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Abstract Climate change is predicted to alter the rainfall regime in the Eastern Mediterranean
Basin: total annual rainfall will decrease, while seasonal and inter-annual variation in rainfall will
increase. Such changes in the rainfall regime could potentially lead to large-scale changes in
aboveground net primary productivity (ANPP) in the region.We conducted a data-driven evaluation
of herbaceous ANPP along an entire regional rainfall gradient, from desert (90 mm MAR [Mean
Annual Rainfall]) to Mesic-Mediterranean (780 mmMAR) ecosystems, using the largest database
ever collated for herbaceous ANPP in Israel, with the aim of predicting consequences of climate
change for rangeland productivity. This research revealed that herbaceous ANPP increases with
increasing rainfall along the gradient, but strong dependence on rainfall was only apparent within
dry sites. Rain Use Efficiency peaks at mid-gradient in Mediterranean sites without woody
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vegetation (560 and 610mmMAR). Inter-annual coefficients of variation in rainfall and herbaceous
ANPP decrease along the rainfall gradient up to ca. 500mmMAR. Climate change is more likely to
affect herbaceousANPP of rangelands in the arid end of the rainfall gradient, requiring adaptation of
rangeland management, while ANPP of rangelands in more mesic ecosystems is less responsive to
variation in rainfall. We conclude that herbaceous ANPP in most Mediterranean rangelands is less
vulnerable to climate change than generally predicted.

1 Introduction

Climatic conditions in the Mediterranean Basin have become drier in the recent decades (Kafle and
Bruins 2009), and this trend is expected to continue, with a decrease of up to 20 % in total annual
rainfall by the year 2050 (Golan-Angelko and Bar-Or 2008; Black 2009; Evans 2009). Changes in
rainfall (rather than temperature or CO2) constitute themost important component of climate change
in the Mediterranean Basin, where water is the primary limiting resource (Fay et al. 2000; Miranda
et al. 2011; Shafran-Nathan et al. 2012). Intra-seasonal variation in rainfall is expected to become
more extreme, with fewer, but more intense rainfall events within a season. Likewise, inter-annual
variation in rainfall is also expected to increase, with very wet years alternating with drought years.
Since rainfall directly affects plant growth, changes in the rainfall regime should have serious
consequences for ecosystem functions and services, such as primary productivity (Fay et al. 2003;
Nippert et al. 2006; Köchy et al. 2008) and vegetation diversity (Noy-Meir 1973; Weltzin et al.
2003; Köchy et al. 2008). This is particularly important for ecosystems that provide vital services to
mankind, such as rangelands (Weltzin et al. 2003; Nippert et al. 2006; Swemmer et al. 2007; Tietjen
and Jeltsch 2007; Köchy et al. 2008). Climate change may affect both rangeland vegetation quality
and productivity, the two primary factors affecting the carrying capacity of the rangeland for
livestock (Tietjen and Jeltsch 2007; Köchy et al. 2008).

Climate change effects are expected to be stronger in arid and semi-arid ecosystems, where
herbaceous ANPP depends strongly on both total rainfall (Noy-Meir 1973) and its variability
(Le Houérou et al. 1988). In mesic ecosystems (≥500 mm MAR), however, water is not
necessarily the limiting factor for herbaceous ANPP. Yet, these systems may still be affected
by changes in the rainfall regime due to its interaction with other limiting factors such as
temperature, nutrient availability, and soil texture and depth (Seligman and van Keulen 1989;
Zaady 2005). Moreover, species thriving in mesic ecosystems often exhibit specific mecha-
nisms that reduce vegetation response to rainfall and rainfall variability, such as substantial soil
seed banks (Harel et al. 2011) and accumulation of reserves in below-ground storage organs
(Sternberg et al. 2003), both of which may buffer changes in vegetation composition.

The complex response of primary productivity to rainfall across different ecosystems compli-
cates efforts to develop predictions regarding climate change in different regions, and their
validation in the field (Huxman et al. 2004). We addressed this complexity by using recent data
to examine current relationships between herbaceous ANPP and rainfall, as a basis for formulating
predictions about the effects of climate change, at least in the short term, on rangeland productivity.
A theoretical analysis of ANPP-rainfall relationships was conducted previously for Mediterranean
rangelands (Seligman and van Keulen 1989), and found that while soil depth affected herbaceous
ANPPwithin the range 130–530mmMAR, the effect of annual rainfall was stronger at the low end
of the range, while soil fertility was more important at the high end. To date, empirical validation of
this analysis is limited to one research site in northern Israel (Henkin et al. 1998). The current paper
presents the first attempt to predict effects of climate change along an entire regional rainfall
gradient, encompassing a 9-fold increase in annual rainfall within a short geographical range
(240 km), using a comprehensive database of empirical data. We chose ten rangeland sites along
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the rainfall gradient in Israel for which long-term data on herbaceous ANPP were available. We
focused on the herbaceous vegetation due to its importance for livestock, and asked the following
questions:

1. To what extent can inter-annual variation in herbaceous ANPP be explained by a) total
annual rainfall and b) inter-annual variation in rainfall? and

2. How will climate change affect herbaceous ANPP (i.e. forage production) in desert and
Mediterranean rangelands?

2 Methods

2.1 Description of research sites

We used data from ten research sites along the rainfall gradient in Israel, from Sede Boqer (Site 1) in
the south (ca. 90 mmMAR) to En Ya’aqov (Site 10) in the north (ca. 780 mmMAR). Figure 1
presents a map of the study sites; their characteristics are summarized in Online Resource 1.
Herbaceous vegetation is an important component at each site, although its cover relative to that
of woody vegetation decreases from south to north. At Karei Deshe (Site 8) there is no perennial
woody vegetation, rather up to 40 % of the vegetation consists of hemicryptophytes (Sternberg
et al. 2003), includingHordeum bulbosum L., a perennial grass which is the dominant palatable
plant species at the site. Most sites have a long grazing history, by cattle in the north and by
sheep and goats in the south. Nowadays grazing is conducted at some of the research sites,
either for raising livestock or as a management tool for fire prevention (Online Resource 1).
Throughout this paper, we refer to Sites 1–4 as ‘dry sites’ and Sites 5–10 as ‘mesic sites’.

2.2 Data collection

We chose sites for which long-term (9–23 years) data from monitoring of the aboveground
herbaceous vegetation were available. At each site biomass sampling was conducted within an
experimental framework that examined the response of the herbaceous biomass to various factors,
such as grazing, removal of woody vegetation, mechanical disturbance to the soil, fertilization,
seeding, addition or reduction of rainfall. Each experiment comprised several treatments with 2–
8 replications per treatment, ranging in size from several square metres to tens of hectares in area.
To represent the spatial heterogeneity of the vegetation, several replicate samples were harvested
in each plot at each harvest date. The data used in this study were collected by different people at
the different sites, since each experiment was conducted over a time period specific to each site.

In order to enable comparisons across all experimental sites, we used data from control plots
only. At Sites 8 and 10 we deviated slightly from this policy and included data from plots with
limited exposure to grazing, assuming that since grazing at both sites occurred after seed
dispersal, its effect on biomass production in the following season was minimal. At the low-
to-moderate grazing intensities used, trampling may actually promote biomass production by
damagingwoody vegetation (Site 10 only) and creating microsites for germination (Eckert et al.
1986; Winkel and Roundy 1991), while compaction effects may be short-lived (Weigel et al.
1990). At all sites we used biomass data collected in the spring (March–May, depending on
specific site conditions) at the peak of the growing season (when standing biomass reaches its
maximum) which is a good measure of Aboveground Net Primary Productivity (ANPP) in
herbaceous systems. In total, the database on which this paper is based is the largest ever
amassed in Israel, including 31,831 quadrats and spanning the period 1988–2011.
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2.3 Vegetation sampling method

Herbaceous biomass was harvested in quadrats of 20×20 cm at some sites, and quadrats of 25×
25 cm at other sites, with replication according to the experimental design at each site. Quadrats
were thrown randomly within the sampling areas of the experimental plots. At sites with presence
of shrubs, sampling areas excluded distances within 40 cm of a shrub, in order to avoid direct
shrub effects on the herbaceous vegetation (Arnon et al. 2007). All biomass samples were dried
before weighing, and biomass was expressed in grams of dry matter per square metre.

Fig. 1 Location of the ten research sites on the rainfall map of Israel and the Israeli-occupied territories
according to U.N. designations, with typical landscape photos. The map presents long-term average annual
rainfall for the period 1981–2010 (kindly provided by the Israeli Meteorological Service)

788 Climatic Change (2013) 119:785–798



The sites differed in the harvesting method: at some (Sites 3, 6, 7, 8 and 10), vegetation was
harvested 2–3 cm above ground level using secateurs, while at others (Sites 1, 2, 4, 5 and 9),
plants were pulled carefully from the ground (with or without first cutting the roots 1 cm below
the soil surface) and roots were removed before weighing.

Since such differences did not allow us to use the raw data in analyses involving different
sites, we developed a method to calibrate the measurements from the different sites. To this end,
we conducted paired vegetation sampling at all sites during the 2010/11 season, at peak biomass
(March–May). At each site we chose ca. 20 homogeneous vegetation patches representing the
range of herbaceous productivity at the particular site. In each patch we set down two quadrats of
the size used at that site. In one quadrat the vegetation was sampled according to the site-specific
method, while in the other the vegetation was cut at a height of 1 cm above the soil surface.
Based on these sample pairs, we conducted orthogonal regressions—designed for situations in
which experimental error is present in both of the variables being analyzed (Fuller 1987)—and
normalized the local data (for all years) to obtain results that could be compared among sites.
The correlation coefficients for the orthogonal regressions ranged between 0.82 and 0.96
among the sampled sites, with the exception of Site 5, where it was lower, but still highly
significant (r=0.66; p<0.001).

2.4 Rainfall data

We collected rainfall data from the experimental sites or nearest meteorological station. For
most sites, we were able to obtain daily rainfall data, from which we calculated the annual
totals used here based on a hydrological year starting 1 September.

2.5 Rain use efficiency

For each site we calculated Rain Use Efficiency (RUE) as the ratio between ANPP and MAR
(Le Houérou et al. 1988), expressed in g m−2 mm−1, in order to assess the efficiency of
biomass production along the rainfall gradient. Theoretically, RUE should increase with
MAR, as the proportion of effective rain (for plant growth) increases with decreasing aridity
(Le Houérou 1984), until other environmental factors limit ANPP. However, RUE is also
highly dependent on soil and vegetation characteristics and conditions, and therefore may
not necessarily respond linearly with rainfall.

2.6 Variability indicators

We calculated coefficients of variation (CV) for both annual rainfall and herbaceous ANPP
in each site, as indicators of the variability of the rainfall regime and of herbaceous
vegetation productivity. The Production to Rain Variability Ratio (PRVR) for each site
was then calculated as the ratio between the inter-annual CV of ANPP and that of rainfall.
PRVR is usually greater than unity in dry ecosystems, due to the high dependence of ANPP
on MAR, while in mesic ecosystems PRVR tends to be closer to, or even slightly below,
unity, because ANPP is less influenced by changes in total rainfall (Le Houérou et al. 1988)
and is buffered by other biotic and abiotic factors.

2.7 Statistical analyses

We conducted linear regression of herbaceous ANPP on MAR for all sites combined, separate
linear regressions of herbaceous ANPP on annual rainfall for each site, and linear regression of
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CVANPP on CVrainfall. To test whether the PRVR values of the different sites were significantly
different from unity we first tested the significance of the difference between the linear
regression of CVANPP on CVrainfall and the 1:1 line (intercept = 0; slope = 1). As this difference
was significant, we then tested the significance of the largest residual (Site 1) from the 1:1 line
against the t-distribution. This residual was significantly different from zero, therefore Site 1
was deemed to have a PRVR value different from unity. In order to determine whether PRVR of
additional sites was different from unity, we removed Site 1 and repeated the above process
until the regression line was no longer significantly different from the 1:1 line. Regression
analyses were conducted in JMP 7.0.2 (SAS Institute Inc., Cary, USA); significance of
residuals was determined using the TDIST function in Microsoft Excel, using n−2°
of freedom.

3 Results

MAR increases along the rainfall gradient from south to north (Fig. 2). Trends in ANPP along the
rainfall gradient are less clear (Fig. 2), due to large differences in ANPP between sites receiving
similar amounts of rain (e.g. Site 5 versus Site 8). ANPP increases significantly with increasing
MAR, from the arid and semi-arid sites in the south to the wetter sites in the north (Fig. 2;
r2=0.45; p=0.034), but with increasing scatter in the MAR–ANPP relationship towards the
wet end of the gradient (from Site 5 northwards). Indeed, when yearly data for each site are
examined separately (Fig. 3), a significant and positive relationship between ANPP and MAR
emerges for the southern, dry Sites 1–4, while in the mesic sites, this relationship is absent,
except in Site 8.

Rain Use Efficiency (RUE) averaged 0.391±0.067 gm−2 mm−1 across all sites. If we examine
the general relationship between RUE and rainfall from a broad perspective, we see that RUE for
6 out of 10 sites was fairly constant, falling within the range 0.262–0.480 g m−2 mm−1 (Fig. 4).

Fig. 2 Herbaceous ANPP (mean ± se) as a function of MAR (mean ± se) in ten research sites along the
rainfall gradient in Israel. The slope of the regression between herbaceous ANPP and MAR and the
significance of the slope (* = p<0.05) as well as the value of r2 appear next to the regression line. Sites are
ordered according to geographical location from south to north: 1 = Sede Boqer; 2 = Shaked Park; 3 =
Lehavim; 4 = Lahav; 5 = Matta; 6 = Ramat Hanadiv; 7 = Ofer; 8 = Karei Deshe; 9 = Yechiam; 10 = En
Ya’aqov
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Fig. 3 Herbaceous ANPP as a function of annual rainfall for each of the ten research sites along the rainfall
gradient in Israel. The slopes of the regressions between herbaceous ANPP and rainfall, the significance of the
slope (* = p<0.05; ** = p<0.01; *** = p<0.001; ns = not significant) and the coefficient of determination
appear below the name of each site

Fig. 4 Rain Use Efficiency (RUE; mean ± se) as a function of mean annual rainfall (MAR; mean ± se) in ten
research sites along the rainfall gradient in Israel. Sites are ordered according to geographical location from
south to north: 1 = Sede Boqer; 2 = Shaked Park; 3 = Lehavim; 4 = Lahav; 5 = Matta; 6 = Ramat Hanadiv; 7 =
Ofer; 8 = Karei Deshe; 9 = Yechiam; 10 = En Ya’aqov
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RUE in the remaining four sites (1, 6, 8 and 10) fell outside the 95 % confidence interval (0.240–
0.542): whereas Sites 6 and 8 had very high RUE (0.677 and 0.803 g m−2 mm−1, respectively),
RUE at Site 10 was relatively low (0.209 g m−2 mm−1), and the lowest value was recorded at Site
1 (0.100 g m−2 mm−1).

At the dry end of the gradient, the inter-annual CVs of both rainfall and herbaceous ANPP
were relatively high, and decreased markedly from Site 1 northwards to the middle of the
gradient (Fig. 5a), with a much wider range of values, and steeper decline along the rainfall
gradient for herbaceous ANPP than for rainfall. At this point, both CVs are in the range 20–
25 %, and remain at this level up to the mesic end of the gradient. The relationship between the
two CVs (Fig. 5b) was positive and highly significant (r2=0.85; p=0.0001), crossing the 1:1 line
at the mesic end of the gradient. Consequently, the Production to Rain Variability Ratio (PRVR –
Online Resource 2) was greater than 1 at the dry end of the gradient, decreasing towards 1 mid-
gradient. In order to fit the CVANPP versus CVrainfall regression to the 1:1 line we needed to omit
Sites 1, 2 and 3, where PRVRwas significantly different from 1 (Table 1; PRVR = 2.43, 1.96 and
1.57 for Sites 1, 2 and 3, respectively).

4 Discussion

4.1 Trends in herbaceous ANPP

Our analysis indicates that MAR is the limiting factor for herbaceous ANPP in Israel’s range-
lands, at the geographical scale of the rainfall gradient. Indeed, if we remove the highly
productive Sites 6 and 8 from the linear regression in Fig. 2, the relationship becomes quite
strong, with an r2 of 0.81. The pattern of Rain Use Efficiency (RUE) at the different research
sites adds a further level of complexity to the ANPP–MAR relationship along the gradient.
RUE for 6 out of 10 sites was within the range 0.262–0.480 g m−2 mm−1, typical levels for
rangeland productivity in the scientific literature (Le Houérou et al. 1988; Paruelo et al. 1999;
Huxman et al. 2004), however differences in RUE along the gradient were quite marked.

Sites 6 and 8 exhibited 2- to 3-fold higher RUE than the other sites, with values
characteristic of highly productive grasslands with good range condition (Le Houérou et
al. 1988). Sites 6 and 8 are different in that they comprise herbaceous vegetation only,
whereas vegetation in other mesic sites (5, 7, 9, 10) includes a perennial shrub component,
which competes with the herbaceous vegetation for light and soil resources, and limits its
growth (Online Resource 1; Holzapfel et al. 2006). Thus it can be argued that more water
and solar radiation are available for herbaceous plant growth at Sites 6 and 8 since there is no
competition with woody plants for these resources. In addition, herbaceous perennial species
(hemicryptophytes, geophytes, grasses) which are more productive than annual species,
have greater cover at Sites 6 and 8 compared to the other mesic sites. These two factors
increase the potential for higher herbaceous ANPP at Sites 6 and 8, hence high RUE.

Apart from the effect of vegetation composition (Paruelo et al. 1999; Bai et al. 2008), RUE has
also been shown to be strongly affected by rangeland condition and soil characteristics (Noy-Meir
1973; Le Houérou 1984), such that relatively high ANPP may be recorded in arid ecosystems on
sandy soils with good vegetation condition, or conversely, low ANPP could be obtained for an
ecosystem in a high rainfall zone if the vegetation is in poor condition (Le Houérou 1984; Le
Houérou 1996). The large increase in RUE from Site 1 to Site 2 could be related to the deep
loessial soil at Site 2 which significantly increases the amount of water available for plant growth.
Conversely, it is possible that the relatively low RUE at Site 10 (0.209 g m−2 mm−1), despite high
MAR, results from intensive summer grazing for fire prevention. The exceptionally low RUE in
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Site 1 (0.10) is associated with low plant density, low production potential, and high evaporative
demand (Noy-Meir 1973; Paruelo et al. 1999).

Paruelo et al. (1999) evaluated world-wide RUE patterns in grasslands and found a
recurring pattern of vegetational constraints at low MAR and biogeochemical constraints

Fig. 5 Inter-annual coefficient of variation (CV) of rainfall and herbaceous ANPP in ten research sites along
the rainfall gradient in Israel. a CVof rainfall (blue) and herbaceous ANPP (red) as a function of mean annual
rainfall (MAR). b Linear regression of CV of herbaceous ANPP on CV of rainfall, including the 1:1 line for
interpretive purposes. The slope of the regression, the significance of the slope (*** = p<0.001) and the
coefficient of determination appear next to the regression line
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at high MAR, while at intermediate MAR (ca. 475 mm), both vegetational and biogeo-
chemical constraints were relatively low resulting in higher RUE compared to wetter or drier
conditions. The results of the current study do not fit this trend, probably due to the fact that
most of our research sites are not herbaceous grasslands senso stricto, rather they include a
woody component which is actually the dominant vegetation component in most of our
mesic sites.

The strong relationship between herbaceous ANPP and MAR within each of the dry sites,
where herbaceous ANPP is very low, is in agreement with previous studies in other arid and semi-
arid regions around the world (Le Houérou et al. 1988; Huxman et al. 2004; Bai et al. 2008).
Therefore we can unequivocally conclude that rainfall is the primary factor limiting growth in the
dry sites (Noy-Meir 1973). In contrast, the lack of relationship between herbaceous ANPP and
MAR in five of the six mesic sites indicates that other factors besides the total amount of rainfall
limit herbaceous ANPP in these sites. Five of the six mesic sites (Sites 5–7, 9–10) are charac-
terized by shallow Terra Rossa soils that developed over Cenomanian-Turonian chalk and
limestone bedrock, which is low in phosphorus (P) (Singer 2007; Online Resource 3), an
important macronutrient limiting plant growth in the region (Henkin et al. 2010). Previous studies
at Site 10 (Henkin et al. 1998; Henkin et al. 2010) emphasized the P-limitation to vegetative
growth at this site. This P-limitation probably restricts ANPP in wet years, thus limiting the
response of herbaceous ANPP to rainfall. In contrast, Site 8 is characterized by relatively deep
basaltic soil that developed over basaltic rock which is rich in P (Online Resource 3). Therefore,
in this site, P probably does not limit growth, thus enabling higher mean ANPP and a positive
ANPP–MAR relationship.

Previous studies have examined the relationships between variation in rainfall and in
herbaceous ANPP, assuming that spatial and temporal variation in rainfall has a much higher
potential effect than average conditions (Le Houérou et al. 1988; Swemmer et al. 2007;
Tietjen and Jeltsch 2007). Here we used coefficients of variation (CV) of both rainfall and
herbaceous ANPP to describe their relative variation among years. The decrease in the CVs
of both herbaceous ANPP and rainfall to 20–25 % as rainfall increases to 500–600 mm
MAR reflects the decrease in climatic variability at the mesic end of the gradient. The higher
Production to Rain Variability Ratio (PRVR) in the dry sites (Fig. 5b), as observed in other
arid regions around the world (Wiegand et al. 2004; Nippert et al. 2006), reflects the strong
effect of small changes in rainfall between years on herbaceous ANPP in dry regions. In our
study sites, low ANPP and the predominance of annual species with low seed dormancy
(Harel et al. 2011) lead to the high dependence of herbaceous ANPP on rainfall. In contrast,

Table 1 Steps in the analysis of the Production to Rain Variability Ratio (PRVR). PRVR values were tested
for significance from 1 by first testing the significance of the difference between the linear regression of
CVANPP on CVrainfall and the 1:1 line (intercept = 0; slope = 1). As this difference was significant, we then
tested the significance of the largest residual from the 1:1 line against the t-distribution. This residual was
significantly different from zero, therefore Site 1 was deemed to have a PRVR value different from unity, its
value was removed from the analysis, and the process was repeated until the regression line was no longer
significantly different from the 1:1 line.

Test Slope Intercept F p r2 Site with highest residual
from 1:1 line

Value of
residual

p

All sites 3.05 −47.4 45.2 0.0001 0.850 1 73.2 <0.0001

Sites 2–10 2.15 −24.3 14.5 0.0067 0.674 2 36.4 <0.0001

Sites 3–10 1.46 −8.17 8.16 0.029 0.576 3 18.9 <0.0001

Sites 4–10 1.04 0.694 5.09 0.074 0.505 End of process
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above 500 mm rainfall, CV of both herbaceous ANPP and rainfall are relatively stable, and
PRVR is close to 1. The higher cover of perennial herbaceous species in the mesic sites may
contribute to reducing relative inter-annual variation in herbaceous ANPP at these sites.
These species can store reserves in underground storage organs (e.g. bulbs, corms) in above-
average rainfall years for growth during dry years (Sternberg et al. 2003; Shafran-Nathan et
al. 2012). In addition, Harel et al. (2011) showed that seed dormancy of herbaceous annuals
is higher at the mesic end of our studied rainfall gradient (specifically, in Site 9), and the
development of a long-term seed bank contributes to buffering of herbaceous ANPP
variation between years.

4.2 Effects of climate change

Climate change models predict a decrease of up to 20 % in annual rainfall and an increase in
its inter-annual variation in the eastern Mediterranean region (Golan-Angelko and Bar-Or
2008; Black 2009; Evans 2009). We can estimate the potential decrease in herbaceous ANPP
in response to reduced rainfall, using the regressions in Fig. 3, assuming that the relation-
ships between herbaceous ANPP and rainfall hold within the range of exploration. A 20 %
reduction in rainfall will therefore lead to reductions in herbaceous ANPP of 40 % for the
arid site (Site 1), 34 %, 31 % and 16 % for the semiarid sites (Sites 2–4) and 12 % for the
Mediterranean site (Site 8). These values are within the range of the present variation in
herbaceous ANPP, however they show that lower rainfall alone could have a significant
effect on herbaceous ANPP.

Both reduced rainfall and higher inter-annual variability in rainfall have the potential to
detrimentally affect herbaceous ANPP in arid and semi-arid sites, with significant reductions in
ANPP as well as marked increases in ANPP variability (Figs. 3 and 5). However, any analysis
examining possible effects of changes in the rainfall regime in these dry sites (Sites 1–4) must
differentiate between short-term effects and long-term cumulative effects. Assuming a decreas-
ing trend in annual rainfall, prevailing inter-annual variability in rainfall may, for some years,
moderate trends of declining growth and reduced productivity due to the occurrence of above-
average rainfall years, which allow replenishment of the limiting soil seed bank (Chesson
2000). However, ‘recovery’ of the vegetation in an above-average rainfall year does not
guarantee high ANPP in the following year, due to the low presence of perennial herbaceous
species, and restricted seed accumulation in the soil due to low seed dormancy (Harel et al.
2011). Previous models developed for dry grasslands in Israel showed that herbaceous ANPP in
these grasslands is fairly resilient to reduced and more variable rainfall (Köchy et al. 2008;
Shafran-Nathan et al. 2012). However, Köchy et al. (2008) emphasized the important role of
grazing in such ecosystems, and the possible negative feedback cycle that could develop in the
longer term, leading to potential collapse of the economic viability of dry rangeland livestock
production (see also Ellis and Swift 1988).

Since we did not find a relationship between ANPP andMAR in most of the mesic sites, and
accounting for the relatively low variability in both ANPP and MAR across all mesic sites, we
would expect that productivity in these sites should not deviate in the short term from the
current range in productivity in response to decreased annual rainfall. Herbaceous ANPP at Site
10 was previously shown to be limited rather by the interaction between rainfall and temper-
ature (Henkin et al. 2010) and by biogeochemical constraints such as soil P (Henkin et al. 1998).
Furthermore, variation in ANPP in mesic sites has been shown to be buffered by reserves in
underground storage organs of perennial herbaceous species (Sternberg et al. 2003—Site 8) and
by a more persistent soil seed bank (Harel et al. 2011—Site 9). If we assume a continuation of
the existing random combination of above- and below-average rainfall years we would not
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expect any significant changes in average ANPP, due to the positive contribution of above-
average rainfall years which allow replenishment of the soil seed bank of the annual species and
recovery of herbaceous perennials (Sternberg et al. 2003; Shafran-Nathan et al. 2012). Thus the
plant traits of the vegetation impart resilience to climate change in these mesic sites.

4.3 Limitations of the study

Two potentially important aspects of ANPP–MAR relationships were not addressed in our
analysis: the effects of within-season rainfall variation and of consecutive drought years.
Within-season rainfall variation comprises several factors, including frequency, intensity and
duration of rain events, as well as the timing and length of the rainy season, and may. Using a
model that manipulated within-season rainfall distribution, Shafran-Nathan et al. (2012) found
that a delay in the commencement of the rainy season, or an early end to the rainy season may
have serious consequences for vegetative growth. Similarly, in a manipulation experiment, Fay
et al. (2003) found that changes in the temporal distribution of rainfall along the season had a
greater impact on herbaceous ANPP than did a 30 % reduction in MAR. Conversely, other
rainfall manipulation experiments found remarkable resilience of semi-arid ecosystems to
changes in temporal distribution of rainfall along the season (Bates et al. 2006; Miranda et al.
2011). Indeed, 10 years of rainfall manipulations in two of the sites used in the current study
(Sites 4, 5) did not lead to any response in productivity of the herbaceous vegetation (Kigel et al.
unpublished data). The interaction between within-season rainfall distribution and temperature
may also play a role in explaining ANPP–MAR relationships, especially within mesic sites. In a
previous study at Site 10, Henkin et al. (1998) showed that temperature was a limiting factor for
vegetative growth early in the growing season. We are currently examining patterns of within-
season rainfall variation and their relationships with herbaceous ANPP within all 10 sites along
the gradient.

In this study we did not consider extreme conditions of consecutive drought years, simply
because they were too rare to enable meaningful analysis. However, it is reasonable to
expect that such conditions could occur with greater frequency as climate change progresses.
Consecutive drought years could lead to mortality of herbaceous perennials and a depleted
soil seed bank of the annual species, with a consequent reduction in productivity of the
herbaceous vegetation, even in mesic sites.

4.4 Conclusions

In conclusion, MAR is a strong driver of herbaceous ANPP along the desert–mesic
Mediterranean rainfall gradient. However, while ANPP increases strongly with MAR at
the dry end of the gradient, herbaceous ANPP is limited at the mesic end, possibly by the
interaction of rainfall and temperature, and/or biogeochemical constraints. There was no
clear trend in RUE along the gradient—this index was affected more by vegetation and soil
conditions than by rainfall per se. Within sites, herbaceous ANPP is tightly coupled to
annual rainfall in the dry sites, while in mesic sites, species traits such as underground
storage organs and a persistent seed bank probably buffer variation in herbaceous ANPP
between years. The interaction of reduced rainfall and increased rainfall variability has the
potential to negatively affect herbaceous ANPP, especially in the dry sites, requiring
adaptation of rangeland management. However, models and empirical studies have shown
that the semi-arid and mesic rangelands along the studied rainfall gradient exhibit resilience
to climate change. We conclude that Mediterranean rangelands are less vulnerable to climate
change than generally predicted.
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