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Abstract: The effects of climate change on agricultural ecosystems are increasing, and droughts
affect many regions. Drought has substantial ecological, social, and economic consequences for the
sustainability of agricultural land. Many regions of the northern hemisphere have not experienced a
high frequency of meteorological droughts in the past. For understanding the implications of climate
change on grassland, analysis of the long-term climate data provides key information relevant for
improved grassland management strategies. Using weather data and grassland production data from
a long-term permanent grassland site, our aims were (i) to detect the most important drought periods
that affected the region and (ii) to assess whether climate changes and variability significantly affected
forage production in the last decade. For this purpose, long-term daily weather data (1961–2019) and
the standardized precipitation index (SPI), De Martonne index (IDM), water deficit (WD), dryness
index (DI), yield anomaly index (YAI), and annual yield loss index (YL) were used to provide a
scientific estimation. The results show that, despite a positive trend in DI and a negative trend in WD
and precipitation, the time-series trends of precipitation, WD, and DI indices for 1961–2019 were not
significant. Extreme dry conditions were also identified with SPI values less than −2. The measured
annual forage yield (2007–2018) harvested in a four-cut silage system (with and without organic
N-fertilization) showed a strong correlation with WD (R = 0.64; p < 0. 05). The main yield losses
were indicated for the years 2008 and 2018. The results of this study could provide a perspective for
drought monitoring, as well as drought warning, in grassland in northwest Europe.

Keywords: grassland ecosystem; climatic variability; climate changes; drought monitoring; Germany

1. Introduction

Recent atmospheric warming and climate change have the potential for significant
effects on agriculture systems and their productivity [1,2]. Crop and livestock–forage
systems are particularly vulnerable to adverse changes in temperature and precipitation
when they impact cultivation, sowing, growth, and utilization. Changes in precipitation
and seasonal water regimes can result in increased drought, thereby greatly affecting pro-
ductivity [3]. Anthropogenic climate change, attributed to the greatly increased greenhouse
gas (GHG) emissions since the 19th century, has been identified as a cause of increased
frequency and severity of droughts [4,5]. Drought is a major contributing factor to land
degradation [6], a process that is further accelerated by unsustainable land-use practices
such as overgrazing and urbanization [7–12], and it has serious potential consequences for
global food security. A drought event is considered to occur when there is a significant
decrease in water availability over a critical period compared with normal levels [13–15].
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Thurow and Taylor [16] classify droughts as meteorological, agricultural, hydrological,
and socioeconomic. A meteorological drought is considered to occur when there is a
significant reduction in precipitation relative to the climatologically expected mean, which
varies depending on the location [17]. Agricultural drought is considered to take place
when soil moisture falls below the climatically appropriate moisture availability, thereby
adversely affecting crop yield and increasing plant stress and mortality [18]. Different
crops react differently to water stress. Furthermore, an agricultural drought depends on
the land management, soil type, temperature, and access to technology, such as irrigation
systems. A hydrological drought is defined as a condition in which water availability
decreases with regard to both surface and groundwater levels [13]. For instance, several
days without rainfall plus continuous use of surface river water for human purposes might
reduce supplies for water storage, thereby affecting agricultural sectors both directly and
indirectly. However, drought events are unavoidable due to the behaviour of hydrological
processes and phenomena that create them [19,20]. While it is often assumed that droughts
occur only in arid and semi-arid climates, they may also occur in other types of climate [21].
The identification and characterization of droughts are complex, because they are difficult
to detect [22]. Therefore, the study of drought requires a multidisciplinary analysis [23] and
requires as wide a characterization as possible, identifying duration, intensity, magnitude,
and frequency [20].

In the case of Europe, future climate change under the Representative Concentration
Pathway (RCP 4.5) scenario indicates that annual average land temperature is projected to
rise by the end of this century by between 1.4 ◦C and 4.2 ◦C [1,24]. The European Environ-
mental Agency has indicated that the frequency, duration, and severity of meteorological
and hydrological droughts will increase throughout Europe [25]. Furthermore, while
countries with arid and semi-arid climates might be relatively well prepared for drought,
for instance, with irrigation systems in place, as drought is a more frequent and anticipated
occurrence, countries with humid climates might be less well prepared, as drought is a
less frequent natural event [25]. As a result of increasing temperature, evapotranspiration
increases and plants become more vulnerable to periods with low rainfall [26,27]. Seedlings
and newly established plants are especially susceptible to drought, and spring drought has
the potential to impact grassland yields during early summer, especially of newly sown
swards [27,28].

According to Craine et al. [29], drought not only reduces plant productivity and
increases plant mortality, but it also limits the geographic distribution of plant species and
accelerates grassland degradation. Degradation is not only related to the effects of biotic
factors (e.g., overgrazing by animals), but also to how abiotic (e.g., soil and water) factors
regulate these systems. Therefore, grassland management requires a knowledge base of the
effects and interactions of biotic and abiotic components, as well as socioeconomic factors
(Figure 1).
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Grasslands cover more than one-third of the European agricultural land; they have
an important role in feeding domestic and wild animals, and they provide important
ecosystem services [30]. Compared with many arable crops, grasslands are able to provide
a buffer against climate variability, as they contain a diversity of plants that respond
differently to extreme environmental phenomena [31]. However, it remains unclear how
drought tolerance among different grassland plants changes along climate gradients [29].
Studies that assess the impacts of extreme weather events such as drought in humid
grassland ecosystems are also lacking, and there is an increasing need to address this
knowledge gap. For instance, in 2003, evidence indicated that grass production was
reduced by around 30% in Europe due to heatwave and drought [32]. Recently, drought
intensity and duration have increased, and both have had major impacts on the structure of
grassland ecosystems [27]. In 2019, historically low pasture yields were observed in central
Europe [33] with high economic losses for the ruminant industry. Moreover, droughts
alter the microbial composition of the soil, potentially affecting microbial interaction
with plants [28,34]. Drought could also affect the carbon cycle, accelerate plant mortality,
increase the spread of plant diseases, decrease soil quality, and increase fire risks [27,28,35].
Lei et al. [28] further commented that the drought impact on carbon allocation is still
unclear, but that elevated losses of soil organic carbon are adding to GHG emissions from
grassland soils.

Therefore, there is a need for further research to enable a better assessment of the
future impacts of drought on grassland ecosystems in Europe. To date, no study has
assessed the effect of climatic and atmospheric drivers on grassland production in northern
Germany with reference to grassland production data obtained in a field setting. Thus, we
used the dataset from an existing long-term permanent grassland experiment (2007–2018)
to investigate the potential likelihood of yield losses as a result of climate change in the
area of Schleswig-Holstein, northern Germany. The main focus of the research reported
here is to detect the most important drought episodes and to assess whether changes in
climate significantly affected forage production in the last decade in this area of Germany.

2. Materials and Methods
2.1. Study Area

The investigation site was located in Schleswig-Holstein (54◦28′12′′ north (N), 9◦30′50′′

east (E)), Germany (Figure 2). The weather data used in this study were obtained from a
synoptic weather station located at Kiel-Holtenau (54◦22′39′′ N, 10◦08′32.6′′ E, elevation
28 m above sea level (a.s.l.)) for the period from 1961 to 2019. This was the nearest weather
station to the study site. The average annual precipitation is 773 mm and the annual
temperatures average 8.9 ◦C. In July and August, the warmest months of the year, the
mean air temperature is around 16.9 ◦C. (Figure 3). Field sampling was carried out at
the Kiel University farm “Lindhof” close to the Baltic Sea (54◦27′ N, 9◦57′ E, elevation
10 m a.s.l.) [36]. The soil was sandy loam, classified as a Eutric Luvisol, with a texture
composition of 11% clay, 29% silt, and 60% sand in the top 30 cm of soil [37].

2.2. Drought and Aridity Indices

Drought indices are indispensable tools for drought analysis and monitoring since
they allow both the identification and the quantification of droughts [38]. There are several
drought indices such as the rainfall variability index (RVI), standardized precipitation index
(SPI), Palmer hydrological drought index (PHDI), standardized precipitation evapotran-
spiration index (SPEI), surface water supply index (SWSI), Palmer drought severity index
(PDSI), and standardized anomaly index (SAI) [39–42]. In this study, the SPI was applied,
because of its good characteristics in drought identification and the prediction of drought
class transitions [41,43,44]. The SPI was used widely during the first decade of the 21st
century as a statistical indicator, as it is simple and considers only precipitation data [38,45].
This index was first suggested by McKee et al. in 1993 [46] and is also recommended by the
World Meteorological Organization (WMO) [47] for indicating and monitoring drought
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for different predefined timescales (1 month, 3 months, 6 months, 12 months, etc.). The
timescale refers to the number of months to be aggregated in the calculation of the SPI,
with different timescales reflecting the influences of precipitation shortage on different
water resources. For example, soil moisture and groundwater respond to precipitation
anomalies over a relatively short scale and long scale, respectively.
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It is widely recommended that drought should be estimated from a regional perspec-
tive, because results from different case studies are not necessarily comparable with those
from other regions [48,49]. In regional studies, drought indices should be standardized [50]
accordingly, and the SPI index has this characteristic. SPI represents precipitation values us-
ing a gamma distribution (Equation (1)). This distribution is sometimes used to determine
the appropriate model according to the dataset [51,52]. The SPI is the most used drought
indicator worldwide because of its applicability in all climate regimes [49]. Table 1 shows
the classification of SPI values. Values in the range −0.50 to −0.99 are also considered as
indicators of mild drought [53].

g(x) =
xa−1 .ex/ss

ssa . r(a)
forx > 0 (1)

Table 1. Classification of wet and dry periods based on standardized precipitation index (SPI).

Category SPI Value Probabilities (%)

Extremely wet ≥2 2.3
Very wet 1.5 to 1.99 4.4

Moderately wet 1.0 to 1.49 9.2
Near normal −0.99 to 0.99 68.2

Moderately dry −1.0 to −1.49 9.2
Severely dry −1.5 to −1.99 4.4

Extremely dry ≤−2 2.3

The WMO [50] lists the following advantages of the SPI index:

• It is flexible and it can be calculated for various time scales.
• It has spatial coherence, because it allows comparisons between locations with differ-

ent climates.
• For short time scales, this index provides early alerts of drought and helps to assess

severity.
• The probabilistic origin of the SPI index shows a historical context. This is suitable for

decision-making [20].

Table 1 shows a classification of SPI values into seven different precipitation regimes
from wet to dry, with a standardized normal distribution for each SPI value. By this
classification, the onset of drought occurs when the SPI value reaches −1.0 and ends when
it returns to a positive value [46,47].

Since the SPI considers only precipitation as the input data, there is also a need to con-
sider related indices that show temperature and evapotranspiration effects. Therefore, the
De Martonne aridity index (IDM), the difference between precipitation and evapotranspira-
tion (water deficit index (WD)), and the ratio between precipitation and evapotranspiration
(dryness index (DI)) were also calculated. The IDM index is one of the best known and
widely used aridity indices [54]. The WD index provides a simple measure of the water
surplus or deficit for different time scales, and it represents climate water balance for the
study area [55]. The IDM decreases with increasing aridity and is calculated using the
following equation [56] (Table 2):

IDM = P/(T + 10), (2)

where P is the annual precipitation (mm), and T is the annual mean air temperature (◦C).
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Table 2. Type of climate according to the de Martonne aridity index (IDM).

Climate Type IDM Values

Arid IDM < 10
Semi-arid 10 ≤ IDM < 20

Mediterranean 20 ≤ IDM < 24
Semi-humid 24 ≤ IDM < 28

Humid 28 ≤ IDM < 35
Very humid 35 ≤ IDM < 55

Extremely humid IDM > 55

The following formula was used for calculation of the WD index:

WDi = Pi − PETi, (3)

where PETi is the annual evapotranspiration (mm), and Pi is the annual precipitation
(mm) and

The following formula was used for calculation of DI:

DIi= PETi/Pi. (4)

On the basis of DIi values, climatic regimes can be classified into four groups: arid
(12 > DIi≥ 5), semiarid (5 > DIi≥ 2), subhumid (2 > DIi≥ 0.75), and humid (0.75 > DIi≥ 0.37) [57].

2.3. Experimental Design and Field Sampling

The experimental field was used as arable land within a 5 year crop rotation until 1993.
In 1994, a grass–clover ley was undersown in a cereal crop, and it has been managed as
long-term permanent grassland since then. From 1994 to 2004, the grassland was managed
in a mixed cutting and grazing system (two silage cuts and two to three grazing cycles
with suckler cows per year). In 2005, a randomized field experiment with three replicates
for different experimental purposes [37,58,59] was established.

The permanent grassland experiment used in this study comprised a two-factorial
design with three replicates of each treatment. The plot size of each replicate was 6 m× 12 m
(n = 3).

The factor N-fertilization was carried out using cattle slurry in amounts that supplied
a total of 240 kg N·ha−1·year−1, compared with a non-N-fertilized control. The slurry
was applied with trailing hoses on four occasions each year, with one application for each
grass growth phase (supplying 80, 60, 60, and 40 kg N·ha−1). The sward was managed
by taking four cuts per year, each harvested at a “silage” growth stage. All plots received
45 kg P·ha−1, 100 kg K2O·ha−1, 24 kg Mg·ha−1, and 68 kg S·ha−1 every 2 years. The years
2007–2018 comprised the factor experimental year.

Each plot was harvested with a Haldrup forage harvester (Haldrup, Løgstør, Den-
mark) at a cutting height of 5 cm. The total fresh matter (FM) weight of each plot was
recorded immediately after harvesting. Subsamples (~150 g of FM) were taken and oven-
dried to constant weight at 58 ◦C to determine their dry matter (DM) content, thereby
allowing calculation of DM yield. The sward composition was estimated according to
Klapp and Stählin [60] after the third silage cut on each plot in irregular annual intervals
(every 2–3 years). On average, the dominant species in the non-N-fertilized treatment
was perennial ryegrass (Lolium perenne) at 49%. The balance consisted of 5% Phleum
pratense, 12% Poa trivialis, 6% Dactylis glomerate, 13% Trifolium repens, 8% Taraxacum sect.
Ruderalia, and 7% various other species. In the slurry N-fertilized treatment, Lolium
perenne contributed 60%, with 4% Phleum pratense, 11% Poa trivialis, 1% Dactylis glomerate,
4% Trifolium repens, 9% Taraxacum sect. Ruderalia, and 11% from various other species. All
plots were oversown every 3 years with Lolium perenne at a seeding rate of 10 kg·ha−1.
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2.4. Yield Anomaly Index (YAI)

The yield anomaly index helps to recognize the deviation of yield for a particular year
from the long-term trend. YAI is calculated using the following formula:

YAIi= (Yi − µ)/σ, (5)

where YAIi represents the yield anomaly index for a selected year, Yi is the annual yield for
the selected year, µ is the mean annual yield selected for a period of time, and σ represents
the standard deviation.

Annual Yield Loss (YL)

In order to estimate the annual yield loss (YL) under drought impact, two parameters
are used, namely, annual yield (Y) and potential yield (YP). In this study, potential yield
(without water stress) was defined as the average of long-term yield that was not affected
by water deficits (WD). The following equation was used to calculate YL:

YLi =
(Yi−YPi)

YPi
× 100. (6)

2.5. Statistical Methods

Linear regression analyses were performed for the entire period (1961–2019) to detect
time-series trends. The moving average was used to smooth out fluctuations in the data
and to detect patterns or trends more clearly. The R Package for SPI (version 2.3.0) was
used to show the long-term frequency of drought in the study area.

3. Results

The temperature time series is shown in Figure 4. The time-series analysis indicated
that the mean annual temperature of the study area increased continuously during the
period 1961 to 2019. The slope of the regression line showed a significant increase in annual
mean temperature (Figure 4). Time-series analysis for precipitation was also carried out.
The slope of the regression line showed a small negative trend although this was not
significant (Figure 4).

Figure 5 shows dry years with different dryness intensity, due to the low values of SPI
(red area). Results show that, during the observation period (1961–2019), several severe or
extremely dry episodes affected the study area, particularly over short time scales (1 and
3 month SPI). According to the classification of wet and dry periods (based on SPI index;
Table 1), extreme dry conditions were identified for the investigation period (1961–2019)
with SPI values of less than −2 for the different scales of SPI. Periods classified as severely
dry and moderately dry could be seen in some years, with SPI values between −1.0 and
−1.99 (Figure 5).

The trend of De Martonne aridity index (IDM) values in the analyzed period (1961–
2019) was not significant but it represented a clear fluctuation (Figure 6). A maximum
value of IDM occurred in 1980 (IDM = 53.9) and a minimum value occurred in 2018
(IDM = 26.1). The average of IDM for the estimated period was around 40, which indicates
a very humid climate type for the study area (Table 1).
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Figure 4. Time series of annual mean daily temperature and precipitation for the selected synoptic station (Kiel-Holtenau,
1961–2019). The solid red line shows a regression analysis, and the blue line denotes the 5 year moving average. Linear
regression analyses test shows a significant trend (*** p <0.001) in annual temperature. ns = not significant.

The trend of WD and DI indices in the analyzed period (1961–2019) was not significant
(Figure 7). Annual mean WD (the difference between precipitation and evapotranspiration)
was around 296 mm, with the positive value denoting that there was a precipitation surplus.
According to the WD value (Figure 7), extreme water deficit occurred in 1976, 2003, and
2018, with values below zero. The DI index also indicated a significant change in the
climate regime in those years from humid (0.75 > DIi ≥ 0.37) to subhumid (2 > DIi ≥ 0.75).
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The time-series analysis of grassland herbage yield under the two different fertilizer
managements (with and without N-fertilizer) and WD for the selected period (2007–2019)
showed negative trends (Figure 8a). The trend of the WD time series followed an annual
fluctuation similar to that of the herbage yield, although no significant trend was shown
(Figure 8a). The relationship between herbage yield and WD is shown in Figure 8b. A
significant relationship (R = 0.64; p < 0. 05) was found between WD and herbage yield with
regard to the fertilizer management.
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Figure 9 shows annual herbage yield loss during the investigation period (2007–2018).
A high yield loss occurred in the years 2008 and 2018. There was no significant difference
detected in loss of herbage yield under the two different fertilizer managements (with and
without fertilizer) in the selected periods. The result for ID index reflected the relationship
between annual yield lost and dryness in the study area (Figure 10), confirming that the
time series of YAI and DI index showed the same trends and fluctuations. A sharp increase
in the DI from 2007 to 2009 indicated yield loss, which was also repeated in 2017–2018.
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4. Discussion

Analysis of the SPI for different predefined timescales showed large annual fluctuation
in the occurrence of wet and dry events during the past few decades in the study area.
Although severe droughts with SPI values lower than −2 were recorded in almost all
decades between 1961 and 2019, three of the five most severe events occurred in the period
1990–2019.

Different drought intensities caused reductions in herbage yield that vary according
to their severity (Table 3). Weather data for the study area indicate that, during the last few
decades, the mean annual temperature has increased, with a significant trend, and that an
increased frequency of meteorological droughts has also occurred. Increased air tempera-
tures may also lead to increased soil temperature, as reported by Ooi et al. [61], who found
that a rise of 1 ◦C in daily maximum air temperature resulted in a soil temperature increase
of around 1.5 ◦C, especially during dry conditions. These authors also stressed that rising
soil temperature may impact future plant population dynamics. Climate change could also
affect livestock production indirectly through its effects on forage quality and quantity, or
directly by increasing temperatures [62], although, in some cases, seasonal changes may be
advantageous, especially at times when soil water is not a limiting factor [1].

According to Foster et al. [63], a direct method for assessing drought influences in
agriculture is to estimate productivity, as increases or decreases in productivity are mainly
controlled by climate elements [64]. In the present study, yields of grass harvested for
silage varied from 4–13 t DM·ha−1 between the years 2007 and 2018 and were mainly
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affected by fertilization and weather conditions. The application of cattle slurry (supplying
240 kg N·ha−1·year−1) increased the grassland productivity on average by 20%. Com-
parable high silage yields, even in the non-N-fertilized treatment, were mainly a result
of the higher share of white clover in the unfertilized sward and its associated biological
nitrogen fixation, which can account for as much as 193 kg N·ha−1·year−1 in permanent
grassland [36]. However, in terms of drought resistance, due to the vegetative reproduction
system of white clover by branching stolons and the fine roots of the daughter plants, it
can show considerable yield depressions particularly in spring-time droughts [36]. Despite
this, the non-N-fertilized swards contained a higher share of Dactylis glomerata, which is
generally relatively more tolerant of longer drought periods than Lolium perenne [36]. A
high share of Lolium perenne in the sward is more likely at higher rates of N-fertilization. In
this context, Loges et al. [59] found a higher fraction of belowground biomass (0–30 cm
soil depth) derived from Lolium perenne after N-fertilization. However, this might increase
the probability of greater yield losses due to the higher vulnerability of Lolium perenne to
reduced water availability. Thus, the two different fertilization regimes can lead to the
development of different root function traits in the swards. This might explain the higher
variation in yield in the non-N-fertilized swards, leading to a nonsignificant correlation
with WD even though the slope of the conducted regression analysis was almost the same
as that of the slurry-N-fertilized treatment.

The results of the YAI analysis and its relationship with aridity indices confirmed the
impacts of climate variability on grassland production in the study area. Results of the SPI
in different time scales showed that the study area experienced some periods characterized
by mild or moderate dryness, which might, therefore, have had possible effects via reduced
soil moisture (Tables 3 and 4) during the last few decades. The results also indicated that
the SPI index in the different time scales represented different types of drought severity
(Table 4).

Between-year differences in herbage yield production and WD index values showed a
similar trend and fluctuations (Figure 8a). This suggests that the WD index could provide
decision-makers and insurers with a means for estimation and prediction of the impacts
of drought on grassland production. As droughts are complex climatic phenomena and
present a major threat to grassland ecosystem function, applying relevant and integrative
indices is more appropriate than simply analyzing individual climatic factors. Balances
among different plant species, as well as forage quality and abiotic factors in grassland,
can be affected by climate change and between-year variability. Therefore, more detailed
case studies are needed to enable monitoring of the impacts of climate change, especially
drought severities, on grassland under different climatic zones.

Soil water also plays an important role in plant productivity and drought stress. It
strongly affects grassland ecosystems [65] and net photosynthesis [66]. This investigation
confirmed that, for a permanent grassland site in a temperate humid area of northwest (NW)
Europe, a region where grassland contributes greatly to the livestock farming industry,
there are periodic occurrences of water deficit stress that directly affect herbage production.
According to Durand et al. [67], the nitrogen nutrition of crops will change under water
deficits; in grasslands, water deficits adversely affect plant growth and nitrogen uptake.
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Table 3. Possible effects of dryness intensity (extracted and adapted from the National Drought
Mitigation Center (NDMC) [68]).

Mildly dry
- Slowing of plant growth
- Farmers respond by additional feed to livestock

Moderately dry
- Some damage to pastures (e.g., yield reduction)
- Water scarcity appears and develops

Severely dry
- Major herbage yield losses
- Widespread water shortage and limitation

Extremely dry
- Intensive and extensive yield losses
- Significant water scarcity in streams, wells, and reservoirs

Table 4. Different SPI indicators for estimating potential impacts of a drought (extracted and adapted
from the European Drought Observatory (EDO) [69]).

SPI-1 to SPI-3 Considered as indicators for short-term impacts such as reduced soil moisture

SPI-3 to SPI-12 Considered as indicators for reduced stream flow and reservoir storage

SPI-12 to SPI-48 Considered as indicators for reduced reservoir and groundwater recharge

5. Conclusions

This study examined the effects of recent climate change in relation to annual dif-
ferences in production on a permanent grassland site in Schleswig-Holstein (northern
Germany), using a time-series analysis of precipitation and temperature, as well as SPI,
IDM, WD, DI, YAI, and YL indices. Temperature showed a significant increasing trend.
The time-series trends for precipitation, i.e., WD and DI indices, in the analyzed period
(1961–2019) were not significant but showed a positive trend in DI and a negative trend
in WD values. Results also indicated that, in the observation period, there were several
severe or extreme dry episodes that affected the study area, particularly over a short time
scale (1 and 3 month SPI). There was an annual yield loss detected from 2007 to 2009. The
main yield loss occurred in the years 2008 and 2018 (around 35–40%).

A positive relationship between the DI index and YAI was found. As droughts are
complex climatic phenomena, the use of relevant and integrative indices has advantages
compared with a simple analysis of individual climatic factors. As droughts present a
threat to grassland ecosystem functioning and grassland production, more case studies are
needed to enable monitoring of the impacts of climate change, especially drought severities,
on grassland under different climatic zones.
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