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Figure A1: Generalised additive model fit plotted as the predicted values for the change in δ15N‰ from 2011 to 2023 (Δδ15N) against the actual observed values. The colour and shape of the data points indicate the study region. Study regions are the Swabian Alb (ALB), Hainich-Dün (HAI) and Schorfheide-Chorin (SCH).


Table A1: Mean values and their standard error (SE) of N and C variables used for all mineral soil sites and for those sites grouped by increase or decrease in δ15N from 2011 to 2023 (Δδ15N), and the p value of the difference between these groups. The variables considered are the soil δ15N signature (δ15N‰), organic carbon concentration (C%), total nitrogen concentration (N%) and C to N ratio (C/N) in 2011 and in 2023. 

	Variable
	Mean all sites (SE)
	Mean group increase δ15N (SE)
	Mean group decrease δ15N (SE)
	Significance of group differences 
(p value)

	Sample size
	59
	40
	19
	

	Δδ15N‰
	0.42 (± 0.09)
	0.71 (± 0.10)
	-0.21 (± 0.05)
	>0.0001

	δ15N‰ 2011
	 3.55 (± 0.14)
	 3.51 (± 0.15)
	3.63 (± 0.29)
	0.722

	δ15N‰ 2023
	 0.40 (± 0.17)
	4.23 (± 0.19)
	3.43 (±0.30)
	0.037*

	N% 2011
	0.49 (± 0.03)
	0.53 (± 0.03)
	0.42 (± 0.05)
	0.0694

	N% 2023
	0.49 (± 0.03)
	0.51 (± 0.03)
	0.45 (± 0.05)
	0.311

	C% 2011
	5.21 (± 0.29)
	5.56 (± 0.33)
	4.48 (± 0.51)
	0.0909

	C% 2023
	4.91 (± 0.21)
	5.08 (± 0.23)
	4.56 (± 0.42)
	0.295

	C/N 2011
	10.35 (± 0.09)
	10.26 (± 0.09)
	10.54 (± 0.19)
	0.1396

	C/N 2023
	10.19 (± 0.14)
	10.08 (± 0.17)
	10.42 (± 0.24)
	0.267

	*significant, **highly significant, ***very highly significant
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Figure A2: Diagnostic plots for the generalised additive model (difference in δ15N between 2011 and 2023 (Δδ15N) ~ s(difference in soil N content between 2011 and 2023 (ΔN%)) + land use intensity grazing (LUI G) + land use intensity fertilisation (LUI F) + soil clay content in 2011 (SCC)), produced with gam.check() in the mgcv R package. Top left: QQ plot of deviance residuals against theoretical Gaussian quantiles. Top right: residuals against the linear predictor. Bottom left: histogram of residuals. Bottom right: observed Δδ15N against fitted values. Residuals were approximately normally distributed and showed no evidence of heteroscedasticity. The basis dimension check for the smooth term s(ΔN%) returned k′ = 9, edf = 3.13, k-index = 1.18, p = 0.89, confirming that the basis dimension was sufficient and the smooth was not undersmoothed. Together, these diagnostics support the adequacy of the model.
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Figure A3: Sensitivity of the Random Forest model (difference in δ15N between 2011 and 2023 (Δδ15N) ~ land use intensity fertilisation (LUI F) + land use intensity grazing (LUI G) + difference in soil N content between 2011 and 2023 (ΔN%) + soil clay content in 2011(SCC); 5001 trees) to the mtry parameter. The model was refit with mtry ∈ {1, 2, 3, 4}, each with five random seeds (20 fits in total). Grey points show the out-of-bag (OOB) R² of individual fits; the red line connects the mean across seeds for each mtry. OOB R² was highest and indistinguishable at mtry = 1 and 2 (0.245 ± 0.004 and 0.246 ± 0.006, mean ± SD across seeds) and declined at higher values (0.227 ± 0.002 at mtry = 3; 0.199 ± 0.004 at mtry = 4), confirming that the package default (mtry = ⌊p/3⌋ = 1) used in the main analysis is a near-optimal choice. Seed-to-seed variation was small relative to the differences between mtry settings, indicating that the reported results are reproducible. Predictor rankings by percentage increase in mean squared error (%IncMSE) were also stable: LUI F was ranked most important (rank 1) and SCC least important (rank 4) in all 20 fits. LUI G and ΔN% had near-identical %IncMSE values (within ~2 units of each other across all settings) and swapped between rank 2 and rank 3 depending on mtry (ΔN% second at mtry = 1; LUI G second at mtry ≥ 2), and are therefore interpreted as comparably important predictors of Δδ15N.


Table A2: Univariate linear regressions of the decadal change in bulk soil δ15N between 2011 and 2023 (Δδ15N, ‰) on each explanatory factor individually, for the 59 mineral-soil sites. Each row is a separate simple linear regression with Δδ15N as the response and the listed factor as the sole predictor; decadal-trend variables are entered as their continuous decadal-change estimates (Section 2.3). Columns give the slope, its standard error (SE), the t-statistic, the p-value, the Benjamini–Hochberg false-discovery-rate-adjusted p-value (p BH) computed across all predictors, the coefficient of determination (R2) and adjusted R2 (R² adj); rows are ordered as in Table 3. These regressions use the continuous Δδ15N gradient and complement the increase/decrease group comparison in Table 3 with greater statistical power. Predictors are difference in soil N and C content (ΔN% and ΔC%), difference in soil C/N ratio (ΔC/N), soil clay content in 2011 (SCC), plant species richness and legume cover average (PSR and LC) and their decadal trends, the average land use intensity index (LUI), the LUI for fertilisation, mowing and grazing (LUI F, LUI M and LUI G), the decadal trends of all LUI aspects, and mean annual temperature (MAT) and its decadal trend. Differences, means, averages and decadal trends for all predictors are calculated for the timeframe 2011-2023. The relationship between ΔN% and Δδ15N is non-linear (Figure 6), so its linear coefficient here is only a first-order approximation and underestimates the effect captured by the GAM smooth. Because the land-use intensity variables are derived from one another (LUI and its components LUI F, LUI G, LUI M, and their trends), the predictors are not mutually independent, and the regressions represent marginal associations that do not account for covariation among factors. Significance codes refer to the BH-adjusted p-value. 
	Variable
	Slope
	SE
	t
	p value
	p BH
	R²
	R² adj

	ΔN%
	-1.6192
	1.4214
	-1.14
	0.259
	0.518
	0.022
	0.005

	Δ C% 
	-0.0357
	0.0995
	-0.36
	0.721
	0.865
	0.002
	-0.015

	ΔC/N
	0.0982
	0.1006
	0.98
	0.333
	0.545
	0.016
	-0.001

	SCC 2011
	-0.0008
	0.0005
	-1.72
	0.0901
	0.244
	0.05
	0.033

	PSR
	-0.0186
	0.0079
	-2.35
	0.022*
	0.132
	0.089
	0.073

	PSR trend1
	-0.0098
	0.1782
	-0.06
	0.956
	0.956
	0
	-0.017

	LC
	-0.0155
	0.0147
	-1.05
	0.298
	0.536
	0.019
	0.002

	LC trend1†
	0.0939
	0.2162
	0.43
	0.666
	0.856
	0.004
	-0.031

	LUI
	0.4753
	0.1282
	3.71
	0.000475***
	0.00855**
	0.194
	0.18

	LUI trend1
	0.2926
	0.2236
	1.31
	0.196
	0.441
	0.031
	-0.004

	LUI F
	0.1028
	0.0489
	2.1
	0.0399*
	0.18
	0.072
	0.056

	LUI F trend1
	0.0306
	0.2952
	0.1
	0.918
	0.956
	0.018
	-0.017

	LUI M
	0.0568
	0.1078
	0.53
	0.6
	0.831
	0.005
	-0.013

	LUI M trend1
	0.5335
	0.3139
	1.7
	0.0948
	0.244
	0.051
	0.017

	LUI G
	0.1468
	0.0573
	2.56
	0.0131*
	0.118
	0.103
	0.087

	LUI G trend1
	-0.0322
	0.2774
	-0.12
	0.908
	0.956
	0.025
	-0.009

	MAT
	0.2349
	0.128
	1.84
	0.0717
	0.244
	0.056
	0.039

	MAT trend1
	0.1832
	0.2025
	0.9
	0.369
	0.554
	0.014
	-0.003

	*significant, **highly significant, ***very highly significant
1Mean decadal change estimated based on trends between 2011 and 2023 (see section 2.3 for details). 



Table A3: Comparison of candidate generalised additive models (GAMs) for the decadal change in bulk soil δ15N (Δδ15N, ‰; n = 59) across the German agricultural grassland plots. Each row is one candidate specification evaluated during model selection; all GAMs include a thin-plate regression-spline smooth of the difference in bulk soil N content (ΔN%) [s(ΔN%)] alongside parametric terms, and the linear baseline contains the same predictors fitted without the smooth. Columns report the effective degrees of freedom (df) used by the corrected Akaike's Information Criterion (AICc), the estimated degrees of freedom of each smooth term (edf), the deviance explained, the adjusted R2, AICc, and AICc difference (ΔAICc) relative to the best-supported model. The final model was retained as the most parsimonious specification minimising AICc; adding legume cover (LC), substituting a soil organic carbon (SOC) smooth [s(Δ C%)] for total nitrogen (TN), including mean annual precipitation (MAP) or plant species richness (PSR), and adding an area-level random effect did not improve fit. 

	Model
	df
	Smooth edf
	Adjusted R²
	AICc
	ΔAICc

	GAM (final)
	8.13
	s(ΔN%): 3.13
	0.429
	99.8
	0

	GAM + LC
	9.05
	s(ΔN%): 3.05
	0.436
	100.7
	0.9

	GAM + area random effect
	9.05
	s(ΔN%): 3.05; s(area): 0
	0.436
	100.7
	0.9

	GAM + PSR + MAP
	10.1
	s(ΔN%): 3.1
	0.413
	104.8
	5

	Linear baseline
	7
	NA
	0.334
	107.1
	7.3

	GAM (Δ C% smooth)
	6.57
	s(ΔC%): 1.57
	0.259
	112.8
	13



Table A4: Out-of-bag (OOB) performance of random forest models for Δδ15N (‰; n = 59) fitted with progressively reduced predictor sets, each using 5001 trees. Columns give the number of predictors (npred), the number of trees (ntree), the number of variables sampled at each split (mtry), and the OOB coefficient of determination (OOB R2) and root-mean-square error (OOB RMSE). The final model uses the same four predictors as the selected generalised additive model (GAM) (Table A3). OOB statistics are validated on held-out observations by construction and are therefore not directly comparable with the in-sample deviance explained reported for the GAMs in Table A3. 

	Model
	npred
	ntree
	mtry
	OBB R²
	OOB RMSE

	Full (all predictors)
	 10
	 5001
	3
	0.147
	0.619

	Reduced
	7
	5001
	2
	0.208
	0.597

	Final (GAM predictors)
	4
	5001
	1
	0.229
	0.589
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