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Abstract: In Mediterranean grasslands, the composition of vegetation and its nutritional quality
for animals are strongly affected by the climatic conditions prevailing during winter and spring.
Therefore, these seasonal ecosystems provide an opportunity to examine how variability in climatic
conditions affects the regeneration and quality of pasture vegetation. The intensity of grazing in this
seasonal system can moderate, or alternatively exacerbate, climatic effects on the nutritional quality
of the vegetation. Herein, we analyzed the interactive effects of climate variables, grazing intensity,
and grazing exclusion on herbage quality parameters using long-term vegetation and climate data
collected during 2005–2018 from an extensive experiment in Galilee, Israel. We evaluated the
contribution of different climate variables to the prediction of herbage quality parameters. Our
results showed that climate variables have a dramatic effect on herbage quality and that this effect
interacts with grazing intensity. Herbage quality improved in temperate rainy years compared to
warm and dry years. High grazing intensity improved herbage quality under temperate climate
conditions, but this effect was moderated or completely disappeared as winter conditions become
warmer and drier. The results of the study foresee negative effects of warming and drying on the
carrying capacity of natural pastures.
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1. Introduction
Global climate change poses a challenge for predicting short- and long-term ecosystem
functions, particularly with respect to estimating the services provided by ecosystems to
humans [1,2] and predicting the threats expected from the increased sensitivity of these
ecosystems [3,4]. In dry Mediterranean regions, the effects of warming and drying are most
noticeable through extreme events such as fires and soil erosion [5,6]. Nevertheless, gradual
changes in ecosystems, such as plant species turnover, drought-induced mortality, and
dead biomass accumulation, can result in continuous changes in the supply of ecosystem
services [2], which are provided by both natural and man-made systems. For example,
in grazing pastures, the carrying capacity of the land is derived from the quantity and
quality of the herbage [7], which is influenced by the composition and productivity of
the vegetation.
Climate models predict that the Mediterranean region is expected to become warmer
and drier [8]. Regional and global models predict an increase in temperature and a decrease
in rainfall amounts, as well as increased frequency of extreme events [9–11]. The latter
is expected to strongly influence vegetation composition and function [12,13]. Indeed,
in recent decades, the climate in the eastern Mediterranean Basin has become more arid
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in most regions [14]. These expected climatic trends will have direct effects on plant
physiology at the individual plant level [15–17] and on the composition and function of
the vegetation at the plant community level [18,19]. Changes at the individual plant level
include plastic changes in size and resource allocation, together with phenology-driven
changes in the concentrations of resources in the plants throughout the year. Changes in
vegetation composition include species turnover and shifts in the abundance and cover of
plant species [20,21].
The nutritional value of pasture vegetation as feed (herbage nutritional quality) is the
foundation for domestic grazing, the most common agricultural use worldwide, which
constitutes a large part of human-influenced ecosystems [22]. The abovementioned changes
in vegetation may affect herbage quality and pasture productivity, and hence, the productivity and profitability of domestic grazing on natural pastures. Therefore, estimation
of the extent of the effects of climate on the productivity of pasture vegetation and its
quality as herbage are important for understanding the future of grazing, especially, but
not exclusively, in drylands.
Mediterranean regions are characterized by a long, hot summer and a short, rainy
winter with moderate temperatures. Mediterranean environments, therefore, foster a
grazing system with an acutely seasonal pattern [23]. Thus, annual examination, over time,
of climate cycles and variables and vegetation productivity and quality parameters may
reveal long-term trends, as well as the extent of the effects of different climate variables and
extreme events on pasture productivity and quality. As a general rule, the determination of
the carrying capacity of pastures usually focuses on the annual/seasonal productivity of
the vegetation with respect to the grazing intensity of the livestock [24]. Many studies have
focused on the effects of the quantity and distribution of rainfall on productivity [12,25],
but few studies have focused on the effects of climate on the nutritional quality of the
vegetation under grazing [26], even though this is a key component determining livestock
consumption [27].
Some studies in Mediterranean climate regions have reported a decrease in herbage
nutritional quality during the short winter and spring period, sometimes in late spring [23]
or early summer [28,29]. Others have focused on continuous changes and demonstrated
a limited effect of grazing intensity, together with a positive seasonal effect of grazing
during winter and spring [29,30]. However, studying the effect of grazing is complex
because grazing intensity plays a double role in its influence on herbage quality; an
increase in grazing intensity increases herbage quality through accelerated regeneration
of the vegetation, while in contrast, high grazing intensity in the long term may displace
palatable species and promote the growth of mechanically and chemically protected species
(e.g., plants with thorns and prickles or toxins [31]) potentially also with lower nutritional
quality. One way to deal with this complexity is through long-term grazing experiments
that include different grazing intensities and ungrazed controls, as we present herein.
Despite the known effects of pasture legacy and the soil seed bank in shaping the
composition of vegetation in seasonal herbaceous systems [32], climatic conditions during
the wet season have a formative effect on the quality of the herbaceous vegetation [33].
The prevailing assumption is that a cool, wet year leads to high-quality pasture because
individual plants will be large and the community will be dominated by species with rapid
growth rates and low tissue densities [34]. Conversely, high availability of resources (water
and soluble macro- and micro-nutrients) will lead to plant–plant competition and result
in the displacement of species such as legumes and short grasses with high nutritional
quality [35] by tall plants with high investment in vegetative tissues [36], which may
increase the concentration of fiber in the pasture and therefore reduce its quality.
In light of all the above, we hypothesized that (1) herbage nutritional quality will
improve in cool, rainy years and decline in warm, dry years, and (2) high grazing intensity
will improve herbage quality and mitigate climatic effects on herbage quality.
In recent decades, near-infrared spectroscopy (NIRS) has been developed as a rapid,
large-scale, inexpensive method to determine the nutritional composition of feeds [37]
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and has been used for long-term determination of herbage quality at the Karei Deshe
Experimental Range Station in eastern Galilee. Using a unique, multi-year (2005–2018) data
set of herbage quality and meteorological data, we examined the effects of different annual
and seasonal climate variables on different parameters that define the nutritional quality
of vegetation. We tested the interactive effect of climate variables and varying levels of
grazing intensity. This study examined the following specific questions: (1) To what extent
do different climate variables influence herbage quality parameters in a water-limited
environment? (2) Does grazing mitigate the negative influence of climate on the nutritional
quality of herbage?
2. Materials and Methods
2.1. Study Site
This research was carried out at the Karei Deshe Experimental Range Station in the
northeastern Galilee region of Israel (32◦ 550 N, 35◦ 350 E). The topography is hilly, covered
with basaltic rocks with an average cover of 30% [38]. The soil is brown basaltic protogrumusol. The vegetation is classified as Mediterranean Batha, dominated by grasses and forbs.
The dominant perennial species are the hemicryptophytes Bituminaria bituminosa (L.) Stirt.,
Echinops gaillardotii Boiss., E. adenocaulos Boiss., Ferula communis L., and Hordeum bulbosum L.,
which form approximately 30% of the plant cover [38,39]. Most other species are herbaceous
annuals, including grasses (Avena sterilis L., Alopecurus utriculatus Sol., and Bromus spp.),
legumes (Medicago spp. and Trifolium spp.), composites, crucifers, and umbellifers. Growth
and development of the vegetation strongly depends on the climatic conditions prevailing
during the short winter–spring growing season from late October/mid-November to late
April/early May. The mean annual rainfall is 551 mm. During the summer, the vegetation
dries out.
2.2. Experimental Treatments
A long-term study was established at the station in 1994 with eight paddocks grazed
by cattle under controlled grazing intensities [40]. The four experimental treatments used
for our analysis included three grazing intensity treatments—very heavy (2.2 cows ha−1 ),
heavy (1.1 cows ha−1 ), and moderate (0.55 cows ha−1 )—and a grazing exclusion control
treatment. Each treatment was replicated twice. Paddocks were stocked annually with
adult, crossbred Simmental cows; these cows usually graze for approximately eight months
per year, from mid-January to late September. Deferment of grazing after the onset of the
rainy season in late autumn allows establishment and early growth of the pasture [29]. The
grazing treatments have been maintained without change since 1994.
Climate data, including hourly temperature and humidity and daily rainfall, were
collected by an on-site meteorological station. We analyzed the effects of nine average
daily, monthly, and seasonal climate variables, and extreme values, including total seasonal
rainfall amount (until the date of vegetation sampling, mm), accumulated rainfall amounts
(mm), and proportions (i.e., percentages of the total seasonal rainfall) in December and
April, as well as maximum and minimum temperatures (◦ C) and relative air humidity
(%), measured daily between October and April. Long-term variation in all nine climate
variables along the 14 experimental years is presented in Figure S1.
Most of the nine climate variables were correlated to one another. All of the relative
humidity and temperature variables were correlated, at different levels of significance, to
all of the other variables. Only a few correlations were not significant, including December
rain vs. total rain until sampling, December rain vs. April rain, and the same correlations
including December and April rainfall proportions.
2.3. Vegetation Sampling
Vegetation sampling took place every year from 2005 to 2018 (14 years) in spring
(April), at the peak of vegetation growth. Quadrats of 25 × 25 cm were randomly placed
along permanent transects in each paddock. All aboveground herbaceous standing biomass
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within each quadrat was harvested. Twenty samples were harvested per paddock per
season, resulting in a total of 160 samples for each year of the study. The harvested samples
were oven-dried at 65 ◦ C for three days and then weighed and ground for analysis. Each
year, samples from each paddock were pooled into three replicates and their nutritional
quality was analyzed using NIRS calibrated upon wet chemistry [37] (total of 336 measurements per nutritional parameter). The nutritional parameters measured included in vitro
dry matter digestibility (IVDMD [41]), crude protein (CP) concentration (automated Kjeldahl, method 976.05 [42]), dietary fiber attributes of neutral detergent fiber (NDF; with
alpha-amylase), acid detergent fiber (ADF) [43], and ash content. Reference values for NIRS
equations (Table S1) were determined using herbage samples (ca. 360 in total) collected
during all seasons. While elevated values of IVDMD and CP indicate an increase in herbage
nutritional quality of the pasture, high values of NDF, ADF, and ash content indicate a
decrease in herbage nutritional quality.
2.4. Data Analysis
We used maximum likelihood analysis to analyze whether, and how, the grazing
treatments and the various climate variables affected each of the five herbage nutritional
parameters. We tested additive and multiplicative linear models with the effects of one of
the nine climate variables (as a continuous factor), four grazing treatments (as a categorical
factor), their interaction, and a constant intercept, as follows:
Multiplicative model: Yij = a + bi Xj
Linear model: Yij = a + bi + cXj
where Yij is the nutritional quality variable from each grazing treatment i and year j, a is
the intercept, b and c are the linear slope parameters, where bi is the slope for each grazing
treatment, and Xj is the climate variable in year j.
Additional models tested the mean effect of each of the grazing treatments without
the climate variable, i.e., using ANOVA-like maximum likelihood analysis. We compared
the complete set of models, each time with a different climate variable, for each nutritional
parameter. We used the Akaike information criterion corrected for a small sample size
(AICc) to compare the strength of evidence for competing alternative models for each
nutritional parameter. We solved the maximum likelihood parameter values for each
model in our set of models using simulated annealing in the “likelihood 1.3” package in
R [44]. Residuals (ε) for the different variables were normally distributed, so the error
terms were modeled accordingly. We used asymptotic two-unit support intervals to assess
the strength of evidence for individual maximum likelihood parameter estimates [45]. To
evaluate each alternative model, we calculated the slope and the R2 of the regression of
observed vs. predicted values, as measures of model bias and goodness-of-fit, respectively.
Statistical analyses were performed in the R programming environment version 2.8.0 (R
Development Core Team, 2008, for maximum likelihood analysis). Correlations between
the nine climate variables were performed using the Pearson’s correlation index, in SPSS
v.25.0 software (SPSS Inc., Chicago, IL, USA).
3. Results
Climate variables demonstrated a significant, interactive effect with grazing intensity
on herbage quality. Cool, rainy years were associated with improved herbage quality
according to most of the tested nutritional parameters (Figure 1). The models that included
the effect of maximum daily temperature in winter combined with grazing treatments
were most parsimonious for NDF (R2 = 0.40), crude protein content (R2 = 0.44), and
digestibility (R2 = 0.33) of the vegetation (Tables S2–S5). These models showed that the
NDF content increased and the crude protein content and digestibility decreased with
increasing winter temperatures (Figures 1a,c and 2) and that heavy grazing intensity
improved the nutritional quality attributes in cool years (i.e., lower NDF and fiber contents
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Figure 1. Relationships between the climate variables and mean nutritional parameters values under four grazing intensities.

Figure 1. Relationships between the climate variables and mean nutritional parameters values under four grazing inten(a) Crude protein content in herbage (%) and winter daily maximum temperature, (b) herbage ash content (%) and winter
sities. (a) Crude protein content in herbage (%) and winter daily maximum temperature, (b) herbage ash content (%) and
daily minimum relative humidity, (c) herbage NDF (neutral detergent fiber) content (%) and winter daily maximum
winter daily minimum relative humidity, (c) herbage NDF (neutral detergent fiber) content (%) and winter daily maxitemperature, and (d) herbage ADF (acid detergent fiber) content (%) and the proportion of annual rain in December. The
mum temperature, and (d) herbage ADF (acid detergent fiber) content (%) and the proportion of annual rain in December.
climate variables presented in the graphs provided the most parsimonious model among the nine different climate variables
tested. Data were collected annually at the Karei Deshe Experimental Station. Each point represents the average of six
pooled samples (of n = 6–8 samples each). The solid trend lines are significant at p ≤ 0.05.
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the control vegetation (43% and 44%, respectively), while very heavy grazing reduced ADF
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to 39%. These values were observed under December rainfall proportions ranging from 5%
to 65% of the total rainfall amount. The model that included the daily maximum winter
temperature, together with grazing treatments, showed the second-best predictive ability
for ADF. The amount of rain in December (early-season availability) was the third-best
predictor (Table S6).
Exceptional among the parameters was the ash content of the vegetation, which
increased with the amount of rain and humidity and decreased with temperature. In other
words, the ash content did not demonstrate a trend of improved nutritional value of the
vegetation under temperate conditions. The most parsimonious model for ash content
included the interactive effects of the minimum humidity in winter and grazing treatments
(R2 = 0.26) (Figure 1b and Table S7). The second-best predictor was maximum humidity
and total rain until sampling date, together with grazing intensity. The average ash content
in the control and moderately grazed paddocks ranged from 9% in years with the lowest
average minimum humidity to 11% in more humid years. In contrast, in the heavily and
very heavily grazed paddocks, the ash content ranged from 8% to 9% in years with low
average minimum humidity to 13% in more humid years. These differences were observed
across a 6% range in minimum daily humidity values measured during the winter months.
Nutritional parameters and climate data are presented in Table S8.
4. Discussion
For most of the tested vegetation quality parameters, moderate climate conditions, i.e.,
cool years, improved the nutritional quality of the pasture, and notably its digestibility. We
showed, in a seasonal Mediterranean environment, that during the short, winter–spring
growing season, heavy grazing intensity improved herbage nutritional quality parameters,
but this occurred only during years with temperate climate conditions, and this positive
effect was moderated or disappeared completely during hot, dry years.
The amount and distribution of rainfall are considered to be the primary factors shaping forage productivity [12,25] and quality [33] in water-limited environments. With respect
to productivity, these effects are known, and have been shown in previous studies [32,46];
however, the effects on herbage quality are less known [47]. The amount of rainfall accumulated until the time of pasture sampling, and other variables related to the distribution of
rainfall within the growing season, had a significant effect on all of the nutritional quality
parameters; for all nutritional parameters, the effects of grazing and interaction between
rainfall and grazing showed improved predictive power. Nevertheless, we found that other
climate variables were more sensitive and better predictors of herbage quality parameters,
particularly the daily maximum temperature and daily minimum humidity during the
growing season (October–April). While most of the tested climate variables were intercorrelated (and therefore, we could not test the climate variables concurrently), we found
large differences in their predictive power. Both humidity and temperature were better
predictors (than rainfall variables) for the conditions during the short growing season and,
therefore, for the conditions during the period of plant development, while rainfall was
scattered throughout this period and had a lesser effect. The maximum temperature from
October to April was found to be the best predictor of the crude protein content, the NDF
content, and the digestibility of the vegetation.
In fact, the only nutritional parameter that was greatly affected by rainfall was ADF,
which increased with increasing proportions of rain in December. This finding is related to
the availability of plant resources at the beginning of the season, rather than the relative
distribution of the water resource. The ADF content of pasture herbage is affected by the
size of the plants and their developmental stage or maturity [48]; thus, plant growth is
accelerated when much of the annual rainfall occurs early in the season (i.e., December),
particularly in grasslands, which include many perennial plant species.
Under temperate conditions, our analysis showed differences in the effects of the
two heavy grazing treatments on herbage ADF; very heavy grazing intensity improved
and reduced the ADF content by fostering regeneration of the vegetation later in the
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season. In contrast, heavy grazing increased the ADF content, probably by accelerating the
maturation of the vegetation that was damaged by grazing but was able to regrow under
cattle consumption (Figure 1d).
In contrast to other herbage nutritional quality parameters, which improved in temperate years, the ash content presented an opposite trend, increasing under temperate
conditions. The explanation for this probably lies in the concomitant increase in ash content
with plant size in herbaceous plants. As for other plant parameters, the effect of grazing
intensity on the ash content was significant only during temperate years, but in contrast to
the other parameters, this effect was not beneficial; heavy or very heavy grazing intensity
led to a higher ash content, which decreased the nutritional quality. Relatively high ash
contents under grazing can be partly explained by the high frequency of perennial herbaceous components [49] in such plant communities, which contain a high ash content in the
basal parts of the plants. It is important to note that plant ash also contains many of the
minerals that are needed for livestock nutrition, and therefore its nutritional classification
as beneficial or harmful is context-dependent.
Heavy and very heavy grazing intensity increased herbage quality during the short
growing season; this result was noticeable for all of the nutritional parameters except for
the ash content. Intensive grazing leads to an increase in the rate of regeneration of the
vegetation and, therefore, to a high proportion of “young” vegetative parts in the vegetation,
proportional to the grazing intensity. This means that with respect to herbage quality, the
short-term beneficial effect of grazing, related to the regeneration rate of the vegetation
under grazing, overrides the long-term effect of grazing intensity, which is expressed by
changes in the vegetation composition [39,50] and structure [32] of the pasture. However,
our results showed that the beneficial effect of grazing on herbage quality takes effect
only during climatically humid years with moderate temperatures and disappears or is
moderated during dry and drought years when the growing season is shorter than average
and, therefore, vegetative production decreases.
The known, long-term effects of grazing intensity on the composition and palatability
of the vegetation [35] and its conceivable effect on herbage quality [13] were not expressed
in our measurements, or were masked by the regenerative effect induced by the grazing
itself. Nevertheless, the reason for this may lie in the long-term measurement method at
the Karei Deshe site, which focuses on annual herbage productivity and quality and does
not include perennial components such as woody plants and large spiny species that are
not eaten by the cattle.
Although the moderate grazing intensities in this experiment were authentic (i.e., they
are used by farmers in the region), we found a high similarity between paddocks with moderate grazing intensity and paddocks without grazing for all tested parameters (Figure 1),
indicating a limited effect of moderate grazing on the vegetation. In Mediterranean grazing
pastures, which have been grazed for thousands of years [51], the herbaceous vegetation is
adapted to regeneration and development under grazing conditions. The two high grazing
intensities were also similar to one another in their effect, despite the two-fold difference in
intensity between them; nevertheless, with respect to vegetation digestibility, we observed
a gradual effect of heavy and very heavy grazing on this parameter, which increased with
grazing intensity.
5. Conclusions
The long-term results of this study can be used to estimate the quality of herbaceous
pastures with respect to climatic conditions, but more importantly, our results showed
trends that are expected to continue with ongoing climate change, which are expressed
particularly strongly in Mediterranean regions [52]. An increase of 2.5 ◦ C during the
winter months, as expressed by the extreme measurements (maximum and minimum
temperatures), reduced the crude protein content of the herbage at flowering time by
5% and increased the fiber content by ca. 10%. The significance of this trend is that
global warming, over time, will lead to reductions in herbage quality and, consequently,
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to a reduction in the carrying capacity of the pasture. Previous studies have shown that
vegetation communities in these regions, with a long grazing history, are adapted to interannual changes in the amount of rainfall in winter [53]. However, trends of warming
and decreased humidity are expected to shorten the growing season of the ephemeral
herbaceous vegetation, which agricultural systems rely on throughout the year. The
presence of grazing during the growing season, even at very high intensities, does not
moderate the effect of climate warming on the nutritional quality parameters of grazed
vegetation. However, we showed that a beneficial effect of grazing intensity on herbage
quality during the growing season does exist, as demonstrated for Mediterranean systems
in previous studies [33]. Nevertheless, this effect fades out during warmer, drier years;
therefore, in future warming scenarios, grazing intensity in herbaceous vegetation will not
suffice as a management tool to mitigate climatic effects.
Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/agronomy11040700/s1, Figure S1: Climate data measured at the Karei Deshe Experimental
Range Station during the research period, 2005–2018. Table S1: Calibration performance of the
near-infrared spectroscopy (NIRS) equations for herbage nutritional composition. Table S2: Results of
the most parsimonious models for each of the five nutritional parameters. Tables S3–S7: Comparison
of models that test the effects of grazing intensity treatments and climate variables on herbage
nutritional quality parameters. Table S8: Data.
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