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Abstract
Questions: Which trends and patterns of community change occurred in Nardus 
grasslands over recent decades in parts of the Continental biogeographic region of 
Germany? Are patterns and trends consistent across two study regions? Do impacts 
of environmental changes on Nardus grasslands in Central Europe correspond to 
those identified in the European Atlantic biogeographic region?
Location: East Hesse Highlands, Germany.
Methods: In 2012–2015, we re-surveyed quasi-permanent plots that had been ini-
tially surveyed between 1971 and 1987, and re-measured soil parameters. We tested 
for differences in species frequency and cover, mean Ellenberg indicator values, spe-
cies richness, and soil variables. Nitrogen and sulphur deposition data were analysed 
to evaluate possible effects of atmospheric pollutants. We used regression and re-
dundancy analyses to identify environmental drivers responsible for changes in spe-
cies composition.
Results: Across regions, we found significant increases in soil pH, Ellenberg R and N 
indicator values, plant nutrient indicators, forbs, species of agricultural grasslands 
and of fallows. By contrast, the C:N ratio, Nardus grassland specialists, low-nutrient 
indicators, and graminoids declined. Changes in species composition were related 
to changes in pH and management. There was a strong decrease in sulphur and a 
moderate increase in nitrogen deposition, whose local-scale pattern did not correlate 
with changes in soil parameters. However, there was an effect of local NHy changes 
on species composition.
Conclusions: The findings indicate significant overall eutrophication, a trend towards 
less acidic conditions and insufficient management, which are widely consistent 
across our study regions and correspond to recent reports of vegetation changes 
and recovery from acidification in the Atlantic biogeographic region. We assume 
the reduced sulphur deposition during recent decades to be a major driver of these 
changes, combined with increased nitrogen deposition and reduced management 
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1  | INTRODUC TION

Semi-natural grasslands are of high importance to human well-be-
ing, by providing important ecosystem services and high biodiversity 
(Hejcman et al., 2013; Dengler et al., 2014). They are, however, under 
threat by effects of global-change drivers (Sala et al., 2000). Recent 
decades brought evidence for the important role of atmospheric 
depositions, mainly of nitrogen (N) and sulphur (S), on grassland 
biodiversity (Morecroft et al., 2009). Consequences for European 
semi-natural grasslands are the loss of species diversity, a change in 
species composition, and a decline of ecosystem functions (Bobbink 
et al., 2010; Phoenix et al., 2012; Stevens et al., 2004).

Nardus grasslands are typical semi-natural grasslands on acid 
soils in large parts of temperate Europe. They are often also referred 
to as “acid grasslands” (Damgaard et al., 2011; Stevens et al., 2011). 
Nardus grasslands are highly endangered by global-change drivers. 
Among these drivers, mainly abandonment and land-use intensifica-
tion have driven the decline of Nardus grasslands in Central Europe 
since the late 19th century (Leuschner & Ellenberg, 2017). Moreover, 
their preference for poorly buffered, nutrient-poor soils makes them 
particularly vulnerable to processes of eutrophication and acidifica-
tion (Duprè et al., 2010; Helsen et al., 2014). In the European context, 
species-rich Nardus grasslands are classified as a priority natural 
habitat (H6230*) of the EU Habitats Directive (Directive 92/43/
EEC, European Council, 1992). Thus, conservation efforts of the 
European community aim to protect these grasslands in a favourable 
conservation status. The goal of this study was to investigate long-
term changes in Nardus grasslands in the Continental biogeographic 
region and to show the extent to which drivers of these changes 
hinder the conservation of this habitat type.

Eutrophication summarises the effects of nutrient enrichment, 
mainly of nitrogen or phosphorus, which can be attributed to both 
agricultural fertilisation and atmospheric deposition (Bobbink 
et al., 2010; Ceulemans et al., 2013). Eutrophication results in the 
loss of species due to competitive exclusion of light-demanding, 
poorly competitive species and other changes in species and func-
tional composition (Bobbink & Hicks, 2014; Helsen et al., 2014). 
Acidification is mainly driven by atmospheric deposition of N (NHy, 
NOx) and S (SOx), but is also modified by local factors such as soil 
characteristics (Roy et al., 2014). Acidification results in decreasing 
pH values, leaching of base cations, Al3+ mobilisation, and higher ra-
tios of Al:Ca and NH4:NO3 (Kleijn et al., 2008; Stevens & Dise, 2009; 
Ross et al., 2012). These effects are considered to be responsible for 
the decline and regional extinction of low-growth Nardus grassland 

and heathland species in The Netherlands (Fennema, 199; de Graaf 
et al., 19981). Additionally, soil acidification may lead to reduced nu-
trient availability, preventing the effects of N deposition from being 
effective (Stevens et al., 2010).

Studies on the effects of N deposition on acid grasslands were 
predominantly from the Atlantic biogeographic region of Europe. 
Commonly reported effects are a decrease in total species richness, 
a decline in typical acid grassland or heathland species adapted to 
low-nutrient availability, an increase in graminoid cover, but a decrease 
in graminoid richness (Stevens et al., 2010; Damgaard et al., 2011; Field 
et al., 2014; Payne et al., 2017). Moreover, decreases in forb and bryo-
phyte cover and richness were found (Stevens et al., 2006). Ellenberg 
indicator values for nitrogen (N) increased with increasing N deposi-
tion (Henrys et al., 2011; Pakeman et al., 2016), whereas Ellenberg indi-
cator values for soil reaction (R) decreased due to N deposition-driven 
acidification (Maskell et al., 2010). Regarding environmental factors, 
soil pH was negatively correlated with N deposition rates, whereas 
the C:N ratio showed a significant positive relationship with N deposi-
tion (Stevens et al., 2006, 2011).

While S deposition, after peaking in the 1980/1990s, decreased 
considerably over the last two decades in many European regions 
(Teufel & Gauger, 1994; Morecroft et al., 2009; Kirk et al., 2010), N 
deposition rates are still at a high level (Dentener et al., 2006), es-
pecially for NHy (Gauger et al., 2013). Morecroft et al. (2009) and 
McGovern et al. (2011) associated decreasing SOx deposition with 
increasing soil pH values, but did not observe any vegetation recov-
ery from acidification. Hence, Stevens et al. (2016) assumed longer 
timescales for recovery signals of the vegetation. The predictions 
of Stevens et al. (2011) about the impacts of N deposition on soil 
(pH, NHy:NOx ratio) and species shifts (from stress-tolerant species 
to more competitive species) were recently found to hold for acid 
grasslands (Rose et al., 2016; Mitchell et al., 2018).

The effects of land-use changes contribute additionally to long-
term N and S deposition-driven vegetation changes in semi-natural 
grasslands (Humbert et al., 2016). For example, infrequent mowing and 
low or reduced grazing intensity promote dwarf shrubs and tall tussock 
grass species due to the lower intensity of disturbance. Simultaneously, 
characteristic small-growing Nardus grassland specialists are outcom-
peted, and specific habitat structures, like increased litter or moss 
cover, are facilitated (Arens & Neff, 1997; Armstrong et al., 1997). By 
contrast, an intensive management of Nardus grasslands by increased 
livestock grazing, and early, and more frequent, mowing favours highly 
competitive common grassland species and the homogenisation of 
community structures (Mariotte et al., 2013).

intensity. This suggests a large-scale validity of processes that influenced changes in 
Nardus grasslands of Western and Central Europe.
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This study is based on the local-scale investigations of Peppler-
Lisbach and Könitz (2017), who detected long-term changes in 
Nardus grasslands in a small study area in Central Germany (Fulda–
Werra Bergland). Eutrophication effects were revealed, but no 
acidification, during the time span of the re-survey and indeed in-
dications were found of recovery from acidification. For the present 
study, we aimed to upscale findings from the local to a regional scale 
by considering and adding data from a second re-survey study from 
the Continental biogeographic region. Moreover, we aimed to de-
tect common trends and spatial patterns between changes in depo-
sition, soil parameters, and species composition, to gain insights into 
causal relationships between spatially explicit changes in N and S 
deposition regimes and vegetation change via environmental fac-
tors. Accordingly, we hypothesise that there have been considerable 
changes in N and S deposition rates between the initial survey and 
the re-survey in both study regions. As a result, we expected that 
changes in ecosystem-relevant depositions influenced changes in 
soil conditions, which can be identified exemplarily by a decrease in 
C:N ratio and an increase in soil pH, as indications for eutrophication 
and recovery from acidification, respectively. Hence, we assumed 
that both changes in soil chemical drivers and possible changes in 
management would have induced significant changes in vegetation 
composition of Nardus grasslands, not only within but also across 
regions. This would confirm recently observed long-term vegetation 
changes having a consistent pattern across regions, and would sup-
port a cross-territorial consistent recovery trend from acidification 
as reported by Rose et al. (2016) and Mitchell et al. (2018) from the 
Atlantic biogeographic region.

2  | METHODS

2.1 | Study regions

The study regions (Fulda–Werra Bergland, FWB, and Rhön 
Mountains, RHN) are parts of the East Hesse Highlands in the Central 
German low mountain range and are about 100 km apart from each 
other. Both areas have a bedrock predominantly built of Triassic 
sandstone, which is locally (FWB) or dominantly (RHN) covered by 
Tertiary basalt. The elevation of the study plots varies from 230 m 
to 720 m a.s.l. (FWB) and 570 m to 940 m a.s.l. (RHN). The climate is 
sub-oceanic, with a mean annual precipitation of 650–1,000 mm and 
a mean annual temperature of 5–9°C (Klink, 1969; Bohn et al., 1996).

2.2 | Data collection

2.2.1 | Vegetation surveys

The study is based on a re-survey of vegetation plots of Nardus 
grasslands (Nardetalia strictae, Violion caninae) (Peppler-Lisbach & 
Petersen, 2001). Plots (97 in total) were initially surveyed in 1971 by 
von Borstel (1974) (n = 10, RHN) and in 1986/87 (n = 87; RHN: 27, 

FWB: 60) by Peppler (1992), respectively. The plots in each of the 
study regions were re-surveyed in 2012 (FWB) and 2014/15 (RHN) 
and could be re-localized to a precision of five to ten meters. Plot 
sizes were taken from the initial surveys and varied between 6 m2 
and 50 m2 (mean 23.6 m2, SD 8.2 m2). Woody plant specimens with 
a height between 0.5 m and 5 m were assigned to the shrub layer, 
those >5 m to the tree layer. To eliminate influences of direct fertili-
sation and succession, we excluded re-survey plots in RHN that had 
experienced agricultural intensification, and plots that experienced 
advanced, undisturbed, secondary succession since the initial sur-
vey (i.e. shrub/tree layer >60% cover). Hence, all remaining plots are 
either within protected areas or managed according to agri-environ-
ment schemes without fertilisers. Species cover/abundance values 
were harmonised on the standard Braun-Blanquet scale (r, +, 1–5). 
The plots can be classified as “quasi-permanent plots” (Kapfer et al., 
2017), as they were not permanently marked but could be re-local-
ized using precise hand-drawn maps and geographical coordinates. 
The recommendations of Kapfer et al. (2017) to reduce the inherent 
error in this source of re-surveyed data were followed.

2.2.2 | Soil sampling and analysis

Mixed soil samples of the upper 0–10 cm (auger diameter 5 cm, 
taken from three sample points) were collected during the re-survey. 
Samples were thoroughly mixed to ensure homogeneity and were 
sieved to <2 mm for further processing. Soil pH was measured elec-
trometrically in deionised water (relevés of Peppler, 1992) and 1 N 
KCl solution (relevés of von Borstel, 1974). To examine the C:N ratio 
(CN), the total C and N content of all soil samples was analysed using a 
CN element analyser (vario MAX CHN; Elementar Analysensysteme 
GmbH, Langenselbold, Germany and Flash EA 2000; Thermo Fisher 
Scientific, Dreieich, Germany).

2.2.3 | Data on sulphur and nitrogen deposition

Deposition rates for both study regions were extracted for each plot 
from national modelling studies of airborne N (NHy, NOx, Ntotal) and 
S (SOx) pollution between 1987 and 2007, with a spatial resolution 
of 1 km × 1 km (Gauger et al., 2000, 2002; Gauger & Kölbe, 2008; 
Gauger, 2010). Our plots were situated within 40 different grid cells 
(FWB: 21, RHN: 19). These modelled data are, nationwide, the only 
available data on N and S deposition in Germany that cover both 
study regions in the relevant period of comparison. Earlier modelled 
or measured data, to provide cumulative deposition rates prior to the 
initial survey, were not available.

2.3 | Data analysis

Vegetation relevés were taxonomically harmonised. For doing 
so, some taxa had to be merged to aggregates (Alchemilla vulgaris 
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agg., Festuca ovina agg. [including the character species Festuca 
filiformis], and Ranunculus polyanthemos agg.). Species were as-
signed to species groups according to three criteria (Appendix S1). 
Sociological groups based on their occurrence in certain syntaxa 
were:

• Character species (C, Nardetalia specialists in open habitats 
including heathland species according to Peppler-Lisbach & 
Petersen, 2001)

• Other low-productive grassland species (D, species of anthro-
po-zoogenic heathlands/grasslands according to Ellenberg et al., 
2001 with an Ellenberg N indicator value of <4)

• Species of agricultural grasslands (G, species of anthropo-zoo-
genic heathlands/grasslands and an Ellenberg N indicator value of 
≥4)

• Species of fallows (F, species of forests, forest clearings and 
fringes according to Ellenberg et al., 2001, including trees and 
shrubs)

Functional groups consist of graminoids (Poaceae, Cyperaceae, 
and Juncaceae) and forbs (all other herbaceous, non-graminoid spe-
cies). Ecological groups were defined according to species Ellenberg 
R and N indicator values: nutrient indicators (N > 5), basiphytic 
low-nutrient indicators (N < 4 and R > 5) and acidophytic low-nu-
trient indicators (N < 4 and R < 4). For each sociological and eco-
logical species group, species numbers and cumulative cover were 
calculated for all the 194 initial and re-survey relevés. For functional 
groups, we calculated the proportional richness and cover in relation 
to all species (trees and shrubs excluded), and the grass:forb ratio. 
For quantitative analyses of species cover values, original Braun-
Blanquet cover codes were transformed to percentage values. For all 
relevés, cover-weighted and unweighted (presence/absence) mean 
indicator values were calculated.

We derived the differences for all variables (v, i.e. species num-
bers, cumulative cover, environmental variables) between the initial 
survey (t1) and the re-survey (t2) as Δv = v(t2) − v(t1). To quantify 
changes in deposition rates, we averaged deposition rates for the 
modelling period 1987–1989 (representing t1) and 2005–2007 (rep-
resenting t2). ΔSOx, ΔNHy and ΔNOx were calculated accordingly. 
General trends in Δv were tested by one-sample Wilcoxon tests 
(equivalent to a paired two-sample Wilcoxon test, package “exac-
tRankTest” Hothorn & Hornik, 2017). To test for differences between 
study regions, we used two-sample exact Wilcoxon tests on Δv and 
with study region as the grouping variable. Changes in soil variables, 
management, richness, and species groups were tested for the plot-
based dataset with 80 ≤ n ≤ 97, depending on data availability.

To test for effects of environmental drivers and study regions, 
we calculated linear regression models for Δv as the dependent vari-
able and differences in soil variables (ΔpH, ΔCN), changes in man-
agement (ΔM, three categories: xF [continuously or recently fallow, 
reference category], FM [t1: fallow, t2: managed], MM [t1: managed, 
t2: managed]), elevation (m a.s.l.), and study region as predictor vari-
ables. To improve normality, dependent variables were Box–Cox 

transformed prior to the analyses. The selection of variables was by 
stepwise selection based on the Bayesian Information Criterion.

To analyse the effects of changes in N and S deposition on species 
composition, we pooled plot values (vegetation data, soil variables, 
management) per grid cell to account for pseudo-replication caused 
by plots situated within the same grid cell of the deposition data set 
(n = 40). As pooled values per grid cell, we used means (Δcover, ΔpH, 
ΔCN), medians (Δpresence/absence), or the management category 
(∆M). Median ∆presence/absence values of 0.5/−0.5 were assigned 
to 1 and −1, respectively, to re-transform data to integer values.

As a complementary approach to test for effects of drivers (ΔpH, 
ΔCN, ΔM, ΔSOx, ΔNHy, ΔNOx) and study area on the entire species 
composition, we employed redundancy analyses (RDA) of species 
differences (Δsqrt[cover] or Δpresence/absence) and tested with 
permutation tests (R package “vegan,” Oksanen et al., 2015. These 
analyses were performed at the plot level (n = 80), or, when including 
deposition changes, with the pooled dataset (n = 40). For deposition 
variables, we conducted single-variable RDAs with study area as the 
first constraining variable, the relating deposition change variable as 
the second constraining variable and, additionally, their interaction 
with study region. Study region was taken as the first constraining 
variable to partial out local differences in species composition that 
could have been caused by other study region-specific factors.

For all statistical analyses that included soil and structural vari-
ables, the number of observations varied with the availability of 
reference data and can be found in the results tables. All statisti-
cal analyses were conducted with the statistical software R 3.6.1 (R 
Core Team, 2017). The nomenclature follows the German taxonomic 
reference list (GermanSL version 1.3) of Jansen and Dengler (2008).

3  | RESULTS

3.1 | Changes in management

Contrary to the generally high number of abandoned plots of the 
initial survey, with 58 (i.e. 60%) fallow plots, at the time of the re-
survey, most plots (80, i.e. 82%) were managed (Table 1). Only three 
plots in the RHN and none in the FWB had been abandoned after 
the first survey. Concerning management type, mowing was realised 
in 77% and grazing in 33% of all managed plots in the initial sur-
vey. This proportion changed due to an increase of grazed plots to 
63% and 37%, respectively, in 2012–2015. At that time, plots were 
managed either by late mowing (August or September) or by low-
intensity grazing. Unfortunately, there was no consistent informa-
tion available about the management of the plots between the two 
surveys and, in particular, about exact dates of re-introduced man-
agement on initially fallow plots.

Management change (ΔM) was translated into three categories: 
17 plots were categorised as xF (i.e. fallow or managed in 1971–1987, 
fallow in 2012–2015), 36 as MM (managed in both periods), and 
44 as FM (fallow-managed). The ΔM categories had an uneven al-
titudinal distribution (ANOVA: F2,94 = 13.18, p < 0.001), with MM 
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concentrated at high elevations (mean 732 m a.s.l., SD 172 m a.s.l.), 
FM at intermediate elevations (mean 558 m a.s.l., SD 143 m a.s.l.) and 
xF at low elevations (mean 530 m a.s.l., SD 223 m a.s.l.). However, 
only the difference between MM and the other two ΔM classes was 
significant (Scheffé test: p < 0.001).

3.2 | Changes in sulphur and nitrogen depositions

Across both regions, there was a drastic decline in SOx deposition 
between 1987 and 2007 in both regions (Table 2, Appendix S2), 
while NHy and Ntotal increased at the same time, albeit less promi-
nently. In contrast to NHy, NOx decreased slightly over time, with 
no significant change in FWB. Although decreases in SOx and in-
creases in NHy were significant in both regions, there were marked 
differences in quantities. The reduction in SOx was greater in RHN, 
whereas the increase in NHy was greater in FWB. The NHy:NOx ratio 
increased considerably in both regions, with no difference across 
the regions. Hence, the net increase in Ntotal for the regions can be 

attributed solely to the increase in NHy. Changes in deposition rates 
of all components showed a highly significant negative correlation 
with elevation (ΔSOx: rp = −0.92, ΔNHy: rp = −0.67, ΔNOx: rp = −0.89 
and ΔNtotal: rp = −0.82, all p < 0.001). Thus, within the re-survey 
period there were stronger declines of deposition rates at lower el-
evations than at higher elevations. ΔNHy:NOx was, however, not cor-
related with elevation (rp = 0.10, p = 0.56).

3.3 | Changes in pH and C:N ratio, mean indicator 
values and vegetation structure

Across both regions, we found an increase in soil pH and a decrease 
in CN (Table 3). However, the increase in pH was only statistically sig-
nificant in FWB and not in RHN. ∆pH was negatively correlated with 
the initial pH (r = −0.59, p < 0.001, n = 94). CN decreased in 52 of 80 
plots, resulting in a decline in both regions. These changes coincide 
with general increases in mean R and N indicator values (Table 3). 
Out of 97 plots, 78 plots showed an increase in mean Ellenberg N 
values and 68 plots an increase in mean Ellenberg R values. This 
trend occurred across regions, although increases of presence/ab-
sence-based mean R and N were not statistically significant in RHN. 
There were increases in cover of the shrub and moss layer, with a 
significant difference between the regions, but we found no overall 
change in the herb layer cover across regions (Table 3). Trends of 
shrub and herb layers were different between regions: In FWB there 
was an increase in shrub and herb layer cover, whereas the shrub 
layer remained stable and the herb layer decreased in RHN.

3.4 | Changes in total species richness and 
species groups

We did not detect significant changes in total species richness. 
This also applies to the richness of vascular plants and bryophytes 
when analysed separately (results not shown). However, we de-
tected overall qualitative and quantitative changes in almost every 

TA B L E  1   Management changes between time periods and 
regions (FWB: Fulda–Werra Bergland, RHN: Rhön Mountains)

Management
Management 
change 
category

Region

n1971–1987
2012–
2015 FWB RHN

Fallow Fallow xF 13 1 17

Mown Fallow xF 0 2

Grazed Fallow xF 0 1

Fallow Mulched FM 1 0 44

Fallow Mown FM 15 4

Fallow Grazed FM 21 3

Mown Mown MM 6 19 36

Mown Grazed MM 1 2

Grazed Mown MM 2 3

Grazed Grazed MM 1 2

TA B L E  2   Deposition rates of SOx, NHy and NOx across regions (overall) and within regions (FWB: Fulda–Werra Bergland, RHN: Rhön 
Mountains)

(a) Means (b) Differences n

Overall FWB RHN

Δoverall ΔFWB ΔRHN FWB:RHNt1 t2 t1 t2 t1 t2

SOx 21.1 8.0 17.7 8.3 24.8 7.6 ↓*** ↓*** ↓*** *** 40/21/19

NHy 8.7 12.5 7.7 12.2 9.7 12.7 ↑*** ↑*** ↑*** *** 40/21/19

NOx 10.7 10.2 10.1 10.2 11.4 10.1 ↓*** – ↓*** *** 40/21/19

Ntotal 19.4 22.6 17.8 22.5 21.1 22.8 ↑*** ↑*** ↑*** *** 40/21/19

NHy: NOx 0.8 1.2 0.8 1.2 0.9 1.3 ↑*** ↑*** ↑*** ns 40/21/19

Notes: (a) Means for 1987 (t1) and 2007 (t2), and (b) results of exact Wilcoxon tests: one-sample tests on ΔSOx, ΔNHy, ΔNOx and FWB:RHN: two-
sample tests on differences between regions. ↑ or ↓ indicate trends of change, while – indicates no change. Significance levels are indicated by: 
*p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant. n, number of plots (overall/FWB/RHN). See Appendix S2 for detailed results.
Units: SOx: kg S/ha a−1; NHy, NOx, Ntotal: kg N/ha a−1
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species group (Table 4). Regarding sociological groups, character 
species and other low-productive grassland species declined in 
number and abundance, whereas species of agricultural grass-
lands and fallows showed an overall increase. The latter groups in-
creased significantly only in FWB. Other low-productive grassland 
species declined in cover only in RHN, but not in FWB. For ecolog-
ical groups, there was a general increase of nutrient indicators and 
a significant decrease of acidophytic and basiphytic low-nutrient 
indicators in both richness and cover. Regarding functional groups, 
graminoids decreased proportionally in cover but not in richness, 
whereas forbs increased both quantitatively and qualitatively. The 
grass:forb ratio showed a decrease across regions, but qualita-
tively only in RHN.

3.5 | Changes in individual species: 
winners and losers

A considerable number of species showed either a significant total 
increase (14 species) or a decrease (19 species) in frequency and/
or abundance (Appendix S4). Declining species mainly belonged 
to the groups of character species (e.g. Arnica montana, Danthonia 
decumbens, Nardus stricta, Calluna vulgaris) and other low-nutri-
ent indicators (e.g., Festuca ovina agg., Briza media, Thymus pule-
gioides, Carex panicea). Ellenberg R (mean 3.4) and N (mean 2.5) 
indicator values of decreasing species were low. Increasing species 

were notably those of agricultural grasslands (e.g. Holcus lanatus, 
Trifolium pratense, T. repens) or indifferent species (e.g. Taraxacum 
Sect. Ruderalia, Veronica chamaedrys, Rhytidiadelphus squarrosus) 
with higher Ellenberg R (mean 5.3) and N (mean 4.9) values. Only 
five species showed different changes between regions; four of 
them occurred only in either FWB or RHN, whilst Campanula ro-
tundifolia, which occurred in both regions, showed a significantly 
stronger decline in FWB than in RHN.

3.6 | Drivers of floristic change: regression models

The results of the regression models indicate which environmental 
variables had an influence on changes in species composition at the 
plot level (Table 5, Appendix S5). The most important predictor was 
ΔpH, which influenced most of the dependent variables positively. 
Only richness of graminoids was negatively related to ∆pH.

Contrary to our expectations, we found no effect of ΔpH on 
mean N indicator values, acidophytic low-nutrient indicators, char-
acter species, or on the grass:forb ratio. ΔCN had a minor influence, 
with a partially negative effect on graminoids. Ongoing abandon-
ment had a significantly positive effect on richness and abundance 
of fallow species. Region had no significant influence, except on the 
cover of character species, cover of other low-productive grassland 
species, cover of species of agricultural grasslands, and cover of 

TA B L E  3   Soil variables, Ellenberg indicator values and structural variables across regions (overall) and within regions (FWB: Fulda–Werra 
Bergland, RHN: Rhön Mountains)

(a) Means (b) Differences n

Overall FWB RHN

Δoverall ΔFWB ΔRHN
FWN: 
RHNt1 t2 t1 t2 t1 t2

Soil parameters

Soil pH 4.49 4.80 4.40 4.65 4.73 5.16 ↑*** ↑*** – * 94/58/36

Soil C:N ratio 14.06 13.42 14.65 13.85 12.55 12.30 ↓*** ↓*** ↓*** ns 80/51/29

Ellenberg indicator values

Mean R 
(cover-weighted)

3.01 3.57 3.01 3.43 3.00 3.92 ↑*** ↑*** ↑*** ns 97/60/37

Mean R (presence/ 
absence)

3.52 3.73 3.48 3.59 3.64 4.07 ↑*** ↑*** ↑· ns 97/60/37

Mean N 
(cover-weighted)

2.71 3.05 2.70 3.00 2.72 3.20 ↑*** ↑*** ↑*** ns 97/60/37

Mean N (presence/ 
absence)

2.94 3.30 2.90 3.20 3.07 3.55 ↑*** ↑*** ↑· ns 97/60/37

Structural variables

Cover shrub layer (%) 0.00 2.04 0.00 2.84 0.00 0.00 ↑*** ↑*** – * 87/60/27

Cover herb layer (%) 90.35 90.59 89.31 91.31 93.00 88.75 – ↑*** ↓*** *** 87/60/27

Cover moss layer (%) 23.01 43.65 19.98 36.94 30.75 60.75 ↑*** ↑*** ↑*** ns 87/60/27

Notes: (a) Means for initial survey (t1) and re-survey (t2) and (b) results of exact Wilcoxon tests: one-sample tests on differences of variables (Δv(t2 − t1)) 
and FWB:RHN: two-sample tests on differences between regions. ↑ or ↓ indicate trends of change, while – indicates no change. Significance levels 
are indicated by: ·, p < 0.1; *p < 0.05; **p < 0.01; ***p < 0.001; ns: not significant. n, number of plots (overall/FWB/RHN). See Appendix S3 for 
detailed results.
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TA B L E  4   Total species richness, richness, and cumulative cover of species groups across regions (overall) and within regions (FWB: 
Fulda–Werra Bergland, RHN: Rhön)

(a) Means (b) Differences

n

Overall FWB RHN

Δoverall ΔFWB ΔRHN
FWN: 
RHNt1 t2 t1 t2 t1 t2

Species richness

Total species richness 30.61 32.10 29.59 30.71 33.20 35.65 – – – ns 97

Sociological species groups

Richness of character 
species

9.13 7.52 9.16 7.86 9.05 6.65 ↓*** ↓*** ↓* ns 97/60/37

Cover of character species 82.77 62.41 75.00 66.22 102.60 52.70 ↓*** ↓* ↓*** ns 97/60/37

Richness of other low-
productive grassland 
species

8.32 7.10 8.10 6.84 8.90 7.75 ↓*** ↓*** ↓* ns 97/60/37

Cover of other low-
productive grassland 
species

36.14 31.90 33.68 36.59 42.40 19.95 ↓* – ↓*** *** 97/60/37

Richness of species of 
agricultural grasslands

6.80 9.04 6.33 7.92 8.00 11.90 ↑** ↑*** – ns 97/60/37

Cover of species of 
agricultural grasslands

32.55 44.58 33.14 48.86 31.05 33.65 ↑** ↑*** – *** 97/60/37

Richness of species of 
fallows

0.90 1.69 1.02 2.04 0.60 0.80 ↓*** ↓*** – * 97/60/37

Cover of species of fallows 2.80 6.14 2.73 7.88 3.00 1.70 ↓** ↓*** – ** 97/60/37

Ecological species groups

Richness of nutrient 
indicators

1.10 2.30 1.02 2.00 1.30 3.05 ↑*** ↑*** ↑** ns 97/60/37

Cover of nutrient indicators: 2.82 6.23 2.41 6.24 3.85 6.20 ↑*** ↑*** – ns 97/60/37

Richness of basiphytic low-
nutrient indicators

1.54 1.01 1.43 0.86 1.80 1.40 ↓*** ↓*** ↓* ns 97/60/37

Cover of basiphytic low-
nutrient indicators

4.68 3.28 4.53 3.37 5.05 3.05 ↓*** ↓** ↓** ns 97/60/37

Richness of acidophytic 
low-nutrient indicators

8.63 7.38 8.59 7.55 8.75 6.95 ↓*** ↓** ↓* ns 97/60/37

Cover of acidophytic low-
nutrient indicators

75.04 54.54 69.86 57.00 88.25 48.25 ↓*** ↓** ↓*** * 97/60/37

Functional species groups

Proportional richness of 
graminoides

0.43 0.40 0.44 0.43 0.40 0.33 ↓· – ↓· ns 97/60/37

Proportional cover of 
graminoids

0.58 0.53 0.57 0.54 0.60 0.50 ↓** ↓* ↓· ns 97/60/37

Proportional richness of 
forbs

0.51 0.56 0.49 0.53 0.55 0.64 ↑*** ↑** ↑** ns 97/60/37

Proportional cover of forbs 0.35 0.40 0.36 0.38 0.32 0.44 ↑** ↑* ↑** ns 97/60/37

Grass:Forb ratio (presence/
absence)

1.20 1.00 1.26 1.15 1.05 0.64 ↓* – ↓* ns 97/60/37

Grass:Forb ratio (cover) 2.72 2.13 2.49 2.18 3.31 2.03 ↓* – – ns 97/60/37

Notes: (a) Means for initial survey (t1) and re-survey (t2) and (b) results of exact Wilcoxon tests: one-sample tests on differences of variables (Δv(t2 − t1)) 
and FWB:RHN: two-sample tests on differences between regions. ↑ or ↓ indicate trends of change, while – indicates no change. Significance levels 
are indicated by: ·, p < 0.1; *p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant. n, number of plots (overall/FWB/RHN). See Appendix S3 for 
detailed results.
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acidophytic low-nutrient indicators. All these groups showed signifi-
cantly greater decreases in RHN than in FWB.

3.7 | Drivers of floristic change: redundancy analysis

Significant effects of ∆pH and ∆M on species composition (cover-
weighted and presence/absence plot dataset with n = 80) were re-
vealed by the RDA models (with single predictive variables), whereas 
∆CN had no effect (Table 6). In most models, study region had a par-
tial effect on species composition, reflecting the different a priori 
species compositions of the two regions. However, study region had 
no additional effect on presence/absence data of species when ΔM 

was the constraining variable. An interaction effect with study re-
gion was found only for ΔM in cover-weighted species data.

Based on these results, we calculated the minimal adequate mul-
tiple RDA models on cover-weighted and presence/absence species 
data, which included both ∆pH and FF (as the only significant factor 
level of ΔM) as constraining variables and study area as condition-
ing variable. In both ordinations, axis 1 reflects species composition 
shifts connected to changes in soil pH, and axis 2 composition shifts 
connected to management changes, which were, however, mainly 
restricted to FWB (Appendix S6). Species arrows and correlations 
with species group changes indicate a positive response of nutrient 
indicators and/or basiphytes (e.g., Plantago lanceolata, Rumex ace-
tosa, Thymus pulegioides) to increasing pH, and a negative response 

TA B L E  5   Multiple linear regression models of environmental change drivers (ΔpH, ΔCN, management change, ΔM) and region on 
changes in species composition at the plot scale

R2 ΔpH ΔCN ΔM: FM ΔM: MM RHN

Ellenberg indicator value

Δmean R value (cover-weighted) 0.16*** ↑***

Δmean R value (presence/absence) 0.24*** ↑***

Δmean N value (cover-weighted) ns

Δmean N value (presence/absence) ns

Species richness

∆total richness 0.20*** ↑***

Sociological species groups

Δrichness of character species ns

Δcover of character species 0.14** ↓**

Δrichness of other low-productive grassland species 0.29*** ↑***

Δcover of other low-productive grassland species 0.20*** ↑*** ↓***

Δrichness of species of agricultural grasslands 0.15*** ↑***

Δcover of species of agricultural grasslands 0.14** ↑** ↓*

Δrichness of species of fallows 0.12** ↓**

Δcover of species of fallows 0.19*** ↓** ↓***

Ecological species groups

Δrichness of nutrient indicators 0.08* ↑*

Δcover of nutrient indicators ns

Δrichness of basiphytic low-nutrient indicators 0.21*** ↑***

Δcover of basiphytic low-nutrient indicators 0.09** ↑**

Δrichness of acidophytic low-nutrient indicators ns

Δcover of acidophytic low-nutrient indicators 0.11** ↓*

Functional species groups

Δproportional richness of graminoids 0.14** ↓** ↓*

Δproportional cover of graminoids 0.07** ↓*

Δproportional richness of forbs 0.12** ↑**

Δproportional cover of forbs 0.08** ↑**

Δgrass:forb ratio (presence/absence) ns

Δgrass:forb ratio (cover) ns

Notes: R2 and overall significance level of the model. RHN: region Rhön Mountains in contrast to region FWB, ΔM categories: fallow to managed (FM) 
and continuously managed (MM) in contrast to fallow. ↑ or ↓ indicate trends of regression coefficients. Significance levels are indicated by: ·, p < 0.1; 
*p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant. See Appendix S5 for detailed results.
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of acidophytic species (e.g., Nardus stricta, Vaccinium myrtillus, acido-
phytic bryophytes). Woody species, Molinia caerulea and Galeopsis 
tetrahit, increased on fallow sites, whereas many low-productive 
grassland species declined.

3.8 | Effects of sulphur and nitrogen deposition on 
environmental variables and species composition

Regression analyses showed no significant effects of S or N deposi-
tion changes (ΔSOx, ΔNHy, ΔNOx) on pooled ΔpH and ΔCN (results 
not shown). In the RDAs, none of the deposition change variables 
showed additional effects on cover-weighted species change when 
study area was the first constraining variable (Table 6). In contrast, 
we found significant effects of ΔNHx and, though less pronounced, 
ΔSOx for the presence/absence species change, irrespective of 
study region. For ΔNOx, an interaction effect was detected indicat-
ing that the effect on species composition was restricted to one of 
the regions (i.e. RHN).

To combine effects of soil and deposition change (ΔpH and 
ΔNHy), while taking into account other factors that influence spe-
cies composition and the deposition regime, we calculated a mul-
tiple RDA model for presence/absence species data with ΔpH and 
ΔNHy as constraining variables and ΔM, elevation and study region 
as conditioning variables. The ordination diagram indicates the flo-
ristic pattern reflecting the influence of NHy change (Appendix S6). 
We interpret the first axis as a combined eutrophication effect of 

ΔpH and ΔNHy, with negative axis 1 scores linked to increasingly 
occurring nutrient-demanding species, a higher proportion of forbs, 
and increasing mean N and R indicator values. Character species and 
acidophytes react in the reverse manner. Axis 2 summarises remain-
ing contrasting effects of both predictor variables, which probably 
reflect local acidification effects of NHy. This component corre-
sponds to a local spatial windward/leeward pattern of the plots in 
the Rhön Mountains, with more wind-exposed plots in the north-
western part (high axis 2 scores) and leeward southwestern plots 
(low axis 2 scores).

4  | DISCUSSION

Our results indicate strong eutrophication and less acidic condi-
tions of Nardus grasslands in parts of the Continental biogeographic 
region over the past decades. In the vegetation, eutrophication 
was indicated by increased N indicator values (changes in means, 
increase in proportion of nutrient indicators, decrease in low-nu-
trient indicators) and a decrease in CN. The vegetation response to 
less acidic conditions, indicated by the increase in soil pH, was an 
increase in mean R indicator values and a decline of acidophytes. 
Consistently in both regions, ∆pH was seen to be the most im-
portant predictor for changes in total species richness and spe-
cies composition on the one hand, particularly for the increase of 
forbs, basiphytes, and species of agricultural grasslands, and on 
the other hand the decrease of graminoid richness. Unexpectedly, 

P (v) P (SR)
P 
(v:SR)

Total 
variance

Constrained 
variance %-explained

(a) Changes in soil parameters and management (plot dataset, n = 80)

Cover-weighted species data

ΔpH 0.002 0.001 0.176 139.68 10.24 7.33

ΔCN 0.589 0.001 0.102 139.68 8.03 5.75

Δmanagement 0.003 0.005 0.010 139.68 14.34 10.26

Presence/absence species data

ΔpH 0.001 0.003 0.113 24.62 1.55 6.30

ΔCN 0.918 0.004 0.692 24.62 1.01 4.09

Δmanagement 0.006 0.123 0.288 24.62 1.89 7.67

(b) Changes in deposition (grid cell-pooled dataset, n = 40)

Cover-weighted species data

ΔSOx 0.091 0.001 0.208 139.68 8.58 6.14

ΔNHy 0.130 0.001 0.081 139.68 8.72 6.24

ΔNOx 0.152 0.001 0.002 139.68 9.04 6.47

Presence/absence species data

ΔSOx 0.004 0.036 0.300 24.62 1.23 4.98

ΔNHy 0.003 0.007 0.481 24.62 1.25 5.07

ΔNOx 0.003 0.052 0.006 24.62 1.39 5.64

Notes: (a) Soil parameters and management change and (b) deposition data. Given are the results (p 
values, significant values with p < 0.05 set in bold) of permutation tests on additional effects of the 
respective variable (v), effects of the study region (SR), and interactions.

TA B L E  6   Results of single-variable 
RDA models of cover-weighted and 
presence/absence species data including 
interaction with study region
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the significant decline of character species was not related to 
∆pH, neither within nor across regions. Instead, the decline of 
character species for plots in FWB was related to a reduced fer-
mented organic matter (Of) layer of the top soil (Peppler-Lisbach 
& Könitz, 2017).

There are several possible causes for eutrophication effects. 
Direct fertilisation can be ruled out in our study, because all plots 
were either situated within nature reserves, and therefore man-
aged without fertilisation, or fallow. Therefore, other reasons 
must be taken into account. We see three potential drivers for 
eutrophication: firstly, increased airborne N deposition; secondly, 
reduced SOx deposition with subsequent changes in nutrient 
availability in soils; and, thirdly, reduced management intensities 
with processes of auto-eutrophication and insufficient nutrient 
removal.

The increase of airborne N deposition can be a possible source 
of eutrophication in Nardus grasslands, since total N deposition ex-
ceeded the critical loads for this grassland type (10 to 20 kg N ha−1 
a−1), at which the community is expected to lose its stability 
(Bobbink & Hettelingh, 2011). However, high N deposition rates 
cannot explain the significant increase in soil pH. On the contrary, 
increased N deposition should theoretically lead to further acidi-
fication by decreasing pH values (Stevens et al., 2011). This is par-
ticularly true for NHy depositions, which increased across regions 
during the past decades. Expected changes in species composition 
would be an increase of acid-tolerant species and a decline of spe-
cies adapted to moderately acid to neutral soils, e.g., many species 
of agricultural grasslands (Stevens et al., 2011). Our findings show, 
however, the opposite picture: according to the increased soil pH, 
sites became more favourable for species of agricultural grass-
lands with higher R and N indicator values, while acidophytic spe-
cies and low-nutrient indicators declined. The relevant driver for 
recent changes in soil pH is hence the decrease in SOx deposition 
rates, particularly as there is a strong correlation between atmo-
spheric acid depositions and topsoil pH (Stevens et al., 2009; Kirk 
et al., 2010). Several other studies reported effects on soil prop-
erties of declined SOx deposition rates in Europe since the 1990s, 
and more recently on species composition of semi-natural grass-
lands (e.g. Morecroft et al., 2009; McGovern et al., 2011). Changes 
in soil pH also result in changes in N availability and soil NH4:NO3 
ratio (Stevens et al., 2011). Stevens et al. (2011) predicted that with 
increasing soil pH, NHy inputs would be progressively converted 
into nitrate and thus favour N-demanding, acid-intolerant species 
like those from agricultural grasslands. Although nitrification pro-
cesses potentially bear the risk of soil acidification, increased pH 
values indicate that in our case, this process was overruled by de-
creasing SOx depositions and the soil buffering capacity. Following 
Rose et al. (2016), Peppler-Lisbach and Könitz (2017) and Mitchell 
et al. (2018), we suggest therefore that the changes observed 
during this study are governed significantly by recovery from acid-
ification due to decreasing SOx depositions. This interpretation 
would explain the combined pattern of decreasing acidification 
and eutrophication.

Contrary to our expectations, local patterns of changes in soil 
parameters were not related to local patterns of N and S deposition. 
However, we detected an effect of NHy and SOx deposition change 
on local patterns of floristic change in the RHN, which may also be 
the case for differences in floristic changes between FWB and RHN, 
as deposition rates changed differently between regions and across 
elevations. We were not able to separate deposition effects from 
other drivers differing between the study regions. Other studies 
covering a wider geographical range detected significant common 
patterns of N deposition and floristic change (Duprè et al., 2010). 
The reason for the relatively low influence of the local deposition 
change patterns in our study could be that the overall magnitudes 
of change in atmospheric deposition acted as a master factor that 
overcompensated local variations. Hence, deposition changes might 
have governed the general pattern of floristic changes, but can only 
poorly explain local differences (Damgaard et al., 2011).

Another factor that contributes to eutrophication is reduced 
management intensity supporting “auto-eutrophication,” i.e. the pro-
motion of tall-growing, N-demanding species with an internal nutri-
ent cycling resulting in less nutrient losses through biomass removal 
(Leuschner & Ellenberg, 2017). The lack of detailed information on 
temporal management changes between the two surveys, and the 
unbalanced design, limit the interpretation of inter-correlations be-
tween management history and vegetation change. Nevertheless, 
on fallow sites we can confirm that fallow indicator species were fa-
voured and that small herbaceous species declined accordingly. This 
pattern has been reported in several studies of secondary succes-
sion in Nardus grasslands (Schwabe et al., 2019). Interestingly, fallow 
species not only increased in fallow plots, they were still present in 
former fallow plots in which management had been re-established 
prior to the re-survey. This could be due to legacy effects of the 
fallow period that were still detectable despite the re-introduced 
management (Arens & Neff, 1997; Hansson & Fogelfors, 2000), or, 
alternatively, to insufficient suppression of fallow species by cur-
rent late and low-intensity management (Schiefer, 1982; Scheidel 
& Bruelheide, 2004). Generally, we have no indication of mediating 
effects by management on the identified soil and vegetation change, 
which indicates that the deposition-related drivers and management 
act rather independently.

The results show widely consistent long-term changes in Nardus 
grasslands across our study regions and confirm the local-scale 
findings of Peppler-Lisbach and Könitz (2017). We were hardly able 
to detect any contrasting results, except that total herb cover in-
creased in FWB but decreased in RHN. Differences in quantity or 
significance between regions relate mainly to changes of some so-
ciological species groups. For example, changes in the species of 
agricultural grasslands might not have been significant in RHN be-
cause some sociologically indifferent taxa with a significant increase, 
such as Taraxacum sect. Ruderalia or Veronica chamaedrys, were not 
classifiable to this group. Moreover, an unbalanced distribution of 
management change classes was mainly responsible for differing sig-
nificance between study regions. At the species level, most species 
with significant changes displayed the same trend in both regions, 
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and significant differences could largely be explained by the lack of 
the relevant species in the species composition in one of the study 
regions. The fact that pH did not increase significantly in RHN fits 
in the general pattern that soils with high initial pH show a less pro-
nounced pH recovery than more acidic soils (Kirk et al., 2010), which 
were more frequent in FWB. Moreover, the RHN plots included a 
few plots with organic soils, which tend to show a weak pH recovery 
due to a lack of weatherable minerals (Kirk et al., 2010).

Generally, a minimum level of inaccuracy in re-surveying 
quasi-permanent plots cannot be entirely excluded, and minor 
variations between the regions could be linked to this method-
ological issue, although the re-localisation accuracy was similar in 
both study regions (Kapfer et al., 2017). However, the ecological 
consistency of the results suggests that a possible pseudo-turn-
over plays a minor role in our re-survey study (Ross et al., 2010; 
Verheyen et al., 2018).

In light of other European studies, our overall results across re-
gions suggest that changes in Nardus grasslands follow a general 
trend across Europe. The patterns of eutrophication and recov-
ery from acidification in the Continental biogeographic region are 
widely consistent with findings from the Atlantic biogeographic re-
gion (Stevens et al., 2011; Mitchell et al., 2018). However, beside at-
mospheric depositions, change in land use is still an important driver. 
Low management intensities seem to increase species losses and 
indirectly support eutrophication and the spread of grassland gen-
eralists (Rose et al., 2016). Conservation should therefore consider 
these corresponding drivers in defining their efforts and measures 
to counteract attested biodiversity losses.

5  | CONCLUSIONS

The findings of this study highlight the risk of eutrophication as a 
long-term, cross-territorial, threat for species-rich Nardus grasslands, 
which range from the Atlantic into the Continental biogeographic 
region of Europe. Furthermore, they illustrate that both changes in 
the deposition regime of air pollutants and in management have con-
tributed to species turnover. Due to the constantly high eutrophi-
cation pressure, appropriate management becomes a challenging 
issue. To compensate for N depositions and more favourable miner-
alisation conditions, measures such as regular management, earlier 
mowing dates, and moderately increased grazing intensities could 
become increasingly important. This underpins the importance of 
expanded conservation efforts to protect the high biodiversity of 
Nardus grassland under future global change (Stevens et al., 2016). 
Moreover, this study highlights the relevance of long-term data, in 
combination with re-surveys, to support a consistent understanding 
of environmental driver interactions and their impacts on biodiverse, 
semi-natural grasslands.
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