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25 Abstract
26
27 The bulk soil δ¹⁵N signature in grassland soils is fingerprinting nitrogen inputs, and losses, both shaped 
28 by land management, climate, and biodiversity. δ¹⁵N has been explored as an indicator of these factors 
29 in multiple studies with mixed results regarding its primary drivers. This study quantified changes in 
30 soil δ¹⁵N natural abundance for 72 German grassland sites after 12 years (2011 vs. 2023) and linked 
31 these changes to detailed records of land-use intensity, biodiversity, and climate. Land-use intensity 
32 was calculated from management activities including mowing, grazing and fertilisation. In the top 10 
33 cm of the soil, δ¹⁵N changes between 2011 and 2023 ranged from -0.86 to +2.49‰ (equating to an 
34 average increase of +0.35‰ per decade). Over two-thirds of our study sites showed a long-term 
35 increase in δ¹⁵N. These sites with rising δ¹⁵N were associated with high land-use intensity, particularly 
36 high rates of fertilisation and grazing. Our findings indicate that management with organic fertiliser 
37 application and grazing are the dominant drivers of increases in δ¹⁵N. A biodiversity-induced decrease 
38 in δ¹⁵N due to a tightening of the N cycle and reduction of N losses was not observed. The slow decadal-
39 scale shifts show that single sampling of soil δ¹⁵N without known starting values is only informative for 
40 long-term processes spanning > 50 years, and does not allow for insights regarding the impacts of more 
41 recent management practices. Thus, our findings emphasize the long-term character of bulk soil δ¹⁵N 
42 as an indicator of management in temperate grasslands, particularly when repeated sampling is not 
43 possible. 
44
45 Keywords: ¹⁵N natural abundance, soil, grasslands, fertilisation, grazing, nitrogen cycling, stable 
46 isotopes 
47
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49 1. Introduction
50
51 Grasslands make up one-third of Germany’s agricultural area and are primarily used for the production 
52 of biomass which supplies fodder for livestock and contributes to energy generation (Destatis, 2022; 
53 Rösch et al., 2009). In addition to agricultural and cultural benefits, grasslands provide a range of vital 
54 ecosystem services including long-term carbon (C) sequestration, nutrient cycling, water filtration and 
55 retention, erosion control, habitat provision and biodiversity conservation (Bengtsson et al., 2019). To 
56 protect these valuable ecosystems and the ecosystem services they provide, it is crucial to understand 
57 the interactions of land-use, plant biodiversity, and soil properties in shaping soil biogeochemistry, 
58 particularly the nitrogen (N) cycle.
59 In the past three decades, there have been major advances in using the N isotopic signature in 
60 agroecosystems as an indicator for the magnitude of N fluxes and for tracing individual pathways 
61 within the N cycle (Chalk et al., 2019). The isotopic signature refers to the concentration of the heavier 
62 15N compared to the lighter and much more common 14N. The concentration of 15N in the soil is 
63 determined by processes of N turnover and losses which fractionate, which means the lighter 14N 
64 isotope is preferentially used leaving more of the heavier 15N in the soil (Denk et al., 2017; Mudge et 
65 al., 2013; Stevenson et al., 2010; Wang et al., 2021). The N isotopic signature is usually given as the 
66 ratio between 15N and 14N expressed as δ ¹⁵N given in ‰ (Watzka et al., 2006).
67 The soil δ ¹⁵N signature is not only a result of turnover processes and losses (particularly gaseous losses) 
68 but also of the δ ¹⁵N signature of the systems N inputs (Dawson et al., 2002; Gerschlauer et al., 2019). 
69 Biological nitrogen fixation (BNF) and mineral fertilisers have a δ¹⁵N signature near 0‰ reflecting their 
70 origin from atmospheric N2, whereas organic fertilisers such as manure or slurry show much higher 
71 signatures (Michener and Lajtha, 2008; Watzka et al., 2006). Fractionation processes in soil are 
72 relatively well known and the isotopic signature of different N inputs (such as BNF or various fertilisers) 
73 is too (or can be quantified). Therefore soil δ¹⁵N has recently been tested for its potential to serve for 
74 the independent validation of complex process-oriented biogeochemical ecosystem models (Denk et 
75 al., 2019).
76 Since N input, turnover and losses are influenced by or interrelated with land management, climate 
77 and vascular plant biodiversity, the bulk soil δ¹⁵N signature has also been investigated as an indicator 
78 of the history of those factors in multiple studies (Kleinebecker et al., 2014; Michener and Lajtha, 2008; 
79 Watzka et al., 2006). Grassland management mainly consists of mowing, grazing, and fertilisation all 
80 of which impact soil organic carbon (SOC), soil total nitrogen (TN) and the plant community 
81 composition (Gilmullina et al., 2020; Jia et al., 2022; Yang et al., 2023; Zhang et al., 2023). Multiple 
82 studies have shown that an increased N input e.g. through intensified management leads to higher 
83 gaseous N emissions in the form of nitrous oxide (N20) and nitric oxide (N0), ammonia volatilization 
84 (NH4+) and nitrate (NO3-) leaching into the groundwater (Dittert et al., 1998; Estavillo et al., 1997). 
85 With losses fractionating against ¹⁵N, their increase leads to an accumulation of  ¹⁵N in the soil. Studies 
86 using δ¹⁵N as ab indicator agree on the processes enriching or depleting δ¹⁵N in the bulk soil total N 
87 pool, although the results on the main driver determining the soil δ¹⁵N signature vary widely. Some 
88 identified the influence of plant species richness on soil N turnover as the key driver of δ¹⁵N values 
89 (Kleinebecker et al., 2014), while others found land management or abiotic factors such as climate to 
90 be more influential (Brenner et al., 2001; de Vries et al., 2012).
91 The diverging results regarding the drivers of the soil δ¹⁵N signature in grasslands might originate from 
92 two key problems in retrospective analysis which lead to large uncertainties and unknowns, and thus 
93 also potentially to misinterpretation. Firstly, δ¹⁵N has typically been measured only once and then used 
94 as an indicator of management, climate or biodiversity history of an undefined duration and with 
95 undefined initial soil δ¹⁵N values. Secondly, there are large differences in the uncertainties of these 
96 potential drivers of δ¹⁵N in such studies. Management history is mostly unknown or only known for 
97 restricted periods of the recent past, climate may be more reliably known for longer time scales, while 
98 biodiversity is usually measured at the time of sampling and may have been influenced by 
99 management at unknown timescales. These differences in uncertainty might bias the attribution of 

100 explanatory power to δ¹⁵N drivers.
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101 Therefore, the goal of this study was to quantify actual changes of grassland bulk soil δ¹⁵N at decadal 
102 timescales based on repeated sampling in order to provide urgently needed knowledge on the 
103 potentials and constraints of δ¹⁵N as an indicator. We quantified changes in soil δ¹⁵N in 72 different 
104 sites under grassland management over 12 years (2011-2023) and linked these changes to precisely 
105 quantified management, biodiversity and climate history in this time span. With this approach, we 
106 wanted to (1) quantify the magnitude and direction of soil δ¹⁵N changes in grassland sites, and (2) 
107 identify the main drivers in order to constrain the information that is contained in δ¹⁵N changes, 
108 thereby supporting future studies using δ¹⁵N as an indicator. We hypothesized that (1) δ¹⁵N is generally 
109 higher at increasing land use intensity; (2) given the notion that δ¹⁵N is an indicator of land 
110 management in the recent past, we expect δ¹⁵N increases over time to be higher with higher land use 
111 intensity; (3) δ¹⁵N changes are a mixed signal of increases due to management, and decreases at lower 
112 management and at higher biodiversity, which tightens the N cycle and thus reduces N losses.
113
114
115 2. Methods
116
117 2.1. Study design
118 We studied 72 grassland sites spread across three distinct regions in Germany the Schorfheide-Chorin 
119 (SCH) in the north-east (centroid latitude 53.0071, longitude 13.7695, 3-140 m above sea level (asl)), 
120 the Hainich-Dün (HAI) area in the centre (centr. lat. 51.158, long. 10.4762, 285-550 m asl) and the 
121 Schwäbische Alb (ALB) in the south-west (centr. lat. 48.4374, long. 9.38938, 460-850 m asl). The sites 
122 span a geographic gradient of approximately 550 km north to south and 300 km east to west. A decline 
123 in temperature and an increase in altitude and precipitation can be observed between areas from 
124 north to south. The areas belong to the Biodiversity Exploratories project infrastructure priority 
125 program of the German Science Foundation where biodiversity of different trophic groups, land-use 
126 parameters, and climate have been recorded for a total of 150 grassland sites since 2006 (Fischer et 
127 al., 2010; Hänsel et al., 2024; Hinderling and Keller, 2023; Ostrowski et al., 2020). In 2011, data on bulk 
128 soil TN concentrations and δ¹⁵N natural abundance values for the top 10 cm of the soil were collected 
129 and stored in the Biodiversity Exploratories database (BExIS) covering all 72 sites under study  (Klaus 
130 et al., 2012; Schöning and Trumbore, 2012). We then re-sampled these sites in 2023 following the 
131 same protocols. Sampling took place within the same 50 x 50 m sites of 2011.
132 The management records include detailed annual data on the land-use components of mowing, 
133 grazing, and fertilisation, including precise amounts of N fertiliser for every single management event 
134 during this time span (Ostrowski et al., 2020; Vogt et al., 2019).
135 From this data, an overall land-use intensity index (LUI) is calculated for each site and each year based 
136 on the parameters of mowing, grazing, and fertilisation. For each site 𝑝, the overall land-use intensity 
137 LUI𝑝 is defined as: 

138 𝐿𝑈𝐼𝑝 = 𝐺𝑝

𝐺𝐵𝐸
 +

𝑀𝑝

𝑀𝐵𝐸
 +  

𝐹𝑝

𝐹𝐵𝐸

139
140 Where 𝐺𝑝 represents grazing intensity, measured by the density of livestock (livestock units per day of 
141 grazing ha⁻¹ yr⁻¹), 𝑀𝑝 is the frequency of mowing events per year, and 𝐹𝑝 is the fertilisation level (kg N 
142 ha⁻¹ yr⁻¹) on site 𝑝 for a given year. The terms 𝐺𝐵𝐸, 𝑀𝐵𝐸 and 𝐹𝐵𝐸 are the respective means across all 150 
143 grassland sites of the Biodiversity Exploratories for that year. Due to this standardization by ratios, the 
144 LUI is dimensionless (Blüthgen et al., 2012). Since soil samples in 2011 and 2023 were taken in early 
145 May the LUI for each site was calculated for each year from 2011 until 2022 and then averaged across 
146 the years (Ostrowski et al., 2020). For plant species richness (PSR) we also used the mean value of the 
147 annual records between 2011 and 2023 (Hinderling and Keller, 2023).
148
149 2.2. Fieldwork and laboratory analysis
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150 To allow for a second time point of δ¹⁵N bulk soil data 12 years after the sampling in 2011 (for methods 
151 see Kleinebecker et al., 2014), we sampled soil in 25 different grassland sites in each grassland region 
152 in early May 2023. SCH is the only area where 13 grassland sites were located on organic soils (peat 
153 soils) which were analysed separately due to a lack of comparability to mineral soils. Results from 3 
154 mineral soil sites had to be disregarded for this analysis due to faulty measurements.
155 The sites were chosen to represent a full spectrum of the land-use types and intensities within each 
156 region. On each site, four soil samples down to a maximum of 100 cm depth were taken at the 
157 endpoints of a cross-shaped 22 m transect using a gasoline-powered percussion hammer (Cobra TT) 
158 equipped with a 45 mm diameter soil column cylinder (Eijkelkamp, Netherlands). The sample cores 
159 were separated into 10 cm depth increments. The samples from each depth on every site were 
160 homogenized and sieved with a 4 mm sieve to remove roots and rocks. The soil was dried at 60°C, 
161 ground with a pebble ball mill (Retsch MM400 Mixer Mill, Retsch, Haan, Germany) and analysed for 
162 total nitrogen (TN) and soil organic carbon (SOC) concentrations, as well as δ¹⁵N using an isotope ratio 
163 mass spectrometer (Delta Plus, Finnigan MAT, Bremen, Germany) coupled to an elemental analyser 
164 (NA 1110; Carlo Erba, Milan, Italy), following standard procedures (Wittmer et al., 2010). The δ¹⁵N 
165 concentration was calculated using the equation below (Mariotti, 1983). 
166

167 𝛿15𝑁 ‰ = ( 
𝑅(15𝑁/14𝑁)𝑠𝑎𝑚𝑝𝑙𝑒

𝑅(15𝑁/14𝑁)𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
― 1 )𝑥 1000

168
169 Each sample was measured against a working standard N2 gas calibrated against secondary isotope 
170 standards (IAEA-N1, -N2 and –N3; accuracy of calibration <0.1 ‰). Each sample was measured only 
171 once. The precision of measurement runs was estimated via a solid laboratory standard (SLS; a finely 
172 ground wheat flour) run after every tenth samples to account for possible instrument drift. Long-term 
173 precision of SLSs over the measurement period was 0.17 ‰. 
174 For this analysis, we focus on the top 10cm of soil as data from 2011 was collected only to this depth. 
175 Detailed data on soil properties were recorded for 2011 (see Baumann et al., 2022) but not for 2023. 
176 All data recorded in 2023 has also been made available in the BExIS database (Kepp and Schwärzler, 
177 2025).
178
179 2.3. Data analysis
180 We applied linear and linear mixed effects models to analyse how the difference in δ¹⁵N between 2011 
181 and 2023 (Δδ¹⁵N) was influenced by LUI for fertilisation (LUI F), LUI grazing (LUI G), plant species 
182 richness (PSR), the difference in soil organic carbon (SOC) and TN concentrations and C to N ratio (ΔC%, 
183 ΔN% and ΔC/N) between 2011 and 2023, mean annual precipitation (MAP) and mean annual air 
184 temperature at 2 m above the ground (MAT) for each site within that timeframe. 
185 LUI for mowing (LUI M) was not used in these models as we found a very strong correlation between 
186 LUI M and LUI F (|r| > 0.73). We decided to remove LUI M and keep LUI F in the models based on the 
187 higher impact of LUI F on the δ¹⁵N signature through predominant organic fertiliser use and the fact 
188 that LUI M also had a relatively strong correlation with LUI G (|r| > 0.51). The correlation between LUI 
189 F and LUI M is explained by linked fertilisation-mowing cycles particularly in intensively managed 
190 grassland. A strong correlation was also found between MAP and MAT (|r| > 0.64). We decided to 
191 drop MAT from the model as MAP had a higher variance (measured via the coefficient of variation (cv) 
192 = 0.308 for MAP, cv = 0.076 for MAT) among all sites and might therefore offer more insight than MAT.
193 First, a linear mixed-effects model was used, with the study region included as a random effect to 
194 account for spatial clustering. However, when comparing a model with and without the random effect 
195 the corrected Akaike information criterion (AICc) revealed that the random effect decreased the model 
196 fit (AICc = 127.9 with the random effect vs. 99.5 without). This suggests that there is minimal variability 
197 attributable to differences between study areas in this analysis and the random effect was therefore 
198 dropped.
199 Measures of ΔC% and ΔN% also showed a very strong correlation (|r| > 0.67) and a Variance Inflation 
200 Factor (VIF) with values above the commonly used threshold of 5 (for ΔC% VIF = 9.7, for ΔN% VIF = 5.5) 
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201 indicating high multicollinearity. Consequently, ΔC% having the highest VIF value was removed from 
202 the model. However, because the roles N and C play in the N cycle are quite different and we were 
203 interested in both we went through the rest of the model selection process twice, once with ΔN% and 
204 once with ΔC%. This confirmed the similarity in their effects but showed no major impact on any other 
205 variables and their effects. The ΔC/N was always near 0 which is attributable to the synchronous 
206 changes in N% and C% over this time period. Therefore, ΔC/N would only offer minimal explanatory 
207 power and was subsequently removed from the model. The AICc was used to compare the 
208 performances of both final models (one with ΔN% and one with ΔC% instead) and revealed that the 
209 model with ΔN% had higher explanatory power(AICc 94.6 for  ΔN%, AICc 99.7 for ΔC%). We tested all 
210 pairwise interactions between the remaining predictors and ranked them according to the difference 
211 in the AICc. Out of all models with an δAICc < 2 we chose the most parsimonious model to avoid 
212 overfitting and ensure interpretability of the model. The final model selected was the following linear 
213 model: Δδ¹⁵N ~ LUI F + LUI G + ΔN% + MAP + PSR + LUI G *MAP + LUI G * PSR. Model diagnostics 
214 confirmed the validity of the assumptions, with residuals approximately normally distributed and 
215 homoscedastic. Interactions between variables were analysed and visualized using the Johnson-
216 Neyman technique (Johnson and Neyman, 1936).
217 We also divided our data into two groups one with sites that showed an overall increase in δ¹⁵N 
218 between 2011 and 2023 and sites that showed an overall decrease. The differences in those groups 
219 with regards to their average LUI, LUI F, LUI M, and LUI G, PSR between 2011 and 2023 as well as C %, 
220 N% and C/N in 2011 and 2023, and ΔC%, ΔN% and ΔC/N were analysed. 
221 Additionally, we grouped all sites into three management categories, one where land-use is dominated 
222 by fertilisation (LUI F > LUI G), one where it is dominated by grazing (LUI G > LUI F) and one where land-
223 use is mainly extensive (LUI G and LUI F both < 1) and determined the average δ¹⁵N value for each 
224 group for each exploratory for 2011 and 2023. SCH was the only region with no fertilisation-dominated 
225 management.
226 All statistical analyses were performed in RStudio (R Version 4.4.2) using the packages dplyr, MuMIn, 
227 lme4, ggplot2, car and effects. Multicollinearity diagnostics were conducted using the car package, 
228 while model selection relied on the MuMIn package. Graphs were generated with the packages ggplot2 
229 and interactions.
230
231
232 3. Results
233
234 Out of our 72 sites 59 were located on mineral soils and 13 on organic soils. For the 59 mineral soil 
235 sites soil δ¹⁵N in 2011 ranged between 0.92 ‰ and 6.89 ‰ and between 0.93 ‰ and 6.80 ‰ in 2023. 
236 The Δδ¹⁵N changes from 2011 to 2023 ranged between -0.86 and +2.49 ‰ δ¹⁵N with an average of 
237 +0.42 ‰ δ¹⁵N (SE = 0.09). Based on this result the average change of Δδ¹⁵N per decade in mineral soils 
238 was +0.35 ‰ δ¹⁵N. For the organic soil sites, δ¹⁵N in 2011 ranged between 2.62 ‰ and 4.83 ‰ and 
239 between 3.37 ‰ and 5.54 ‰ in 2023. The change of Δδ¹⁵N ranged between -0.10 and +1.02 ‰ δ¹⁵N 
240 with an average of +0.65 ‰ δ¹⁵N (SE = 0.09). 
241 For the mineral soil sites, the differences in δ¹⁵N changes from 2011 to 2023 were significant and 
242 positive in all mainly grazed and mainly fertilized sites (Figure 1). For extensive sites both an increase 
243 and a decrease in δ¹⁵N from 2011 to 2023 were observed but differences were not significant in any of 
244 the study regions (Figure 1). The organic soil sites were all located in the SCH study area and showed a 
245 significant difference between bulk soil δ¹⁵N in 2011 and in 2023 under both extensive and grazing 
246 dominated management (Figure 2, Table 2). For both mineral and organic soil sites average annual 
247 fertilization rates in kg N per hectare (kg N ha-1) and grazing intensities in livestock units (LU) and days 
248 per hectare (LU*d ha-1) between 2011 and 2023 for each management category are given in Table 1.
249
250 Table 1: Range and mean values of fertilisation rates (in kg N ha-1 yr-1) and grazing (in livestock unit days (LU*d) 
251 ha-1 yr-1) between 2011 and 2023 for all 59 mineral soil sites and 13 organic soil sites grouped by management 
252 category.
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253

Management Fertilisation range 
(kg N ha-1 yr-1)

Fertilisation mean 
(kg N ha-1  yr-1)

Grazing range 
(LU*d ha-1 yr-1)

Grazing mean 
(LU*d ha-1 yr-1)

Mineral soils

Extensive 0.00 - 19.27 5.42 14.02 - 125.87 51.01

Mainly grazed 0.00 - 30.73 12.22 164.23 - 809.04 387.13

Mainly fertilised 26.13 - 183.67 94.13 6.37 - 144.15 42.45

Organic soils

Extensive 0.00 - 100.00 7.97 0.00 - 224.55 33.29

Mainly grazed 0.00 - 100.00 5.13 0.00 - 747.82 324.30

254
255 Across all three regions, extensively managed mineral soil sites showed the lowest δ¹⁵N signature and 
256 smallest difference in δ¹⁵N between 2011 and 2023 (Table 2). In the SCH region, only 3 sites were 
257 extensively managed and their average δ¹⁵N signature decreased over time. For grazing-dominated 
258 management the δ¹⁵N signature is higher than for extensive management and so is the Δδ¹⁵N. For the 
259 ALB and HAI regions, the most enriched δ¹⁵N values are found in fertilisation-dominated management 
260 (4.34 ‰ in 2011 and 5.04 ‰ 2023). These sites also show the largest changes in δ¹⁵N.
261 The same grouping was applied to the 13 remaining organic soil sites which were all located in the SCH 
262 region and therefore did not include fertilization dominated sites. Similar to the SCH values on mineral 
263 soils the average δ¹⁵N signature in organic soils in 2011 was 3.49 ‰ (SE ±0.22) for the 8 extensively 
264 managed sites and 4.05 ‰ (SE ±0.47) for the 5 grazed sites. In 2023, extensively managed sites had a 
265 mean δ¹⁵N signature 4.13 ‰ (SE ±0.24) which is higher than that observed in the mineral soil sites. The 
266 grazed sites on the other hand had a δ¹⁵N signature of 4.72 ‰ (SE ±0.47) which is lower than that of 
267 the mineral soil sites.
268
269 Table 2: Mean values of δ¹⁵N in 2011 and 2023 and their difference with the standard error (SE) for 59 mineral 
270 soil sites and 13 organic soil sites  grouped by management categories and study areas. Sample size of each group 
271 is also given.
272

Region Management Mean δ¹⁵N‰ 
2011 (SE)

Mean δ¹⁵N‰ 
2023 (SE)

Mean Δδ¹⁵N‰ 
(SE)

Sample 
size

Mineral soils

ALB Extensive 3.11 (± 0.27) 3.17 (± 0.28) 0.06 (± 0.08) 12

ALB Mainly grazed 3.39 (± 0.67) 3.48 (± 0.70) 0.09 (± 0.06) 5

ALB Mainly fertilised 4.34 (± 0.51)  5.00 (± 0.42) 0.63 (±0.14) 7

HAI Extensive 2.80 (± 0.37)  3.27 (± 0.40) 0.48 (± 0.20) 6

HAI Mainly grazed 3.50 (± 0.65) 3.76 (± 0.87) 0.26 (± 0.34) 4

HAI Mainly fertilised 3.65 (± 0.18) 4.25 (± 0.26) 0.60 (± 0.20) 15

SCH Extensive 3.63 (± 0.82) 3.42 (± 0.76) -0.21 (± 0.20) 3

SCH Mainly grazed 4.06 (± 0.29) 5.04 (± 0.57) 0.98 (± 0.42) 7

Organic soils

SCH Extensive 3.49 (± 0.22) 4.13 (± 0.24) 0.63 (± 0.08) 8

SCH Mainly grazed 4.06 (± 0.47) 4.72 (± 0.37) 0.67 (± 0.20) 5
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273
274 In 40 of the 59 mineral soil sites, we found an overall increase of δ¹⁵N from 2011 to 2023 and in 19 sites 
275 we found a decrease (Table 3). For organic soils only 1 out of 13 sites showed a decrease in δ¹⁵N.  In 
276 combination with the inherent differences between organic and mineral soils and the fact that all our 
277 organic soil sites are located in the SCH region, this led us to exclude organic soil sites from further 
278 analysis. 
279
280 Table 3: Mean values and their standard error (SE) of variables for all mineral soil sites and for those sites grouped 
281 by increase or decrease in δ¹⁵N from 2011 to 2023 and the p value of the difference between these groups.
282

Variable Mean all sites 
(SE)

Mean group 
increase δ¹⁵N (SE)

Mean group 
decrease δ¹⁵N (SE)

P value difference 
between groups

Sample size 59 40 19
Δδ¹⁵N‰ 0.42 (± 0.09) 0.72 (± 0.10) -0.21 (± 0.05) >0.0001

δ¹⁵N‰ 2011  3.55 (± 0.14)  3.51 (± 0.15) 3.67 (± 0.30) 0.722

δ¹⁵N‰ 2023  4.01(± 0.17) 4.19 (± 0.20) 3.44 (±0.31) 0.037*

PSR1 33.42 (± 1.41) 32.19 (± 1.63) 36.01 (± 2.7) 0.205

LUI 1.71 (± 0.08) 1.87 (± 0.10) 1.36 (± 0.10) 0.00069***

LUI F 1.24 (± 0.23) 1.66 (± 0.31) 0.36 (± 0.12) 0.0068**

LUI M 0.98 (± 0.11) 1.1 (± 0.13) 0.73 (± 0.17) 0.117

LUI G 1.09 (± 0.19) 1.16 (± 0.26) 0.94 (± 0.25) 0.5989

C% 2011 5.21 (± 0.29) 5.56 (± 0.34) 4.48 (± 0.52) 0.0909

C% 2023 4.91 (± 0.21) 5.08 (± 0.24) 4.56 (± 0.43) 0.295

Δ C% -0.29 (± 0.12) -0.47 (± 0.15) 0.08 (± 0.15) 0.0109*

N% 2011 0.5 (± 0.03) 0.53 (± 0.03) 0.42 (± 0.05) 0.0694

N% 2023 0.5 (± 0.03) 0.51 (± 0.03) 0.45 (± 0.05) 0.311

Δ N% 0.00 (± 0.01) -0.02 (± 0.01)  0.03 (± 0.01) 0.00129**

C/N 2011 10.35 (± 0.09) 10.27 (± 0.09) 10.54 (± 0.19) 0.1396

C/N 2023 10.19 (± 0.14) 10.08 (± 0.18) 10.42 (± 0.19) 0.267

Δ C/N -0.17 (± 0.12) -0.19 (± 0.15) -0.12 (± 0.19) 0.769

*significant, **highly significant, ***very highly significant

1plant species richness

283
284 Compared to those with a decrease in δ¹⁵N the sites with an increase showed higher LUI (p= < 0.001), 
285 particularly with regards to fertilization (LUI F) (p= 0.0068) (Figure 3, Table 3). In contrast, the 
286 difference in PSR between groups with increasing and decreasing δ¹⁵N was not statistically significant 
287 (p= 0.205) though the mean PSR of sites with a δ¹⁵N increase was lower than that of those with a 
288 decrease (Table 3).
289 Soils with increasing δ¹⁵N had slightly higher SOC and TN concentrations compared to those with 
290 decreasing δ¹⁵N (Table 3). However, soils with increasing δ¹⁵N showed decreasing SOC and TN 
291 concentrations while decreasing soil δ¹⁵N was related to unchanged or slightly increasing SOC and TN 
292 concentrations over time (Figure 4, Table 3). This indicates more of an increase in C% and N% in the 
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293 soil in those sites with a decrease in soil δ¹⁵N over time. The observation that ΔC% and ΔN% show the 
294 same trend is also reflected in the similarity in the ΔC/N of both the δ¹⁵N increase and decrease groups. 
295
296 3.1. Linear model
297 Model fitting revealed that LUI F had a significant positive effect on Δδ¹⁵N (Estimate = 0.132, SE = 0.045, 
298 t = 2.896, p = 0.00555). The opposite could be observed for ΔN% (Estimate = -4.470, SE = 1.116, t = -
299 4.005, p = 0.000202) (Figure 5). Furthermore, LUI G showed a significant effect on Δδ¹⁵N (Estimate = 
300 1.725, SE = 0.315, t = 5.486, p < 0.0001). While MAP and PSR did not have a direct significant effect on 
301 Δδ¹⁵N, they were found to interact with LUI G. Specifically, at lower values of MAP, LUI G has a more 
302 positive effect on Δδ¹⁵N, but at higher MAP values, this effect decreases (Estimate = -0.00066, SE = 
303 0.00025, t = -2.591, p = 0.0124). The Johnson-Neyman analysis revealed that this effect is significant 
304 for all observed values of MAP, and within the observed MAP range, the direction of LUI G's effect on 
305 Δδ¹⁵N does not change (Figure 6).
306 A similar interaction was found between PSR and LUI G (Estimate = -0.036, SE = 0.008, t = -4.565, p < 
307 0.0001). For PSR below 38, we found a positive relationship between LUI G and Δδ¹⁵N which increased 
308 with decreasing PSR. Conversely, at PSR above 63, the model found a negative effect of LUI G on Δδ¹⁵N. 
309 However, this applies only to one site and is therefore not considered a robust finding. For PSR values 
310 between 38 and 63, the interaction was not deemed significant according to the Johnson-Neyman 
311 interval (Figure 7).
312 Our selected model (Δδ¹⁵N ~ LUI F + LUI G + ΔN% + MAP + PSR + LUI G *MAP + LUI G * PSR) explained 
313 55.2% of the variation in Δδ¹⁵N (multiple R² = 0.552, adjusted R² = 0.490). Plotting the predicted Δδ¹⁵N 
314 values against the actual measured data confirmed the good fit of the model and revealed no apparent 
315 differences in model fit between the three sampling regions (Figure S1). Overall, these findings 
316 highlight the significant role of grazing and fertilisation in shaping nitrogen isotope dynamics over time. 
317
318 4. Discussion
319
320 4.1. Speed and direction of δ¹⁵N changes over time
321 A main result of our long-term and large-scale study of temperate grassland soils was that, while both 
322 increase and decrease of δ¹⁵N were observed, there was an average increase of +0.42 ‰ from 2011 to 
323 2023. For extensively managed sites the observed 12-year changes were very small, hardly changing 
324 the initial δ¹⁵N values in 2011. Intensively grazed sites as they are found in SCH and intensively fertilized 
325 sites in HAI and ALB show higher δ¹⁵N starting values but also much larger increases in δ¹⁵N. This  shows 
326 that N inputs decreasing δ¹⁵N (such as BNF) are dominated by N inputs and processes increasing δ¹⁵N, 
327 particularly in grazed and fertilised sites. Other studies examining the impact of land-use on δ¹⁵N have 
328 yielded widely varying results with regard to direction, speed and magnitude of changes in δ¹⁵N (Chalk 
329 et al., 2019; Marriott et al., 1997; Mudge et al., 2013; Sieve et al., 2021; Stevenson et al., 2010; Watzka 
330 et al., 2006). This variation highlights the complexity of N inputs and turnover effects on δ¹⁵N in 
331 different ecosystems and the necessity of long-term studies at a multitude of sites to capture 
332 meaningful trends.
333 Contrasting our results, Marriott et al. (1997) demonstrated a decrease from 6.1 ‰ to 5.1 ‰ δ¹⁵N over 
334 one year under grazing and mineral fertilization and no such change in their ungrazed and unfertilized 
335 controls. However, fertilisation and grazing had only stopped on those unmanaged sites 3 years prior 
336 to their first sampling. The use of mineral fertilizers and a potentially altered plant species composition 
337 favouring inputs via biological nitrogen fixation may explain these rather unexpected changes.
338 Our findings reveal that, particularly for extensively managed and grazed sites (apart from SCH region, 
339 where grazing is more intensive), long term observations are required to capture slow long-term 
340 trends. Here, changes in δ¹⁵N were so small that they fell well within the range of variability of δ¹⁵N 
341 among similarly managed sites in 2011. For a meaningful analysis of natural abundance δ¹⁵N in such 
342 sites long-term treatment and ideally also historic δ¹⁵N values of the same sites for comparison are 
343 needed. 
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344 The overall magnitude of changes in δ¹⁵N we found is in line with Mudge et al (2013) who compared 
345 grazed pasture soils over a 50-year period and observed changes of about 1 ‰ in a fertilisation trial 
346 and 1.4 ‰ over 45 years in an irrigation trial. Interestingly, in the irrigation trial, δ¹⁵N remained stable 
347 for the first 10-15 years before beginning to diverge, illustrating the slow nature of nitrogen isotopic 
348 changes, particularly in response to irrigation compared to fertilisation. 
349 Watzka et al. (2006) studied permanent grasslands aged 8-50 years under different fertiliser and 
350 cutting regimes. They only sampled once but management regimes had been the same since the 
351 grasslands were established. The δ¹⁵N of both vegetation and soils closely mirrored management 
352 differences, with higher values observed under increased fertilisation.
353 In line with this, Sieve et al. (2021) did find short-term trends of δ¹⁵N changes when examining three 
354 years of data following a management change. They observed significant differences between 
355 treatments differing in fertilisation. However, within each treatment, changes over the short period 
356 were minimal, emphasizing the need for long-term studies to discern broader and more fine-scale 
357 trends.
358 A somewhat faster increase than what we observed of 2.1 ‰ in the top 10 cm of soil over two decades 
359 was found by (Jones and Dalal, 2017) when investigating soil nitrogen dynamics after the 
360 transformation of an area of native forest to croplands. Neither the forest nor the later cropland was 
361 ever fertilised so the increase in δ¹⁵N which went along with a decrease in total N reflects the removal 
362 of N (particularly the preferentially plant assimilated ¹4N) through cropping. This goes to show that 
363 more drastic changes in land-use also reflect faster changes in the natural abundance of soil δ¹⁵N. Even 
364 more drastic land-use changes were investigated by (Stevenson et al., 2010) who found that δ¹⁵N 
365 values increased with land-use intensity in a single-time sampling: from +2.1‰ under native forest, to 
366 +2.8‰ under plantation forestry, +3.8‰ in pasture under drystock, +5.4‰ in pasture under dairy 
367 management, and +6.2‰ under intensive cropping. Similarly, Qiu et al., (2015) observed an increase 
368 of approximately 1.5‰ in δ¹⁵N over 27 years following grassland conversion to cropland or shrubland. 
369 Longer-term studies, such as that of Liao et al. (2006) assessing 150 years of grassland invasion by 
370 woody plants, found no significant differences in δ¹⁵N between age groups, only between grassland 
371 and woodland. In line with our findings, this suggests that non-management-related changes are 
372 detectable primarily over very long periods or under drastic shifts in vegetation structure. Whereas, 
373 changes related to management, particularly fertilisation and intensive grazing are faster. 
374 These findings underscore the value of long-term data collection, particularly with comparative 
375 historical records. The slow nature of δ¹⁵N changes in extensively managed systems necessitates multi-
376 decade studies to discern patterns beyond the variability observed among treatments. In our study, 
377 for such sites, the 12-year shifts in δ¹⁵N were much smaller than the initial variation observed in 2011. 
378 This highlights that single-time bulk soil δ¹⁵N sampling in extensive systems reflects cumulative drivers 
379 over several decades. With regards to management δ¹⁵N changes are faster and can capture more 
380 recent changes in management. Nonetheless, if the areas studied are not exclusively intensively 
381 managed, observations over multiple years or ideally decades and comparative data are necessary to 
382 use δ¹⁵N as a robust indicator of management or climate-driven nitrogen dynamics.
383
384 4.2. What is driving δ¹⁵N changes in temperate grassland?
385 Our comprehensive study based on well-reported quantitative management and climate data over 12 
386 years found that management effects are the main drivers of the δ¹⁵N signature of grassland top soils, 
387 which confirms some earlier studies conducted at different scales (Apostolakis et al., 2022; Sieve et al., 
388 2021; Stevenson et al., 2010). In contrast, in other studies based on single sampling also other 
389 parameters such as PSR effects on N retention and losses seemed to dominate over management 
390 (Kleinebecker et al., 2014). However, it has also become evident that the separate aspects of 
391 management namely mowing, fertilisation, and grazing affect this signature to different extents. 
392
393 4.2.1. Organic fertilisation
394 We found that fertilisation has a strong positive effect on δ¹⁵N which is in line with the findings of other 
395 studies (Mudge et al., 2013; Schimel and Bennett, 2004; Watzka et al., 2006). Overall fertilisation on 
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396 our sites ranged between 0 and 180 kg N ha-1 yr-1. Mainly organic fertiliser was used only occasionally 
397 supplemented by mineral fertiliser.  
398 Organic fertiliser consists largely of animal excreta which generally show a δ¹⁵N signature between 19 
399 and 20 ‰ (Bedard-Haughn et al., 2003). This proportionately larger addition of 15N compared to 14N 
400 necessarily impacts the δ¹⁵N signature of the system due to the significant amounts of N added 
401 annually through fertilisation. Additionally, organic fertilisers are particularly prone to N losses via 
402 volatilization which further enriches 15N in the portion of the fertiliser entering the soil system (Bedard-
403 Haughn et al., 2003; Bouwman et al., 2002). Given that, with a maximum of 6.89 ‰, the δ¹⁵N signatures 
404 we found in our bulk soil samples were well below the average values of animal excreta given above it 
405 is reasonable to assume that adding organic fertiliser would largely increase the soil δ¹⁵N signature. 
406 This also connects back to the larger changes in δ¹⁵N we found in sites with higher LUI and LUI F (avg. 
407 + 0.72 ‰) where the main N source is organic fertiliser and the much smaller changes we found in less 
408 managed sites (avg. -0.21 ‰) where the main external N sources would be BNF and atmospheric N 
409 deposition. 
410 Mineral fertiliser on the other hand is atmospherically derived and therefore has a δ¹⁵N signature of 
411 ca. 0  ‰ (Sieve et al., 2021). Still organic and mineral fertilisers both indirectly also lead to an 
412 enrichment in soil ¹⁵N by providing more readily available N (Klaus et al., 2013; Watzka et al., 2006). 
413 This increased N availability leads to a higher N turnover rate with increased losses which fractionate 
414 and thereby enrich the δ¹⁵N signature in the soil (Booth et al., 2005; Elrys et al., 2021a, 2021b; Wang 
415 et al., 2016). In their global analysis Elrys et al. (2021a, 2021b) found that increased N availability leads 
416 to an increase in microbial biomass (MB) and thereby also an increase in nitrogen turnover processes 
417 and losses. Additionally, with fertilisation induced higher N availability, plants also fractionate more 
418 thereby contributing to an enrichment of soil ¹⁵N (Mudge et al., 2013).  
419 The accumulation of ¹⁵N in soils with higher fertilisation rates is linked to the openness of their N cycle 
420 due to increased turnover losses and losses during fertiliser application (Bouwman et al., 2002; Craine 
421 et al., 2015; Stevenson et al., 2010). The observation that increasing δ¹⁵N was related to decreasing TN 
422 confirms recent observations in pre-alpine grassland that intense management with organic fertilisers 
423 promotes N mining compared to extensive management (Schlingmann et al., 2020; Zistl-Schlingmann 
424 et al., 2020).
425 We also observed that sites with an increase in δ¹⁵N exhibited more of a decline in SOC concentrations. 
426 This can also at least partially be attributed to the higher N availability through fertilisation as well as 
427 carbon and phosphorus availability-induced priming effects, which stimulate microbial activity leading 
428 to increased decomposition of soil organic matter (SOM) and increased soil respiration (Apostolakis et 
429 al., 2022; Elrys et al., 2021a; Kuzyakov et al., 2000). This can lead to a net loss of SOC, especially when 
430 nitrogen is added in high amounts (Jesmin et al., 2021; Khan et al., 2007). Another effect which comes 
431 into play here is that high N availability can lead to an increase in N allocation to above-ground biomass 
432 and simultaneously a decrease in N allocation to below-ground biomass (Li et al., 2019; Menge et al., 
433 2024). This shift can reduce root-derived C inputs to the soil, leading to lower overall SOC stocks 
434 (McGranahan et al., 2014).
435
436 4.2.2. Mowing
437 We did not find a direct effect of mowing on the soil δ¹⁵N signature which is in line with other reports 
438 (Watzka et al., 2006). However, in our study mowing does strongly correlate with fertilisation and all 
439 sites which are intensively fertilised are also intensively mown. This can be attributed to farmers 
440 fertilising more to increase yield via increased biomass growth and more frequent mowing. Therefore, 
441 the fertilisation effect observed statistically cannot be considered entirely independent of mowing. 
442 Like fertilisation mowing also has an effect on soil N and C concentrations. Firstly, it contributes to the 
443 above-mentioned SOM mining by removing N via biomass harvest. Secondly, mowing also removes C 
444 from the system by removing biomass and litter, and reducing the input of C from root exudates (Li et 
445 al., 2022; Qiu et al., 2015). Still, our data indicate that it is mainly fertilisation which is triggering the 
446 extent of δ¹⁵N changes.
447
448 4.2.3. Grazing
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449 We found that grazing led to an increase in soil δ¹⁵N over time. This effect can be seen as separate 
450 from the effects of mowing and fertilisation in our data, as areas are either mostly grazed or mostly 
451 fertilised and mown, though a mix of some grazing and some mowing and fertilisation certainly exists.  
452 The low to moderate grazing and the resulting movement of animals on grasslands (referred to as 
453 trampling) are known to aid the incorporation of organic matter such as plant litter into the soil, to 
454 stimulate plant and root growth, and increase microbial biomass and plant species richness (Gilmullina 
455 et al., 2020; Leriche et al., 2001; Robson et al., 2007; Rumpel et al., 2015). All of this induces microbial 
456 N turnover which again fractionates N and leaves more 15N in the soil (Booth et al., 2006; Denk et al., 
457 2017; Elrys et al., 2021b).
458 When grassland is used for grazing, animals also consume aboveground biomass and thereby remove 
459 N from the system. However, N is also returned to the system via manure which has a 15N signature 
460 which exceeds that of the biomass consumed by about 2-5 ‰ due to fractionation during metabolic 
461 processes (Bedard-Haughn et al., 2003; Sieve et al., 2021; Steele and Daniel, 1978). Urine is usually 15N 
462 depleted compared to diet, however, as with organic fertiliser its addition leads to an increase in soil 
463 15N (Bedard-Haughn et al., 2003; Steele and Daniel, 1978). Furthermore, urine and manure patches are 
464 particularly susceptible to 15N fractionation processes (particularly ammonia volatilization) enriching 
465 the portion of N which goes into the soil organic nitrogen pool even further (Chalk et al., 2019; Frank 
466 et al., 2004). 
467 Additionally, we found that with higher MAP the positive effect of grazing on the soil δ¹⁵N signature 
468 lessened. This possibly indicates that precipitation buffers the effect of grazing through faster 
469 incorporation of manure and urine into the wet soil matrix via improved soil infiltration (Simelane et 
470 al., 2024). This faster incorporation leads to less exposure of manure and urine patches to air and direct 
471 sunlight which decreases losses via ammonia volatilization and thereby decreases 15N enrichment. We 
472 also investigated whether higher MAP induced higher plant growth and thereby plant N uptake, but 
473 our data did not show any correlation between MAP and yield.
474 Multiple studies have found MAP to correlate positively with MB and gross nitrogen mineralisation 
475 which is a driver of N losses (Elrys et al., 2021b; Liu et al., 2009). In our comprehensive dataset, the 
476 mitigation of ammonia volatilization via MAP seems to compensate for this effect. Leaching losses of 
477 N are also reported to be higher with higher precipitation, however, leaching is the N loss pathway 
478 which fractionates least (Chen et al., 2019; Zheng et al., 2020). 
479 Kleinebecker et al. (2014) identified PSR as a major driver of soil δ15N based on a single sampling of 
480 bulk soil δ15N in the same German temperate grassland regions we investigated. We - like Klaus et al. 
481 (2018) who also investigated the same regions - did not find a direct effect of PSR on soil δ15N. This 
482 discrepancy likely stems from the differences in available data on management, PSR and past soil δ15N. 
483 Whereas (Kleinebecker et al., 2014) had only 4 years of management data, one single sampling of PSR 
484 and no prior δ15N data, we had reference data from 2011 (for δ15N) and PSR and management data for 
485 the 12 years between 2011 and 2023. In fact, most studies investigating soil properties in relation to 
486 past management lack long-term, high-quality and high-resolution data on past land management 
487 whereas PSR data is much more easily quantified and obtained. Additionally, PSR also changes at much 
488 slower rates than management which can differ substantially from one year to the next. This variability 
489 in data availability and precision could easily lead to statistical models selecting PSR over management. 
490 The validity of the dominating effect of PSR on soil δ15N observed by Kleinebecker et al. (2014) is also 
491 limited by the fact that high PSR is a consequence of little to no fertilisation. A study comparing only 
492 unfertilised sites with varying PSR would be needed to shed more light on the effect PSR alone has on 
493 soil δ15N. In our study, both management and PSR are documented equally well for the same time span 
494 and we were able to demonstrate that the management effects far outweigh the effects of PSR on soil 
495 δ15N changes over this 12-year study period. 
496 Nonetheless, we found an interaction of PSR with the effect grazing has on soil δ15N. At low PSR (< 
497 38.34 which applies to 45 of 59 sites) the positive effect of grazing on soil δ15N increased with 
498 decreasing PSR, whereas for sites with higher PSR, no interaction between PSR and the grazing effect 
499 was found. At higher PSR grazing intensity is mostly relatively low and its positive effect on soil δ15N 
500 might be buffered through the decreased susceptibility of extensively managed species-rich grasslands 
501 to N losses (de Vries et al., 2012). Furthermore, PSR has been observed to decrease δ15N as interspecific 
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502 N competition by plants decreases fractionation (Mudge et al., 2013). Typically, grasslands have high 
503 PSR because they are managed extensively and are not fertilised (Allan et al., 2015; Midolo et al., 2019). 
504 This also means that BNF with a δ15N signature near 0 ‰ contributes a larger portion to the total N 
505 input in species-rich unfertilised grasslands than in fertilised and less species-rich grasslands (Craine et 
506 al., 2015; Qiu et al., 2015). Additionally, with a lack of fertilisation, we also tend to have a more closed 
507 N cycle with fewer losses and therefore less 15N enrichment (Craine et al., 2015; Wang et al., 2021). 
508 Overall, our results confirmed our hypotheses and showed, that, across Germany, management 
509 activities (particularly grazing and fertilisation) increase bulk soil δ15N signature in grassland topsoil 
510 and this effect interacts with but outweighs those of climate and PSR.
511
512 5. Conclusion
513
514 Our 12-year study on measured δ¹⁵N changes revealed that fertilisation and grazing were the primary 
515 drivers of isotopic shifts, while biodiversity and climate had no significant impact. Biodiversity-induced 
516 changes occurred much more slowly than those driven by management. The gradual shifts in soil δ¹⁵N 
517 observed at extensively managed sites indicate that this isotopic marker is only suitable for detecting 
518 changes over much longer time spans than commonly assumed. In contrast, at more intensively 
519 managed sites, δ¹⁵N can serve as a management indicator over shorter periods, ranging from a few 
520 years to several decades. However, without an initial δ¹⁵N baseline or detailed management history, 
521 such analyses remain speculative.
522
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551 MB – Microbial biomass
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553 MAP – Mean annual precipitation 
554 MAT – Mean annual temparature
555 PSR – Plant species richness
556 SOC – Soil organic carbon
557 SOM – Soil organic matter
558 TN – Total nitrogen
559
560
561 Bibliography
562 Allan, E., Manning, P., Alt, F., Binkenstein, J., Blaser, S., Blüthgen, N., Böhm, S., Grassein, F., Hölzel, N., 
563 Klaus, V.H., Kleinebecker, T., Morris, E.K., Oelmann, Y., Prati, D., Renner, S.C., Rillig, M.C., 
564 Schaefer, M., Schloter, M., Schmitt, B., Schöning, I., Schrumpf, M., Solly, E., Sorkau, E., 
565 Steckel, J., Steffen-Dewenter, I., Stempfhuber, B., Tschapka, M., Weiner, C.N., Weisser, W.W., 
566 Werner, M., Westphal, C., Wilcke, W., Fischer, M., 2015. Land use intensification alters 
567 ecosystem multifunctionality via loss of biodiversity and changes to functional composition. 
568 Ecol. Lett. 18, 834–843. https://doi.org/10.1111/ele.12469
569 Apostolakis, A., Schöning, I., Michalzik, B., Klaus, V.H., Boeddinghaus, R.S., Kandeler, E., Marhan, S., 
570 Bolliger, R., Fischer, M., Prati, D., Hänsel, F., Nauss, T., Hölzel, N., Kleinebecker, T., Schrumpf, 
571 M., 2022. Drivers of soil respiration across a management intensity gradient in temperate 
572 grasslands under drought. Nutr. Cycl. Agroecosystems 124, 101–116. 
573 https://doi.org/10.1007/s10705-022-10224-2
574 Baumann, K., Eckhardt, K.-U., Schöning, I., Schrumpf, M., Leinweber, P., 2022. Clay fraction 
575 properties and grassland management imprint on soil organic matter composition and 
576 stability at molecular level. Soil Use Manag. 38, 1578–1596. 
577 https://doi.org/10.1111/sum.12815
578 Bedard-Haughn, A., van Groenigen, J.W., van Kessel, C., 2003. Tracing 15N through landscapes: 
579 potential uses and precautions. J. Hydrol., Soil Hydrological Properties and Processes and 
580 their Variability in Space and Time 272, 175–190. https://doi.org/10.1016/S0022-
581 1694(02)00263-9
582 Bengtsson, J., Bullock, J., Egoh, B., Everson, C., Everson, T., O’connor, T., O’farrell, P., Smith, H., 
583 Lindborg, R., 2019. Grasslands—more important for ecosystem services than you might 
584 think. Ecosphere 10, e02582. https://doi.org/10.1002/ecs2.2582
585 Blüthgen, N., Dormann, C.F., Prati, D., Klaus, V.H., Kleinebecker, T., Hölzel, N., Alt, F., Boch, S., Gockel, 
586 S., Hemp, A., 2012. A quantitative index of land-use intensity in grasslands: Integrating 
587 mowing, grazing and fertilization. Basic Appl. Ecol. 13, 207–220. 
588 https://doi.org/10.1016/j.baae.2012.04.001
589 Booth, M.S., Stark, J.M., Hart, S.C., 2006. Soil-mixing effects on inorganic nitrogen production and 
590 consumption in forest and shrubland soils. Plant Soil 289, 5–15. 
591 https://doi.org/10.1007/s11104-006-9083-6
592 Booth, M.S., Stark, J.M., Rastetter, E., 2005. Controls on Nitrogen Cycling in Terrestrial Ecosystems: A 
593 Synthetic Analysis of Literature Data. Ecol. Monogr. 75, 139–157. 
594 https://doi.org/10.1890/04-0988
595 Bouwman, A.F., Boumans, L.J.M., Batjes, N.H., 2002. Estimation of global NH3 volatilization loss from 
596 synthetic fertilizers and animal manure applied to arable lands and grasslands. Glob. 
597 Biogeochem. Cycles 16, 8-1-8–14. https://doi.org/10.1029/2000GB001389
598 Brenner, D.L., Amundson, R., Baisden, W.T., Kendall, C., Harden, J., 2001. Soil N and 15N variation 
599 with time in a California annual grassland ecosystem. Geochim. Cosmochim. Acta 65, 4171–
600 4186. https://doi.org/10.1016/S0016-7037(01)00699-8
601 Chalk, P.M., Inácio, C.T., Chen, D., 2019. An overview of contemporary advances in the usage of 15N 
602 natural abundance (δ15N) as a tracer of agro-ecosystem N cycle processes that impact the 
603 environment. Agric. Ecosyst. Environ. 283, 106570. 
604 https://doi.org/10.1016/j.agee.2019.106570

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=5212764

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

w
ed



605 Chen, J., Kuzyakov, Y., Jenerette, G.D., Xiao, G., Liu, W., Wang, Z., Shen, W., 2019. Intensified 
606 precipitation seasonality reduces soil inorganic N content in a subtropical forest: greater 
607 contribution of leaching loss than N2O emissions. J. Geophys. Res. Biogeosciences 124, 494–
608 508. https://doi.org/10.1029/2018JG004821
609 Craine, J.M., Brookshire, E.N.J., Cramer, M.D., Hasselquist, N.J., Koba, K., Marin-Spiotta, E., Wang, L., 
610 2015. Ecological interpretations of nitrogen isotope ratios of terrestrial plants and soils. Plant 
611 Soil 396, 1–26. https://doi.org/10.1007/s11104-015-2542-1
612 Dawson, T.E., Mambelli, S., Plamboeck, A.H., Templer, P.H., Tu, K.P., 2002. Stable isotopes in plant 
613 ecology. Annu. Rev. Ecol. Syst. 33, 507–559. 
614 https://doi.org/10.1146/annurev.ecolsys.33.020602.095451
615 de Vries, F.T., Bloem, J., Quirk, H., Stevens, C.J., Bol, R., Bardgett, R.D., 2012. Extensive management 
616 promotes plant and microbial nitrogen retention in temperate grassland. PLoS One 7, 
617 e51201. https://doi.org/10.1371/journal.pone.0051201
618 Denk, T.R., Mohn, J., Decock, C., Lewicka-Szczebak, D., Harris, E., Butterbach-Bahl, K., Kiese, R., Wolf, 
619 B., 2017. The nitrogen cycle: A review of isotope effects and isotope modeling approaches. 
620 Soil Biol. Biochem. 105, 121–137. https://doi.org/10.1016/j.soilbio.2016.11.015
621 Denk, T.R.A., Kraus, D., Kiese, R., Butterbach-Bahl, K., Wolf, B., 2019. Constraining N cycling in the 
622 ecosystem model LandscapeDNDC with the stable isotope model SIMONE. Ecology 100, 
623 e02675. https://doi.org/10.1002/ecy.2675
624 Destatis, 2022. Bodennutzung der Betriebe. Fachserie 3 Reihe 3.1.2.
625 Dittert, K., Goerges, T., Sattelmacher, B., 1998. Nitrogen turnover in soil after application of animal 
626 manure and slurry as studied by the stable isotope 15N: a review. Z. Für Pflanzenernähr. 
627 Bodenkd. 161, 453–463. https://doi.org/10.1002/jpln.1998.3581610412
628 Elrys, A.S., Ali, A., Zhang, H., Cheng, Y., Zhang, J., Cai, Z.-C., Müller, C., Chang, S.X., 2021a. Patterns 
629 and drivers of global gross nitrogen mineralization in soils. Glob. Change Biol. 27, 5950–5962. 
630 https://doi.org/10.1111/gcb.15851
631 Elrys, A.S., Wang, J., Metwally, M.A.S., Cheng, Y., Zhang, J.-B., Cai, Z.-C., Chang, S.X., Müller, C., 2021b. 
632 Global gross nitrification rates are dominantly driven by soil carbon-to-nitrogen 
633 stoichiometry and total nitrogen. Glob. Change Biol. 27, 6512–6524. 
634 https://doi.org/10.1111/gcb.15883
635 Estavillo, J., Rodrí, M., Lacuesta, M., Gonzalez-Murua, C., 1997. Effects of cattle slurry and mineral N 
636 fertilizer applications on various components of the nitrogen balance of mown grassland. 
637 Plant Soil 188, 49–58. https://doi.org/10.1023/A:1004248228162
638 Fischer, M., Bossdorf, O., Gockel, S., Hänsel, F., Hemp, A., Hessenmöller, D., Korte, G., Nieschulze, J., 
639 Pfeiffer, S., Prati, D., 2010. Implementing large-scale and long-term functional biodiversity 
640 research: The Biodiversity Exploratories. Basic Appl. Ecol. 11, 473–485. 
641 https://doi.org/10.1016/j.baae.2010.07.009
642 Frank, D.A., Evans, R.D., Tracy, B.F., 2004. The role of ammonia volatilization in controlling the natural 
643 15N abundance of a grazed grassland. Biogeochemistry 68, 169–178. 
644 https://doi.org/10.1023/B:BIOG.0000025736.19381.91
645 Gerschlauer, F., Saiz, G., Schellenberger Costa, D., Kleyer, M., Dannenmann, M., Kiese, R., 2019. 
646 Stable carbon and nitrogen isotopic composition of leaves, litter, and soils of various 
647 ecosystems along an elevational and land-use gradient at Mount Kilimanjaro, Tanzania. 
648 Biogeosciences 16, 409–424. https://doi.org/10.5194/bg-16-409-2019
649 Gilmullina, A., Rumpel, C., Blagodatskaya, E., Chabbi, A., 2020. Management of grasslands by mowing 
650 versus grazing–impacts on soil organic matter quality and microbial functioning. Appl. Soil 
651 Ecol. 156, 103701. https://doi.org/10.1016/j.apsoil.2020.103701
652 Hänsel, F., Forteva, S., Wöllauer, S., Nauss, T., 2024. Open Climate Data of the Exploratories Project. 
653 Biodiversity Exploratories Information System. Dataset. https://www.bexis.uni-jena.de. 
654 Dataset ID 19007.
655 Hinderling, J., Keller, S., 2023. Vegetation records in grassland plotwise sorted over 2008 - 2023 from 
656 all regions, biomass included. Document is compiled for farmers and stakeholders (in 

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=5212764

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

w
ed



657 German). Biodiversity Exploratories Information System. Dataset. https://www.bexis.uni-
658 jena.de. Dataset ID 331973.
659 Jesmin, T., Mitchell, D.T., Mulvaney, R.L., 2021. Short-Term Effect of Nitrogen Fertilization on Carbon 
660 Mineralization during Corn Residue Decomposition in Soil. Nitrogen 2, 444–460. 
661 https://doi.org/10.3390/nitrogen2040030
662 Jia, S., Yuan, D., Li, W., He, W., Raza, S., Kuzyakov, Y., Zamanian, K., Zhao, X., 2022. Soil chemical 
663 properties depending on fertilization and management in China: A meta-analysis. Agronomy 
664 12, 2501. https://doi.org/10.3390/agronomy12102501
665 Johnson, P.O., Neyman, J., 1936. Tests of certain linear hypotheses and their application to some 
666 educational problems. Stat. Res. Mem. 1, 57–93.
667 Jones, A.R., Dalal, R.C., 2017. Enrichment of natural 15N abundance during soil N losses under 20 
668 years of continuous cereal cropping. Sci. Total Environ. 574, 282–287. 
669 https://doi.org/10.1016/j.scitotenv.2016.08.192
670 Kepp, J., Schwärzler, T., 2025. Soil Sampling Campaign 2023 Cobra Grassland plots C, N, d15N, d13C, 
671 bulk density. Biodiversity Exploratories Information System. Dataset. https://www.bexis.uni-
672 jena.de. Dataset ID 32058.
673 Khan, S.A., Mulvaney, R.L., Ellsworth, T.R., Boast, C.W., 2007. The Myth of Nitrogen Fertilization for 
674 Soil Carbon Sequestration. J. Environ. Qual. 36, 1821–1832. 
675 https://doi.org/10.2134/jeq2007.0099
676 Klaus, V., Hölzel, N., Kleinebecker, T., Freitag, M., 2012. BioComp d15N isotopes soil (2011). 
677 Biodiversity Exploratories Information System. Dataset. https://www.bexis.uni-jena.de. 
678 Dataset ID 15306.
679 Klaus, V.H., Hölzel, N., Prati, D., Schmitt, B., Schöning, I., Schrumpf, M., Fischer, M., Kleinebecker, T., 
680 2013. Organic vs. conventional grassland management: do 15N and 13C isotopic signatures 
681 of hay and soil samples differ? PLoS One 8, e78134. 
682 https://doi.org/10.1371/journal.pone.0078134
683 Klaus, V.H., Kleinebecker, T., Busch, V., Fischer, M., Hölzel, N., Nowak, S., Prati, D., Schäfer, D., 
684 Schöning, I., Schrumpf, M., 2018. Land use intensity, rather than plant species richness, 
685 affects the leaching risk of multiple nutrients from permanent grasslands. Glob. Change Biol. 
686 24, 2828–2840.
687 Kleinebecker, T., Hölzel, N., Prati, D., Schmitt, B., Fischer, M., Klaus, V.H., 2014. Evidence from the 
688 real world: 15N natural abundances reveal enhanced nitrogen use at high plant diversity in 
689 Central European grasslands. J. Ecol. 102, 456–465. https://doi.org/10.1111/1365-
690 2745.12202
691 Kuzyakov, Y., Friedel, J., Stahr, K., 2000. Review of mechanisms and quantification of priming effects. 
692 Soil Biol. Biochem. 32, 1485–1498. https://doi.org/10.1016/S0038-0717(00)00084-5
693 Leriche, H., LeRoux, X., Gignoux, J., Tuzet, A., Fritz, H., Abbadie, L., Loreau, M., 2001. Which functional 
694 processes control the short-term effect of grazing on net primary production in grasslands? 
695 Oecologia 129, 114–124. https://doi.org/10.1007/s004420100697
696 Li, C., Zheng, Z., Peng, Y., Nie, X., Yang, L., Xiao, Y., Zhou, G., 2019. Precipitation and nitrogen addition 
697 enhance biomass allocation to aboveground in an alpine steppe. Ecol. Evol. 9, 12193–12201. 
698 https://doi.org/10.1002/ece3.5706
699 Li, L., Liu, H., Baoyin, T., 2022. Mowing Increases Root-to-Shoot Ratio but Decreases Soil Organic 
700 Carbon Storage and Microbial Biomass C in a Semiarid Grassland of North China. Agriculture 
701 12, 1324. https://doi.org/10.3390/agriculture12091324
702 Liao, J., Boutton, T., Jastrow, J., 2006. Organic matter turnover in soil physical fractions following 
703 woody plant invasion of grassland: Evidence from natural 13C and 15N. Soil Biol. Biochem. 
704 38, 3197–3210. https://doi.org/10.1016/j.soilbio.2006.04.004
705 Liu, W., Zhang, Z., Wan, S., 2009. Predominant role of water in regulating soil and microbial 
706 respiration and their responses to climate change in a semiarid grassland. Glob. Change Biol. 
707 15, 184–195. https://doi.org/10.1111/j.1365-2486.2008.01728.x
708 Mariotti, A., 1983. Atmospheric nitrogen is a reliable standard for natural 15N abundance 
709 measurements. Nature 303, 685–687. https://doi.org/10.1038/303685a0

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=5212764

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

w
ed



710 Marriott, C., Hudson, G., Hamilton, D., Neilson, R., Boag, B., Handley, L., Wishart, J., Scrimgeour, C., 
711 Robinson, D., 1997. Spatial variability of soil total C and N and their stable isotopes in an 
712 upland Scottish grassland. Plant Soil 196, 151–162. 
713 https://doi.org/10.1023/A:1004288610550
714 McGranahan, D.A., Daigh, A.L., Veenstra, J.J., Engle, D.M., Miller, J.R., Debinski, D.M., 2014. 
715 Connecting Soil Organic Carbon and Root Biomass with Land-Use and Vegetation in 
716 Temperate Grassland. Sci. World J. 2014, 487563. https://doi.org/10.1155/2014/487563
717 Menge, D.N.L., Wolf, A.A., Funk, J.L., Perakis, S.S., Carreras Pereira, K.A., 2024. Nitrogen fixation and 
718 fertilization have similar effects on biomass allocation in nitrogen-fixing plants. Ecol. Evol. 14, 
719 e70309. https://doi.org/10.1002/ece3.70309
720 Michener, R., Lajtha, K., 2008. Stable isotopes in ecology and environmental science. John Wiley & 
721 Sons.
722 Midolo, G., Alkemade, R., Schipper, A.M., Benítez-López, A., Perring, M.P., De Vries, W., 2019. 
723 Impacts of nitrogen addition on plant species richness and abundance: A global meta-
724 analysis. Glob. Ecol. Biogeogr. 28, 398–413. https://doi.org/10.1111/geb.12856
725 Mudge, P.L., Schipper, L.A., Ghani, A., Upsdell, M., Baisden, W.T., 2013. Changes in natural 15N 
726 abundance in pastoral soils receiving differing amounts of superphosphate fertilizer and 
727 irrigation for 50 years. Soil Sci. Soc. Am. J. 77, 830–841. 
728 https://doi.org/10.2136/sssaj2012.0333
729 Ostrowski, A., Lorenzen, K., Petzold, E., Schindler, S., 2020. Land use intensity index (LUI) calculation 
730 tool of the Biodiversity Exploratories project for grassland survey data from three different 
731 regions in Germany since 2006, BEXIS 2 module. Zenodo Doi 10.
732 Qiu, L., Wei, X., Ma, T., Wei, Y., Horton, R., Zhang, X., Cheng, J., 2015. Effects of land-use change on 
733 soil organic carbon and nitrogen in density fractions and soil δ 13 C and δ 15 N in semiarid 
734 grasslands. Plant Soil 390, 419–430. https://doi.org/10.1007/s11104-015-2435-3
735 Robson, T.M., Lavorel, S., Clement, J.-C., Le Roux, X., 2007. Neglect of mowing and manuring leads to 
736 slower nitrogen cycling in subalpine grasslands. Soil Biol. Biochem. 39, 930–941. 
737 https://doi.org/10.1016/j.soilbio.2006.11.004
738 Rösch, C., Skarka, J., Raab, K., Stelzer, V., 2009. Energy production from grassland–Assessing the 
739 sustainability of different process chains under German conditions. Biomass Bioenergy 33, 
740 689–700. https://doi.org/10.1016/j.biombioe.2008.10.008
741 Rumpel, C., Crème, A., Ngo, P.T., Velásquez, G., Mora, M.L., Chabbi, A., 2015. The impact of grassland 
742 management on biogeochemical cycles involving carbon, nitrogen and phosphorus. J. Soil Sci. 
743 Plant Nutr. 15, 353–371. https://doi.org/10.4067/S0718-95162015005000034
744 Schimel, J.P., Bennett, J., 2004. Nitrogen Mineralization: Challenges of a Changing Paradigm. Ecology 
745 85, 591–602. https://doi.org/10.1890/03-8002
746 Schlingmann, M., Tobler, U., Berauer, B., Garcia-Franco, N., Wilfahrt, P., Wiesmeier, M., Jentsch, A., 
747 Wolf, B., Kiese, R., Dannenmann, M., 2020. Intensive slurry management and climate change 
748 promote nitrogen mining from organic matter-rich montane grassland soils. Plant Soil 456, 
749 81–98. https://doi.org/10.1007/s11104-020-04697-9
750 Schöning, I., 2018. Soil bulk density and organic carbon and total nitrogen stocks - soil sampling 
751 campaign 2011, all experimental plots (EP), 0-10 cm. Biodiversity Exploratories Information 
752 System. Dataset. https://www.bexis.uni-jena.de. Dataset ID 17086.
753 Schöning, I., Trumbore, S., 2012. Soil carbon and nitrogen concentrations - soil sampling campaign 
754 2011, all experimental plots (EPs), 0-10 cm. Biodiversity Exploratories Information System. 
755 Dataset. https://www.bexis.uni-jena.de. Dataset ID 14446.
756 Sieve, F., Isselstein, J., Kayser, M., 2021. Short-term changes of the δ15N natural abundance of 
757 aboveground biomass and topsoil in temperate grassland–Effects of prolonged summer 
758 drought. Ecol. Indic. 133, 108359. https://doi.org/10.1016/j.ecolind.2021.108359
759 Simelane, M.P.Z., Soundy, P., Maboko, M.M., 2024. Effects of Rainfall Intensity and Slope on 
760 Infiltration Rate, Soil Losses, Runoff and Nitrogen Leaching from Different Nitrogen Sources 
761 with a Rainfall Simulator. Sustainability 16, 4477. https://doi.org/10.3390/su16114477

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=5212764

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

w
ed



762 Steele, K.W., Daniel, R.M., 1978. Fractionation of nitrogen isotopes by animals: a further 
763 complication to the use of variations in the natural abundance of 15N for tracer studies. J. 
764 Agric. Sci. 90, 7–9. https://doi.org/10.1017/S002185960004853X
765 Stevenson, B.A., Parfitt, R., Schipper, L.A., Baisden, W.T., Mudge, P., 2010. Relationship between soil 
766 δ15N, C/N and N losses across land uses in New Zealand. Agric. Ecosyst. Environ. 139, 736–
767 741. https://doi.org/10.1016/j.agee.2010.10.020
768 Vogt, J., Klaus, V.H., Both, S., Fürstenau, C., Gockel, S., Gossner, M.M., Heinze, J., Hemp, A., Hölzel, N., 
769 Jung, K., 2019. Eleven years’ data of grassland management in Germany. Biodivers. Data J. 7. 
770 https://doi.org/10.3897/BDJ.7.e36387
771 Wang, J., Cheng, Y., Zhang, J., Müller, C., Cai, Z., 2016. Soil gross nitrogen transformations along a 
772 secondary succession transect in the north subtropical forest ecosystem of southwest China. 
773 Geoderma 280, 88–95. https://doi.org/10.1016/j.geoderma.2016.06.016
774 Wang, R., Peñuelas, J., Li, T., Liu, H., Wu, H., Zhang, Y., Sardans, J., Jiang, Y., 2021. Natural abundance 
775 of 13C and 15N provides evidence for plant–soil carbon and nitrogen dynamics in a N-
776 fertilized meadow. Ecology 102, e03348. https://doi.org/10.1002/ecy.3348
777 Watzka, M., Buchgraber, K., Wanek, W., 2006. Natural 15N abundance of plants and soils under 
778 different management practices in a montane grassland. Soil Biol. Biochem. 38, 1564–1576. 
779 https://doi.org/10.1016/j.soilbio.2005.11.007
780 Wittmer, M.H.O.M., Auerswald, K., Bai, Y., Schäufele, R., Schnyder, H., 2010. Changes in the 
781 abundance of C3/C4 species of Inner Mongolia grassland: evidence from isotopic 
782 composition of soil and vegetation. Glob. Change Biol. 16, 605–616. 
783 https://doi.org/10.1111/j.1365-2486.2009.02033.x
784 Yang, H., Zhang, Y., Li, W., Xu, Q., Zhou, H., Du, Y., 2023. Grazing disturbance significantly decreased 
785 soil organic carbon contents of alpine grasslands on the Tibetan Plateau. Front. Environ. Sci. 
786 11, 1113538. https://doi.org/10.3389/fenvs.2023.1113538
787 Zhang, Q., Lu, Y., Zhang, C., Yao, B., Su, J., 2023. Effect of moderate livestock grazing on soil and 
788 vegetation characteristics in zokor mounds of different ages. Sci. Rep. 13, 12459. 
789 https://doi.org/10.1038/s41598-023-39530-7
790 Zheng, W., Wang, S., Tan, K., Lei, Y., 2020. Nitrate accumulation and leaching potential is controlled 
791 by land-use and extreme precipitation in a headwater catchment in the North China Plain. 
792 https://doi.org/10.1016/j.scitotenv.2019.136168
793 Zistl-Schlingmann, M., Kwatcho Kengdo, S., Kiese, R., Dannenmann, M., 2020. Management Intensity 
794 Controls Nitrogen-Use-Efficiency and Flows in Grasslands—A 15N Tracing Experiment. 
795 Agronomy 10, 606. https://doi.org/10.3390/agronomy10040606
796
797
798
799
800 Figure Captions
801
802 Figure 1:  Average δ¹⁵N values for the 59 mineral soil sites grouped by study region and management 
803 category. The category mainly grazed includes all sites with LUI G > 1 and LUI F. Mainly fertilised 
804 includes all sites with LUI F > 1 and LUI G. Extensive is comprised of the remaining sites where both 
805 LUI G and LUI F are < 1. For the SCH region, none of the sites were fertilisation dominated.
806
807 Figure 2: Average δ¹⁵N values for the 13 organic soil sites grouped by study region and management 
808 category. The category mainly grazed includes all sites with LUI G > 1 and LUI F. Mainly fertilised 
809 includes all sites with LUI F > 1 and LUI G. Extensive is comprised of the remaining sites where both 
810 LUI G and LUI F are < 1. For the SCH region, none of the sites were fertilisation dominated.
811
812 Figure 3: All mineral soil sites grouped into either an increase or a decrease in δ¹⁵N from 2011 to 2023 
813 plotted against the average land-use intensity index (LUI), and the LUI for fertilisation (LUI F) from 2011 
814 to 2023.
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815
816 Figure 4: All mineral soil sites grouped into either an increase or a decrease in δ¹⁵N from 2011 to 
817 2023 plotted against their change in soil total nitrogen concentration (ΔN%) and soil organic carbon 
818 concentration (ΔC%) from 2011 to 2023.
819
820 Figure 5: Effects of the land-use intensity index for fertilisation (LUI F) and the change in soil total 
821 nitrogen concentration from 2011 to 2023 (ΔN%) on changes of bulk soil δ¹⁵N ‰ between 2011 and 
822 2023 with the shaded area representing the 95% confidence interval.
823
824 Figure 6: The Johnson-Neyman plot showing the slope of the effect of the land-use intensity index for 
825 grazing (LUI G) on changes in bulk soil δ¹⁵N ‰  from 2011 to 2023 (Δδ¹⁵N) plotted against the mean 
826 annual precipitation in that period (MAP). The shaded represents the 95% confidence interval and 
827 the thicker part of the y-axis indicates the range of observed MAP values.
828
829 Figure 7: The Johnson-Neyman plot showing the slope of the effect of the land-use intensity index for 
830 grazing (LUI G) on changes in bulk soil δ¹⁵N ‰  from 2011 to 2023 (Δδ¹⁵N) plotted against the average 
831 plant species richness during that time (PSR). The shaded area represents the 95% confidence 
832 interval and the thicker part of the y-axis indicates the range of observed PSR values.
833
834 Figure S1: Model fit plotted as the predicted values for the change in δ¹⁵N ‰ from 2011 to 2023 
835 (Δδ¹⁵N) against the actual observed values. The colour and shape of the data points indicate the 
836 study region.
837
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