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Abstract

Grasslands play a significant role in livestock fodder production and thus, contribute to food security worldwide while
providing numerous additional ecosystem services. However, how agroclimatic conditions and adverse weather events
relevant for grasslands will change across the European grassland areas has not been examined to date. Using a single
reference setup for soil and management over 476 European sites defined by climate stations, we show the probability
of eight selected adverse weather events with the potential to significantly affect grassland productivity under climate
change and how these events vary regionally across Europe. Changes in these eight key agroclimatic indicators create
markedly specific spatial patterns. We found that by 2050, the exposure of the south and west European grasslands to
heat and drought may double in comparison with today and that the area with frequent occurrences of heat and drought
will expand northwards. However, across Ukraine, Belarus, and the Baltic countries to southern Finland and Sweden,
the likelihood of these events is likely to decrease. While changing cultivars and management strategies are unavoidable,
shifting grassland production to other regions to reduce the risk may not be possible as the risk of adverse events beyond
the key grassland-growing areas increases even further. Moreover, we found marked changes in the overall thermal and
water regimes across European regions. The effect of adverse weather events in the future could be different in other
regions of the world compared to regions in Europe, emphasizing the importance of conducting similar analyses for
other major grassland producing regions. To mitigate the impact of climate change, new ways of maintaining grassland
productivity need to be developed. These methods include more efficient selection of species mixtures for specific regions,
including increased use of legumes and forbs; incorporation of new genetic resources, including the development of
hybrid cultivars, such as Festulolium hybrids; and incorporation of state-of-the-art technologies in breeding programs and
new grazing management.
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Introduction

The current European grasslands have developed over
millennia under natural conditions and/or in interaction
with human management. Grasslands are characterized by
multiple functions and values. In the context of agricultural
food production, grasslands are mainly used for grazing
livestock at pasture and for the production of hay and
silage (Nita et al. 2019). Apart from their basic role in
feeding herbivores and ruminants, grasslands also provide
important ecosystem services, including soil erosion
control, maintenance of species diversity, water retention,
and water purification (Peeters 2008, Veen et al. 2009).
Lesschen et al. (2014) distinguished between production
grasslands, which are dedicated to producing fodder,
and seminatural grasslands, which beside services listed
above (e.g. providing forage for livestock) also provide
biodiversity maintenance. For production grasslands, the
main differentiating factors are between permanent and
temporary grasslands and the level of intensification.
Grasslands are very diverse in terms of management and
yield and range from seminatural grasslands with low
yields to highly productive agricultural grasslands, which
include silage and hay fields and pastures under intensive
production (Smit et al. 2008). Some of these intensive
agricultural grasslands are rotated with arable crops in
mixed livestock production systems (Herzog et al. 2006).

Arable land, which includes land for cereals and other
annual crops, accounted for 60 % of the utilized agricultural
area in the EU-28 in 2013 (EUROSTAT 2019). Permanent
grasslands, which are composed of pastures, meadows,
and rough grazing areas, represented 34 %. Grasslands
have a dominant share of agricultural land use in most
mountainous European regions, such as in the Alps,
supporting their high regional importance (Buchgraber
et al. 2011). Similarly, the share of permanent grasslands
of total agricultural land associated with livestock rearing
(notably dairy and sheep farming) exceeded 50 % in
Luxembourg, Slovenia, the United Kingdom, and Ireland,
while it was below 2 % in Cyprus, Finland, and Malta. The
regional shares of grassland are depicted in Fig. 1. Despite
the fundamental economic, ecological, and aesthetic roles
of grasslands, the overall area of permanent grasslands has
been decreasing significantly since 1960s across EU-28
(Huyghe et al. 2014). This decrease has several negative
environmental consequences, including biodiversity loss,
increased greenhouse gas emissions and soil erosion.

The seasonality of grassland and forage production
are primarily affected by temperature and soil moisture,
which constrain the length and determine the intensity of
the growing season. In most of Europe, the main seasonal
trends in plant growth are determined by temperature.
However, in southern and eastern Europe, summer
growth is conditioned by the availability of soil moisture
(Laidlaw et al. 2006, Trnka et al. 2006). In addition to
temperature and the amount and timing of precipitation,
grass production is also highly dependent on fertilization
and land management, including grassland renewal, to
maintain high productivity (Blanke et al. 2018).

Observed climate change trends and weather anomalies
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have affected grassland productivity across Europe (Kipling
et al. 2016). The annual average temperature has increased
in recent decades, with the greatest warming in northern
Europe during winter and in southern Europe during
summer. Precipitation has generally increased in northern
and a large part of central Europe and has decreased in
southern Europe. High temperature extremes and heavy
precipitation events have become more frequent and more
common across Europe (Seneviratne ef al. 2012, Kovats
et al. 2014). Increased drought stress and shortening of
the active growing season, which in some regions become
increasingly squeezed between cold winters and hot
summers (Trnka et al. 2011), can affect water balance,
grassland composition, biomass accumulation, and
fodder quality, which have major consequences for feed
production for livestock (Hoffstitter-Miincheberg et al.
2014, Huyghe et al. 2014).

Studies on the impacts of climate change on European
grasslands have shown regionally specific responses and
have demonstrated the necessity of analyzing both the
overall shifts of agroclimatic conditions and the impacts
of changes in weather variability. For example, Golinski
et al. (2018) investigated the effects of climatic trends
on grassland productivity in two contrasting locations
in Europe. In central Poland, the dry matter yield of
agriculturally improved grasslands had been reduced
over time due to increasing temperatures, in particular,
during summer. On the other hand, no significant effects
on grassland yield from climate variables were found
in northern Norway. In the Mediterranean region of
Europe, reduction in rainfall increases the risks associated
with overgrazing, which cause dramatic declines in
the functional diversity of Mediterranean grasslands,
potentially compromising their stability and resilience
over time (Carmona et al. 2012). Walter et al. (2012)
showed that increased rainfall variability may reduce
grassland productivity and forage quality in central Europe,
independent of mowing frequency. Craine et al. (2012)
analyzed a long-term dataset of grassland productivity and
found that drought, precipitation intensity and heat waves
affected productivity differently throughout the growing
season.

European grasslands are generally vulnerable to
climate extremes, such as early or delayed snowmelt,
heat waves, and droughts (Galvagno et al. 2013, De
Boeck ef al. 2016). The impacts of these extremes mainly
depend on their intensity and timing (Sippel et al. 2016),
ecosystem species composition and diversity, resilience
of the grassland ecosystem, and interaction of biotic and
abiotic factors (Hoover et al. 2014). Field observations
(Inouye 2008) and model results (Rigby and Porporato
2008, Bennie et al. 2010) indicate that an earlier onset of
the growing season without change in the timing of late
frost events may even lead to an increased risk of damage
to grassland species.

To assess and analyze grassland productivity and
conditions, several grassland yield prediction and modeling
approaches have been developed and applied in climate
change impact studies in Europe (Graux et al. 2013,
Hoglind et al. 2013). These approaches have been applied



not only to study the effects of climate change on grassland
productivity but also to assess other effects, in particular,
the impact of climate change on soil carbon storage in
grasslands (Sandor et al. 2016, Chang et al. 2017). In
some cases, these models have had difficulty dealing with
climatic variability and extremes due to their complex
effects on the grassland ecosystem, where resilience and
recovery effects also play a key role (Ruppert ez al. 2015,
Kipling et al. 2016). Therefore, combining information
from process oriented models maybe complemented by
assessments of adverse weather events as shown in case of
wheat (Trnka et al. 2015).

Outcomes from models of future climate conditions
are an extremely valuable source of knowledge for
grass breeders. Considering the outcrossing mode of
reproduction and mostly perennial lifestyle of forage grass
cultivars, development and registration take a long time
(approximately ten years in the case of Italian ryegrass
and 15 years for Festulolium). Similarly, an efficient
breeding and management strategy considers that an
individual cultivar will be commercialized for at least 20
to 30 years (Vladimir Cernoch, pers. comm.). Breeders
must therefore take into the account the future climate
conditions, for which they actually breed new cultivars.
Prediction of the climatic conditions across Europe over
the next 30 - 50 years is therefore a key component of the
breeding process, which will allow the adoption of genetic
resources with agricultural traits beneficial for coping with
the likely impacts of climate change.

In this study, we seek to answer the following two
research questions: to what extent will climate change
alter the agrometeorological conditions that are important
for grassland production stability (using a three cut regime
and homogenous soil as the reference), and how will
climate change affect the probability of selected adverse
weather events.

Materials and methods

This paper first focuses on three types of agroclimatological
characteristics relevant to grassland productivity in
relation to temperature, water, and winter conditions. In
the next step, the frequency of weather events that can be
considered “adverse”, i.e. conditions that are detrimental to
grassland yield, is considered. The specific thresholds are
described in Table 3 Suppl. We prefer the term “adverse”
rather than “extreme”, as the latter term is usually defined
by the frequency of occurrence at a given site/region.

Study area and climate data: Simulation of agroclimatic
conditions and adverse weather events for grasslands
was performed for 476 European weather stations that
represent the study domain (Fig. 1). In total, 36 European
countries are represented in the study, covering the
current European grassland-producing regions with the
exception of Russia (Fig. 1C,D). The domain also covered
all environmental zones (Fig. 1B) as defined by Metzger
etal. (2005). Three global circulation models (GCM)
from the CMIP5 ensemble (Fig. 1 Suppl., Table 1 Suppl.)
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were used to represent the known variability in the rate of
temperature change and precipitation patterns. The model
CSIRO-MK36 (CSIRO) was used as the central estimate,
while GISS-E2-R-CC (GISS) represented a lower rate of
temperature change and modest increase in dryness, and
HadGEM?2-ES (HadGEM) represented higher climate
sensitivity with a hotter and dryer climate (Fig. 1 Suppl.).

The representative concentration pathway, RCP4.5,
was used for the construction of local-scale climate
scenarios with the climate models. The climate projections
from GCMs were downscaled to local-scale daily weather
by the LARS-WG 6.0 weather generator using so called
ELPIS dataset of site-specific parameters across Europe
(Semenov ef al. 2010, Semenov and Stratonovitch 2010).
This database is based on combinations of GCMs and
representative concentration pathway for downscaling.
For each site and GCM, we generated 300 years of daily
site-specific weather, representing the baseline scenario
corresponding to 1981 - 2010, and 300 years for the
future climate scenario corresponding to 2041 - 2060. In
each simulation, the first 50 years were used to initialize
the calculation of AgriClim soil moisture model, and the
remaining 250 years of data were retained for subsequent
analyses.

Agroclimate modeling: For each site, we used a
predefined set of agroclimatic conditions and adverse
events definitions. The entire set of the indicators was
estimated using the AgriClim software (Trnka et al. 2011,
2014), with the parameters set according to those shown
in Table 2 Suppl. and Table 3 Suppl. The grasslands were
all assumed to be under a three-cut management regime
to estimate the impact on the leaf area index and thus
the crop specific coefficients. The cutting dates were
determined automatically by dividing the growing season
into three equal periods. The growing season was defined
as the period with mean daily temperatures continuously
above 5 °C, minimum temperatures greater than -2 °C and
no snow cover. When calculating evapotranspiration, an
adjustment for the atmospheric CO, concentration was
made by reducing the reference evapotranspiration by a
scaling factor (Kruijt ez al. 2008). The value of the scaling
factor for 2050 was estimated to be 0.96 of the baseline
value for RCP4.5. We used one soil profile for all of
the sites to enable comparison, with homogeneous soil
properties assumed throughout the top and subsoil layers.
The plant-available water at field capacity was assumed
to be 270 mm for the entire profile (to a depth of 1.3 m).
We assumed a single free-draining soil with good water-
holding properties and a relatively deep profile, allowing
between-site comparisons of the climate signal.

Agroclimatic conditions: The agroclimatic characteristics
relevant for grasslands and their likely development in
the coming decades were divided into /) temperature
conditions during the growing season; 2) water availability;
3) cold season conditions; and 4) indicators of potential
productivity. The vegetation season temperature conditions
were described as the mean annual temperature (Tavg),
sum of temperatures above 10 °C (TS10), and number of
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tropical days (i.e. number of days with a daily maximum
temperature above 30 °C). The water regime parameters
included the annual sum of precipitation, difference
between the annual sum of precipitation and potential
evapotranspiration, and number of days with reduced soil
moisture availability in the topsoil, i.e. to a depth of 0.4 m.
The winter characteristics were described by the number
of frost days (when the daily minimum temperature was
below 0 °C) and number of days with a snow cover above
3 cm. The indicator of potential productivity (effective

global radiation) was calculated as the sum of daily global
radiation on days when the mean air temperature exceeded
5 °C without snow cover or frost occurrence and when
plants were not severely limited by a lack of water. This
indicator was assessed using the ratio of actual (ETa) and
reference (ETr) evapotranspiration, with a minimum value
of 0.4. Grassland growth on a given day was considered as
not being significantly limited by water if the daily ratio of
ETa to ETr exceeded 0.5. For this study, we deliberately
chose a low threshold (0.4) to avoid overestimation of

Fig. 1. Altitude map of the domain of interest with the locations of the 476 weather stations used in the study (¢hin lines are Thiesen
polygons) (4); environmental zones as developed by Metzger et al. (2005) covering most of the domain of interest (B); the grassland
subregions considered in the study (C); the proportion of the combined grassland, pasture and forage crop areas in each Thiesen polygon
based on Monfreda et al. (2008) (D); and in panel E, the color and size of the circle correspond to the share of European grassland area

per polygon.
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water shortage by the selected indices. Water shortage
served as a component of a proxy for calculating potential
productivity by summing global radiation only on days
with temperature and soil moisture content permitting crop
growth and development.

The indices were calculated for each of the climate
stations, and Thiessen polygons (Fig. 1) were used to assign
areas represented by each site. Then, the area of grasslands
in each polygon was estimated using data from Monfreda
et al. (2008). The weight of each polygon in the total
grassland area (Fig. 1C) was calculated based (Fig. 1D) on
gridded information on grassland acreage (Monfreda et al.
2008). Finally, to perform a more region-specific analysis,
the data were aggregated into 13 subregions (Fig. 1C) for
which the adaptation and breeding recommendations were
formulated by the authors.

AgriClim software: The agroclimatic parameters listed
in Table 2 Suppl. and Table 3 Suppl. were calculated
using the AgriClim software package (Trnka et al. 2011).
The software utilizes daily maximum and minimum
temperatures, daily sums of global radiation and rainfall,
mean daily wind speed and mean daily relative air
humidity. For all ETr and ETa calculations, the grassland
canopy was considered using the single crop coefficient
(Kc) approach defined by Allen ef al. (1998). Compared
to the original methodology (Allen ef al. 1998), AgriClim
also accounts for the degree-day driven changes in Kc and
grassland height. The model also distinguishes between
solid and liquid precipitation (Trnka et al. 2010) and
considers the effect of snowmelt on soil water content. An
evaluation of the soil moisture routine has been presented
by Hlavinka ef al. (2011). The climate data and weather
generator tools used to prepare the paper can be found at
LARSWG  (https://sites.google.com/view/lars-wg/) and
the CMIP5 ensemble distribution site (http://pcmdi9.1lnl.
gov/).

Results

Under the present climate, there is a considerable north-
south gradient in the mean annual temperature, with the
lowest variability in the mean temperature in the southern
and western parts of Europe (Fig. 24). The projected
temperature increase (Fig. 2B-D) is largest in the north
according to all three models and most pronounced for
the HadGEM model. Strong warming is also expected in
the eastern and central parts of Europe. While the baseline
spatial patterns of the TS10 compared to Tavg are very
similar (Fig. 2F), they differ considerably for the future
climate (Fig. 2F-H). The highest increase in the TS10
is expected in the south according to all the models,
primarily because there are relatively few days with a
mean temperature above 10 °C in the northern, central,
and eastern parts of Europe compared to southern Europe.
There is a substantial increase in the projected number
of tropical days (i.e. days with Tmax above +30 °C), as
shown in Fig. 2/-L. In many regions of Europe (e.g. central
and south-western), the number of tropical days is likely
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to nearly double by 2050, and a considerable increase
compared to the current near-absence of these days is
likely for areas of northern Germany, Poland, Denmark,
and southern Scandinavia (Fig. 2J-L).

Grassland productivity is closely linked to sufficient and
sustained water availability. Fig. 3 shows different aspects
of water availability. There is a considerable precipitation
gradient from west to east, with areas of low rainfall found
across southern parts of Europe, throughout the central
and eastern Balkans, Pannonia, and eastern Scandinavia.
Fig. 3B-D demonstrates the large uncertainty in the GCM
projections of precipitation change across Europe. While
CSIRO and HadGEM projections tend to show a major
precipitation decline in the western Mediterranean, the
GISS model tends towards higher and more variable
precipitation in the same region. Nevertheless, all three
models agree on a decrease in precipitation in large
parts of France and central Europe (to various degrees)
and an increase in precipitation in most of Scandinavia.
With the exception of the Mediterranean (for CSIRO and
HadGEM), most areas are expected to display an increase
in precipitation variability (Fig. 3B-D). Not surprisingly,
the parameter combining the potential requirement of
water and water availability, i.e. the annual water balance,
shows clearer patterns in the expected shifts of agroclimatic
conditions (Fig. 3E-H). Under all the GCMs, most of the
analyzed European domain shows a tendency towards
a more negative water balance and larger variability
(Fig.3F-H). Most of Scandinavia and the northern parts of
the British Isles show the opposite tendency but also have
markedly higher interannual variability. The tendency
towards changes in the water balance is associated with an
increased risk of drought or dry spells, as seen at Fig. 3/-L.
The number of dry days will likely increase across most
of Europe, with a consistent increase in the number of
dry days in central Europe and the central Mediterranean
(Fig. 3J-L).

With regards to the winter aspects of agroclimatic
conditions (Fig. 4), the tendency towards milder winters in
terms of a reduced number of frost days is clearly observed
in all three GCMs. A much larger shift towards fewer
frost days is observed in the eastern part of the domain
(Fig. 4B-D), particularly in the north-east, where the
number of frost days is largest under baseline conditions.
The decrease in the number of frost days is accompanied
by a significant reduction in the number of days with
continuous snow cover, as presented in Fig. 4E-H. In
many of the regions in the Baltic states, Belarus, and
Scandinavia, the duration of snow cover might decrease
by more than a month, indicating that the fraction of
precipitation accumulated in snow will decrease also,
which is an important factor for soil water supply in spring
at the onset of the vegetation season.

The agroclimatic potential for grassland productivity
may be best estimated through effective global radiation
(EGR) during the growing season. An area of high EGR is
concentrated in western Europe and the British Isles, with
areas with very low EGR found both in the southern and
northern parts of the domain. Central and eastern Europe
as well as the southern part of Scandinavia represent
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areas with somewhat lower, but still favorably high, EGR major reduction of EGR is expected in the current areas
(Fig.4l). Under the projected future climate (Fig. 4J-L), a of highest EGR, across the Mediterranean, through the

Fig. 2. Baseline (1981 - 2010) values of the three selected parameters: mean annual temperature (Tavg, 4); sum of the mean temperatures
on days with a daily mean above 10 °C (TS10, E); number of tropical days, i.e. days with a daily maximum above 30 °C (tropical days,
I). The expected change compared to baseline is provided in the next three columns for the CSIRO-RCP4.5 (B,F.J), GISS-RCP4.5
(C,G,K), and HadGEM-RCP4.5 (D,H,L) scenarios, which represent the period 2041 - 2060. The size of the circle corresponds to the
standard deviation (STD) of the given parameter over 300 individual yearly simulations. The STD of the anomaly represents an increase
(when STD > 1.0) or decrease (when STD < 1.0) in the annual variability of the given indicator with respect to the baseline.
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Fig. 3. Baseline (1981 - 2010) values of the annual sum of precipitation (precipitation, 4); climatological water balance calculated as the
difference between the annual sum of precipitation and the sum of potential evapotranspiration (water balance, £); number of days in
which the soil moisture in the topsoil is reduced below the point of decreased availability, i.e. days with a soil moisture less than 50 % of
the maximum available water holding capacity (reduced soil moisture, /). The expected change compared to baseline is provided in the
next three columns for the CSIRO-RCP4.5 (B,FJ), GISS-RCP4.5 (C,G,K), and HadGEM-RCP4.5 (D,H,L) scenarios, representing the
period 2041 - 2060. The size of the circle corresponds to the standard deviation (STD) of the given parameter over 300 individual yearly
simulations. The STD of the anomaly represents an increase (when STD > 1.0) or decrease (when STD < 1.0) in the annual variability
of the given indicator with respect to baseline.
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Fig. 4. Baseline (1981 - 2010) values of the number of frost days, i.e. days with a daily minimum temperature below 0 °C (frost days,
A); number of days with snow cover above 3 cm (snow days, E); sum of effective global radiation (EGR) during days with a daily
mean temperature above 5 °C and daily minimum temperatures above -2 °C and no occurrence of significant water stress (EGR, 7). The
expected change compared to baseline is provided in the next three columns for the CSIRO-RCP4.5 (B, E.J), GISS-RCP4.5 (C,G,K), and
HadGEM-RCPA4.5 (D,H,L) scenarios, representing the period 2041 - 2060. The size of the circle corresponds to the standard deviation
(STD) of the given parameter over 300 individual yearly simulation. The STD of the anomaly represents an increase (when STD > 1.0)
or decrease (when STD < 1.0) in the annual variability of the given indicator with respect to baseline.
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Balkan Peninsula, and in central Europe.

Under the present climate, the occurrence of weather
conditions that adversely influence grassland production,
yield stability and fodder quality differs greatly over the
domain (Fig. 54). Europe can be divided into three areas
with different probabilities of adverse events. The first
area, with a very small probability of adverse events,
spans from southern Scandinavia through Denmark,
northern and western Germany, Benelux, and France to
the Pyrenees in the south and most of the British Isles
in the north-west. An area with a higher probability of
adverse event occurrence, but still below 50 %, covers
most of eastern Germany and central Europe. The last
area is on the borders of the domain, and some adverse
weather conditions generally occur there each season.
The core areas with a low probability of adverse events
under the present climate are also those with large areas
of grasslands and high fodder production. The projected
impact of climate change on the probability of adverse

GRASSLAND PRODUCTIVITY UNDER CLIMATE CHANGE

weather events corresponds well among all three climate
models (Fig. 5B-G). The majority of the “core” grassland
area in Europe with the most suitable conditions will
remain unaffected by adverse weather events and will still
include most of the British Isles, southern Sweden and
Norway, Denmark, and Benelux; large parts of western
Germany; and eastern and central France. Eastern and
north-eastern Europe will likely experience a significant
decrease in the probability of adverse events, but as these
regions suffer from frequent adverse events under baseline
conditions, even large reductions will not alleviate the
risk entirely (Fig. 5B-D). On the other hand, a significant
increase in the probability of adverse weather events that
would be damaging to grassland productivity can be seen
in southern Europe and is associated with the northward
expansion of heat and drought stressed areas. A significant
increase in the projected adverse weather event probability
is also visible in Ireland and Scotland as well as western
France and western Spain.

Fig. 5. Cumulative probability of the occurrence of a single adverse event under the baseline (4) and projected climate scenarios (B-D)
as well as the change in the adverse event frequency (E-G). 4 - The baseline period (1981 - 2010) and B to G - the climate scenarios
(2035 - 2065) for CSIRO-RCP4.5 (B,E), GISS-RCP4.5 (C,F), and HadGEM-RCP4.5 (D).
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Fig. 6 shows that under current conditions, excess
of water is the most frequent limitation for grassland
production over much of the northwestern coastal area
of the continent and the British Isles, while snow related
limitations affect production in the northeastern and
eastern part of the domain and in Alpine areas. Drought
is projected to become the major limiting factor for grass
production over most of the Mediterranean region, with
heat stress dominating only for small areas in Turkey and
central Europe. Low temperatures dominate as a cause of
adverse events in parts of Scandinavia and central Europe.
According to our estimates for future climatic conditions,
overly wet conditions will become an increasing problem
across the northwestern European grasslands (Fig. 6B-G),
whereas snow-related issues together with the occurrence

of inconveniently low temperatures will likely be a major
concern in eastern and northeastern Europe as well as in
the Alpine region (Fig. 6B-G). Even the relatively modest
RCP4.5 emission scenario would lead not only to a sharp
increase in the probability of heat stress (according to all
GCMs) but also to drought. A major shift in the dominance
of drought- and heat-related adverse events would occur
across the whole Mediterranean region, but these events
are also likely to increase for much of France, Germany,
Denmark, Southern Sweden, Hungary, and the Czech
Republic. There would also be an increase in drought as
the single most important adverse event in eastern parts
of the UK. The high degree of correspondence among all
three GCMs indicates that the projections are quite robust.

Based on these results, a further aggregation of the

Fig. 6. Dominant type of adverse event and expected frequency for the baseline (1981 - 2010) (4), and expected dominant types of
adverse events and changes in frequencies under future (2041 - 2060) climate conditions according to the three GCMs (B-D), with the
size of the circle corresponding to the event frequency. Panels E-G shows the type of adverse event that showed the largest change
compared to the baseline for three considered GCMs: 4 - the baseline period (1981 - 2010) and B to G) - the climate scenarios (2041
- 2060) for CSIRO-RCP4.5 (B,E), GISS-RCP4.5 (C,F), and HadGEM-RCP4.5 (D,G). Note: individual adverse events are aggregated

into groups based on Table 3 Suppl.
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expected changes for 476 stations into 13 predefined
subregions was performed (Fig. 1C). For these subregions,
the changes in the main agroclimatic parameters and
frequency of adverse weather events are summarized
in Table 4 Suppl. Then, using expert knowledge,
recommendations for the breeding programs in each of the
regions are made, including specific advice for Festulolium
breeders (Table 4 Suppl.).

Discussion

Existing studies estimating the effect of climate change
on grassland production rely on a set of either empirical
or process-based crop models that are not optimized to
recognize the impacts of the majority of adverse events
considered here (Finger et al. 2010, Chang et al. 2016,
Kipling et al. 2016, Ghahramani et al. 2019). This is
the case for the former class of models because of their
reliance on monthly or seasonal data, and it is also the case
for the latter class of models because the model algorithms
do not account fully (or at all) for the effects of adverse
weather events, which can cause production decreases
or quality deterioration (Kipling et al. 2016). Therefore,
process-based grassland models may be complemented
by estimates of adverse weather events made by simpler
methods (e.g. as presented here) to obtain more realistic
estimates of climate change impacts.

Some effort has been made towards improving
grassland climate resilience (Cernoch and Kopecky 2020,
Humphreys and Zwierzykowski 2020), but there has been
little emphasis on agroclimatic conditions or the adverse
weather events relevant for grassland production and
their ecosystem services. To date, research has focused
on optimizing yield and quality under the prevailing
climatic conditions without considering a broader range of
climatic risks, as shown in a recent review by Ghahramani
et al. (2019). Thus, targeting grassland management and
genotypes that provide good matches to the environment
still relies on monthly or even seasonal climatological
parameters and often does not reflect the frequency of
adverse events. Even in cases in which research focuses on
extreme/adverse weather, there seems to be a bias towards
certain types of events, which are addressed in detail
without considering other coexisting potential threats.
In recent years, substantial research efforts in breeding
strategies have focused on the effect of drought and
especially of heat stress (e.g. to improve stress tolerance of
new crop or grass cultivars; Casler and Van Santen 2010).
However, it is well known that grass production is not
always affected by only one adverse event but rather by a
combination of various events within one season, including
their interactions (Kipling et al. 2016). For example, final
yield may be affected not only by the frequency of days
with high temperatures but also by the occurrence of late
and severe frost without adequate snow cover or by overly
wet and cool weather, which could enhance the occurrence
of diseases. These interactions complicate the harvest and
makes crop management more difficult.

Rising temperatures in cooler climates, associated
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with sufficient rainfall and an elevated CO, concentration,
would positively affect grassland productivity (Hopkins
and Del Prado 2007), which would allow an increase in the
grassland management intensity over Europe with higher
than current potential annual grass forage yield, grazing
capacity and livestock density and a shift in seasonal
grazing capacity. However, the projected increase in the
interannual variability of grassland productivity in some
regions may reduce farmers’ ability to take advantage of
the increased long-term mean productivity in the face of
more frequent and more severe declines in productivity
(Chang et al. 2017). This risk is supported by projected
increases in adverse weather event occurrence over some
regions in our study, especially in the area just north of the
Mediterranean (Figs. 5 and 6).

Dellar et al. (2018) evaluated the expected changes
in yield, quality of pasture, and forage species caused by
changes in air temperature, water availability, atmospheric
CO, concentration, and soil nitrogen content across
different European regions. They concluded that areas
with expected warmer and wetter conditions (in particular
the northern region and parts of the Alpine and continental
regions) can expect higher pasture yields but a reduction
in forage N content, whereas warmer and drier areas
(particularly southern Europe and parts of the continental
region) would experience a reduction in both yield and N
content. Our results support this spatial pattern in terms
of the risks of drought and heat stress but also point to
an increased occurrence of excessive rain or snow, which
may pose challenges in some European grassland regions.
This finding was also reported by Hopkins and Del Prado
(2007), who concluded that increased temperatures and
CO; concentration have the potential to increase herbage
growth and to favor legumes over grasses but that changes
in seasonal precipitation would reduce these benefits,
particularly in areas with low summer rainfall. Further
implications for grasslands may arise from an increased
frequency of extreme droughts, precipitation, storms,
and other events. In some cases, there will even be
changes in the dominant type of adverse weather events
(Fig. 6), which may necessitate changes in grassland
management strategies. Even if the frequency of adverse
event occurrence decreases in some regions, a change
in the dominant type of extreme event (Fig. 6B-G) can
have serious short- to long-term implications (e.g. change
of grassland composition) and could markedly change
grassland productivity. While the risk of extended frost
and/or snow risk can be alleviated by management
practices, it is much more difficult to alleviate a decrease
in water availability or risk of heat stress.

The increased occurrence of late frosts and frosts
without snow cover, as shown by Fig. 2 Suppl., will likely
negatively impact grasslands, in particular, in central and
eastern Europe. Warmer extended autumns could shift the
cold acclimation of plants to months when less light is
available and impair the freezing tolerance of many grass
species. Repeated freeze-thaw cycles, which are linked
to warmer winters in central and northern Europe, also
increase the risk of impermeable layers of ice forming
in grasslands, which can cause substantial winter losses
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due to the anoxic conditions that arise under ice (Hoglind
et al. 2010, Dalmannsdottir et al. 2017). However, these
conditions are not well covered by our indices of adverse
weather conditions during winter. In addition, unstable
winter and early spring temperatures with a risk of freezing
can cause dehardening of plants, i.e. the loss of winter
hardiness that protects plants during winter (Jergensen
et al. 2010).

Kreyling et al. (2012) investigated the local adaptation
of grassland species to late frost on the continental
scale and the influence of previous exposure to drought
and warming on late frost sensitivity. They found that
the biomass productivity of common European grass
species decreased on average by approximately 20 % in
response to a single late frost event. However, there are
still large uncertainties and research issues associated with
the measuring the impacts of frost events on grassland
productivity (Rapacz et al. 2014).

As indicated in Figs. 4E-H, Fig. 2 Suppl. and Fig. 3
Suppl., the snow cover duration will, in general, decrease
substantially both in eastern Europe and in the mountain
and highland areas of central Europe. The changes in snow
melt timing and snow amount depend on the region and
climate model. A sufficient snowpack of approximately 10
cm of freshly fallen snow is, in some regions, closely linked
to grassland productivity, as it protects against severe
frost damage, and its benefit has been shown especially
in the cases of first and second cuts (Trnka et al. 2006,
Peng et al. 2010). Xie et al. (2020) showed that snowmelt
timing has a larger influence on the start of the season than
snow cover depth. In addition, the timing and volume of
snow cover are determining factors for water balance and
earlier greening of grasslands during spring, which in turn,
affects the annual carbon balance. Without snow cover,
carbon dioxide assimilation in grasslands is controlled by
temperature, with a threshold of approximately 5 °C for
soil temperature (Zeeman et al. 2017). On the other hand,
deepen winter snow cover enhances water balance and
stabilizes plant community composition and productivity
in temperate grasslands, which ultimately mitigate the
impacts of chronic drought during the growing season in
semiarid regions (Li ef al. 2020).

Summer heat waves negatively affect lowland
grasslands in much of southern and central Europe,
but in alpine grasslands, when water balance is non-
limiting, climate change will increase canopy greenness
significantly by extending the green period in late summer
and early autumn (Corona-Lozada ef al. 2019). While Fig.
2I-L indicates an increase in tropical days across most
of Europe, the occurrence of more severe heat waves
will be limited mostly to southern Europe. However,
according to all the models and HadGEM in particular,
severe heat waves may affect much of central Europe by
2050 (Fig. 4 Suppl.). While higher elevations appear less
affected, the combined risk of heat and drought stress
will also increase (Fig. 4 Suppl. and Fig. 5 Suppl.), which
could negatively affect alpine grasslands (De Boeck et al.
2016). The increase in heat stress occurrence should be of
concern even in these mountain systems (Cremonese et al.
2017).
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Drought is a major natural hazard that can reduce
plant productivity, lead to widespread plant dieback and
restrict the geographical distribution of plant species
(Tilman and El Haddi 1992). The effect of drought on
grassland productivity is known to be significant even
with relatively mild droughts (Trnka et al. 2006) and
moderated by both nitrogen acquisition strategies and the
nitrogen availability (Hofer et al. 2017a,b). Additionally,
grassland types react differently to drought, as shown
by Finn et al. (2018) or Wang et al. (2019). Their results
indicate that different grassland types showed different
resistance and resilience to drought disturbances with
the latter confirming importance of species diversity in
mitigating drought impacts. Natural grasslands in Europe
have developed specific ecotypes adapted to the local
temperature and drought conditions (BeierKuhnlein et al.
2011). The reaction to drought occurs at various levels, as
demonstrated by De Vries et al. (2016), who quantified
the root response of grassland species with contrasting
ecological strategies to drought and assessed the changes
in root biomass and traits. Reduced root biomass increased
soil inorganic nitrogen availability, but did not directly
affect root carbon exudation.

The increased CO, concentration is, however, expected
to increase the water use efficiency of the grasslands,
which has been partially accounted for by using scaling
factors according to the Kruijt et al. (2008) study. The
most pronounced positive effect of CO, on reducing
drought frequency can be seen in areas where drought risk
is increasing but rainfall is still relatively high (e.g. Central
Europe, Alpine grasslands). In these regions even small
increase of water use efficiency can moderate the increase
of the evaporative demand. Despite some degree of
resilience of grasslands to drought, the profound increase
of the probability of drought events (Fig. 5 Suppl.) and
reduced soil moisture availability (Fig. 3/-L) indicate a
negative impact, especially in lowland areas. Finger ef al.
(2013) analyzed the economic impacts of summer drought
on Swiss grassland yields and grassland composition and
calculated up to a 37 % annual yield loss in lowland and
sub-Alpine localities of Switzerland, similar to findings
reported by Brazdil et al. (2009) for the 20" century
droughts in the Czech Republic.

Changes in environmental factors such as temperature,
rainfall and soil conditions are expected to alter the
production conditions for temperate grasslands, affecting
grassland productivity, production risks, fodder quality,
and the frequency of occurrence of weed species in
grasslands (Soussana and Liischer 2007). Grassland
yields in most European areas are expected to increase
under future climatic conditions only if the benefits of the
increasing atmospheric concentrations of CO, are taken
into account. Increases in the marginal productivity of
nitrogen application induced by CO, fertilization might
lead to more intensive grassland management (Finger
et al. 2010, Lazzaroto et al. 2010). Research strategies
similar to the one developed by Taube et al. (2014) for
grasslands in northwest Europe are necessary to maintain
grassland sustainability. They recommended to focus
research on sustainably intensifying grassland production



and reducing the environmental impacts of the grassland-
based dairy industry. However, as our study shows, western
and northwestern Europe are expected to experience much
less change in agroclimate and adverse weather event
frequencies than the rest of the continent, where such
strategic studies would be even more necessary and have
a stronger focus on measures to manage and cope with
adverse weather events.

In general, productive grassland management
targets an optimal balance among forage yield, forage
quality, yield stability, and persistence (plant survival or
reproduction). In the face of unstable and uncertain future
climatic conditions, adaptation approaches are focused
on the maintenance of a high diversity of cultivated
forage species, implementation of a gene pool from wild
relatives of crops to increase abiotic and biotic stress
tolerance, optimization of defoliation and new fertilization
strategies, improvement of soil management by irrigation
or drainage, flexibility of grazing plans, and renovation
or re-establishment of the grassland (Hoglind et al. 2013,
Golinska et al. 2016, Joyce et al. 2016, Klaus ef al. 2016,
Ergon et al. 2018). Higher species richness can enhance
yield stability in both extensively and intensively managed
grasslands and increase drought tolerance but only if there
is a sufficient amount of water available (Ergon et al. 2018).
In the context of species richness (grassland composition),
permanent grasslands particularly contribute to a large
degree of regional biodiversity, including the rich insect
populations that is currently decreasing drastically across
Europe (Deguines et al. 2014). Agricultural policy and
adaptation strategies will need to consider these aspects
in the future as well (Cole ef al. 2020), especially in the
context of grassland intensification strategies (Di Giulio
2001).

One of the adaptation strategies for reducing the risk
of adverse weather events is stress avoidance through
shifts in either time or space. Avoidance can be achieved
by either escape from the stress at a given growing
area through management strategies that shift the most
sensitive growing stages to more suitable time of the
year or by moving production elsewhere. However, our
results show that moving production elsewhere could be
problematic because areas where a decrease in adverse
event frequency is expected (e.g. eastern Europe) usually
show poor grassland growing conditions compared to
areas where worsening conditions are expected (Fig. 41).
Avoiding the stress temporally by shortening the grassland
production season inevitably leads to a lower amount of
global radiation intercepted by plants and thus lower yield
potential (unless the radiation-use efficiency of grassland
species can be significantly improved). Avoidance in space
can also be achieved by shifting grassland production to
new growing areas, which may be less endangered by the
projected increase in adverse event frequency and whose
climate conditions may improve. The northward (and
upward, i.e. to higher altitudes) expansion of grasslands
into areas with a currently different land use (either forest
or arable land) seems to be a potentially viable strategy
from an agroclimatic point of view, but the available data
indicate that conditions for such a change exist only in a
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few regions (Fig. 4J-L).

As shown by Trnka et al. (2014, 2015), the severity
and frequency of some adverse events (e.g. drought stress)
would, in general, be higher in soils with a low water-
holding capacity, both under baseline and future climate
conditions. The soil water holding capacity of the rooting
zone used in this study was chosen to be above that of the
majority of agricultural land. If we select actual soils (with
water holding capacity in most cases much below 270
mm), the probability of adverse events as defined in the
study will increase. However, this study did not consider
influence of soil conditions in general nor the moderating
influence of the high underground water tables that
sustain grasslands with water in some of the key grassland
producing areas in Europe (e.g. in the lowlands or along
rivers and streams). Under these conditions, grasslands
would be capable of mitigating the impact of some adverse
events (especially of drought stress) but could equally be
subjected to flooding or prolonged periods with high water
table, which would limit grass growth and prevent access
to the grassland areas. Our study also did not consider
irrigation, as the large majority of European grassland
production is rainfed. While the use of irrigation would
decrease the overall exposure of grassland production to
drought and would eventually allow a longer growing
season, it would be limited by existing water scarcity in
some areas and by legal requirements for water extraction
from water bodies (Monaghan et al. 2013).

We adopted a simplified scheme for calculating
agroclimatic indices and adverse weather events. These
indices have by nature general applicability and may not
represent specific threats to plants in all cases, although the
effects of frost and drought are probably well described.
However, the risk of ice encasement through subsequent
thawing and freezing, which may increase in much of
northern and northeastern Europe, is much more difficult
to model (Kipling et al. 2016). Therefore, there is a need
for better data on the biophysical details of such situations
to develop and validate models that can quantify these
situations and project possible changes.

We focused on climate changes from the mid-20®
century, and we thus opted to use a set of three GCMs from
the CMIP5 ensemble, which are representative of the range
of temperature and precipitation changes observed over
the whole CMIP5 ensemble. Since the differences between
the representative concentration pathways RCP4.5 and
RCP8.5 remain relatively small up to 2050, RCP4.5 was
chosen as the reference. The method used for the GCM
downscaling through LARS-WG does not allow to consider
fully changes in the inter-annual variability (Semenov
2007) especially those caused by large scale changes in
the atmospheric circulation. These changes could include
changes in number of rainy days as a consequence of
higher persistency of anticyclonic or blocking patterns
or changes in strength of the North Atlantic Oscillation.
Therefore, changes in the variability of adverse events
presented in this study reflect shifts of the monthly means
of key weather variables not their variability. There may
well be further regional uncertainties in the projected
impacts through climate modeling and the associated
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downscaling (Madsen et al. 2012), but we consider that
the major uncertainties in projected climate changes have
been captured.

Conclusions

Under future climate scenarios, all of the 476 investigated
sites in Europe will experience marked changes
in agroclimatic conditions important for grassland
productivity. Most of the sites will display a higher risk of
different types of adverse weather events than today and/
or higher chances of adverse weather event occurrence.
Therefore, the target traits for grassland species and
cultivars and strategies for grassland management
should account for these spatially varying adverse
events associated with climate change. Additionally,
other ecosystem services provided by grasslands must
be considered for future regional adaptation strategies,
such as biodiversity maintenance, soil protection and soil
carbon storage. Failing to address these challenges through
proper adaptation measures could lead to a substantial
reduction in European grassland productivity and fodder
quality in the near future. Other key grassland-producing
regions of the world could also be severely affected
by adverse weather conditions, which calls for similar
analyses to identify future risks for grassland productivity
and ecosystem services to supplement impact assessments
based on crop growth models.
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