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Abstract 39 

European mountain grasslands are increasingly affected by land-use changes and climate, 40 

which have been suggested to exert important controls on grassland carbon (C) and nitrogen 41 

(N) pools. However, so far there has been no synthetic study on whether and how land-use 42 

changes and climate affect the partitioning of these pools amongst the different grassland 43 

compartments. We analyzed the partitioning of C and N pools of 36 European mountain 44 

grasslands differing in land-use and climate with respect to above- and belowground 45 

phytomass, litter and topsoil (top 23 cm). We found that a reduction of management intensity 46 

and the abandonment of hay meadows and pastures increased above-ground phytomass, root 47 

mass and litter as well as their respective C and N pools, concurrently decreasing the fractional 48 

contribution of the topsoil to the total organic carbon pool. These changes were strongly driven 49 

by the cessation of cutting and grazing, a shift in plant functional groups and a related reduction 50 

in litter quality. Across all grasslands studied, variation in the impact of land management on 51 

the topsoil N pool and C/N-ratio were mainly explained by soil clay content combined with pH. 52 

Across the grasslands, below-ground phytomass as well as phytomass- and litter C 53 

concentrations were inversely related to the mean annual temperature; furthermore, C/N-ratios 54 

of phytomass and litter increased with decreasing mean annual precipitation. Within the topsoil 55 

compartment, C concentrations decreased from colder to warmer sites, and increased with 56 

increasing precipitation. We conclude that site-specific conditions need to be considered for 57 

understanding the effects of land-use and of current and future climate changes on grassland C- 58 

and N-pools. As soils can lose C faster and more easily than they are able to gain it, particular 59 

care must be taken in identifying appropriate management measures to minimise soil C losses 60 

from grasslands.  61 

 62 

Keywords: Climate controls; Intensification; Abandonment; Plant functional groups; Litter; 63 

Root; Phytomass partitioning; Plant and soil C/N ratios; Soil organic carbon pool   64 



 4 

Introduction  65 

Grassland ecosystems cover about 15% of the European land area (FAO, data from 2014), 66 

where they are usually managed by cutting or grazing and are important for fodder production 67 

and preserving soil and water resources, as well as biodiversity (Carlier et al., 2009; Jäger et 68 

al., 2020; Tasser et al., 2020). They are also able to store a large amount of carbon (C), the 69 

actual amount of C depending on the current and historical land use, soil properties including 70 

pH and moisture content, N availability as well as the composition of the vegetation and the 71 

soil microbiome (Conant et al., 2017; Grigulis et al., 2013; Poeplau et al., 2018; Smith, 2014; 72 

Soussana et al., 2006). Currently, European grasslands predominantly act as carbon sinks 73 

(Berninger et al., 2015; Schulze et al., 2010), however, the ability of grasslands to sequester C 74 

is strongly dependent on land management (Poeplau and Don, 2013; Poulton et al., 2018; Reed 75 

et al., 2021; Smith, 2014; Stumpf et al., 2018; Ward et al., 2016). The long-term C sink strength 76 

of terrestrial ecosystems relies on their productivity and the turnover of C in the different plant 77 

and soil C pools (Carvalhais et al., 2014; Li et al., 2018; Wu et al., 2020). While grassland 78 

intensification generally increases productivity, it also tends to increase the turnover of C when 79 

nitrogen (N) availability is increased and thus grassland areas can also become a source 80 

(Wohlfahrt et al. 2008; Marcolla et al. 2011). Conversely, decreasing management intensity and 81 

abandonment of grasslands generally leads to decreased productivity and C and N turnover 82 

(Chang et al., 2021; Leifeld et al., 2015). However, there are still large uncertainties as to the 83 

consequence of altered grassland management and abandonment on the size of the different 84 

above- and below-ground C and N pools (Fornara et al., 2020). 85 

Besides land management, climate may have a significant impact on the C balance of 86 

grasslands (Chang et al. 2015, Wang et al. 2021). Global mostly model-based analyses highlight 87 

that grassland-related land-use change plays a more important role than climate in altering soil 88 

organic carbon (Li et al. 2017) and the greenhouse gas balance (Chang et al. 2021). Similarly, 89 

a recent field-based study in Northern China suggests that land use is the main driver for soil 90 
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organic carbon stock changes, while the effects of climate may differ regionally. To date there 91 

is a general lack of studies testing how the effects of land management and land-use change on 92 

above- and belowground C and N pools are altered by background climatic conditions. 93 

Grasslands are an important component of traditional mountain agriculture and shape the 94 

resulting diverse cultural landscapes in European mountain regions. They serve as summer 95 

pastures and supplementary fodder suppliers for the winter months, and have been particularly 96 

affected by widespread changes in management and land use, including intensification and, 97 

more frequently, abandonment during the past decades (Kozak et al., 2017; Tasser et al., 2005). 98 

Despite a variety of agricultural and environmental policy support measures, the change in 99 

mountain agriculture in the Alps, which started in the middle of the last century, could not be 100 

stopped (Fleury et al., 2013; Hinojosa et al., 2019). Low incomes, a lower degree of innovation 101 

compared to other economic sectors, limited flexibility, global competition and the 102 

unfavourable topographical site conditions mean pose severe constraints on the economic 103 

competitiveness of mountain agriculture. In some Alpine regions this has led to an 104 

intensification of agricultural management or a change to more productive land-use types such 105 

as fruit and wine cultures, while in other regions there has been a collapse of agricultural 106 

structures and land use (Egarter Vigl et al., 2017). Especially, the abandonment of cutting and 107 

grazing activities supports the emergence of woody plants (Vidal et al., 2020) and leads to a 108 

decrease in tissue N concentrations and a slowing down of C fluxes and N cycling, and an 109 

accumulation of above- and below-ground phytomass (Bahn et al., 2006; Gamper et al., 2007; 110 

Grigulis et al., 2013; Harris et al. 2018; Legay et al., 2014; Robson et al., 2010; Schmitt et al., 111 

2010; Szukics et al., 2019; Tasser et al., 2021; Zeller et al., 2000). However, it is less clear 112 

whether and to what extent land management and land-use changes in mountain grasslands alter 113 

soil C accumulation (Meyer et al., 2012; Poeplau and Don, 2013), and their consequences for 114 

the partitioning of C and N between the major dynamic pools in phytomass, litter and topsoil 115 

are not yet well understood (Garcia-Pausas et al., 2017). Furthermore, there is a lack of 116 
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understanding whether and how climatic conditions alter the effects of land use on C and N 117 

pool partitioning in mountain grasslands.  118 

Based on a unique data set, collected using a harmonized approach, we analyzed the C and 119 

N pools in the above- and belowground phytomass, litter and topsoil from 36 European 120 

grasslands along land management and climatic gradients. We tested the hypotheses that with 121 

decreasing intensity of land use (i) grassland C and N pools increase, while tissue N 122 

concentrations decline, and (ii) the partitioning of C and N pools shifts from above-ground 123 

pools to litter and below-ground pools. We also expected that (iii) climate alters land-use effects 124 

on C and N pools, colder and wetter climates increasing belowground C and N pools, but 125 

decreasing C and N tissue concentration, with consequences for land use effects on C and N 126 

pools and their partitioning. 127 

 128 

Methods  129 

Study sites 130 

We collected data from twelve mountain locations across Europe, consisting of grasslands 131 

differing in management intensity as well as abandoned grasslands (Table 1, Fig. 1). Altogether, 132 

our study comprised 36 grasslands (18 hay meadows, 10 pastures, 8 abandoned grasslands), 133 

encompassing a latitudinal range from 42 to 49° N, and an elevational range from 530 to 1966 m 134 

a.s.l.. The study sites are located in different biomes (Beck et al., 2018): the sites Alinya, 135 

Lautaret and Amplero are located in the transition zone from temperate, dry and hot summer 136 

climate to cold, mesic and warm summer climate. All other areas are in the cold climate zone 137 

with warm summers and without a dry season. The areas higher up in the Alpine region are 138 

characterized by cool summers. Mean annual air temperature and mean annual precipitation of 139 

the sites ranges from 2.5 to 10.0°C and 730 to 1900 mm, respectively. The soils are mainly 140 

Cambisols and Leptosols with a bulk density between 0.59 and 1.47 g cm-3. 141 
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Each location comprised at least one land-use type that could be attributed to each of the three 142 

land-use types ’hay meadow‘ [M], ’pasture‘ [P] and ’abandonment‘ [A]. The M were divided 143 

into two management intensity classes, which are differentiated by fertilisation, namely into  144 

fertilized [MF] and unfertilized [MU] meadows. Fertilized hay meadows were fertilized with 145 

natural and/or artificial manure at least once a year and mown two to four times per year (see 146 

Table 1a). In contrast, unfertilized managed hay meadows [MU] were mown once every one or 147 

two years and were fertilized only once every few years. Both types were occasionally grazed 148 

at the end of the growing season. Pastures were mostly lightly managed, with sheep or cattle 149 

grazing during the summer months with less than 0.9 livestock units (LU) per hectare. 150 

Nevertheless, we distinguished between two intensity classes: low intensity class with a short 151 

grazing period (< 3 months) and/or low number of animals (< 0.9 LU ha-1) and high intensity 152 

class with a long grazing period (> 3 months) and/or high number of animals (> 0.9 LU ha-1). 153 

Abandoned sites were previously arable land or mown or grazed grasslands and had been 154 

abandoned for less [A1] or more than 30 years [A2]. Site, climate and soil characteristics are 155 

given in Tables 1a and 1b.  156 

 157 

Sampling 158 

In all the grassland ecosystems studied, samples were taken following a standardised procedure 159 

following the same protocol. Above-ground phytomass was clipped to the ground surface (n=2-160 

4 replicates per site, 30 x 30 cm) when peak biomass was reached (typically in June or July) 161 

and was separated into functional groups (grasses, leguminous and non-leguminous forbs, 162 

dwarf shrubs, cryptogams) and dead phytomass. The above-ground phytomass of trees with a 163 

height > 0.2 m was not considered. Below-ground phytomass was collected to a depth of 164 

≤23 cm, using a core sampler with a diameter of 7.7 cm. At the sites at Passeiertal, Stubaital, 165 

and Berchtesgaden below-ground phytomass was further separated into classes of different 166 
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diameter (fine roots: <2 mm; coarse roots: >2 mm). Finally, the litter was harvested twice, at 167 

the beginning and the end of the growing season. 168 

The dry weight of the above- and below-ground phytomass was measured after drying at 80°C 169 

until constant weight. Topsoil (0-23 cm depth) was sieved (<2mm) and dried at 105°C. C and 170 

N concentrations of the above- and below-ground phytomass and the topsoil were measured 171 

with elemental analysers. Soil standards (Leco 502-308, Leco, St Joseph, Michigan, U.S.A.) 172 

and “Orchard Leaves” (Leco 502-055, Leco, St Joseph, Michigan, U.S.A.) were used as 173 

references for elemental analysis. 174 

 175 

Statistical analysis 176 

We applied linear mixed effects models to test for the effect of land use, climate and topsoil 177 

parameters (fixed effects) on C- and N-concentrations as well as on C/N within each pool 178 

(phytomass, litter, roots and topsoil). Due to a nested sampling design, site was included as a 179 

random effect to account for site specific variations. To avoid multicollinearity between 180 

predictors, we evaluated correlation matrices (Fig. S1) between all available site, climate, and 181 

soil parameters (see Table 1a and 1b) and functional groups (Table S1). As threshold for 182 

multicollinearity we used a correlation coefficient of r = 0.5 between predictors. The following 183 

predictors were then chosen for the full model: land-use, mean temperature and mean 184 

precipitation as climate parameters, clay content, N-concentration, and pH as topsoil 185 

parameters. We applied stepwise backward selection procedures to obtain the best model for 186 

each dependent variable (starting from the full model the predictor with the highest p-value was 187 

deleted, until only significant predictors remained). As criteria for the best model we used the 188 

Baysian information criterion (BIC, the model with the lowest BIC is considered the best one, 189 

Claeskens and Hjort 2008) and model deviance (a measure of goodness of fit). 190 

To analyse whether climate (mean temperature and mean precipitation) had differential effects 191 

on C- and N-concentrations of different land-use types, we calculated linear models with land-192 
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use, mean temperature and mean precipitation as explanatory variables. All analyses were 193 

conducted using the open-source statistical programming language R (version 3.5.2, R Core 194 

Team, 2018) in R Studio (version 1.1.447, RStudio, 2018). Linear mixed effects models were 195 

analysed with the R package lme4 (Bates et al., 2015). 196 

 197 

Results  198 

Phytomass components and plant functional groups 199 

Across all sites studied, grasslands abandoned less than 30 years ago (A1) held the largest 200 

amount of above-ground phytomass (Fig. 2, Table 1). While above-ground phytomass 201 

(excluding trees) declined in older abandoned grasslands (A2), the litter layer increased 202 

compared to other sites. Across all sites, the smallest phytomass and highest soil organic C 203 

pools were generally found in pastures. The proportion of above-ground phytomass varied 204 

considerably between land-use types, ranging from 41% (MU) to 10% (A1) of the total 205 

phytomass. Grasses and forbs were the most prevalent phytomass components on meadows 206 

(MF, MU), while on abandoned sites dwarf shrubs, necromass (A1, A2) and cryptogams (A1) 207 

made up the largest proportion of phytomass. 208 

The mean amount of litter increased significantly from intensively mown and grazed sites (MF, 209 

P) to extensively managed (MU) and abandoned grasslands (A1). Abandonment for more than 210 

30 years (A2) resulted in by far the highest litter accumulation (80 times greater than in MF). 211 

Across sites, the below-ground phytomass was lowest on intensively managed areas (MF), and 212 

was similar on MU, P and A1, while highest on A2.  213 

The main factors significantly affecting the amount of total phytomass were abandonment 214 

(Table 2) and climate. While the above-ground phytomass was negatively correlated and the 215 

litter material was positively correlated with mean annual precipitation, the below-ground 216 

phytomass was positively correlated with mean annual temperature. Remarkably, the changes 217 

in land use affected above-ground phytomass much less than below-ground phytomass.  218 
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Sites with higher leaf N pools were associated with a higher abundance of dwarf shrubs, which 219 

increased above-ground phytomass, and a higher N pool in the litter. The amount of below-220 

ground phytomass was negatively related to the topsoil pH. 221 

 222 

Carbon and nitrogen pools 223 

The total C and N pools differed significantly between land-use types (Fig. 3). Topsoil pools 224 

(top 23 cm) were the largest for both C and N, followed by below-ground phytomass and litter. 225 

The C pool was lowest in the intensively used (MF) meadows, intermediate for the lightly used 226 

unfertilized meadows (MU), the pasture (P) and the recently abandoned area (A1) and highest 227 

for the old abandoned area (A2). 228 

N pools were largest in the lightly used unfertilized meadows (MU) and the old abandoned 229 

areas (A2), and significantly smaller in recently abandoned areas (A1) and intensively used 230 

meadows (MF), respectively.  231 

The general trends for above- and belowground phytomass and litter were similar: with 232 

decreasing land-use intensity C concentrations and C/N ratios increased, while N 233 

concentrations decreased; with increasing time since abandonment, these trends reversed (Fig. 234 

4). Our models showed that, next to land-use intensity, the main driver for these trends was 235 

mean annual precipitation, especially for the above-ground phytomass and the litter 236 

compartment (Table 2). Within the topsoil compartment the patterns were less clear; however, 237 

in grasslands abandoned for more than 30 years C and N concentrations significantly increased 238 

(Fig. 4), and the associated increase in topsoil C/N ratios was mainly driven by mean annual 239 

temperature, pH and clay content (Table 2). 240 

 241 

Effects of climate on carbon and nitrogen concentrations  242 

Climate factors, especially mean annual temperature, had diverging effects on C and N 243 

concentrations between land-use types (Tables 3, S2). For some models, the data availability 244 
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was too low to depict clear patterns; however, we did find some general trends in our data. 245 

Across grasslands, increasing mean annual temperature resulted in lower C concentrations in 246 

above-ground phytomass and higher C concentrations in litter (Table 3). Temperature had no 247 

clear effects on N-concentrations in any of the compartments.  248 

Mean annual precipitation was negatively related to C and N concentrations of the below-249 

ground phytomass across land-use types (Table 3). At sites with higher mean annual 250 

precipitation, C concentrations in the litter were reduced and N concentrations were increased. 251 

Within the topsoil compartment, C and N concentrations as well as C/N ratios increased with 252 

an increase of precipitation, but decreased with increasing mean annual temperatures (Table 3). 253 

Overall, some climate-land use interaction effects were observed. An increase in temperature 254 

with a simultaneous reduction in land-use intensity mostly led to a decrease in the C and N 255 

concentrations in the above-ground phytomass and in the topsoil, while the C and N 256 

concentrations increased in the below-ground phytomass (exception: C concentration at A1) 257 

and in the litter. A higher amount of precipitation led to opposite effects when it was associated 258 

with a reduced land-use intensity: C and N concentrations decreased in the below-ground 259 

phytomass and in the litter but increased in the above-ground phytomass and in the topsoil. 260 

 261 

 262 

Discussion 263 

Our study shows that in European temperate mountain grasslands the combination of land use 264 

and climate significantly influences the partitioning of organic C and N pools between 265 

vegetation and topsoil and within phytomass compartments. Overall, the reduction of land-use 266 

intensity and the abandonment of managed grasslands increased especially the fraction of C 267 

and N in above-ground phytomass, the litter layer and in the topsoil, while it had much smaller 268 

effects on the fraction of C and N in the below-ground phytomass. In general, the fractional 269 



 12 

contribution of the topsoil to the total organic carbon pool decreased with decreasing 270 

management intensity and with increasing time since abandonment. 271 

The increased proportion of C in phytomass and litter after abandonment could have been 272 

caused by several factors. On abandoned sites, a lower nitrogen availability (Robson et al., 273 

2010; Zeller et al., 2000), a higher fraction of necromass and a compositional shift from grasses 274 

and forbs towards sedges and dwarf shrubs (Gamper et al., 2007; Mysterud et al., 2011) led to 275 

an increase in the C/N-ratio of the total above-ground phytomass. Generally, low leaf/stem-276 

ratios and low tissue N concentrations, which are characteristic for grasslands dominated by 277 

species with a conservative resource use strategy such as sedges and dwarf-shrubs (Wright et 278 

al., 2004; Gamper et al., 2007; Grigulis et al., 2013), contributed to the high overall above-279 

ground phytomass C/N-ratio at these sites. High C/N ratios are associated with reduced litter 280 

quality and slow down litter decomposition (Cortez et al., 2007; Liu et al., 2006; Steinwandter 281 

et al., 2019), which was confirmed experimentally at three of the study sites (Fortunel et al., 282 

2009; Gamper et al., 2007). The reduced litter decomposition rate could be a consequence of 283 

soil microbial communities, with high fungi/bacteria ratios, typically associated with low 284 

primary productivity (Bardgett et al., 1996; De Deyn et al., 2008; Grigulis et al., 2013; 285 

Karlowsky et al., 2018; Legay et al., 2016). 286 

N limitation does not automatically reduce C turnover in the topsoil (Kirschbaum et al., 2008), 287 

and nutrient availability is generally unrelated to soil organic matter accumulation rates (Rees 288 

et al., 2005). Nevertheless, many studies as also this study highlight the decreasing soil organic 289 

matter through agricultural fertilization or through higher atmospheric nitrogen deposition 290 

(Dawson and Smith, 2007; Guo and Gifford, 2002; Jones et al., 2017), though these effects 291 

remain controversial and depend on local soil and climate context (Whitehead 2020). Our 292 

results revealed highest C and N pools on abandoned areas and on extensively used hay 293 

meadows, where due to one cut per year or even a cut every 2-3 years only a part of the 294 

phytomass is removed by management. It is generally assumed that cutting of hay meadows 295 



 13 

leads to a biomass removal of 80%, while 20% of the biomass are harvest losses (Rotz and 296 

Muck 1994; van der Linden et al. 2015). Biomass removal of predominantly grazed areas has 297 

been estimated to be ca. 50% due to a high share of non-productive areas (weed-infested areas, 298 

dwarf shrubs, stones) and a high part of non-grazed biomass (Buchgraber 2018; Egger et al. 299 

2004). Thus, extensive grazing in particular promotes C gains more than C losses, leading to 300 

comparatively high carbon stocks in lightly managed pastures (Conant et al., 2017; Dawson 301 

and Smith, 2007; Rees et al., 2005; Viglizzo et al., 2019). This is also partly related to a more 302 

rapid annual turnover of shoot material and changes in species composition towards 303 

conservative grasses producing a denser and fibrous root system (Roumet et al., 2016). 304 

However, more intense grazing has been shown to distinctly reduce above- and below-ground 305 

C pools (Zhou et al., 2019). 306 

Rhizodeposition, a further potential carbon source, has been suggested to be of minor 307 

importance for the input of organic carbon to grassland topsoils compared to root turnover (but 308 

see Pausch and Kuzyakov, 2018), since root litter tends to be more recalcitrant to degradation 309 

(Rees et al., 2005; Soussana et al., 2006, but see Schmidt et al., 2011). We found a significantly 310 

higher fractional contribution of fine roots on managed hay meadows but a distinctly higher 311 

mass of both fine and coarse roots on the abandoned, as compared to the meadow and pasture 312 

sites. Gill and Jackson (2000) suggested that in shrub-invaded ecosystems a lower proportion 313 

of root biomass would turn over and die annually compared to grass-dominated ecosystems, 314 

which would likewise hold true for our dwarf-shrub-dominated abandoned mountain 315 

grasslands, characterised by high C/N-ratios. In contrast, pastures are characterised by 316 

comparatively short root turnover times (Leifeld et al., 2015, 2009; Stewart and Frank, 2008), 317 

resulting in an increased input of C and N into the soil profile as fine root stocks were rapidly 318 

decomposed (Iversen et al., 2008).  319 

As changes in the topsoil carbon pool are very slow (Jones and Donnelly, 2004; Rees et al., 320 

2005), especially in the case of low-quality plant- and root litter, the contribution of the topsoil 321 
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to the total organic carbon pool on abandoned sites might increase with time. Results from the 322 

literature are manifold (as summarized by Deng et al., 2016), suggesting that abandonment 323 

leads to a significant carbon and nitrogen accrual (McKinley and Blair, 2008) and an 324 

accumulation or a release of topsoil carbon depending on site conditions (Soussana et al., 2006); 325 

some studies also indicate that woody plant encroachment does not alter soil carbon stocks in 326 

grassland (Ortiz et al., 2016; Poeplau and Don 2013; Risch et al., 2008; Schedlbauer and 327 

Kavanagh, 2008) and even caused a decrease in soil carbon and nitrogen stocks by 15 and 20% 328 

following land-use change from pasture to conifer plantation (Guo et al., 2007). Our study 329 

indicates a minor increase in the topsoil carbon stocks and a decrease in the topsoil nitrogen 330 

stocks due to abandonment. This is consistent with findings from a detailed study using 331 

radiocarbon-based estimates of soil C turnover, which suggests that abandonment of mountain 332 

grassland leads to a transient storage of C in the labile particulate organic matter pool, which is 333 

likely not sequestered in the long term (Meyer et al., 2012). Guidi et al. (2014) demonstrated 334 

that natural forest succession on abandoned grasslands led to a decline in physical soil organic 335 

carbon stability in the mineral soil, suggesting that carbon may become more susceptible to 336 

management and environmental change. 337 

Despite the consistent general trends discussed above, variations between individual grasslands 338 

were also found, which are most likely related to land-use history and specific management 339 

practices, but also to background climatic conditions. Even though our data was not sufficient 340 

to reveal general climate-related patterns for each land-use type, our results suggest that mean 341 

annual temperature and precipitation affect the response of C and N pools to land-use change, 342 

often resulting in different response trajectories in the single land-use types. The importance of 343 

local site-specific effects has been demonstrated also in other studies (Dawson and Smith, 2007; 344 

Guo and Gifford, 2002; Homann et al., 2007; Soussana et al., 2006; Vos et al., 2019 for 345 

agricultural sites in general). 346 

  347 
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Fertilizing with animal dung increase the plant-available mineral nitrogen, whereby the increase 348 

is strongly related to net nitrogen mineralization and nitrification (NNM). These processes are 349 

the key processes in making organic nitrogen available to plants (Zeller et al., 2001; Auyeung 350 

et al., 2012) and many studies have found that they are highly dependent on climatic conditions. 351 

For example, Rustad et al. (2001) and Larsen et al. (2011) were able to show that mineralization 352 

and nitrification increased with warming. Reduced soil moisture because of changed 353 

precipitation has generally decreased N mineralization rates and frequently also nitrification 354 

(Larsen et al., 2011). On the other hand, there is also evidence that that warming and changes 355 

in precipitation can have little to no effect on N cycling in some ecosystems (Niboyet et al., 356 

2011; Auyeung et al., 2012). The same applies to the interaction effects, which, however, have 357 

only been investigated in a few studies so far. Here, too, results are inconsistent. Some studies 358 

have shown that drought attenuates the positive effect of warming on N mineralisation (Larsen 359 

et al., 2011); however, other studies have not demonstrated any interactive effects of warming 360 

and altered precipitation at all (Niboyet et al., 2011). So, it depends to a large extent on the 361 

ecosystem which processes take place and how. In the case of permanent grassland, our results 362 

show that climate effects are recognizable. In general, permanent grassland areas are currently 363 

concentrated in Central Europe in climatically and topographically rather unfavourable zones. 364 

They generally have an annual average temperature of 5-6 ° C, a high rainfall of more than 700 365 

mm and are found in higher and steeper areas (Trnka et al., 2018). After Smit et al., (2008), the 366 

productivity and the spatial distribution of the grassland is strongly correlated with annual 367 

precipitation and less with the annual temperature sum and the length of the growing season. 368 

Our results underline, on the contrary, that in grassland, fertilization with simultaneous 369 

warming leads to an increase in the C concentration in the above-ground phytomass (in 370 

agreement with Gardarin et al., 2014). However, this does not directly apply to N concentration 371 

as well, where our results do not demonstrate a consistent relationship. Furthermore, reduced 372 

land use intensity and increasing mean annual temperatures lead according to our results to a 373 
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reduction of C and N concentrations in the topsoil of grassland, while they increased in the 374 

below-ground phytomass and in the litter. Increasing mean annual precipitation led to a 375 

decrease in C and N concentrations in the belowground phytomass and litter and to an increase 376 

in C and N concentrations in the aboveground phytomass and topsoil. Thus, in grassland the 377 

correlation varies on the one hand depending on the compartment and that the increase in 378 

temperature and the increase in precipitation often show opposite effects. As already pointed 379 

out, our results also show that the C and N pools increase significantly due to the increase in 380 

phytomass along the land-use transect from the intensive hay meadow to the abandoned land 381 

and that climate only has a modulating, generally small effect. Similar results were also reached 382 

by Chen et al. (2020) on the Tibetan Plateau and also in a recent meta-analysis from Zhou et al. 383 

(2019).  384 

Overall, however, it can be stated that more comprehensive long-term studies are needed to 385 

decipher land-use – climate interaction effects on C and N partitioning in mountain grasslands, 386 

whereby seasonal analyses could possibly help to gain further insights. 387 

 388 

Conclusions 389 

In the context of the current climate crisis, particular care must be taken in identifying 390 

appropriate management measures to minimise C losses (Whitehead et al., 2018). Such 391 

approaches require knowledge on which land management strategy and which site conditions 392 

allow a grassland to act as a source or a sink for carbon and greenhouse gases. Across mountain 393 

grasslands in the region covered by our study, fertilization resulted in high above-ground 394 

phytomass, however, this did not translate to an increase in C stocks, as the highest C and N 395 

pools were present in extensively used meadows and the abandoned grasslands. This was 396 

mainly due to the increasing proportion of these pools allocated to the soil under reduced land-397 

use intensity or complete abandonment. Climate conditions, such as mean annual temperature 398 

and precipitation, had smaller and contradicting effects on C and N pools between land-use 399 
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types and individual compartments of the ecosystems. An increase in temperature leads to a 400 

decrease in C and N concentrations in the aboveground phytomass and in the soil, and an 401 

increase in the belowground phytomass and in the litter, respectively. An increase in 402 

precipitation tends to have exactly the opposite effect. This implies that a comprehensive multi-403 

site approach, combining C and N cycling and jointly considering land-use and climate effects, 404 

is required for understanding and projecting future changes in soil C and N stocks in mountain 405 

grasslands and for providing the knowledge required to advise on future mitigation strategies 406 

and agricultural policy. 407 
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Table 1a. Site and land-use characteristics of the study sites. The coordinates are given in m (projection: ETRS_1989_LAEA), die Growing degree-days > 5°C (DDG) and the 747 

frost-free period (FFP) were adopted from Marchi et al. (2020).   748 

Project sites Land-
use 
type 

Plots 
(n) 

Longitude Latitude Altitude  
(m a.s.l.) 

Incli-
nation 

(°) 

Aspect MAT 
(°C) 

FFP (d) DD>5  
(°) 

MAP (mm) Mowing 
events (n y-1) 

Grazing 
intensity 

(1/2) 

Fertilization 
events (n y-1) 

Abandoned 
(years) 

Historical 
land use  

Alinyà, 
Pyrenees (E) 

P 6 3611501.15 2159655.58 1765 5 N 6.1 157.4 1487.3 1070 0 2 (0.5 LU ha-

1) 
0 9 A/H 

A1 6 3611459.12 2159619.80 1568 15 N 6.1 157.4 1487.3 988 0 0 0 15-20 A/H 

Lautaret, 
French Alps 
(F) 

MF 9 4032695.88 2443794.53 1880 15 SSW 6.0 155.9 1364.6 956 1 1 1 0 A/H 

MU 18 4032997.61 2443947.10 1920 18 SSW 6.0 164.9 1474.6 956 2 1 0 0 A/H 

P 9 4034887.76 2443170.04 1916 23 S/SSE 6.0 163.9 1450.6 956 0 1 0 0 A/H 

A1 9 4034046.93 2443899.52 1966 27 SSW 6.0 155.9 1394.6 956 0 0.5 0 0 A/H 

Amplero, 
Abbruzzi (I) 

MU 3-10 4621220.37 2096264.94 900 0 FLAT 10.0 234.0 2487.0 1463 2 1 (0,9 LU ha-

1) 
1 0 A 

Monte 
Bondone (I) 

MU 3-4 4402395.76 2544657.25 1550 3 E 5.3 154.0 1121.0 1244 1 0 0 0 - 

P 3 4402304.48 2544745.47 1560 5 NE 5.3 154.0 1121.0 1244 0 1 0 0 - 

A1 3 4402443.62 2544717.61 1550 6 ESE 5.3 154.0 1121.0 1244 0 0 0 20 H 

Passeiertal 
(I) 

MF 64 4418587.88 2636267.70 1770 20 SSW 3.6 145.0 1075.0 1041 1 0 1 0 - 

MU 20 4418743.11 2636296.54 1770 25 SSW 3.6 126.0 827.0 1041 0,3 0 0 0 - 

A1 48 4418794.44 2636330.76 1770 28 SSE 3.6 126.0 827.0 1041 0 0 0 10 H 

A2 12 4418860.47 2636241.04 1750 38 SSE 3.6 126.0 827.0 1041 0 0 0 30 H 

Leutasch (A) MF 3 4406204.82 2694433.30 1115 0 FLAT 4.8 153.0 1296.0 1308 2 0 1 0 - 

Ötztal (A) MF 3 4393789.43 2663619.95 1180 0 FLAT 5.8 156.0 1353.0 733 3 0 2 0 - 

Stubaital (A) MF 10 4421265.82 2667867.00 980 0 FLAT 6.3 170.0 1594.0 840 3 0 2 0 - 

MF 10 4420042.14 2669139.41 1750 12 SE 3.0 109.0 654.0 1500 1 1 1 0 - 

MU 10 4419773.30 2668968.71 1600 28 SE 3.0 109.0 654.0 1500 1 0 0 0 - 

P 10 4419836.62 2669158.16 1950 27 SE 3.0 109.0 654.0 1500 0 0 0.5 0 - 

A1 10 4418949.30 2668759.37 1960 17 SE 3.0 84.0 366.0 1500 0 0 0 10-20 P 

A2 13 4419258.39 2668812.90 1595 34 SE 3.0 84.0 366.0 1500 0 0 0 50 P 

Zillertal (A) MF 3 4460976.12 2697836.67 530 0 FLAT 8.1 179.0 1975.0 1013 4 0 3 0 - 

Berchtesgad
en (D) 

P 6-18 4544237.06 2726663.59 620 1 FLAT 7.5 177.9 1704.7 1900 0 2 1 0 - 

P 15-27 4543971.44 2721994.95 1420 3 FLAT 4.1 120.0 997.0 1900 0 1 0 0 H 

A1 5-9 4543487.80 2721504.38 1750 34 NE 2.5 104.6 571.1 1900 0 0 0 3-4 P 

Polana (SK) MF 5 5027949.85 2894402.37 820 5 SW 5.8 166.0 1711.0 853 2 1 1 0 - 

MU 5 5032371.37 2892940.02 820 5 SW 5.8 166.0 1706.0 853 1 1 0 0 - 

Brenna (PL) MU 3-6 4965894.37 2994530.10 665 9 SW 7.0 175.0 1723.0 1100 2 0 0 0 - 

A1 3-6 4966063.93 2994147.16 670 9 SW 7.0 170.0 1623.0 1100 0 0 0 8 H 



 29 

Land-use types: MF… intensively used fertilized meadows, MU… lightly used unfertilized meadows, P…grazed pastures, A1…abandoned grassland younger than 30 years, 749 

A2…abandoned grassland older than 30 years. MAT…mean annual temperature; MAP…mean annual precipitation; grazing intensity: 1…low intensity (short grazing period 750 

and/or low number of animals), 2… high intensity (long grazing period and/or high number of animals); historical land use: A…arable land, H…hay meadow, P…pasture. 751 

 752 

Table 1b. Soil characteristics and total organic carbon- and nitrogen pools (for the uppermost 23 cm of the soil) 753 

Project sites Land-use 
type 

Soil type  Bed rock Sand (%) Silt (%) Clay (%) SOM (%) pH Bulk density 
(g m-3) 

Total org. C pool  
(kg m-²) 

Total org. N pool  
(kg m-²) 

Alinyà, Pyrenees (E) P Anthric 
Leptosol 

C 27.0 43.0 30.0 n.a. 7.1 n.a 9.63 ± 0.80 0.75 ± 0.05 

A1 n.a. C n.a. n.a. n.a. n.a. n.a. n.a. 4.35 ± 0.34 0.36 ± 0.03 

Lautaret, French 
Alps (F) 

MF Cambisol C 27.7 43.0 29.3 n.a. 7.9 1.47 20.73 ± 0.64 1.55 ± 0.02 

MU Cambisol C 23.6 45.2 31.2 n.a. 6.9 1.13 21.70 ± 2.05 1.62 ± 0.08 

P Cambisol C 32.4 41.1 26.5 n.a. 7.0 1.35 29.04 ± 0.49 1.66 ± 0.01 

A1 Cambisol C 30.0 41.3 28.7 n.a. 6.2 1.12 15.89 ± 0.60 1.37 ± 0.01 

Amplero, Abbruzzi 
(I) 

MU Haplic 
Phaeozem 

C 12.7 32.4 54.8 38.0 6.3 1.03 8.95 1.23 

Monte Bondone (I) MU Hapludalf C 32.3 42.6 25.1 n.a. 5.2 0.79 9.11 ± 1.77 0.18 ± 0.07 

P Hapludalf C 1.1 86.1 12.8 24.8 4.5 0.83 n.a. n.a. 

A1 Hapludalf C 17.6 74.1 8.3 18.3 4.9 0.65 n.a. n.a. 

Passeiertal (I) MF Cambisol S 41.1 38.1 20.8 14.9 4.5 0.63 10.63 ± 0.70 0.96 ± 0.10 

MU Cambisol S 49.7 30.7 19.6 21.5 3.8 0.60 10.18 ± 0.05 0.84 ± 0.00 

A1 Cambisol S 42.8 34.8 22.4 15.1 3.8 0.64 13.27 ± 1.28 0.93 ± 0.11 

A2 Cambisol S 41.9 39.6 18.5 17.4 3.5 0.60 13.08 ± 0.11 0.86 ± 0.00 

Leutasch (A) MF Rendzic 
Leptosol 

C 10.8 50.1 39.0 25.0 7.2 0.6 20.40 ± 0.71 n.a. 

Ötztal (A) MF Gley Fluvisol S 62.1 30.2 7.7 8.8 6.4 1.01 10.05 ± 0.21 n.a. 

Stubaital (A) MF Fluvisol S 55.7 36.0 8.3 5.1 6.2 1.27 5.72 ± 0.48 0.51 ± 0.04 

MF Eutric 
Cambisol 

S 42.9 29.8 27.3 11.6 5.6 0.82 8.01 ± 0.35 0.77 ± 0.04 

MU Eutric 
Cambisol 

S 39.1 46.6 14.4 14.2 4.1 0.69 19.27 ± 1.53 1.15 ± 0.15 

P Eutric 
Cambisol 

C 31.7 46.7 22.0 13.7 7.0 0.87 14.38 ± 1.97 0.66 ± 0.06 

A1 Dystric 
Cambisol 

S 28.6 47.5 23.9 12.2 4.7 0.59 6.30 ± 0.78 0.45 ± 0.04 
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A2 Dystric 
Cambisol 

S 46.7 35.3 17.5 11.9 4.1 0.84 16.16 ± 2.01 0.87 ± 0.11 

Zillertal (A) MF Gleyic 
Fluvisol 

S 15.1 69.2 15.7 9.2 6.2 0.98 10.69 ± 0.39 n.a. 

Berchtesgaden (D) P Cambisol C n.a. n.a. n.a. n.a. 5.9 1.03 16.20 ± 6.74 1.04 ± 0.02 

P Cambisol C n.a. n.a. n.a. n.a. 6.3 0.69 9.64 ± 0.20 1.24 ± 0.28 

A1 Leptosol C n.a. n.a. n.a. n.a. 5.9 0.87 13.87 ± 1.91 1.04 ± 0.13 

Polana (SK) MF Eutric 
Cambisol 

S 46.0 34.0 20.0 n.a. 4.7 1.198 8.17 ± 1.41 0.63 ± 0.04 

MU Eutric 
Cambisol 

S 46.0 34.0 20.0 n.a. 4.7 1.198 8.75 ± 0.43 0.62 ± 0.02 

Brenna (PL) MU Albi-Dystric 
Cambisol 

C 63.4 24.4 12.2 10.2 4.2 1.06 7.45 0.62 

A1 Albi-Dystric 
Cambisol 

C 65.3 23.8 10.9 16.6 3.9 0.83 10.29 0.92 

Land-use types: MF… intensively used fertilized meadows, MU… lightly used unfertilized meadows, P…grazed pastures, A1…abandoned grassland younger than 30 years, 754 

A2…abandoned grassland older than 30 years. Bed rock: C…carbonate, S…silicate. SOM…soil organic matter. 755 

  756 
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Table 2: Estimated means (± SE of model estimates) obtained from linear mixed effects models for above-, below-ground and litter dry weight (DW), the respective C- and N-757 

concentrations (incl. topsoil) and their ratios. Units are kg m-² for DW and % for carbon and nitrogen contents in the DW and soil. Significant estimates from the best model 758 

were obtained by stepwise backwards model selection (starting from the full model and removing the predictor with the highest p-value). For goodness of fit, the Bayesian 759 

information criterion (BIC) and deviance are reported for the best, the full and the null model (the model containing only the random effect). d.f. … degrees of freedom, MF… 760 

intensively used fertilized meadows, MU…lightly used unfertilized meadows, P… pastures, A1…grasslands abandoned for less than 30 years, A2… grasslands abandoned for 761 

more than 30 years.  762 

 Above-ground phytomass Below-ground phytomass 

 DW C N C/N DW C N C/N 

BIC null model -87.6 -1558.1 -3415.9 2565.0 538.6 -724.4 -1612.7 1299.6 

Deviance null model (d.f.) -105.8 (426) -1576.1 (395) -3433.9 (395) 2547.0 (395) 522.0 (249) -740.0 (178) -1628.3 (178) 1284.0 (178) 

BIC full model -79.6 -1292.7 -2887.3 2227.4 457.6 -466.4 -1165.4 1004.4 

Deviance full model (d.f.) 149.6 (330) -1356.9 (331) -2952.4 (331) 2163.2 (331) 399.3 (188) -520.2 (122) -1219.2 (122) 950.6 (122) 

Fixed effects         

   Intercept (A1) 0.69 ± 0.06 0.47 ± 0.01 0.015 ± 0.001 35.23 ± 2.24 1.22 ± 0.37 0.46 ± 0.03 0.01 ± 0.001 50.78 ± 2.15 

   land use A2 -0.27 ± 0.10 -0.04 ± 0.02  -7.90 ± 3.41     

   land use MF -0.24 ± 0.08 -0.04 ± 0.02 0.007 ± 0.001 -14.64 ± 2.95  -0.08 ± 0.03  -21.05 ± 2.30 

   land use MU -0.31 ± 0.09 -0.05 ± 0.02  -6.00 ± 2.98    -10.55 ± 3.43 

   land use P -0.21 ± 0.09 -0.04 ± 0.02    -0.11 ± 0.05  -10.82 ± 2.55 

   Temperature -0.11 ± 0.04    0.36 ± 0.15    

   Precipitation -0.18 ± 0.03 0.01 ± 0.01 0.002 ± 0.001 -2.18 ± 1.07  -0.03 ± 0.01  -5.72 ± 1.01 

   pH    -3.51 ± 1.08 -0.62 ± 0.21 0.03 ± 0.02   

   nitrogen conc. -0.08 ± 0.02        

   clay        5.47 ± 2.22 

Random effect         

   Site (st.dev.) 0.14 0.03 0.002 4.62 0.46 0.03 0.002 0.00 

BIC -75.2 -1541.2 -3409.7 2216.7 447.5 -474.4 -1597.4 995.3 

Deviance (d.f.) -135.1 (388) -1589.1 (390) -3457.6 (390) 2164.1 (333) 399.8 (190) -518.4 (124) -1633.8 (174) 951.3 (124) 

Observations (n) 398 398 398 342 199 133 181 133 

Groups (n) 29 29 29 27 23 20 22 20 

Colour codes for significance and direction of effect:   763 
increase with p<0.001 increase with p<0.01 increase with p<0.05 decrease with p<0.001 decrease with p<0.01 decrease with p<0.05 

764 
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Table 2 continued 765 

 Litter Topsoil 

 DW C N C/N C N C/N 

BIC null model 4558.7 -737.6 -2027.6 1460.3 -430.3 -978.2 378.9 

Deviance null model (d.f.) 4541.8 (280) -754.1 (243) -2044.1 (242) 1443.7 (242) -444.3 (102) -992.2 (102) 364.9 (102) 

BIC full model 3972.0 -725.6 -1977.2 1473.3 -393.1 -914.0 363.1 

Deviance full model (d.f.) 3906.0 (231) -786.1 (233) -2037.6 (232) 1412.9 (232) -443.7 (88) -964.6 (88) 312.6 (88) 

Fixed effects        

   Intercept (A1) 0.53 ± 0.40 0.48 ± 0.01 0.016 ± 0.001 31.84 ± 2.13 0.088 ± 0.021 0.008 ± 0.001 13.23 ± 0.86 

   land use A2 1.38 ± 0.56 -0.09 ± 0.01  -7.79 ± 2.93 0.076 ± 0.030  2.51 ± 1.14 

   land use MF  -0.09 ± 0.01 0.005 ± 0.002 -13.66 ± 2.79    

   land use MU  -0.08 ± 0.01      

   land use P  -0.05 ± 0.02   0.070 ± 0.032   

   Temperature  -0.03 ± 0.01  -2.87 ± 1.31   -1.15 ± 0.33 

   Precipitation 0.59 ± 0.26 -0.04 ± 0.01 0.002 ± 0.001 -6.26 ± 1.59    

   pH       1.06 ± 0.38 

   nitrogen conc. 0.27 ± 0.01       

   clay 0.41 ± 0.20     0.001 ± 0.000 -0.87 ± 0.28 

Random effect        

   Site (st.dev.) 0.70 0.01 0.002 3.79 0.05 0.003 1.48 

BIC 3961.4 -735.9 -2008.9 1472.9 -419.7 -924.7 359.0 

Deviance (d.f.) 3906.5 (233) -785.4 (237) -2052.9 (237) 1423.3 (236) -452.2 (98) -961.5 (91) 313.1 (89) 

Observations (n) 243 246 245 245 105 99 99 

Groups (n) 18 19 19 19 28 26 26 

Colour codes for significance and direction of effect:   766 
increase with p<0.001 increase with p<0.01 increase with p<0.05 decrease with p<0.001 decrease with p<0.01 decrease with p<0.05 

 767 
  768 
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Table 3: Interaction effects of mean annual temperature (upper panel) and mean annual precipitation (lower panel) with land use type on carbon (C) and nitrogen (N) 769 

concentrations in the single compartments. Arrows depict direction of interaction: arrows pointing upwards indicate that response variables (C, N, C/N) increase with 770 

increasing climate parameter within land-use type, arrows pointing downwards indicate a decrease of response variable with increasing climate parameter. Color of arrow 771 

indicates whether interaction trend differs significantly from the trend within land-use type MF as reference:  p<0.001 (+), (-); p<0.01 (+), (-); p<0.05 (+), (-772 

). Cell blocks of the same shade indicate the same trends for all land-use types (increasing = blue shaded, decreasing = red shaded). MF… intensively used fertilized meadows, 773 

MU… lightly used unfertilized meadows, P…grazed pastures, A1… grasslands abandoned for less than 30 years, A2… grasslands abandoned for more than 30 years. 774 

 Above-ground phytomass Below-ground phytomass Litter Topsoil 

 C N C/N C N C/N C N C/N C N C/N 

MF x temperature 0.418 0.025 16.90 0.398 0.014 27.50 0.439 0.023 20.08 0.057 0.007 9.19 

MU x temperature n.s.    n.s. n.s.  n.s. n.s.  n.s.  
P x temperature     n.s.  n.s. NA NA n.s. n.s.  
A1 x temperature       n.s. n.s.     
A2 x temperature n.s.  n.s.  n.s.     n.s. n.s.  
R-squared: 0.388 0.415 0.451 0.232 0.424 0.514 0.405 0.216 0.461 0.480 0.163 0.763 

Adjusted R-squared: 0.374 0.401 0.438 0.192 0.393 0.489 0.384 0.189 0.443 0.431 0.083 0.740 

F-statistic: 27.34 30.57 35.36 5.74 13.96 20.10 20.12 8.11 25.27 9.75 2.05 33.91 

p-value: <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.042 <0.001 

MF x precipitation 0.377 0.012 27.47 0.369 0.012 34.54 0.410 0.021 20.14 0.137 n.s. 16.29 

MU x precipitation n.s.  n.s.  n.s. n.s.  n.s.   n.s.  
P x precipitation n.s.    n.s.  NA NA NA n.s. n.s.  
A1 x precipitation n.s.   n.s.  n.s. n.s.   n.s. n.s. n.s. 

A2 x precipitation n.s. n.s. n.s.  n.s.     n.s. n.s.  
R-squared: 0.216 0.465 0.399 0.150 0.198 0.220 0.419 0.279 0.602 0.402 0.135 0.685 

Adjusted R-squared: 0.198 0.453 0.385 0.105 0.156 0.179 0.199 0.254 0.589 0.346 0.053 0.655 

F-statistic: 11.86 37.84 28.58 3.34 4.70 5.37 21.32 11.39 44.65 7.11 1.65 22.93 

p-value: <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.1126 <0.001 
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Figures 776 
 777 

 778 

Figure 1: Study sites, analyzed land-use types and climate classification after Beck et al. (2018). 779 

 780 
 781 
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 783 

Figure 2: Above-ground and below-ground components of phytomass across the different types of grasslands studied 784 

(*). MF … intensively used fertilized meadows, MU … lightly used unfertilized meadows, P … pastures, A1 … grasslands 785 

abandoned for less than 30 years, A2… grasslands abandoned for more than 30 years. 786 

 787 

  788 



 36 

 789 

Figure 3: Total carbon (C) and nitrogen (N) pools and their partitioning to above- and below-ground phytomass, litter 790 

and topsoil across European mountain grasslands differing in management intensity and land use. Different letters 791 

indicate significant differences (based on Tuckey post-hoc test, p<0.05) in the individual fractions between land-use 792 

types. MF… intensively used fertilized meadows, MU…lightly used unfertilized meadows, P… pastures, A1… grasslands 793 

abandoned for less than 30 years, A2… grasslands abandoned for more than 30 years. 794 
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 796 

 797 

Fig. 4: Carbon (C) and nitrogen (N) concentrations, as well as C/N ratios of the different ecosystem compartments in 798 

mountain grasslands differing in management intensity and land use. Different letters indicate significant differences 799 

(based on Tukey post-hoc test, p<0.05) between land-use types. MF… intensively used fertilized meadows, MU… lightly 800 

used unfertilized meadows, P… pastures, A1…grasslands abandoned for less than 30 years, A2… grasslands abandoned 801 

for more than 30 years. 802 
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