuated. This was the logic behind the Three Norths
Shelterbelt Program in China's northern, semi-arid, frontier; perhaps
the world's largest afforestation project in history. In the aftermath of
this four-decades-long, million-hectare-wide, program, dust storm oc-
currence and the rate of desertification were decreased, albeit not at the
ratio originally expected (Wang et al., 2010). At the same time, a much
smaller afforestation program took place in the Middle East, in the

small country of Israel.
As of the end of 2018, Israel's forests are largely in good condition:

most plots seem healthy; forest canopies exchange carbon and water
with the atmosphere at expected rates; understory plants increase in
biomass and diversity; tree roots grow deeper into the soil; and animals
continue to thrive under the shade of the trees. This good condition has
been achieved in part by the hard work of the country's forest service,
KKL-JNF, and that of the national parks authority; but mostly thanks to
the ability of forest trees, of a variety of species, to survive and grow in
the dynamic conditions.

In the 17 years that passed since the turn of the millennium, Israel's
population increased by 37%, numerous new roads and railways have
been built, and urbanization and industry intensified. At the same time,
atmospheric changes intensified both locally and globally. Atmospheric
CO2 concentration increased from 377 ppm in 2000 to 403 ppm in
2017, and summers are becoming hotter while winters are becoming
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milder (IMS report). In the Mediterranean region, including Israel at its
southeast corner, precipitation continued to decrease and evaporation
continued to increase. Meteorological records for the Middle East show
an ongoing warming, predicted to reach a level of +4 °C by late 21st
century (Evans, 2009; Lelieveld et al., 2012). Drying is expected at the
north of the region (Turkey, Syria, and Lebanon), and in spite of a mild
increase in precipitation predicted for south of the region (e.g. the Arab
peninsula), the wet season is becoming shorter (Evans, 2009; Lelieveld
et al., 2012). The drought year of 2000 followed the 1999 drought
(Fig. 1), and brought upon signs of water stress and even mortality
episodes in some forests. The above-average precipitation years of
2002–2004 relieved this long-term stress, but only for a short time: The
next years up until 2010 (2013 in the south of Israel) had all below-
average precipitation. In fact, only the period of 1958–1963 was drier
in the historical meteorological recorded. The second decade of the 21st
century had so far some above-average years in the south (2013–2016),
but a continued drought in the north, ongoing since 2014 (Fig. 1).

Drought is more than a decrease in annual precipitation. Temporal
distribution is key, and moreover in the highly seasonal East
Mediterranean, where a 4–6 months long dry season means zero rain
for this extended length of time (Raz-Yaseef et al., 2010b). The Mt.
Carmel forest fire in 2010, which is the largest forest loss in the history
of the state of Israel (~1000 ha), serves as an example. The fire erupted,
and distributed at unprecedented rate, on the background of one of the
driest autumn periods ever recorded. Essentially, this meant a ~10
months long dry period. By the time the fire erupted, the forest was so
water-depleted, that tree biomass rapidly turned into fuelwood. Pest
outbreaks, e.g. that of the Israeli pine bast scale (Matsucoccus josephi),
can also be regarded as secondary effects of drought, which in turn
reduces tree pest resistance mechanisms (Mendel et al., 1997). The
Matsucoccus epidemic which severely affected>1400 ha of Medi-
terranean forest, mostly Pinus halepensis, peaked in 1990–1991, fol-
lowing the drought years of 1989–1991, and those of 1984–1987 earlier
in the record.

Taken together, climatic trends since 2000 virtually realize the
disturbing predictions given earlier for the region (Cohen et al., 2002),
with less rainfall, longer dry periods, and more extreme heatwaves.
Drought-induced tree mortality has been observed in diffuse patterns in
forests across the country, typically affecting ~5% of the trees in each
forest (Dorman et al., 2013a). In semi-arid forests in the south, rates
were up to 20%. Among species, Cupressus sempervirens, Pinus pinea and
P. brutia were typically more sensitive than Tetraclinis articulata, P.
canariensis and P. halepensis; Among Eucalypt species, Eucalyptus occi-
dentalis, E. camaldulensis, and E. gomphocephala were more sensitive

than E. spathulata, E. torquata, and E. sargentii. Mortality was also ob-
served outside planted forests, e.g. in Quercus calliprinos in maquis in
the north (Sever and Neeman, 2008), and in Acacia raddiana and A.
tortilis in the Arava valley (Winters et al., 2015). Much was said and
written about the rate of tree adaptation on the one hand, and the rate
of climate change on the other (Matyas, 1996). Concern stems from the
simple fact that trees, being long-lived organisms, adapt over time-
scales of centuries, whereas current climatic changes develop on a
decadal time-scale. The current open question is whether tree and forest
research can close the gap, offering new ways for sustainable forests
under the drying conditions.

The objective of the following review is to provide an Israeli per-
spective on the major developments in research on forest drought re-
sistance in the 21st century, in the context of global desertification.
Naturally, a single paper, as extensive as it may be, cannot provide an
exhaustive list covering all research activities. Many important studies,
at local to regional scales and form single to multiple species, are not
discussed here due to length limitations. Instead, the text focuses on key
studies that pushed the field forward, and in some cases conveyed a
broader message and consequences outside Israel. In some cases, in-
ternational contributions which are relevant to forests in Israel are
discussed, but the main focus of this review is on research activities in
Israel. These contributions are further divided into five categories of
forest drought resistance research, described in the respective chapters:
(1) tree physiology; (2) tree genetics; (3) forest fluxes; (4) remote
sensing of forest; and (5) forest management.

1.1. Forest drought resistance through tree physiology research

The molecular biology revolution in biological research, which
started in the 1990s, made numerous breakthroughs in many fields of
biology, including the plant sciences. Yet this caused a major shift of
resource allocation to genetic and molecular approaches, on expense of
the more traditional physiological and anatomical approaches. It was
only after a decade or two that the lack of tree physiology research
became evident, and a reaction trend started. In fact, contemporary tree
physiologists are now being asked to close a ~20-years gap in research
of tree structure and function. This call becomes increasingly urgent in
face of the existing challenges, and drought stress in particular.

Among tree drought resistance mechanisms, water relations traits
are naturally the major subject of study. Improvements to sap flow
measurement techniques in the 1990s (Granier and Loustau, 1994;
Cermak and Nadezhdina, 1998) enabled the accurate measurement of
tree water-use patterns, in both mesic and xeric conditions. Cohen et al.

Fig. 1. Forests under increasing water limitation.
Changes in annual precipitation for the past seven
decades over the three major forest areas in Israel:
Beer Sheva (south), Jerusalem (Center), and Zefat
(North). Dashed lines represent the long-term mean
for each area. A significant long-term drying trend
has already been observed in the North (solid line;
P=0.045). Data are from the Israel Meteorological
Service report (2015) and its database.
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(2008) measured sap flow in six major forest tree species in Israel and
provided the species-specific radial gradient of sap velocity. Although
not directly linked to tree drought resistance, this important study
proved vital in interpreting sap flow patterns in other studies. In a series
of studies, Schiller et al. (2002, 2003, and 2007) reported the water-use
patterns of the sclerophyllous broadleaved species Phillyrea latifolia,
Quercus calliprinos, and Q. ithaburensis, respectively. With these pio-
neering sap flow applications, Schiller et al. provided the annual pat-
tern of tree-level and stand-scale water-use for each of the three species,
and its response to the long summer drought. In Quercus calliprinos, the
most important tree species of the local maquis vegetation, water-use
persisted throughout the dry season, albeit at sixth of the maximum
rate. The annual tree water-use was 44 and 75% of the annual rainfall
amount in wet and dry years, respectively (Schiller et al., 2003).
Thinning decreased water-use at the stand-scale but increased the tree-
level water-use, along with increased growth.

The water-use studies on the sclerophyllous broadleaved species
helped understanding their intrinsic drought tolerance. These species
are mostly slow-growing, deep-rooted, and anisohydric-like, i.e. their
xylem can withstand very negative tensions, e.g. a water potential of
−7.0MPa in the case of Phillyrea latifolia. Research on Pinus halepensis,
the major afforestation tree species, revealed a rather contrasting pic-
ture. Klein et al. (2005) showed strong stomatal regulation in this pine
species, limiting summer water-use to near-zero amounts in a semi-arid
site (Maseyk et al., 2008) and closing stomata at−2.8MPa (Klein et al.,
2011). Such a conservative behavior in a tree should confer higher
safety; but not in the drought-vulnerable P. halepensis, with 50% loss of
xylem hydraulic conductivity already at −3.1MPa (i.e. a narrow hy-
draulic safety margin). So what made P. halepensis the success story of
Israeli afforestation in spite of the recurring drought? Recent research
hints to its unique ability to recover embolism in its xylem in yet un-
precedented rates of a few hours (Klein et al., 2016). The physiological
differences between P. halepensis and Quercus calliprinos, the two most
common tree species in the country, can translate into large effects on
the forest water balance and drought resilience (Klein et al., 2013;
Fig. 2). Xylem anatomy studies show that these arid-land trees have
narrower conduits than their more mesic relatives (David-Schwartz
et al., 2016 for P. halepensis; Villar-Salvador et al., 1997 for the closely
related Q. coccifera), with the pine tracheids being typically narrower
than the oak vessels. So far, the oak maquis proved more drought-re-
sistant (Klein et al., 2019); but the pine forest uses considerably less
water, at higher carbon uptake rates, i.e. it has higher water-use effi-
ciency. Considering the ongoing drying and warming (Lelieveld et al.,
2012), the decreased precipitation will not suffice to sustain the oak

maquis (Fig. 2), while extreme droughts might kill more pine trees
(Klein et al., 2019).

The science of wood anatomy originally stemmed from the more
traditional field of dendrochronology. Tree-rings, being a natural ar-
chive of tree-climate interactions, are still a powerful tool in the quest
for improved tree drought resistance. Essentially, the strong forcing
exerted by the limited precipitation facilitates interpretation of tree-
ring data from the arid zone (Klein et al., 2005; Touchan et al., 2008,
Dorman et al., 2013a). Plotting tree-ring widths against precipitation
dynamics for Juniperus phoenicia, Pinus halepensis, and Quercus aegilops
from Jordan yielded useful correlations (Touchan and Hughes, 1999).
In turn, these correlations permitted climate reconstructions for the last
four centuries, highlighting climate variability in periods that preceded
meteorological measurements. A similar approach applied on den-
drochronologies from Tunisia, identified the past conditions arid forests
endured, including drought years in the 19th century (Touchan et al.,
2008). Looking closer to identify intra-ring growth dynamics can pro-
vide more information on species’ eco-physiology. In Israel, the use of
tree-ring carbon isotope composition as an index for water-use effi-
ciency was validated this way (Klein et al., 2005); and cambial activity
was deciphered for the desert tree Prosopis flexuosa in an arid Patagonia
woodland (Giantomasi et al., 2012). Recently, dendrochronologies are
being used to identify and predict tree mortality risks on a local scale in
Israel (Dorman et al., 2013a) and on the global scale (Cailleret et al.,
2018). The latter meta-analysis found that a gradual growth decline and
an increase in inter-annual growth variability can be used as early-
warning signals of drought-induced mortality in gymnosperm species.

Tree drought resistance mechanisms go far beyond water relations.
For example, Maseyk et al. (2008) noted a decoupling between stem
and needle growth phenologies in P. halepensis: stem growth followed
the wet season and adjusted to the local winter conditions, counter-
intuitively forming the coolest growth season across Europe (Rotenberg
and Yakir, 2010), whereas needle growth was still occurring throughout
the long dry season. This meant that needle length serves as a good
proxy for drought stress in this species (Klein et al., 2014a), but also
raised a fundamental question about growth at very low assimilation
rates. A tree-scale carbon balance revealed that carbon storage in late
winter was crucial for subsidizing needle growth in summer (Klein and
Hoch, 2015). Such detailed information is crucial to understand how
forests in Israel will respond to future conditions. For example, higher
temperatures in the dry season could exacerbate drought stress, but in
the wet season they might enhance growth; and a shorter wet season
can be more detrimental to trees than a below-average rainfall year
(Raz-Yaseef et al., 2010a).

Fig. 2. Oak/pine differences in water-use trans-
late to higher scales. Expected changes in the par-
titioning between hydrological flux components in
response to stand density changes for a Pinus hale-
pensis forest and a Quercus calliprinos maquis. The
increasingly higher stand-level transpiration amount
in an oak vs. pine stand comes on expense of the
water yield. At typical stand density of 300 trees
ha−1 and annual precipitation of 500mm (vertical
and horizontal dotted lines, respectively), the water
use of P. halepensis and a Q. calliprinos stands are
expected to be 357 and 459mm (long dash lines),
leaving 143 and 41mm as water yield, respectively
(arrows). Such analysis also indicates the carrying
capacity for the different stands (e.g., ~350 and
~550 trees ha−1 for oak and pine at 500mm
year−1). Adopted from Klein et al. 2013.
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1.2. Tree genetics for forest drought resistance

The fact that certain tree genotypes can perform better under
drought than others, makes the genetic approach very appealing to
forest management programs. The first steps in this direction were at
the ecotype, rather than the genotype level. The case of the pan-
Mediterranean P. halepensis provenance trials shows nicely how this
research field developed along the past two decades. Originally, Israel
joined the UN FAO program on P. halepensis seed collection provenance
trials from across the Mediterranean, contributing two provenances
(Elkosh and Shachariya) and the field trials in Beit Dagan, Yatir forest,
and a few other sites. Schiller et al. (1986) were the first to study allele
frequencies in certain loci, showing relatively little variation, and a
western/eastern population subdivision. Analysis of genomic DNA and
protein polymorphism in local populations showed an increase in the
percent of polymorphic loci, from 12% to 48%, with site dryness (Korol
et al., 2002). This study further showed how the peripheral population
in Yatir forest is under selection pressure that eliminates homozygous
and favors heterozygous genome, in turn highlighting the role of plas-
ticity in tree drought resistance. Phenotypic differentiation became
evident as provenance trials matured, showing the higher performance
of certain Greek provenances and the higher drought resistance of local
vs. foreign populations (Atzmon et al., 2004; Schiller and Atzmon,
2009). Using the same trials, Klein et al. (2012) provided the physio-
logical context to these observations, showing higher xylem vulner-
ability to embolism in provenances from Italy and Algeria, compared to
those from Greece and Israel, in turn with higher growth rate or higher
water-use efficiency, respectively. The inferiority of the provenances
from Italy and Algeria can relate to the wetter, or, cooler, conditions at
their sites of origin, respectively (Voltas et al., 2018), as well as to their
lower heterozygosity (Korol et al., 2002).

The P. halepensis provenance research did not stop there. Israeli
forest scientists, in collaboration with international experts, continued
using this template to facilitate genotype selection for future affor-
estation from the one hand, and to improve our understanding of un-
derlying mechanisms on the other hand. Up until 2016 it was clear that
xylem resistance to embolism is the key to tree drought tolerance, but it
was still unknown what the xylem structures underlying this tolerance
were exactly. In coniferous xylem, water flows through narrow and
short tracheids through membrane-equipped pits, called torus and
margo, respectively. Studying the xylem anatomy of the exact same
trees of the same provenances, it was found that those vulnerable
provenances from Italy and Algeria had significantly lower overlap
between the torus and pit aperture, compared to those from Greece and
Israel (David-Schwartz et al., 2016). Essentially, this meant higher torus
margo closing pressure in the latter provenances. A single thread con-
nects the anatomical observations (David-Schwartz et al., 2016) to the
physiological measurements (Klein et al., 2012), and the field ob-
servations showing differential survival rates of the exact same four
provenances (Schiller and Atzmon, 2009; Fig. 3). Taken together, these
results highlight the strength of continuous, interdisciplinary research
on tree drought resistance in Israel.

In many ways, the aforementioned molecular biology revolution
skipped the field of forest tree research. Indeed, forest trees present
multiple objective challenges to molecular techniques: due to their re-
latively slow growth rate and maturation, transformation and propa-
gation techniques are more complex in forest trees; and the fact that
conifers have the largest known genomes among all living organisms is
another caveat. Yet local, contemporary research seems to finally take
on some of these challenges. Recently, the P. halepensis drought needle
transcriptome has been constructed (Fox et al., 2017). This elaborate
project opens the gate to detailed research of numerous gene candidates
in multiple biochemical pathways. A good place to start would be the
key structural processes identified in past physiological research of tree
drought response, such as carbohydrate metabolism, aquaporin channel
activity, cell wall suberization, endodermis and exodermis structure,

xylogenesis, differential above- and belowground growth, and others
(Schwinning and Ehleringer, 2001, Maseda and Fernández, 2006). In
addition, the molecular approach holds the potential to expose novel,
yet unknown pathways. By identifying the major cellular players in
drought-exposed trees, we are gradually improving our understanding
of the underlying mechanisms in tree drought resistance.

1.3. Forest fluxes under drought

Obviously, a forest is more than the sum of its trees. One of the
major advances in recent research on forest drought resistance in Israel
is in the quantification of major forest fluxes. These fluxes are involved
in biogeochemical cycling of elements (e.g. carbon, nitrogen) or com-
pounds (water), and their monitoring is largely facilitated by recent
improvements in micro-meteorological techniques. The implementa-
tion of eddy-covariance, infra-red gas analysis, and isotopic analysis in
forests in Israel marked the transition from classical forest ecology to
forest flux biogeochemistry, and much of it has been directed toward
the research of forest drought resistance. The call to use the southern-
most pine afforestation at Yatir (Korol et al., 2002) as a field-based
laboratory for forest function under drought was well received, and a
17m flux tower was constructed there in the year 2000 (Fig. 4). Yatir
forest is among the driest canopy-forming forests worldwide, with leaf
are index of ~1.5 at annual precipitation of 285mm (Sprintsin et al.,
2011). The role of the flux tower at Yatir goes far beyond local or re-
gional interest, as it represents a vast global area of semi-arid forests

Fig. 3. The power of interdisciplinary approach in tree drought resistance
research. The higher drought-induced mortality ratio of the Italian and
Algerian Aleppo pine provenances, vs. the Israeli and the Greek, observed by
Schiller and Atzmon (2009; top) had a physiological basis of higher sensitivity
to embolism (Klein et al., 2013; middle). Embolism level was provenance-spe-
cific across semi-arid (SA) and Thermo-Mediterranean (TM) sites. In turn, the
higher sensitivity was explained by lower torus to pit aperture overlap in the
xylem (David-Schwartz et al., 2016).
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(Rotenberg and Yakir, 2010). Over the years, major fluxes have been
measured onsite, exposing multiple ecosystem-level processes of
drought resistance.

Constructing the hydrological balance of a forest is prerequisite for
the evaluation of its drought resistance. Research in Yatir forest along
the past two decades demonstrates the fast evolution of research cap-
abilities, which followed the technological advances, from sap-flow
(Schiller and Cohen, 1998) to soil evaporation and ecosystem evapo-
transpiration (Raz-Yaseef et al., 2010a,b) and soil hydrology (Klein
et al., 2014b). The remarkable precipitation-use efficiency of the semi-
arid forest, with>90% of the rainfall cycling to evapotranspiration,
and ~60% of the rainfall transpired by trees, was the first discovery
(Schiller and Cohen, 1998, Raz-Yaseef et al., 2010a,b, Ungar et al.,
2013, Klein et al., 2014b). Focusing on the interplay between canopy
cover (a function of stand density), soil evaporation, and tree tran-
spiration, has already identified an upper limit to stand density under
the low water budget (Raz-Yaseef et al., 2010a). Further work high-
lighted the role of rainwater input rate, showing that rain storms were
more effective for forest water availability than a higher number of
smaller rain events (Raz-Yaseef et al., 2010b). In that sense, climate
extremes such as rain storms might compensate for an overall drying
conditions forecasted for the region. Deeper analysis of the soil struc-
ture in Yatir exposed the role of a clay-rich layer, at 0.5m belowground,
in holding the water above it (Klein et al., 2014b). Accurately quanti-
fying the soil water dynamics allowed for prediction of tree drought
stress, including the observed mortality in 2009 (Fig. 3). In a sense, this
approach extends on the earlier study of bedrock as a major site quality
parameter, showing higher pine performance on marl and chalk >

dolomite > limestone (Schiller, 1982).
Forests are a major component in the carbon cycle, and their

drought resistance interacts with their ability to store carbon, while
continuously receiving more anthropogenic CO2 from the atmosphere.
Using the eddy-covariance methodology on top of the Yatir flux tower,
Grünzweig et al. (2003) have shown an unexpectedly high carbon se-
questration rates of ~0.2 kg C m−2 yr−1, in line with the rates mea-
sured over temperate forests.

This single observation was a revolution by itself, replacing our
previous view of local forests being a poor fraction of the ‘real’ forests
from higher latitudes, and emphasizing the vast potential of semi-arid
forests within the global carbon cycle and climate system (Rotenberg
and Yakir, 2010). In addition, we learnt that forests in Israel are already
adapting to the long-term drought conditions in a way that disqualifies
measurements of temperate forest response to drought episodes as a
model (Grünzweig et al., 2009; Klein et al., 2014c). Which factors
contributed to the observed enhanced carbon storage following affor-
estation? Field measurements, complemented by isotopic and decom-
position experiments, indicated high soil organic carbon accumulation
(Grünzweig et al., 2007) and high belowground carbon allocation, ac-
counting for ~40% of canopy CO2 uptake (Grünzweig et al., 2009).
Unexpectedly, this enhanced carbon storage was at otherwise un-
changed soil nitrogen concentration (Grünzweig et al., 2007). This high
nitrogen use efficiency might be related to high synchronization be-
tween nitrate availability and tree activity in the wet season, in turn
benefiting from attenuated nitrate production from ammonia oxidation
(Gelfand and Yakir, 2008). Clearly, abiotic and biotic rhizosphere
processes hold great potential for further improving forest drought re-
sistance in Israel and beyond.

Despite of its many discoveries, the flux approach to forest drought
resistance is far from realizing its full potential. As measurements in the
atmosphere and soil intensify, more focused research becomes avail-
able. As one example, focusing on short heatwave periods, Tatarinov
et al. (2016) managed to decouple the effects of soil and atmospheric
drought on the semi-arid pine forest. Forest carbon and water vapor
exchanges showed a strong response to air dryness, that weakened as
soil moisture decreased. The large (~60%) decreases in carbon ex-
change and canopy conductivity to water vapor during a heatwave,
typically recovered to pre-stress levels within a single day, demon-
strating the high ecosystem plasticity and resilience to drought
(Tatarinov et al., 2016). The rich datasets coming from flux measure-
ments are also a gold mine for eco-physiological and eco-hydrological
measurement and modeling (Fig. 5). Incorporation of such models in
predicting forest response to drought has already helped upscaling
spatial measurements (Klein et al., 2014b), and should intensify in the
near future. Two of the best candidate sites for integrating a modeling
approach are the stand density experiments in Kdoshim and Yatir for-
ests. These thinning and grazing experiments are not only large-scale
but also long-term and consistent in monitoring procedures, under the
long-term ecological research (LTER) framework. These field manip-
ulations hold great promise for sustainable forestry under climate
change.

2. Forest drought resistance: results from remote sensing

When studying vegetation patterns over large areas, such as in
forests, remote sensing tools become increasingly important. The on-
going increase in the diversity and resolution of sensors on the one
hand, and in the ability to analyze and synthesize their output, also
using models, on the other hand, means a more intensive utility in fu-
ture research. Aerial photography of forest has been used in the past in
Israel, and should produce important data on forest drought resistance
in coming years. It is satellite imaging, however, that has recently made
a scientific breakthrough in local forest research. Using Landsat satellite
images for 1994–2011, Dorman et al. (2013a,b) estimated forest per-
formance under drought across Israel by the normalized difference

Fig. 4. Studying forest drought resistance at the frontier of the dry tim-
berline. Yatir forest in 2010: The flux tower over the forest canopy (top);
Diffuse Aleppo pine mortality (middle); And a near-empty water reservoir, the
result of prolonged drought, highlighting the forest role in the local water
balance. Photos' credits: Tamir Klein, Emanuela Negreanu.
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vegetation index (NDVI). Forests in the south, at the dry timberline,
were more affected than those in central Israel (mostly west of Jer-
usalem), which nevertheless had higher sensitivity to precipitation than
forests both south and north of them (Dorman et al., 2013a). Locally,
higher performance in northern vs. southern aspects was observed in
wet years but not in drought years (Dorman et al., 2013b). The in-
tegration of NDVI data with tree-ring chronologies (Dorman et al.,
2013a) proved powerful in a follow-up study focused on drought-in-
duced tree mortality (Dorman et al., 2015a,b). The diffuse tree mor-
tality in Lahav and Dvira, two dry timberline forests, was higher in
older-aged sparse stands, on southern aspects, and on deeper soils.
These patterns exposed the high complexity in deciphering mortality
risks, as well as taking measures to reduce such risks, e.g. the benefits of
forest thinning.

The potential of remote sensing goes beyond the NDVI. Recently,
additional satellite data have been utilized together with meteor-
ological data and advanced modeling approaches. Using the enhanced
vegetation index (EVI) combined with NDVI derived from the mod-
erate-resolution imaging spectrometer (MODIS) onboard the Terra sa-
tellite, it was shown that water yield ranged from 48% to 8% of pre-
cipitation in local humid and dry forests, respectively (Helman et al.,
2017a). In addition, the drier forests showed higher hydrological resi-
lience to drought than the more humid forests. One of the strengths of
that national-scale analysis was that many of its 36 predefined forest
areas were dominated by Pinus pinea and Pinus brutia rather than the
more common P. halepensis, though no significant species effect was
observed. Next, a similar interdisciplinary methodology was applied in
a comparative study of the P. halepensis forest and the oak (Quercus
calliprinos) maquis on Mt. Carmel (Helman et al., 2017b). The remote
sensing approach confirmed the upscaling of eco-physiological mea-
surements showing higher water-use efficiency and lower water-use of
pine vs. oak (Klein et al., 2013; Fig. 2). Last, this analysis predicted
reductions of 16% in the productivity of both forests, for projected
increase in mean temperature of 1 °C, as result of global warming.

3. Forest management for improved forest drought resistance

The recent drought effects on forests, and the 2010 Carmel fire
aftermath, echoed in the Israeli forest management community,
bringing together forest scientists (Osem et al., 2011) and forest man-
agers (Porat et al., 2017). One of the results of this collaborative work
was the creation of a forest management code (Osem et al., 2013) and
its adoption by the national forest service KKL, with guidelines for

application (Porat et al., 2017). The risks involved in an Aleppo pine
monoculture approach were already known, including high flamm-
ability (Carmel et al., 2009) and pest vulnerability (Mendel et al.,
1997). For this reason, Osem et al. (2009) tested the potential of
transforming existing plantations into mixed Mediterranean forests
through natural regeneration, indicating large differences based on the
local water availability (see also Sheffer, 2012). The large drought-in-
duced forest loss in the Carmel fire was a major catalyst pushing for a
change in existing practice. Prescribed thinning and grazing, together
with conservation of the maquis vegetation, and delineation of safety
fire belts, were among the chief aftermath recommendations
(Perevolotski et al., 2011). Traditionally, grazing in semi-arid wood-
lands has been associated with land degradation and soil erosion (as in
the Greek island of Crete; Hill et al., 1998). The removal of forest un-
derstory plants and tree litter by heavy grazing affects ecosystem pro-
cesses from carbon sequestration (Nosetto et al., 2006) to insect com-
munity composition (Molina et al., 1999). Yet these effects appear more
complex than previously thought, with soil organic carbon and root
carbon virtually unaffected by grazing (Nosetto et al., 2006). Instead,
controlled grazing becomes an important management tool in semi-arid
forests.

The national masterplan 22 for forest and afforestation, which was
signed in 2006, laid the foundation for a forest management code
(Osem et al., 2013). Many of the principles of this code, including the
facilitation of sustainability and adaptive management (Osem et al.,
2008, 2011), were designed to increase the drought resistance of the
forest. How did these principles translate into management practices?
Porat et al. (2017) describe the planning of thinning and grazing ap-
plications in Kdoshim forest as an example. Where possible, tree
pruning is yet another management option. In a dryland woodland in
Sudan, pruning of Prosopis juliflora trees increased their leaf production
by 60% and improved their hydraulic status (Elfadl & Luukkanen
2003). Drought-induced tree mortality can mark the end of a forest, but
careful planning can help creating a more sustainable forest at the same
site. State-and-transition models are one of the tools to test manage-
ment alternatives prior to their application in the field (Cobb et al.,
2017). Last, the value of continuous monitoring, which was acknowl-
edged in the code, facilitated the establishment of a national network of
80 monitoring plots (Sprintsin et al., 2014). These plots, which are
independent from the periodical forest inventory surveys, will provide
more information on drought stress and its forest response. Monitoring
of tree health should be further improved with the adoption of the
standards of the European forest monitoring network (ICP Forests;
www.icp-forests.org).

4. Synthesis and future perspectives

Tree physiologists, forest ecologists, and forest managers across arid
environments, and in Israel in particular, are running a race to the
unknown. To ensure local forest sustainability for future generations,
the gap between the increased drought risk on the one hand, and the
rather stationary forest drought resistance on the other hand, must be
closed. This review paper opened with two, rather contrasting, national
arid land afforestation programs: China's Three Norths Shelterbelt
(Wang et al., 2010), and Israel's greening program (Osem et al., 2011).
For many good reasons, both projects should be highlighted also out-
side of their locations. Nevertheless, much of the scientific knowledge
available today was missing at the time these projects started. What
made China's arid afforestation less successful than anticipated? This
investigation is ongoing. What made Israel's afforestation sensitive to
prolonged drought and fire? Recent research from the local, regional,
and global scientific community provides some clues. Among the
messages conveyed in this review, it is clear that: (1) seed and plant
material were sub-optimal in many cases. Today, provenance and spe-
cies selection are supported by current research; (2) forest management
practices such as thinning and grazing have not been fully

Fig. 5. The multiple scales of forest drought vulnerability. Conceptual
framework for advanced assessment of forest drought vulnerability. Such as-
sessment integrates species-specific hydraulic and drought-acclimation data
with responses and ways to build resilience at the forest scale.
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implemented. Field experiments now confirm their role in ensuring
forest sustainability; and (3) forestry data management relied on the
traditional inventory surveys. With the remote sensing tools and Geo-
graphical Information System currently available, forest management is
much improved. Still, arid land forests in Israel, and other places, have
been highly successful in sequestering carbon, channeling it to long-
term storage in the soil. In many cases, this was achieved with little
effect on the water yield, which is so important in arid environments.
The contemporary research reviewed here highlights the following
points:

1. New tools such as transcriptomics and forest tree transformation
open the gate to the discovery of new drought-response genes. A
molecular approach should be promoted, but unlike many examples
with annual plants, it must be accompanied with an eco-physiolo-
gical approach. The roles of tree aquaporins and carbohydrate me-
tabolism enzymes in regulating hydraulic conductivity and carbon
storage, respectively, are already under investigation.

2. The rhizosphere of arid land forests is still largely unexplored, and
holds great potential to the future of forests under drought. Root
processes such as soil water exploration, carbon storage, and exu-
dation, can be more important for tree drought resistance than
aboveground processes. Also, more research should be dedicated to
identifying local mycorrhiza species and quantifying their role in
increasing water supply to trees.

3. Forest thinning, pruning and grazing practices are already being
applied in many sites. Yet, more research is needed to test their
impact on forest drought resistance. This considers the observation
of drought-induced tree mortality across multiple stand densities.

4. New remote sensing tools, from drones to satellites, will become
increasingly critical in forest drought resistance research. As new
sensors provide novel spectral products at ever-increasing spatial
and temporal resolutions, precious data accumulate and await
analysis. Indeed, remote sensing tools are incomplete without ana-
lytical capabilities to match. These should be further complemented
by ground observations. For example, the KKL GIS maps will in-
troduce a new layer, entirely dedicated to tree mortality reporting.

5. The Mediterranean maquis ecosystem, which has shown higher
drought resistance than the coexisting conifer forest, attracted far
less research so far. Nevertheless, under the new forest management
code, this vegetation type, along with a mixed conifer-broadleaved
forest, will become increasingly important. Its higher drought re-
sistance is encouraging, yet a tipping-point scenario should not be
ruled out (Sever and Neeman, 2008).
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