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Abstract: Recent climate studies of the South-Eastern Mediterranean indicate an increase
in drought frequencies and decreasing water resources since the turn of the century.
A four-phase methodology was developed for assessing above-ground biomass changes in
shrublands caused by these recent trends. Firstly, we generalized the function
SB = 0.008MAP1.54 describing the shrublands above-ground biomass (SB) dependence on
mean annual precipitation (MAP) for areas of full shrub cover. Secondly, relationships
between MAP and NDVI were formalized, allowing an estimation of precipitation levels
from observed NDVI values (MAPNDVI). Thirdly, relative water-use efficiency (RWUE) was
defined as the ratio between MAPNDVI and MAP. Finally, the function
SBRWUE = 0.008MAP0.54 + RWUE was formalized, utilizing RWUE in estimating shrublands
biomass. This methodology was implemented using Landsat TM images (1994 to 2011) for
an area between the Judean Mountains and the deserts bordering them to the east and south.
More than 50% of the study area revealed low biomass change (±0.2 kg/m2), compared with
30% of the woodlands of the Jerusalem Mountains, where biomass increased between
0.2 and 1.4 kg/m2 and with 50% of the semi-arid shrublands, where it decreased between
0.2 and 1.4 kg/m2. These results suggest that aridity lines in southern Israel are
migrating northwards.
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1. Introduction
Semi-arid to arid transition zones in the eastern Mediterranean region are among the hot spots of
global climate change and desertification [1,2] . Based on CMIP3 simulation models, Mariotti et al. [3]
assessed the changes expected in the Mediterranean region during the current century. In addition to
predicting a “20% decrease in land surface water availability… due to precipitation reduction and
warming-enhanced evaporation…” they claimed that “20th century simulations indicate that the
‘transition’ toward drier conditions has already started to occur and has accelerated around the turn of
the century towards the larger rates projected for the 21st century.” Data published by the Hydrological
Service of Israel [4] concerning rainfall fluctuations for the entire country between 1994 and 2011
indicates that except for 2002, 2003 and 2011, rainfall every year since 1997 (i.e., for 14 of the 17 years)
was lower than the 1931–1990 average, thus suggesting decreasing water availability for the natural
vegetation. However, there is no information where such reduced rainfall had taken place, and what
impact it had on natural ecosystems. According to existing studies, decreasing water availability is
expected to reduce productivity in desert-fringe ecosystems in general and in semi-arid shrublands in
particular [5–8]. This article aims at assessing trends of biomass change in the shrublands of the climatic
gradient between sub-humid and arid zones in Central Israel as indicators of rainfall variations.
Wide regional mapping of temporal trends of vegetation change using spectral indices has attracted
significant attention in remote sensing of drylands (e.g., [9]). In between these studies, only a limited
number of works were concerned with developing remote-sensing indicators of above-ground
shrublands biomass (e.g., [10,11]) especially along semi-arid to arid climatic gradients. Shoshany and
Karnibad [12] showed that integrating NDVI with mean annual precipitation (MAP) information might
improve shrublands biomass mapping along such gradients. We now suggest further development of this
approach through the use of Water-Use Efficiency (WUE) as a parameter relating plant productivity to
available water (e.g., [13]). The aim of using a WUE measure is to account for a decrease in ecosystem
productivity that is due to decreasing water availability and/or increasing human disturbance relative to
its level at the beginning of the monitoring period (mid 1990s in this study). The new methodology will
be established on modeling relationships between NDVI and WUE and then among MAP, WUE and
shrublands biomass. Landsat TM Images of the end of each summer between 1994 and 2011 will be
processed according to these models, yielding biomass estimates for the beginning and end of this time
span. This information will serve an analysis of the changes in biomass within the context of decreasing
water resources in our region.
2. Generalizing Biomass versus Mean Annual Precipitation (MAP)
Shoshany and Karnibad [12] generalized the relationships between mean annual precipitation (MAP)
and shrubland biomass using two exponential functions: one for Mediterranean and semi-arid regions
and another that better fits desert marginal areas (Figure 1a,b). Deviations from these generalized
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relationships represent the diversity of ecohydrological processes taking place and human disturbance
regimes. A better understanding of these sources of influence may be gained by assessing the deviations
from a baseline that represents complete shrub-cover biomass as obtained for different MAP levels
(e.g., [14]). Data that facilitates the calculation of such a baseline was derived for this purpose from
several studies as follows:


Extrapolation of data for full shrub coverage from Evenari [15] yielded 0.27 kg/m2 for Artemisia
in the Negev Desert, with 8 to 12 cm/yr rainfall.



Sternberg and Shoshany [16] reported 1 kg/m2 for Sarcoproterium spinosum in the Negev Desert
margins, with 25 cm/yr rainfall.



Sternberg and Shoshany [16] reported 2.27 kg/m2 for Quercus calliprinus in the Judean
Highlands, with 45 cm/yr rainfall.



Cerrillo and Oyonarte [17] reported 4.4 kg/m2 and Alrababah et al. [18] 3.94 kg/m2 for Quercus
calliprinus, with 50 to 55 cm/yr rainfall.



Saglam et al. [19] reported 5.5 kg/m2 (live biomass) for tall shrubs dominated by
the Quercus-Phillyraea alliance and by Q. coccifera in western Turkey (Kesan site), with
65 cm/yr rainfall.

The following function was selected from the different statistically significant functions to represent
the baseline for shrubland biomass (SB) based on the above data:
SB (100% cover) = 0.008MAP1.54

(1)

The differences between this baseline and the functions generalizing observed biomass levels
(Figure 1) indicate the high impact of climate changes, droughts and human disturbances on the
productivity of ecosystems along semi-arid climatic gradients.

Figure 1. Generalized relationships between shrubland biomass and mean annual
precipitation (MAP): (a) for desert fringe areas; (b) for sites representing different
disturbance levels across the Mediterranean and semi-arid regions; and (c) for 100%
shrub cover.
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3. Water-Use Efficiency and NDVI
Stanhill [20] defined WUE as:
(2)
Remote sensing has been shown to enable WUE mapping over wide regions. Two main
parameterizations were developed for this purpose: (i) a measure based on the ratio between gross
primary production and evapotranspiration (ET); (ii) rainfall-use efficiency (RUE), calculated as
the ratio between annual net primary productivity and rainfall. Referring to the calculation of WUE
based on ET estimates and following Kustas and Norman [21], Lu and Zhuang [22] claimed that “ET is
a complex process that is related to many variables, which cannot be detected directly by remote sensing
techniques” and concluded that “at a regional or continental scale remotely-sensed ET estimation is far
from satisfactory” (p. 1925). Difficulties in estimating ET are further complicated in transition zones
between sub-humid and arid zones because of the high spatial heterogeneity of soil, rock and vegetation
patterns. Thus, uncertainties regarding sources for the differences in ET hamper their utilization in
assessing trends in productivity change.
Rain-use efficiency is commonly calculated as an annually integrated measure representing both
herbaceous growth and shrubs (e.g., [23,24]). Since we are interested mainly in the biomass of shrubs
and dwarf shrubs, which are the life forms of the highest biomass in vast semi-arid regions and which
represent the resilience of such systems, it is best to monitor them when they are separated from
herbaceous growth. Across vast semi-arid regions, such separation can be achieved at the end of the dry
summer season [25], when herbaceous growth is either completely dry or removed by grazing or fire.
The approach developed here deviates from RUE-based approaches in two aspects: first, it examines
vegetation conditions only at a specific time during the annual growth cycle; second, it refers to mean
annual precipitation rather than to annual rainfall, as shrub growth responds both to annual and
long-term water availability owing to shrubs’ access to ground water through their root systems.
The conceptual framework presented here (Figure 2) modifies Stanhill [20] definition (Equation (2)).
While mean annual precipitation may represent the volume of water potentially available, the productive
use of water is interpreted here as the amount of precipitation corresponding to amount of growth.
NDVI (= (RNIR − RRED)/(RNIR + RRED), where RNIR and RRED are the reflectances obtained for the NIR
and RED spectral bands), a widely used spectral vegetation index, may serve as a proxy for vegetation
growth. The amount of rainfall corresponding to NDVI levels (e.g., [26–28] ) may then represent
the productive use of water in relative terms. Water use efficiency of 1 would be obtained by
the maximal level of NDVI for each MAP level, thus, the following function would be generalized for
the rainfall gradient:
MAPNDVI(Max NDVI)= f(MAX(NDVI) → MAP)

(3)

These relationships will be derived from NDVI values computed for sites representing undisturbed
ecosystems across the climatic gradient (Section 6.2).
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Figure 2. The development of the concept of Relative Water Use Efficiency (RWUE)
following the definition of Stanhill [20].
The precipitation level at a location x,y (Px,y) corresponding to an observed NDVIx,y may than be
estimated using the MAPNDVI function:
MAPNDVI(NDVIx,y) = Px,y

(4)

Thus, where growth is lower than afforded by its MAP, either due to lower water availability or
due to disturbance, its NDVI would correspond to that of an area of lower MAP (defining Px,y).
Following these relationships, Relative water-use efficiency (RWUE) at a location x,y is defined as:
,

,
,

(5)

The range of RWUE values would normally be between 0 and 1. However, in years of significantly
higher than average rainfall, RWUE may reach values higher than 1.
4. Water-Use-Based Estimates of Shrubland Biomass
Equation (1) represents the biomass expected when RWUE = 1. As discussed earlier, a decrease in
RWUE stemming from various ecohydrological or human-induced processes is expected to yield a
decrease in biomass. We suggest that the biomass response to changes in RWUE can be incorporated
within Equation (1) in the following way:
SBRWUE = 0.008MAP(0.54 + RWUE)

(6)

In a case in which RWUE = 0, Equation (6) yields a biomass below 0.07 kg/m2.
Figure 3 presents the results of a simulation of biomass predictions given by this model for different
MAP levels as a result of varying RWUE. It suggests that RWUE has an exponential influence on
biomass as a result of variations in the former in response to changes in habitat conditions.
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Figure 3. Simulation of the change in biomass predictions by the new Relative
Water-Use-Efficiency-Based Model (Equation (6)) for different MAP levels as a result of
varying relative water-use efficiency (RWUE).
5. Study Area
The study area (Figure 4) extends between the Jerusalem Mountains to the north and the Negev Desert
to the south, and between the Judean Lowlands to the west to the margins of the Judean Desert to the
east. Mean annual precipitation ranges from 60 cm/yr on the Jerusalem Mountain crests to less than
10 cm/yr in the east and 20 cm/yr in the south. Mean annual temperatures range from 17 °C in the
Jerusalem Mountains to 23 °C in the eastern margins of the Judean Desert. The shrublands of this
transition zone are similar to those found in vast areas across Mediterranean regions having an annual
rainfall of between 10 and 50 cm/yr (e.g., [29,30]). Ecosystems vary along the climatic transect
(e.g., [31]), from the Pinus halepensis and Arbustus woodlands and the Quercus calliprinos woodlands
in the sub-humid areas at the top of the Judean and Jerusalem Mountains, with a MAP exceeding
50 cm/yr; to shrub association dominated by Quercus calliprinos and Pistacia lentiscus in the semi-arid
areas of the Judean Lowlands, with a MAP ranging between 35 and 50 cm/yr; and to the desert fringe
batha dominated by Sarcopoterium spinosium and Thymelaea hirusta dwarf shrubs in the transition zone
between the Judean Lowlands and the northern Negev, with a rainfall of 35 and 20 cm/yr, respectively.
Figure 5 presents a typical mix of shrubs and dwarf shrubs in the study area.
These Mediterranean ecosystems have long histories of human-nature co-evolution [32], with severe
overgrazing, wood cutting, and fire episodes during the Turkish rule and the British Mandate in
Palestine. High levels of land degradation existed across the Judean Mountains at the end of the 1940s
and still exist in major sections of the areas east of the pre-1967 border between Jordan and Israel (the
Green Line). However Sharakas et al. [33] claim that these degradation levels had decreased
significantly during last decades. In parallel, recovery, now in advanced stages, has taken place west of
this line, thanks to the implementation since the 1950s of conservation and protection policies
(e.g., [34,35]). According to Shoshany [36], shrub cover in recovering areas exceeded 70% during the
mid-1990s. Historically, forest fires have caused severe damage to the woodlands and shrublands of the
Jerusalem Mountains and Judean Lowlands. According to Tessler et al. [37], most of the fires since 1994
extended over areas of less than 1 km2, except for one large conflagration (12 km2) that occurred in 1995.

Remote Sens. 2015, 7

2289

Thus, apart from this latter event, it is unlikely that fires would have been the source of change in large
areas during the research period. These reported studies indicate therefore that human disturbance is not
expected to present decreasing amount of vegetation cover and biomass across the study area (but still
may be found in local areas).

Figure 4. Precipitation levels (cm/yr) across the study area, with the location of 23 field
sampling sites.

Dwarf-shrubs

Shrub

Figure 5. Shrubs and dwarf-shrubs in the Study area.
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6. Methodology
The research method consisted of six tasks: (i) gathering information on mean annual precipitation
changes between 1994 and 2011; (ii) generalizing the MAPNDVI function (Equation (3)); (iii) mapping
RWUE according to Equation (5); (iv) assessing the remotely sensed shrubland-biomass estimates based
on allometric measurements; (v) mapping estimated shrubland biomass based on Equation (6); and
finally (vi) calculating a biomass-difference map between the beginning and end of the research period.
6.1. Information Gathering
To avoid bias from rainfall fluctuations between individual years, we decided to establish the analysis
of changes on the average of three years at the beginning and end of the research period. For the whole
country, the average rainfall for 1994, 1995 and 1996 was 101% of the 1931–1990 average (according
to data from the Hydrological Service of Israel, 2012), while the average for 2009, 2010 and 2011
reached only 93% of the 1931–1990 average. Thus, the difference between the 1994–1996 and
2009–2011 average rainfalls might represent a lowering trend at the scale of 8%. However, the fact that
between 1994 and 2011 rainfall was lower in 14 years than was the 1931–1990 average suggests an even
higher impact of the cumulative deficit in water availability for shrubs.
Cloud-free Landsat TM and ETM images were acquired for three late-summer dates in the mid-1990s
(4 October 1994, 7 Octobern1995 and 23 September 1996) and for three dates from more recent years
(27 September 2009, 16 October 2010 and 17 September 2011). The images were geometrically
corrected using ground control points, and bands 1–4 were atmospherically corrected based on the Dark
Object Subtraction method [38].
Mean annual precipitation data (1980–2010) was acquired from the Israel Meteorological Service
(IMS). This data included reports from 131 meteorological stations throughout Israel, of which 21 were
selected for the study area. A mean annual precipitation map was produced using the cubic spline
interpolation method (ArcGIS 9.3 software, ESRI, Redlands, CA, USA).
6.2. Formulating the MAPNDVI Function
The MAPNDVI function was formulated by running a 5 × 5 maximum NDVI kernel on the NDVI map
generated from the LANDSAT TM imagery for 2010 (a year with 96% of the MAP) and by sampling
NDVI and MAP for regions with a relatively homogenous image regions across the climatic gradient
that corresponds to natural vegetation. An exponential equation of the following form was found to
characterize these relationships, yielding a curve that fit the data points of maximal NDVI for each MAP
level (Figure 6):
MAPNDVI = 80NDVI0.6

(7)
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Figure 6. The exponential function generalizing the relationships between MAP (extracted
from a map interpolated from the 1980–2010 record of 131 meteorological stations of
the Israel Meteorological Service) and maximal NDVI (derived from an October 2010
Landsat TM image).
6.3. Assessment of the RWUE Shrublands Biomass Model
Allometric methods were previously implemented to evaluate remote sensing of biomass estimates
(e.g., [39]). A shrub’s height and radius are the parameters used to estimate the dry biomass of a single
shrub. To estimate the aerial biomass of a mosaic of different life-form compositions, we used their
relative cover and average height. Sternberg and Shoshany [16] conducted a detailed study of shrub
biomass in a semi-arid site (45 cm/yr rainfall) and in a desert fringe site (25 cm/yr rainfall) that led to
the derivation of the following allometric model linking biomass to height:
Shrub Biomass = 0.846 Shrub Height + 0.478

Figure 7. An integrated allometric approach for calculating biomass by combining field
estimates of shrub heights with air photography-based estimates of cover fractions for shrub
and dwarf shrub life forms.

(8)
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Figure 8. Plot areas extracted from air photographs of six field sites and their segmentation
into shrubs versus soil/rock fractions (in red). At each field site there was a plot area in both
south and north facing slopes.

Figure 9. Model (Equation (6)) versus allometric-based estimates of shrubland biomass.
In this study, we developed an integrated approach, combining field estimates of shrub heights with
air-photography-based estimates of cover fractions for shrubs and dwarf shrubs (Figure 7). This method
was used for 23 sites along the climatic gradient (Figure 4), with MAPs of between 50 cm/yr and

Remote Sens. 2015, 7

2293

25 cm/yr. The air-photographs’ information used in this study was derived from the mosaic of digital
ortho-photographs (0.25 m’ resolution) built by the Mapping Center of Israel for the summer of 2010.
Figure 8 presents plot areas extracted from the air photographs and their segmentation into shrub versus
soil/rock fractions. RGB classification was found adequate for separating between the batha
dwarf-shrubs and shrubs, and information gathered in the field allowed attachment of height data for
each of these life-forms’ patches. At each area there were sampled both south and north-facing slopes
due to characteristic differences in vegetation patterns and biomass between these slope-aspects across
the climatic gradient [16,36].
Model biomass estimates were calculated for each of these 23 sites using Equation (8) and were then
compared to results from the allometric calculations. A good correlation was obtained for the new model,
which combined MAP and RWUE (Figure 9), and so it was used to estimate shrubland biomass based
on NDVI mapped from Landsat TM images.
6.4. Calculation of Biomass Differences between 1994 and 2011
NDVI maps were calculated for each of the three years at the beginning and end of the research
period. Three NDVI maps (1994, 1995 and 1996) were averaged for the early period, and three (2009,
2010 and 2011) for the late period. Based on the MAP map and calculation of MAPNDVI for each pixel
of the averaged NDVI layers (1994–1996 and 2009–2011), corresponding averaged RWUE and biomass
maps (Figure 10a,b) were generated using Equations (5), (6) and (8). A difference layer was generated
(Figure 11) by subtracting the biomass maps between these two periods.

Figure 10. Maps of model-predicted biomass (Equation (5)): Left: average of 1994, 1995
and 1996. Right: average of 2009, 2010 and 2011.
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Figure 11. Cross sections of biomass (Figure 10) and MAP: From the Jerusalem Mountains
(Bet-Shemesh) eastwards to the Judean Desert and from the Jerusalem Mountains
southwards towards the Negev Desert.
7. Changes in Biomass, 1995–2010
MAP and biomass were extracted for cross sections of the Jerusalem Mountains (from Bet-Shemesh)
eastwards to the Judean Desert and southwards toward the Negev Desert (Figure 11). Biomass along the
north-to-south cross section varied from peak levels of 3.5 kg/m2 in the woodlands of the Jerusalem
Mountains, through peak levels of between 3.5 and 4.5 kg/m2 for the shrublands and plantation areas
between the Avisur Highlands (45 cm/yr) and Amazya (35 cm/yr), and ending in a sharp decrease to
levels below 0.5 kg/m2 in the transition zone from Amazya to Lehavim at the Negev Desert margins.
Along the west-to-east cross section, peak biomass values of between 1.5 and 2 kg/m2 characterize
the crest areas of the Judean Mountains, with a drastic decline in biomass (to levels below 0.5 kg/m2)
at the desert margins (see discussion regarding vegetation patterns in the desert threshold zone in
Shoshany, [40]. An affinity between biomass and MAP variations along the two cross sections may be
inferred only for peak biomass levels. The high biomass fluctuations express effects from disturbances,
on the one hand, and conservation (including plantations), on the other hand. The two cross sections
from the early and late periods generally parallel each other although biomass was higher in a significant
number of segments along the north-to-south cross section during 1995, and the greatest decrease in
biomass was observed in areas of shrubs and plantations.
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Figure 12. Deviations between the two biomass maps (Figure 8) of the early (1994–1996)
and late (2009–2011) periods. Squares: location of detailed analysis units (2 × 2 km in size).
Figure 12 presents the deviations between the biomass estimated in the two periods. The two most
profound results concern the dominance of the low-change category (−0.2 < d < 0.2 kg/m2) and the high
decrease in biomass in planted forests (red areas with d < −1.4 kg/m2 difference). A west-to-east line
passing through the Avisur Highlands roughly divides the region into areas with a significant presence
of increasing biomass in the north and areas with decreasing biomass in the south. Statistics of biomass
deviations (d) were then derived for five detailed analysis units representing areas dominated by natural
vegetation: the Jerusalem Mountains, the shrubland area between Amazya and the Avisur Highlands,
the dwarf shrublands between Amazya and Lehavim, the area south of the Yatir Forest and the area in
the Judean Mountains east of the city of Hebron (Figure 13). The proportion of areas with low-change
deviation (−0.2 < d < 0.2 kg/m2) is substantial in four of the five area units, reaching peak levels of 75%
of the Amazya-Lehavim and Hebron areas; 55% of the in the Jerusalem unit; and 40% of the Avisur
Highland area. A distinctive increase in biomass is observed in the Jerusalem Mountains unit, where
positive deviations (0.2 < d < 1.4 kg/m2) were found in 30% of the area. On the other hand, in the Avisur
Highlands-Amazya unit, there is a significant decrease in biomass (−1.4 < d < −0.2 kg/m2) in about 50%
of the area. In the Amazya-Lehavim unit, there is a moderate decrease (−0.7 < d < −0.4 kg/m2) in 18%
of the area. The area south of the Yatir Forest presents a predominant decrease in biomass in the low
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negative-deviation category (−0.4 < d < −0.2 kg/m2) in more than 90% of the area. This last result is
explained by the removal of the upper soil layer, including dwarf shrubs, during preparation of the area
for planting trees within the framework of an afforestation initiative.

Figure 13. Percentage area for different deviation categories as derived from detailed
analysis units in the Jerusalem Mountains, the Avisur Highlands, Amazya-Lehavim, Hebron
and Yatir Regions.
8. Discussion
Recent studies suggest that extreme climatic conditions may have had significant effects on the
Mediterranean and semi-arid ecosystems. Droughts are among the most environmentally damaging
extreme-climate conditions worldwide [41]. In a recent review, Allen et al. [42] pointed out that more
than 10 million ha of forests, woodlands and savannas have suffered from diebacks of trees and plants
from droughts since 1997. Another study, conducted in a Mediterranean-type eucalyptus forest in
Western Australia, reports a canopy collapse resulting from extreme drought and heat conditions [43].
Several studies reported on the increasing frequency of drought conditions in the lands surrounding the
Mediterranean (e.g., [44,45]). In 2012, Hoerling et al. [46] published a map showing that the south-east
Mediterranean constituted a prominent hot spot of dry winters between 1971 and 2010. A report issued
by the United Nations Office for Disaster Risk Reduction noted the decline of ecosystems in this region
owing to a water deficit of about 651 million m3 during the years 1995–2005 caused by an increase in
drought frequency [47].
Implementation of remote sensing for the identification of structural changes in shrublands in
response to droughts was presented by Paz-Kagan [5]. A study of damages to Mediterranean forests in
Israel has been reported by, among others, Volcani et al. [48] and Dorman et al. [49], the latter using a
normalized-difference water index to represent water content in trees. However, to the best of our
knowledge, there is no data regarding changes in the biomass of semi-arid shrublands and dwarf
shrublands over the past 20 years that can be linked to the general phenomenon of ecological
drought damage.
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Biomass mapping based on relative water-use efficiency is instrumental for this purpose, as it strongly
links biomass to water availability. Our results present new evidence regarding the extent of change in
natural vegetation in the southeastern Mediterranean. Mixed trends were observed in the Mediterranean
woodlands and shrublands of the Jerusalem Mountains, with a significant presence of areas with a
biomass increase. There is distinctive evidence of decreasing biomass across a wide range of shrublands,
dwarf-shrublands and plantations from the Avisur Highlands (45 cm/yr) southward. Since human
disturbance had not increased across the study area (e.g., [33–35]), these results support the findings of
Ziv et al. [50] and Kafle and Bruins [51] and suggesting increasing aridity in desert fringe ecosystems.
However, it is important to mention that the finding reported for the areas south of Yatir Forest is the
result of the afforestation works initiated by the Forest Commission of the JNF (Jewish National Fund)
during the late 1990s in order to combat desertification in this region. The early stages of this afforestation
involves removal of the upper soil and dwarf shrub layer, which explains the reduction of biomass. This
initiative had generated significant conflict between the Forest Commission people [52] and the Society for
the Preservation of Nature [53] whether such intervention into the natural processes was justified.
9. Summary and Conclusions
A new technique for biomass mapping, based on relative water-use efficiency, was presented.
A comparison of the model predictions with data from allometric calculations validated the model and
enabled its application along the climatic gradient between the Jerusalem Mountains and the Judean
Desert to the east and the Negev Desert to the south. This gradient is characterized by biomass variations
of between 4.5 kg/m2 and 0.2 kg/m2 (X 22), which creates an extremely steep geographical decrease
over a distance of 25 km; by comparison, MAP decreases over the same distance by only from 60 cm/yr
to 20 cm/yr (X 3). Furthermore, the strong fluctuations in productivity (Figure 9) are indicative of the
level of historical influences that are due to human disturbance and variations in recovery stages and
rates. Subtracting the 1995 average biomass from the 2010 average (Figure 10) provided an insight into
the changes that have occurred in the semi-arid and Negev Desert fringe ecosystems. About half of the
entire study area is characterized by the low-change category, and between 20% and 30% represent areas
of high deviation linked to human activities, such as cultivation, overgrazing, logging and fire in planted
forests. A predominant trend of biomass increase is evident north of the Avisur Highlands line, while
south of this line there is significant indication of a loss of productivity. These results are consistent with
the fact that annual rainfall in Israel was lower than the 1931–1990 average for 12 of the 15 years of the
research period. They support recent findings from both climate-change modeling [3] and
rainfall-change trends [50,51] that suggest a decrease in water availability and, consequently, the drying
of vegetation across wide desert fringe ecosystems. The results presented here and their ecological
implications necessitate further, focused research on change in shrubland conditions across semi-arid
regions using both field and remote-sensing techniques.
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