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Abstract. Understanding responses of temperate grasslands to combined climate and land use changes is needed to secure
yields as well as to mitigate future climate change. This study aims toanalyse‘he long-term effects of climate change and
grassland management on the water balance, yield, nitrogen uptake and species composition of montane grasslands in S-
Germany. We used a space-for-time approach with large intact grassland monoliths (1 m?, 1.5 m deep) translocated along an
elevation and thus climatic gradient to simulate climate change. The monoliths were operated with four treatments formed by
full-factorial combination of climate (current and approx. +2°€. warming) and management (high and low frequency of cutting
and cattle slurry fertilization events). Measurements of various climate, water balance, and vegetation variables were analysed
over a nine-year period (2012-2020). The effect.of management on yield was notably higher than the effect of climate change.
In general, high management intensity led to Higher annual yields (mean dry matter of control site: 1020 +/- 160 g m?, climate
change site: 1075 +/- 200 g m2), than low management intensity (control: 784 +/-66 g m™, climate change: 786 +/- 98 g m™).
Climate change conditions increased grassland\yields only under high management intensity and during the first 5 years of the
experiment (2012-2016), mainly due to higher yields at the first cut. Reduced nitrogen availability, in conjunction with water
limitations, emerged as a key constraint on grassland productivity under climate change conditions, explaining the decline in
climate change—induced yields€sponses toward the end of the experiment. The pronounced inter-annual differences and trends
illustrated the importance of long-term field experiments. Understanding the drivers of biomass production and forage quality
is crucial not only for asbetter understanding of ecosystem functioning but also for improving grassland management, for

instance by adjusting cutting andfertilization practices to future climate conditions.

Key words: Grassland, yield, climate change, management, plant nitrogen content, species abundance

1 Introduction

Grassland ecosystems provide key services including carbon storage, biodiversity conservation, erosion control, water

retention, and livestock forage production (Bengtsson et al., 2019; Zhao et al., 2020). In Europe, permanent grasslands cover
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over one-third of agricultural land and are particularly important in montane and alpine regions/where cropping is limited
(Smit et al., 2008; Neuwirth and Hofer, 2013). However, climate change, land-use change, ‘and, increasing management
intensity threaten these systems and make future service delivery uncertain (Lee et al., 20105 Schirpke etial., 2017). In recent
decades, the area of permanent grassland has decreased while simultaneously, grassland management intensity has increased
(White et al., 2012; Schils et al., 2022). Alpine regions are especially affected due to rapid warming, occurring at roughly twice
the global average (Auer et al., 2007), with further acceleration expected (Smiatek et ali; 2016). These combined pressures
highlight the need to better understand grassland responses to climate and management.change to support food security and
climate mitigation (Bernath-Plaisted et al., 2025).

In a recent meta-analysis Wang et al. (2019) show that productivity of cold and temperate grassland biomes is expected to
increase with increasing temperatures and associated extension of the growing season as far as water availability is not limiting
(Petersen et al., 2021, Forstner et al., 2022). Elevated spring temperatures. and,earlier snowmelt extend the growing season,
making spring temperature and summer water supply key drivers of afnual yieﬁd variability (Niedrist et al., 2016). In this
context, ~800mm annual precipitation is considered a minimum for optimal grassland growth (Neuwirth and Hofer, 2013)
which is in line with findings of this study (Table S2). However, climate change is projected to shift precipitation toward drier
summers, increasing drought risk in central Europe (Hari et al.,2020) and reducing productivity (Hoeppner and Dukes, 2012).
Extreme events already demonstrate these impacts, with grassland productivity reductions of about 30% during the 2003
heatwave and drought (Ciais et al., 2005) and similarly low yields in the drought year 2018 as confirmed in this study (Buras
et al., 2020; Reinermann et al., 2019).

Warming can also increase grassland productivity by enhancing soil nitrogen mineralization and availability (Rustad et al.,
2001; Wang et al., 2016; Schlingmann et al., QZO). However, this effect may be temporary, as longer-term responses can be
constrained by nutrient limitation (Sebastia;/2007). In addition, climate and management-driven changes in environmental
conditions can alter species composition, leading to long-term ecosystem responses that differ from short-term effects (Saleska
et al., 2002; Liu et al., 2018). Inimontane and alpine grasslands, rising temperatures are likely to favour fast adapting and fast
growing graminoids which outcompete e.g. herbs thereby increasing biomass production (Berauer et al., 2019; Verrall et al.,
2021; Forstner et al., 2022).

In addition, grassland yields are strongly influenced by management, with fertilization generally increasing productivity (Shi
et al., 2024; Schils et al., 2022) and intermediate mowing frequencies often producing the highest biomass (Kondoh, 2001;
Oelmann et al., 2015). Because grassland productivity underpins livestock outputs, climate and weather also affect farm
income. However, unlike crop yields, grassland yields are rarely directly measured, leaving limited information on their spatial
and temporal variability«(Smit et al., 2008; Neuwirth and Hofer, 2013) and long-term observations or regional yield statistics
including impacts of weather extremes as consequence of climate change are mostly missing. Consequently, identifying
predictive variables and applying modelling approaches such as field and remote sensing data driven machine learning

approaches.are becoming increasingly important (Reinermann et al., 2019).
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Manipulative field experiments are key to understanding warming effects on grassland productivityrand species compesition
(Rustad, 2008), typically using open-top chambers or infrared heating, while translocation experiments are less common
(Wang et al., 2019). Method strengths and limitations are discussed by Shaver et al. (2000), Dunne et al. (2004), and Aronson
and McNulty (2009), with translocation approaches argued to better capture realistic warming effects, including above- and
belowground processes, diurnal variability, and growing-season extension (Niedrist et al., 2016). However, most grassland
translocation studies remain short-term (<3 years) and based on small soil cores with limited area and depth (Wang et al.,
2019).

The aim of this study was to analyse the long-term effects of climate change and grassland management on the water balance,
yield, nitrogen uptake and species composition of montane grasslands, while accounting for trends and inter-annual variability.
We established four different treatments characterized by different ¢ombinations of climate (current and approx. +2°C
warming) and management (high and low frequency of cutting and caftle slurryfertilization events). For this, we used a space-
for-time approach with large intact grassland monoliths (1m?, 1.5m deep) trans?ocated along an elevation and thus climatic

gradient and present long-term results from 9 years (201242020) of measurements.

2 Material and methods
2.1 Study area and measuring setup

This study used data from the TERENO Pre~Alpine observatory in southern Bavaria (Kiese et al., 2018), analysing long-term
measurements (2012—2020) from large monoli@s (1 m?, 1.5 m deep) and meteorological stations at two sites: Graswang (864m
a.s.l.) and Fendt (595m a.s.l.) with mean annaal temperature (MAT) of 6.8°C and 8.9°C and mean annual precipitation (MAP)
of 1297mm and 962mm, respectively (Figure 1)./Thus, the sites differ in climate, with Fendt being 2.1°C warmer and 335 mm
drier on average. These gradients were used in a space-for-time approach, where undisturbed soil cores were translocated
between sites in 2011 to simulate climate change. Six monoliths at Graswang served as controls (CTRL), while six moved to
Fendt represented climate‘change (CC) treatments (Kiese et al., 2018). After setting up the experiment in 2011, at each site,
monoliths were managed in low (3 cuts, 1-2 slurry applications per year) and high (4—5 cuts, 4-5 slurry applications) intensities
with a mean N load of 42£10kg N ha ''per application event following farmers’ practice (Kiese et al., 2018), resulting in four
treatments (CTRL ext, CTRLE int, CC_ext, CC_int) with three replicates. Soils are fluvic calceric Cambisols, with the top 10
cm characterized by highclay (51.7+£2.5%), organic C (6.4%) and total N (0.7%) contents, pH of 6.4 and a bulk density of
0.8g cm™ (Kiese et aly2018).
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5 Simplified scheme of the TERENO pre-Alpine observatorylysimeter network
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23 Figure 1. Location, photo and simplified scheme of the monolith lysimeter network and treatments, as well as climate characteristics
24 including average start of season (SOS) and end of season (EOS) of the Graswang (CTRL) and Fendt (CC) sites.
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28 2.2 Vegetation analysis

29 . . .

30 100 At each harvest, vegetation from the fulld m* monolith area was cut at ~4cm above ground. Dry matter biomass (DM) was
31 determined after drying at 60 °Cito constant weight. A subsample (5—10g) was ground using a ball mill (MM400 or MM301,
32 . . ..

33 Retsch GmbH) and analysed/for N concentration with an elemental analyser (Flash 1112 EA, Thermo Scientific, Waltham,
34 Massachusetts, USA). In total, >400 DM and N concentration measurements were obtained across treatments, cuts, and years.
35

Species composition was assessedrannually between 31 May and 30 September using a frequency grid method (Piitz et al.,

37105 2016), with each monolithdarea divided into 64 (8 x 8) 10cm x 10cm quadrats. Species richness and frequency were recorded
38

39
40 numbers and total occurrences per PFT. Note that differences in sampling dates among years may have introduced some

per quadrat, and«data weresaggregated into plant functional types (PFT: legumes, herbs, graminoids) to calculate species

41 uncertainty<nto the speeiés richness and frequency data.
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2.3 Water balance and climate data

For water balance measurements, each monolith lysimeter was equipped with three balances (load cells Model 3510, Tedea
Huntleigh) recording weight changes at 1-minute time intervals. As the lysimeters are closed at the bottom, soil hydrology is
controlled by actively adjusting the lower boundary condition according to reference«waten tension measurements (three
replicated measurements) at the same depth (1.4m) in the undisturbed soil near the lysimetet site. Drainage water (DR) was
collected at 1.4m depth in weighable tanks. Actual evapotranspiration (ETa) anddrainage water (DR) was derived from
monolith and drainage tank weight changes (Kiese et al., 2018) and processed using AWAT software for noise filtering and
error correction (Peters et al., 2014, 2017). Soil moisture (CS610, Campbell Scientific) and soil temperature (SIS and TH4,
METER Group) were measured at 0.1, 0.3, and 0.5m depths. Air temperature (L.i;) (HMP45, Vaisala), precipitation (P)
(pluviometer, Ott Hydromet) and photosynthetic photon flux density (PFD),(SKP215 Quantum Sensor, Campbell Scientific)
were measured at a weather station nearby (<500 m) the lysimeter sites. All Varia@les were aggregated from sub-daily to daily
(sums for P, ETa, DR; means for Tair, PFD, soil moisture, and temperature) and then to annual, growing season, and cutting
periods. The growing season was defined using ETCCDI eriteria (http://eteedi.pacificclimate.org/list 27 indices.shtml), with
start (SOS) and end (EOS) of growing season and determined from 10.cm soil temperature thresholds (>5°C for 6 consecutive
days; <5 °C after July 1).

For growing seasons and the full year, we calculated the evapotranspiration ratio (ER) according to Liu et al., (2020).

ER =8, (1)

P

with ER close to 1 or > 1 indicating dry conditions likely associated with plant water stress.

2.4 Data analysis, statistics and random forest modelling

For data analyses and graph generation. we used GNU R, version 3.6.1 and 4.1.0 (R Core Team, 2021) utilizing several
packages (see S1). Data analysis was conducted at two temporal scales: (i) growing season (GS), where dry matter (DM) yield
(sum of all cuts) and environmental,variables (including plant N content) were aggregated and (ii) cutting period (CP), where
cut-specific DM and N data were analyzed together with environmental conditions from the start of the season to the first cut,
or between cuts. Data wete tested. fornormality (Shapiro—Wilk test) and variance homogeneity (Bartlett test). Depending on
distribution, differences betweenitreatments were assessed using parametric or non-parametric tests: t-test or Wilcoxon rank-
sum test for two-group comparisons, and one-way ANOVA or Kruskal-Wallis test for multiple groups, followed by pairwise
t-tests or Wilcoxon tests«for post-hoc comparisons. All analyses used dependent (repeated-measures) designs, with Holm
correction formultiple testing, and significance was set at p<0.05.

Random Forest (RF) regression models were used to assess whether environmental and factor (e.g. management, site) variables
could predict:GS- and CP-specific DM yields and plant N content. RF was used as it can handle non-linear relationships,
performs robustly with small sample size, and generally works well with default hyperparameters settings (Breiman, 2001;

Probst &t al., 2019). Models were evaluated using 6-fold cross-validation with 10 iterations using stratified sampling.
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Performance was assessed by cross-validated coefficient of determination (R%a), root mean squarerror (RMSE...1), telative

1 RMSE (RRMSE_.va; RMSE normalized by the observed data range), and bias (Biascva). As each fold yields unequal model
g performance and variable importance, we normalized the importance metric of each predictor of a certain fold with its
4 145 corresponding R? before averaging over all folds, resulting in the mean variable importance. Normalized variable importance
Z was analyzed to quantify predictor contributions. Further details on the method are provided in Supplement S2 and an overview
7 of the tested models in Table SI.

8

9

10

1

12 3 Results

13 o - . .

14 150 3.1 Climatic conditions during the study period

15 . . o . e .
16 Between 2012 and 2020, the control (CTRL) and climate change (CC) sites differed significantly in precipitation, air
17 temperature, evapotranspiration (ETa), and drainage (DR)at annual and growing season (GS) scales (Table S2). Mean annual
12 precipitation was higher at the CTRL site (1297 mm; GS: 1044 mm) than at the CC site (962mm; GS: 797mm), while mean
20 annual and GS temperatures were 2.1 °C (8.9 vs. 6.8°C) and 0.92C (12.0 vs. 11.1 °C) higher at the CC site, respectively. DR

21155  was substantially greater at the CTRL site (686 mm yr=';3GS: 445 mm) than at the CC site (298 mm yr'; GS: 173 mm), whereas

23 ETa was higher at the CC site (717mm gr'; GS: 655mm) compared to the CTRL site (582mm yr'; GS: 548mm).
24 Consequently, evapotranspiration ratios (ER) were.consistently higher at the CC site (annual: 0.75; GS: 0.82) than at the CTRL
;2 site (annual: 0.46; GS: 0.54). The drought year 2018 (Schuldt et al., 2020) showed the lowest GS ER at both sites, despite GS
27 precipitation at the CC site not being exceptilely low. Solar radiation was slightly higher at the CC site, both during GS and
;g 160 annually.

30

31 3.2 Effects of climate change and management on grassland biomass

gg 3.2.1 Annual DM yield

34

35 Annual DM yield (2012-2020)varied substantially across years (701-1476 g m'2) with greater variability under high than low
g? management intensity and €C than CRTL treatments. Mean annual DM was significantly higher under high (CTRL: 1020 g
38165 m™>; CC: 1075 g m?) than low management intensity (CTRL: 784 gm™; CC: 786 g m™?) (p <0.01), while no overall differences
39 occurred between CTRL and CC treatments for either high or low management intensity (Figure 2a, Table S3). Excluding the
2(1) drought year 2018~ the only year in which CC _int yields were lower than CTRL _int -, however, revealed significantly higher
42 yields under CC than CTRL conditions under high management intensity (p < 0.01), whereas low management intensity
43

remained unaffected (Figure 3a). Overall, CC-induced increases in DM under high management intensity were stronger before

45170 #2017, whereas responses under low management intensity were more variable with higher variation until 2016 (Figure 3a).
46
47
48
49
50
51
52
53
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Figure 2. a) Annual DM yields and b) mean plant N content for 2012-2020 across different treatments. Black circles represent
treatment means.
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Figure 3. (a) Annual differences in dry matter (DM) yield between climate change (CC) and control (CTRL) treatments under low
(LOW) and high (HIGH) management intensitgk(b) Annual differences in plant N content between CC and CTRL under low and
high management intensity.

3.2.2 Cutting period (CP) specific DM yield

Monoliths with low management intensity, showed significant differences in DM yield among cuts, with the first cut
contributing most (CTRL: 400g m™%; €C: 393g m2; ~50% of annual yield) followed by sharp declines in later cuts (Figure
4a). Mean DM differences between CTRL and CC were small and not significant, while CP-level variability was high (CV:
42-120%), exceeding/@annual variability (8.5%-18.6%), and peaking at the first cut.

Under high management intensity, DM yield declined with successive cuts. Differences among cuts were generally significant
(p<0.01) withingboth CTRL"and CC, except between selected middle cuts. The first cut yielded the most, particularly under
CC (378g m™), and was significantly higher than CTRL (302g m2), where the first two cuts did not differ significantly (Figure
4b). The first cut contributed 35% (CC) and 30% (CTRL) of annual yield. Variability at CP level (44—162% CV) was much
higher than under low management intensity and again much higher than annual variability, with the greatest variation in the

first cut.
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Figure 4. Cutting-period (CP)-specific'dry matter (DM) yields. a) for low management intensity (LOW); b) for high management
intensity (HIGH). CP-specifi¢ plant N content. c¢) for low management intensity (LOW); d) for high management intensity (HIGH)
for 2012-2020. The p-value/of the pairwise comparison is represented by ns: p > 0.05, *: p <0.05 and **: p <0.01.

3.3 Effects’of climate change and management on plant nitrogen content
3.3.1 Mean annual plant nitrogen content

Monoliths with high management intensity had significantly higher plant N contents (~0.5wt%) than monoliths with low
management intensity (CTRL: 2.52 vs. 1.93wt%; CC: 2.37 vs. 1.87wt%; Figure 2b). Climate change (CC) had a smaller but
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significant effect, reducing N content by ~0.1 wt.%. Differences between CC and CTRL and between management intensities
were analyzed over time. CC increased plant N content during the first two years but led to lower N content thereafter (Figure
3b), with regression analysis showing a significant (p<0.01) temporal divergence between CCand CTRL for both management
types. No temporal trend was found for management intensity differences (Table S4). Annual N content varied more under

CC (CV: 15.8-17.5%) than CTRL conditions (CV: 11.9-12.1%). ~

3.3.2 Cutting period (CP) specific plant N content

Under low management intensity, N content significantly (p<0.05) increased from the first to the third cut in both CTRL and
CC treatments (CTRL: 1.84-2.06wt%; CC: 1.63-2.17wt%; Figure 4c). Under high management intensity, temporal variation
was smaller, with significantly (p<0.05) lower N contents in the first‘and second euts (CTRL: 2.16-2.42wt%; CC: 1.97—
2.08wt%) and highest values in cuts three to five (CTRL: 2.65-2.75wt%, CC.: 2.53-2.76wt%; Figure 4d). CTRL and CC
showed similar trends across cuts. However, CC significantly (p<0.05) reduczd plant N content under low management
intensity for the first cut, while under high managementdntensity significant (p<0.05) reductions occurred in the first three

cuts (Figure 4d).

3.4 Species and plant functional type (PFT) analysis

Species richness varied strongly over time across treatmentsiMean richness in CTRL LOW, CTRL HIGH, and CC_ LOW
ranged from 20.0-22.0 species and did not differ significantly, whereas CC_HIGH had significantly (p<0.01) lower richness
(16.1 species; Figure 5a). CC_HIGH also showed the lowest numbers of legume and herb species (Figure 5b, c), while the
number of graminoid species did not differ among treatments (Figure 5d). Independent of management, the number of legume
species was significantly lower under CC than CTRL, and low management intensity supported more herb species than high

management intensity, with significant (p<<0.05)differences within CTRL and CC treatments.
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3.4 Relation of DM with environmental variables
3.4.1 Correlation of annual DM yield with average growing season environmental variables

Annual DM yield was positively correlated with ETa (R=0.5-0.6) and growing-season PFD (R=0.36-0.56) across all
treatments. DM yield also correlated positively with growing-season precipitation under\high management intensity
(CTRL_HIGH: R=0.33; CC_HIGH: R=0.24), but not under low management intensity. No strong or consistent correlations

were found with air or soil temperature, soil moisture, drainage, or evaporation rate.

3.4.2 RF models for estimating annual DM yield

The RF model including all predictors (GS_full) explained 61% of annual DM yieldwariance with an RRMSEcval of 13.9%
(Table S1, Figure 6), but overestimated low and underestimated high DM.values. Management, year, and plant N content were
the most important predictors, whereas climatic and hydrological variables hadlloW importance (<10%). Increasing the number
of samples by including less predictors (GS_reduced) onlysslightly improved model performance (Table S1). A model using
only commonly available environmental variables (GS_environmental) explained just 12% of DM yield variance (Table S1).
The cut-specific DM yield model with all predictors (CP_all) explainedy70% of variance (RRMSE.=10.4%; Table S1), with
highest importance for year, PFD, and cut number, while management and N content were less important than in the GS model.
The reduced predictor model (CP_reduced) performed better (R%cva=0.79; RRMSEcva = 8.3%), and the environmental-only
model (CP_environmental) achieved comparable performance, explaining ~71% of variance, mainly driven by PFD and soil

temperature (st10) (Table S1, Figure S1).

3.4.4 RF models for estimating plant nitrog}n content

The RF model with all predictors (GS_full) explained 74% of the variance in mean annual plant N content (RRMSEva =
12.6%), with year, treatment and management as the most important predictors (Table S1, Figure 6). The GS_reduced model
performed similarly, whereasthe CP. environmental model explained only 15% of the variance. Despite a much larger sample
size, the cut-specific model(CP_full) performed similarly (R%ya=0.71; RRMSE.=10.3%) than the GS_full model, with year,
ETa, and days since last'cut as key.predictors. The CP_reduced model showed comparable performance (R?cva=0.71) while

the CP_environmental model using only. satellite data explained only 59% of the variance (Table S1).
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Figure 6. Scatter plots of observed vs. predicted a) annual and c) cut specific DM yields, ) annual and g) CP-specific plant N content.
Normalized variable importance for RF models using all predictors (GS_full, CP_full). For b) annual and d) CP-specific DM yields
and f) annual and h) CP-specific plant N content. Line in a), ¢), e), g) is a visual aid for predictions matching observations.
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4 Discussion

4.1 Interactive effects of climate change and management intensity on grassland yields

While climate and land management intensity are expected to jointly influence ecosystem functions, their interaction has rarely
been demonstrated in long-term experimental studies (Oliver & Morecroft, 2014). Using a,space-for-time approach, we
examined how climate and management influence grassland water budgets, yields, plant nitroge} concentrations, and species
composition. Unlike most grassland warming studies, which last <3 years (Wang etdal, 2019), this experiment spanned 9 years
(2012-2020) and combined management (high vs. low cutting and fertilization) with climate change and control treatments.
Climate change shifted the grassland water balance from seepage-water dominated (ER = 0.46) to evapotranspiration-
dominated (ER = 0.75). However, except for the drought year 2018, grasslands remained more energy- than water-limited.
This agrees with studies from similar climates (Forstner et al., 2021, 2022; Wieser ¢t al., 2018), which found little drought
stress in Alpine grasslands even in dry years. Water availability thérefore generglly did not limit evapotranspiration or plant
growth, although temporary drought stress occurred in 2018.

Besides water and energy, nutrient availability can strongly limit grassland productivity, reflected in yield differences between
management regimes. In our study, mean annual yields at the control'site were 784466 and 1020+160g m yr' under low and
high management intensity, respectively, placing themsamong the upper range of values reported for comparable grassland
systems (Ammann et al., 2007; Hoekstra et al., 2010; Niisse et al., 2018; Grigulis & Lavorel, 2020; Sieve et al., 2021; Wang
et al., 2021). In our long-term study, N addition rates were more than doubled under high management intensity, while yields
increased by less than 25%. This modest response likely reflects the low contribution of recent fertilizer N to plant nutrition in
SOM-rich grassland soils, where only ~10% of plant N uptake derives from fertilizer (Schlingmann et al., 2020; Zistl-
Schlingmann et al., 2020; Schreiber et al., 2022; Dannenmann et al., 2025). In montane grasslands, plant nutrition therefore
largely depends on soil organic nitrogen (SON) mineralization (Han et al., 2025), implying that fertilizer primarily serves to
replenish SON pools rather thandirectly supply plant-available N. With high soil organic carbon (SOC) and total nitrogen
(TN) concentrations of 6.4% and 0.7%,in the 0—10cm layer (Kiese et al., 2018), it was demonstrated earlier that gross N
mineralization rates exceed plant N demand, particularly under climate change conditions (Wang et al., 2016). Accordingly,
as long as these SOM stocks are maintained, yield gains under intensified management are likely driven more by increased
cutting frequency and(longer growing seasons under warming than by higher N fertilization rates. Consistent with this, our
results show that climate ¢hange/increased grassland yields only under high management intensity (Fig. 2a, 3a).

Similar warming-induced growth stimulation has been reported for C- and N-rich grasslands in cool, moist climates (Sebastia
et al., 2008; Niedrist et al., 2016; Berauer et al., 2019; Forstner et al., 2022). A global meta-analysis (Wang et al., 2019)
likewise showed that warming increases yields most in cold systems, less in temperate systems, and can reduce them in semi-
arid grasslands, highlighting that warming benefits temperature-limited rather than water-limited ecosystems. In such systems,
warming both enhances growth and extends the growing season, consistent with observed shifts of up to 14 days earlier first

cuts in the study region (Petersen et al., 2021).
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Our results highlight the strong importance of the first cut for yield increases under climate change, withymost gains,under

1 high management intensity and only minor contributions from the fifth cut, while other cuts and all. low management yields
g showed no climate effect (Figure 4). In contrast, the extreme drought year 2018 caused strong yield reductions across all cuts
4 290 under climate change due to low spring and summer soil moisture. In other dry years (e.g. 2015), post-drought regrowth
Z partially compensated for losses, consistent with Chen et al. (2020). The variable contribution-ofiindividual cuts and climatic
7 conditions also helps explain the weak relationship between seasonal climate and annual yields, as shown previously by
8 Neuwirth and Hofer (2013) and confirmed here: annual yields in RF models were betterexplained by integrative factors such
?O as year, treatment, and management than by climatic variables alone (Figure 6b;d). No yield reductions occurred under low

11295 management intensity in 2018, consistent with evidence that grasslands under low management intensity are more drought-

12 resistant (Korell et al., 2024). This also explains why differences betweenshigh and lowmanagement yields were much smaller

13

14 under drought than under normal conditions (Figure 3b). Overall, this suggests, that lower cutting frequencies, which also
12 support biodiversity, may become increasingly relevant under continued climate’change. Greater drought resistance is further
17 reflected in lower interannual yield variability (CV) underlow managementdntensity (Table S3). At the cooler, wetter control

18300 site, high management yields remained relatively high in 2018, supporting the view that in temperature-limited grasslands, soil
19

20 moisture is the key factor modulating warming effects on productivity (Sieve et al., 2021; Forstner et al., 2022).

21 Beyond water limitation, our results indicate that nitrogen availability is also a key control on grassland productivity under
;g climate change. The strongest yield increases occurred earlyiin the translocation experiment (until 2016 under high and 2014
24 under low management intensity), but these effects declined over time (Figure 3a). Previous work on the same soils reported
;2 305 strongly negative N (and C, Wang et al., 2024) budgets (=86+29kg N ha! yr ! under low and —47+18kg N ha™! yr ! under high
27 management intensity), driven by biomass eprrt and fertiliser-related gaseous losses, with climate change further increasing
;2 N deficits via higher plant N uptake particularly under high management intensity (Zistl-Schlingmann et al., 2020). Given the
30 strong dependence of plant N supply on SON mineralization and SOM content (Booth et al., 2005; Schlingmann et al., 2020),
31 initial yield increases under warminglikely reflect stimulated mineralization (Wang et al., 2016, 2019), whereas their decline
;g 310 over time may result from progressive. SOM depletion and reduced N mineralization capacity (Garcia-Franco et al., 2024, Han
34 et al., 2025). This is most@vident under climate change conditions, where changing yield differences between high and low
22 management treatments coincide with lower mean plant N content and a decline of plant N content over time in the climate
37 change treatment relative to the control (Figure 2b, 3b). These results highlight the importance of long-term experiments and
gg show that climate<driven yield:gains can only be sustained if fertiliser inputs are adjusted accordingly (Lee et al., 2013; Petersen

40315 etal, 2021). Alternatively, or in addition to increasing N fertilizer rates improved N management, such as slurry injection

41 instead of broadcast application, can reduce SON depletion and associated environmental N losses (Schreiber et al., 2022;

42

43 FloBmann et al., 2025).

44 Under current legislation, only more efficient fertilisation or moderate increases in mineral N inputs are feasible to sustain
45

46 productivity under warming, as higher organic fertilisation rates conflict with the German Fertiliser Ordinance (170 kg N ha™!

47320 yr! limit). Reported substantial N deficits therefore suggest that both improved application techniques and slightly higher
48
49
50
51
52
53
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inputs are needed to maintain productivity and fodder quality in high-SOM grasslands. In the pre-Alpine region, this appears
compatible with water protection due to strong nitrate retention in SOC-rich soils (Fu et al., 2017; Dannenmann et al., 2025).
Furthermore, N.O emissions are relatively low in SOC-rich grassland soils developedf on carbonatic parent material
(Schlingmann et al., 2020; Schreiber et al., 2022), as pH values around 6—7 enhance N.O reductase activity and promote
complete denitrification to N2 (Chen et al., 2015; Zistl-Schlingmann et al., 2019). ~

Beyond changes in climatic and biogeochemical conditions, shifts in grassland species'¢omposition driven by management
intensity and climate change can also strongly influence productivity. Korell et al. (2024) showed that higher plant diversity
at lower-intensity management can stabilize productivity under drought. Our grasslands independent of management intensity
were comparable species-rich (>15 species, Figure 5a), which likely contributed.to yield stability across control and climate
change treatments (Fig. 2a). Consistent with other translocation studiesi(Niedrist et.al., 2016; De Boeck et al., 2016; Tello-
Garcia et al., 2020), the reduction in species richness under intensive climate, change was mainly due to drought induced
declines in legumes and herbs (Fig. 5b, c), but had little effect on yields/given the’1r low abundance (<5%). Yield stability was
likely maintained by compensatory responses of graminoids,which benefit from warmer, drier conditions and are particularly
competitive in spring when cool soils favour grass growth. In temperate grasslands, graminoids generally possess shallower
and more flexible root systems than herbs and legumes. Although these traits increase their sensitivity to drought, they also
confer greater physiological and growth plasticity, enabling rapid responses to changing environmental conditions (Liu et al.,

2018; Bardgett et al., 2014; Kubert et al., 2019).

4.2 Prediction of drivers of biomass production

Understanding drivers of biomass production\and forage quality is important both for ecosystem insight and for improving
grassland management and yield prediction: Beyond process-based models, machine learning approaches combined with
remote sensing are increasingly used for'this purpose. Here, the best random forest (RF) model using environmental and
management variables achieved goodperformance for GS dry matter (R%.va=0.64; RRMSE.y.=12.4%), comparable to process-
based models applied to similar grassland systems (Petersen et al., 2021). However, model performance was mainly driven by
nitrogen content and factorial variables (year, management), while environmental predictors played a smaller role. Cutting-
period models likely also due to increased number of samples performed even better (up to R%va=0.79; RRMSE2=8.3%),
with factorial variables (i.e!, year and cutting period) remaining very important, but with increased relevance of environmental
drivers such as PED and soilitemperature.

A reduced model for CP-specific DM using only satellite-retrievable environmental variables still achieved strong performance
(R*cv=0.71), comparable to a Sentinel-2-based regression approach (R?>=0.68; Reinermann et al., 2025) derived from field
measurements, while the performance was lowest for plant N content (Table S1). Together, these results suggest that different
modelling approaches serve complementary purposes: the RF models presented here are well suited for identifying drivers of
dry matter production, process-based models for scenario analyses, and remote-sensing approaches for yield prediction with

minimal in situ data requirements.
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355 5 Conclusion

> This long-term monolith experiment demonstrates that both climate change and management intensity. strongly influence the
3 functioning of montane grasslands, particularly in terms of water balance, productivity, and nutrient dynamics. While warming
g shifted the grasslands from energy toward an more water limited system, still managementintensity had a greater overall effect
6 on yield than simulated climate change conditions. Although yields under high management inteRity were consistently higher
; 360 than under low management intensity, the difference was small, as the key process supperting plant growth was the
9 mineralization of soil nitrogen from organic-rich soils rather than direct fertilization. Climate warming enhanced productivity
1(1) only temporarily and primarily under high management intensity. Over time, negative nitrogen balances involving high plant
12 nitrogen export led to reduced soil nitrogen availability. This constrained/the positive growth effects of climate warming and
13 reduced plant nitrogen content, thereby diminishing fodder quality. These findings highlight the need for adaptive management
12365 strategies in montane grasslands, such as higher or more efficient fertilizat'g)n. Slurry injection, rather than broadcast
16 application, can reduce or prevent mining and thereby enhance plant growth while mitigating environmenta osses

pplicati d p SON mining and thereby enh plant g h while mitigating i IN1

and their adverse effects on water, air, soil, and biodiversity. This 1s cruecial because the German Fertiliser Ordinance restricts
:; d their ad ffc i il, and biodiversity. This i ial b he G Fertiliser Ordi i

organic inputs to a' yr' across a farm’s utilized area, allowing only efficiency improvements or added minera
19 ganic inp 170 kg N ha™! yr! farm’s utilized llowing only efficiency imp dded mineral

ertilization to sustain grassland productivity andaesihience under climate warming. Maintaining grassland productivity in

1
52370  systems of high management intensity may also facilitate extensification strategies, thereby supporting other ecosystem

23 services such as wildlife conservation and biodiversity at the regional scale. Overall, our findings highlight the complex and
24 . . . . . .

25 time-dependent interactions between climate.and management and underscore the necessity of long-term experiments to
26 capture delayed ecosystem responses. The main limitationrof our study relates to the mismatch between the experimental scale
27

(1 m? lysimeters) and the field scale of grassland ecosystems. Future satellite-based remote sensing offers strong potential to

29375 bridge this gap by linking long-term experimental results with repeated, spatially extensive field observations of grassland

30 yields, plant nitrogen content, and:species traitsat the regional scale (Dashpurev et al., 2025).
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