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A B S T R A C T   

Nature reserves are one of the most important instruments for biodiversity protection and to limit regional 
species extinctions. However, these functions can only be fulfilled if environmental influences from the sur-
roundings, such as agrochemical inputs do not negatively affect the protected habitats. 

Here, we compare the effectiveness of conservation measures under the influence of yield-optimized culti-
vation in Germany using vegetation analyses of transects from the edge to the core of protected areas at 21 sites. 
By analysing nitrogen and phosphate deposition, herbicide number and concentration in soil and vegetation as 
well as Ellenberg indicator values of plant communities as a function of the distance from the field margin at each 
site, we aimed at assessing the impact of these stressors in different environmental settings. 

The results indicate strong chemical edge effects and negative influences for plant communities resulting from 
increased nutrient input and amounts of herbicide residues closer to the edge of the agricultural fields. 
Concordantly, the number of endangered plants species decreased with increasing proximity to the field edge. 
The strong influence of yield-optimized cultivation on the edges of nature reserves which decrease with distance 
show that nature protection needs effective buffer zones surrounding conservation areas, especially if nature 
reserves are only small and narrow. To prevent spill-over effects the application of fertilizer and herbicides on 
croplands adjacent to conservation areas has to be reduced. This could be achieved most effectively through 
organic farming and targeted agricultural subsidies.   

1. Background 

Agricultural practices such as fertilisation and pesticide application 
reduce plant diversity on fields to optimise crop yield (Sullivan and 

Sullivan, 2003; Manning et al., 2008; Aktar et al., 2009; Krauss et al., 
2011). But many of these used substances can be found farther from the 
applied area and even new combinations of substances with unknown 
effects can occur due to manifold and uncoordinated practices in the 
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vicinity (Geissen et al., 2021; Kruse-Plaß et al., 2021). In Germany, a 
total of 11,033 km of farmland border nature reserves, which are often 
only small and narrow, scattered patches in the landscape anyway. 
These highly patchy conservation areas should serve as last refuges of 
biodiversity and for the protection of fauna and flora (Eichler et al., 
2022). 

In order to improve or maintain the protective status of these areas, 
management plans are mandatory for all nature reserves, set by the 
European system of protected areas, Natura 2000 (Commission of the 
European Communities, 1992). Unfortunately, a clear structure to these 
management plans has not yet been implemented. Many German nature 
reserves lack a management plan or the ones at hand are outdated. 
Nature conservation and science criticise the lack of personnel and 
structural capacities of the nature conservation authorities to check the 
reported plant protection measures in and around nature conservation 
areas and to enforce provisions by regulatory law (Leopoldina et al., 
2018; NABU, 2018). Agricultural practices like mowing, pasture grazing 
and cultivation are common in nature reserves and are meant to main-
tain highly endangered species, as part of contractual nature conserva-
tion and agri-environmental measures. 

In contrast on neighbouring land, the aim of the intensive use of 
fertilizers is to increase yield in agriculture. This use of fertilisers often 
causes an enrichment of nitrogen and other nutrients in soil with spill- 
overs into the protected habitats. Besides nitrogen, phosphorus is an 
important nutrient for plant growth and is added via fertilisers to 
improve crop yield. Phosphorus is limited in natural soils, and high ni-
trogen supply can only be used for metabolism if enough phosphorus is 
available (Vitousek et al., 2010). While phosphorus barely drifts from 
the source of application and is mostly transported by washout, applied 
nitrogen drifts more easily into adjacent areas. Especially endangered 
plant communities of protected habitats next to agricultural sites are 
often very sensitive to nutritional changes leading to shifts and losses in 
plant composition (DiTommaso and Aarssen, 1989; Bobbink et al., 1998; 
Kratochwil and Schwabe, 2008). The loss of endangered species in 
habitat types with low tolerance to changes in soil parameters is espe-
cially crucial (Harpole and Tilman, 2007). Cleland and Harpole (2010) 
highlight changes in dominance and rarity as well as shift in relative 
abundance of certain functional groups. Experiments and meta-analysis 
suggest that rare species are more likely to be lost with nitrogen and 
phosphorous enrichment because they tend to be weak competitors 
(Bedford et al., 1999; Suding et al., 2005; Xia and Wan, 2008). 

Besides fertilisers, pesticide application poses a critical threat for 
biodiversity. It is known that pesticides can be transported into sensitive 
areas by drift and long-distance transport. In Germany, a study analysed 
pesticide residues on a broad scale and concluded that the combination 
of different pesticides can be found almost everywhere, including nature 
reserves and urban areas (Kruse-Plaß et al., 2020). 

Here, we investigate the influence of agricultural practise on nature 
reserves and more specifically how changes of nutrient contents in soil 
and herbicides unintentionally drifted into conservation areas influence 
plant communities there. The project DINA (Diversity of Insects in Na-
ture protected Areas) examines 21 nature reserves across Germany that 
are in direct contact to agricultural production with arable land either 
included in, or at the border of the nature reserves (Lehmann et al., 
2021). A transect with 5 sampling points was established reaching from 
arable land (− 25 m from the edge between arable land and nature 
reserve) into nature reserves with approximately 25 m (0–75 m from the 
edge) distance between sampling locations to analyse influence of 
agricultural practices along a gradient. By comparing the present plant 
communities with nutrient contents (nitrogen and phosphorus), nutrient 
indices according to Ellenberg, herbicide numbers and concentrations, 
and soil textures we extrapolate the effects of agricultural practices and 
their impact on adjacent protected habitats within nature reserves. We 
hypothesise that influences such as elevated Ellenberg indicator values, 
nitrogen and phosphate levels, and herbicide residues are found at the 
boundary between nature reserves and agricultural use and extend into 

the protected area. As a result, we expect plant diversity to decrease 
depending on the degree of exposure. 

2. Material and method 

2.1. General setup 

For our investigations we selected 21 sites based on predefined se-
lection criteria e.g., grassland dominated habitat types with adjacent or 
integrated arable land, no streets crossing the transect, and the will-
ingness of key stakeholders to cooperate at the location (Lehmann et al., 
2021, for information on the locations check Supplement Table 1). The 
vast majority of the protected areas borders or includes arable land, with 
the exception of one grassland only (Wipperdurchbruch) and one vine-
yard area (Brauselay). 

Samples were taken at five points along the transect at intervals of 
approximately 25 m (Fig. 1A), starting with the first sample on arable 
land (− 25 m from the edge between nature reserve and arable land), the 
second sample at the border of the arable land and the protected area (0 
m from the edge) and three samples in the nature reserves at 25 m, 50 m 
and 75 m distance from the edge. At four of 21 locations, farmers 
withdrew their consent to sample on arable land (Supplementary 
Table 2). To gather the same number of samples, a second sample was 
taken at the edge (Fig. 1B) and classified both as part of the border 
category (0 m from the edge). Next to the Malaise traps two points, one 
on the left and one on the right side, were established to take soil and 
vegetation samples as well as screen the vegetation community 
(Fig. 1C). 

2.2. Plant diversity 

Along the selected transect lines, protected habitats according to the 
EU Flora Fauna Habitat Directive (Commission of the European Com-
munities, 1992) were identified. Furthermore, we recorded endangered 
plant communities as well as endangered biotope types according to the 
Red Lists for Germany (Finck et al., 2017). 

Vegetation surveys were carried out in 3.5 m × 3.5 m plots (Fig. 1C) 
adjacent to the Malaise traps between August 2019 and September 
2020. All vascular plants were recorded to species level as well as mosses 
and lichens. The taxonomic resolution was adjusted to equal the listing 
for the indicator value for nutrients (Ellenberg et al., 2001). Coverage 
was recorded according to the semi-quantitative method by Braun- 
Blanquet (1964) modified after Barkman in Reichelt and Wilmanns 
(1973). Indicator values reflect certain criteria based on the composition 
of plants. Each plant is associated to certain values based on their needs 
and preferences. If the indicator values of the plants in a community are 
combined and their cover is taken into account, conclusions can be 
drawn about the existing nutrient supply. This can also be helpful in 
assessing which plant species may be facing challenges due to habitat 
changes. The advantage of using indicator values over laboratory mea-
surements is that they depict the long-term levels of nutrients and it 
resembles the natural occurrence of plant species within a community, 
and thereby including competition among plants. Here, we used the N 
value according to Ellenberg, where N stands for nitrogen, but repre-
sents the fertility of soil. 

We generated plant lists of the 21 nature protected areas along the 
five sampling points including information as Ellenberg indicator value 
for nutrients (Ellenberg et al., 2001) and red list status according to the 
national German red list of plants (Metzing et al., 2018) categorized as 2 
= highly threatened, 3 = threatened, V = near threatened. At 8 of 20 
locations, the Ellenberg indicator value for nutrients could not be 
determined on arable land as the number of non-crop plants was too 
low. 
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2.3. Soil parameters 

A total of 105 soil samples were taken from the sampling points at all 
21 sites to determine the nutrient content (N, P) and soil texture, with a 
distance of around 25 m between five consecutive samples per transect 
(Fig. 2). A total of 8 sub-samples were collected at around 4 m +- x m on 
the left side of every Malaise trap. The eight sub-samples were mixed 
and sieved with a 2 mm × 2 mm sieve, roots and stones were removed 
and the samples were dried in a freeze-dryer for at least 48 h. These 
samples were sub-samples and sent to the Agricultural Investigation and 
Research Institute Speyer (LUFA Speyer) for analysis of soil parameters 
and for pesticide analysis. Standardised protocols were used to deter-
mine the nitrogen and phosphate content as well as the soil texture 
(VDLUFA, 1997). By heating the soil samples in an oxygen gas stream to 
at least 900 ◦C, oxidation and/or volatilisation of the mineral and 
organic nitrogen components were induced. After subsequent reduction 
of the gas stream, the elemental nitrogen was determined by thermal 
conductometry (VDLUFA, 2012). Phosphate was extracted with an 
acidic solution of calcium acetate, calcium lactate and acetic acid buff-
ered to pH 4.1 from air-dry soils, with subsequent photometrically 
determination and a correction factor for low phosphate levels in carbon 
rich soils (VDLUFA, 2012). The soil textures were determined by the 
hand-feel method (VDLUFA, 1997). 

2.4. Statistical analysis 

The statistical analysis was conducted using Rx64 4.0.1 (R Core 
Team, 2019). The package “mgcv” was used to run generalized additive 
models (GAM) to analyse the effect of Ellenberg indicator values for 
nutrients, nitrogen and phosphate concentration in soil, herbicide 
number and concentration in soil and in the vegetation, and soil textures 

on either plant species richness or species richness of red listed plants, 
and the 21 sites as random effect, fitted with the Restricted Maximum 
Likelihood (REML) method (Wood, 2011, 2017). 

3. Results 

At a total of 21 sites, arable land (− 25 m from the edge between 
nature reserve and arable land) had in median four plant species within 
3.5 m × 3.5 m plots, which is a significantly lower species richness than 
at the border (0 m distance from the edge) and inside the protected 
habitats (25–75 m distance from the edge), with medians of 15 to 17 
plant species (Fig. 3A, Kruskal-Wallis test: χ2 = 21.76, df = 4, P < 0.001, 
see Supplementary Table 3 for full statistical treatment, including the 
post-hoc tests). 

Similarly, the cumulative plant species number of 122 across all sites 
was highly significantly lower on arable land compared to 170–180 
species in the nature protected habitats (Supplementary Table 2). The 
richness of endangered species was found to increase from − 25 m to 75 
m from the edge. While on arable land (− 25 m from the edge) an overall 
number of 10 red list species were detected, the number of endangered 
species increased from 23 (0 m from the edge) to 44 species (75 m from 
the edge) (Fig. 3B, Kruskal-Wallis test: χ2 = 16.94, df = 4, P = 0.002). 

The nitrogen content in soil, had similar values within the nature 
reserves (0–75 m from the edge), but was significantly lower on arable 
land (Fig. 3D, Kruskal-Wallis test: χ2 = 18.76, df = 4, P = 0.001). In 
sharp contrast, one direct (soil phosphate content) and one indirect 
nutrient indicator (Ellenberg indicator value) show the reverse, with 
values on arable land (− 25 m from the edge) and borders (0 m from the 
edge) significantly higher compared to values inside the nature reserves 
(25–75 m from the edge) (Fig. 3C, E). Furthermore, the Ellenberg indi-
cator value shows a gradual, distance dependent influence, as its value is 

Fig. 1. A) Setup of five Malaise traps (MT) in a transect line, starting with MT 1 in the agricultural land and MT 5 farthest into the nature protected area. B) Snapped 
off transect with MT 1 and 2 at the border to the agricultural land. C) Vegetation survey in proximity to the Malaise trap. 

Fig. 2. Schematic overview of sampling sites. For the combined effort to trap insects, five Malaise traps (MT) were established along a transect with 25 m distance 
between each trap. In some cases, we used a greater or shorter distance due to local conditions. On the left side of each trap, eight sub-samples of soil and vegetation 
were collected for analysis of pesticides (including herbicides), nutrients, and soil textures. Plant diversity was taken on the right side of each trap. 
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still increased into the nature reserves. 
Significantly higher numbers of active molecules and higher con-

centrations of herbicides in soil samples were recorded on arable land 
and at the border (− 25–0 m from the edge) compared to the protected 
areas (25–75 m from the edge) (Fig. 3F, absolute numbers Kruskal- 
Wallis-test: χ2 = 46.16, df = 4, P < 0.001, Fig. 3G, concentrations 
Kruskal-Wallis-test: χ2 = 50.89, df = 4, P < 0.001). No statistically 
significant difference in numbers and concentrations of herbicides was 
observed in vegetation samples (Fig. 3H, Kruskal-Wallis-test: χ2 = 2.07, 
df = 4, P = 0.723; Fig. 3I, Kruskal-Wallis-test: χ2 = 1.24, df = 4, P =
0.872). 

As the general trends are clearly visible from the pooled data (Fig. 3), 
the gradients differ between the 21 areas. Congruent patterns allowed 
the grouping of areas into four categories (Fig. 4). Areas of the first 
category show a pattern identical to the overall result, thus representing 
a difference between agricultural land including the border versus the 

nature reserve (Fig. 4). For the Ellenberg indicator value, phosphate 
content and herbicide number the agricultural areas have increased 
values at − 25 m and 0 m from the edge, and low values inside the other 
protected area habitats 25–75 m from the edge (Fig. 4A, C, D, yellow). 
For nitrogen these areas have low levels at the arable land but higher 
amounts at the border and inside the nature reserves (Fig. 4B, yellow). 
Overall, four to six areas can be grouped into this category. A higher 
number of areas fall into the next category, in which the values 
continuously decrease or increase along the transect (Fig. 4B, coloured 
blue). For phosphate (on 12 out of 21 sites, Fig. 4C) and herbicide 
number this pattern is found in over 50 percent of the sites (on 12 out of 
21 sites, Fig. 4D). In another category the values are nearly constant 
along the transect (Fig. 4, coloured green). A rather small number is 
found in this category, with the exception for the Ellenberg indicator 
value in which it is nearly half of the areas (on 10 out of 21 sites, Fig. 4A) 
but the values are not necessarily low, varying from mean values of 2 to 

Fig. 3. Boxplots of the distance gradient along selected transects into the nature protected areas for (A) plant species richness, B) endangered plant species, C) 
Ellenberg indicator value for nutrients, D) soil nitrogen, E) soil phosphate, F) herbicide number in soil samples, G) herbicide concentration in soil samples, H) 
herbicide number in vegetation samples, and I) herbicide concentration in vegetation samples. The first sample originates from arable land (at − 25 m from the edge), 
the second from the border (0 m from the edge) and 25 m, 50 m and 75 m along a transect towards the centre of nature protected area, separated generally by 25 m. 
Lower case letters classify differing groups with a significance level of p < 0.05 according to post-hoc Mann-Whitney U-tests, see Supplementary Table 1 for sta-
tistical results. 
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7.2. Finally, transects with a deviant pattern are grouped. For phosphate 
two areas have very high amounts, Bislicher Insel, (North Rhine- 
Westphalia) which is a floodplain, and Brauselay (Rhineland-Palati-
nate) which is a vineyard area (Fig. 4C, orange). Herbicide numbers 
remained high at the Lütjenholmer Heidedünen (Schleswig-Holstein) 
and again, at the Bislicher Insel (Fig. 4D, orange). 

The ability to store nutrients corresponds with soil textures: clayey 
loam stores nutrients most efficiently while sand is the least efficient 
nutrient storage. In sand a significant lower amount of nitrogen (Fig. 5C, 
p < 0.05, except for the soil texture weak loamy sand with p = 0.058) is 
found, while clayey loam is characterized by significant higher Ellen-
berg indicator values (Fig. 5B). From soil samples, the phosphate con-
centrations, herbicide number, and herbicide concentrations were not 
significantly different (Fig. 5D, Kruskal-Wallis-test: χ2 = 26.49, df = 30, 
P = 0.650; Fig. 5E, Kruskal-Wallis-test: χ2 = 7.28, df = 10, P = 0.698; 
Fig. 5F, Kruskal-Wallis-test: χ2 = 52.10, df = 45, P = 0.217), but all three 
variables have higher values for the soil textures clayey loam and loamy 
sand, the predominant soil textures of the arable land (Fig. 5D-F). Even 
more, the distribution of soil textures differs along the transects, e.g. 
arable land is characterized by a higher amount of soil textures that store 
nutrients well like clayey loam (29% of probes), and loess loam 
(Fig. 5A). 

Based on the significant results from this analysis, we incorporated 
soil texture as the ninth parameter into Generalized Additive Models 
(GAM) related to plant species richness (Fig. 6, Table 1) and red list plant 
species richness (Fig. 7, Table 2). Plant species richness is associated 
with the Ellenberg indicator value for nutrients, nitrogen, and phosphate 
levels. The effective degree of freedom of 4.35 indicates a highly non- 
linear relationship (Table 1) and visual inspection shows a bell-shaped 

curve for plant species richness. The species richness peaks at low in-
dicator values around 3 (Fig. 6A). Similarly, the highest species richness 
is found around a nitrogen concentration of 500 mg per 100 g soil 
(Fig. 6B), again with an effective degree of freedom of 2.88, indicating a 
highly non-linear relationship (Table 1). Phosphate concentrations in 
soil indicates a negative linear association with plant species richness 
(Fig. 6C; Table 1: p = 0.011). The number and concentration of herbi-
cides from soil and vegetation samples as well as soil texture are not 
associated with plant species richness (Fig. 6D-H, Table 1). 

The similar GAM analysis restricted to the richness of endangered 
species as the response variable, resulted in a significant highly non- 
linear smoothing function for the Ellenberg indicator value for nutri-
ents (Fig. 7A, Table 2). Compared to the bell-shapes smoothing function 
for all plant species, the curve for the endangered species is much nar-
rower. While indicator values between 2 and 3 are associated with an 
increase of endangered species, indicator value above 4 led to a drastic 
decrease, resulting in very few species with nutrient indicator values 
above five. The other seven parameters showed no association with the 
occurrence of endangered species in our study (Fig. 7B-H, Table 2). 

4. Discussion 

Our study demonstrates that agricultural practices considerably in-
fluence the nutrient content of soil and exposes plants to herbicides 
within nature reserves. The changes in soil extend beyond the bound-
aries between the two areas and cause an impoverishment of the local 
flora by reducing the number of endangered species that are categorized 
by the German red list, which are most often poor competitors and many 
of them occupy low-productivity habitats with poor soil (Wassen et al., 

Fig. 4. Categorized site-specific profiles of A) Ellenberg indicator value for nutrients, B) nitrogen concentration in the soil, C) phosphate concentration in the soil and 
D) number of herbicides of soil samples. The dot plots show an example of each category of the respective variable for the sampled points (-25 m to 75 m from the 
border between nature reserve and arable land) 1–5, while the pie charts indicate number of site summing up to 21. Since the courses for nitrogen run counter to the 
other variables, the categories are defined differentially. 
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2005; Gabrielová et al., 2013; Lauterbach et al., 2013; Meyer et al., 
2013). Indicator values along the established transects demonstrate 
these degrading effects on endangered plant communities for 16 
different strictly protected habitats as a distance effect starting from 
laterally adjacent fertilised fields. 

Essential is not only the time-limited point recording, but the long- 
term effect – observed by the Ellenberg indicator values for nutrients 
from the plant-sociologic screening (Wassen et al., 2005). A majority of 
the locations (14) analysed as part of the study show a distance influence 
up to approx. 75 m from the neighbouring field, the maximum 
measurable range of our transects, while the here analysed sites vary in 
relation to slope, wind direction and soil parameters. The measurable 
influences of agricultural practices in adjacent areas correspond with 
earlier findings (Marrs et al., 1991; Cederlund 2017; Moore et al., 2022). 
Our GAM analysis suggests an optimal Ellenberg value around 3 for 
plant richness in general and a slightly lower optimum for endangered 
plant species. Although these values are only indicative and depend on 

the habitat type, our results confirm that high Ellenberg indicator values 
can serve as a generalized predictor of reduced plant diversity and 
especially endangered species. 

High levels of reactive phosphorus and nitrogen compounds are 
needed for plant growth of nutrient tolerant plant species (Cleland and 
Harpole, 2010). Anthropogenic phosphorus addition is required by the 
nitrophilous crop species in arable farming to be able to utilize the ni-
trogen fertilization. Both measures are taken for commercial reasons, as 
they increase crop yields. Arable crops are nutrient tolerant and there-
fore cultivated with a high supply of nitrogen to optimize yields. 

Characteristic species of the Natura-2000 habitat types, including 
many endangered plant species, have in common that they are oligo-
traphent, i.e. they can only tolerate nitrogen in small amounts. Phos-
phorus is naturally present in these conservation habitats, especially 
over limestone and other rocks of former marine origin. Therefore, a 
marginally increased phosphorus supply will not have a negative impact 
on these target plants as long as nitrogen is present only in small 

Fig. 5. Results of the soil textures and 
nutrient measurements. A) Soil texture distri-
bution in percent along the five transect 
sampling points combined for the 21 loca-
tions. Boxplots of B) mean Ellenberg indicator 
values for nutrients, C) nitrogen concentration 
in soil, and D) phosphate concentration in soil 
separated for soil textures (n = 105). Different 
letters indicate the level of significant group-
ings based on Kruskal-Wallis rank sum tests, 
followed by post-hoc Mann-Whitney U-tests 
(see Supplementary Table 3 for statistical 
data).   
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amounts (Soons et al., 2017). The primary problem for the target plant 
species preserved in nature reserves and the animal species dependent 
on them is the artificial anthropogenic nitrogen input, intentionally by 
means of artificial fertilizer, or unintentionally by industrial production 

and by fossil fuel burning (Erisman et al., 2008; Bleeker et al., 2011). 
This nitrogen eutrophication is one of the key drivers for biodiversity 
changes in grassland habitats worldwide (Borer et al., 2017). Over- 
fertilisation with nitrogen, which is otherwise limited in the land-
scape, leads to large-scale nutrient enrichment and results in a change in 
plant composition and plant productivity (Vitousek et al., 2002; Bobbink 
et al., 2010; Stevens et al., 2010) altered competitive situations for 
plants (Vallano et al., 2012) and the herbivores that feed on them 
(Tylianakis et al., 2008). Nitrogen deposition has the effect of reducing 
species richness of both plants and insects (Stevens et al., 2004; Haddad 
et al., 2009). Additionally, nitrogen eutrophication leads to plant di-
versity losses through enhanced light competition (Hautier et al., 2009). 

Nitrogen levels measured in this study on arable land are lower than 
at the border to or in nature reserves, while phosphate levels are higher 
on arable land. Nitrogen inputs to adjacent, protected habitats are 
inadequately dissipated and therefore likely continue to increase over 
time. Crop plants can metabolise applicated nitrogen due to anthropo-
genically enhanced levels of phosphate. In the neighbouring open land 
habitats, there is no removal of plant material comparable to the 
magnitude of the harvest on the fields. Consequently, nutrient inputs 
from neighbouring arable land are not adequately reduced but rather 
accumulate in the soil. This is reflected in our results, as nitrogen levels 
increase along the transect and phosphorus levels are depleted. 

Fig. 6. Results of a Generalized Additive Model (GAM) analysis for plant species richness as response variables, and smooth functions for A) mean Ellenberg indicator 
value for nutrients, B) nitrogen, C) phosphate, D) herbicide number of soil samples, E) herbicide concentration in soil samples, F) herbicide number of vegetation 
samples, G) herbicide concentration in vegetation samples, H) soil texture, and I) the 21 sites as random effect. 

Table 1 
Statistic results for the GAM model with plant species richness as response 
variable. Edf = effective degrees of freedom used as a proxy for the degree of 
non-linearity with edf = 1 equivalent to a linear relationship, edf > 1 and ≤ 2 a 
weakly non-linear relationship, and an edf > 2 indicative of a highly non-linear 
relationship. Significant results are highlighted in bold.   

Edf Chi. 
sq 

P value 

Mean Ellenberg indicator value for nutrients  4.35  37.67  <0.001 
Nitrogen in mg/100 g  2.88  9.69  0.036 
Phosphate in mg/100 g  2.27  11.52  0.011 
Herbicide number (soil samples)  1.97  5.67  0.094 
Herbicide concentration in mg/kg (soil samples)  1.00  0.98  0.321 
Herbicide number (vegetation samples)  2.54  4.38  0.240 
Herbicide concentration in mg/kg (vegetation 

samples)  
1.61  2.51  0.342 

Soil texture  1.00  0.62  0.431 
Site (random effect)  <1.00  0.00  0.940  
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Herbicides numbers and concentrations were not directly linked to 
plant richness in this study. This is also impossible as Ellenberg indicator 
values do not include herbicides as a stressor, but mainly focus on nu-
trients as anthropogenic stressors. Nonetheless, the fact that herbicide 
number and concentration along the transect were similar for the 
vegetation samples indicates that herbicides do migrate into nature re-
serves and expose the flora there. Changes in community composition 
might take long time periods (Schmitz et al., 2014a), and effects can be 
sublethal, for example reducing flowering or the reproductive output of 
a plant (Schmitz et al., 2013, 2014b) as well as having an indirect effect 
on other biodiversity (Brühl and Zaller, 2021). Since the date of the 
herbicide applications was unknown it might be possible that herbicide 
numbers and concentrations in this study are related to differences in 
time spans since the last herbicide application. The prevalent wind di-
rection could be crucial as pesticides are known to drift with the wind. 
Not all transects were directed according to prevalent wind direction 
and this could lead to underestimations of drift into the nature reserves. 
However, no clear pattern could be found for herbicides in this study. 

Besides the biogeographical variety across Germany and different 
habitat types within the nature reserves, 4 out of 21 sites face specific 

Fig. 7. Results of a Generalized Additive Model (GAM) analysis for endangered plant species richness as response variables, and smooth functions for A) mean 
Ellenberg indicator value for nutrients, B) nitrogen, C) phosphate, D) herbicide number of soil samples, E) herbicide concentration in soil samples, F) herbicide 
number of vegetation samples, G) herbicide concentration in vegetation samples, H) soil texture, and I) the 21 sites as random effect. 

Table 2 
Statistic results for the GAM model with richness of endangered plant species as 
response variable. Edf = effective degrees of freedom used as a proxy for the 
degree of non-linearity with edf = 1 equivalent to a linear relationship, edf > 1 
and ≤ 2 a weakly non-linear relationship, and an edf > 2 indicative of a highly 
non-linear relationship. Significant results are highlighted in bold.   

Edf Chi. 
sq. 

P value 

Mean Ellenberg indicator value for nutrients  3.93  9.78  <0.001 
Nitrogen in mg/100 g  1.00  0.85  0.360 
Phosphate in mg/100 g  1.00  1.31  0.256 
Herbicide number (soil samples)  1.00  0.20  0.655 
Herbicide concentration in mg/kg (soil samples)  1.00  0.28  0.601 
Herbicide number (vegetation samples)  1.00  2.47  0.120 
Herbicide concentration in mg/kg (vegetation 

samples)  
1.00  1.00  0.321 

Soil texture  1.80  0.36  0.617 
Site (random effect)  <1.00  0.00  0.473  
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challenges. The Bislicher Insel site is a floodplain, resulting in differ-
ences compared to the other sites, as nitrogen, phosphate and herbicide 
levels are extremely high along the whole transect due to the intensive 
use of arable land inside of the protected area, and with no differences 
between the agricultural fields and the adjacent nature reserve. Another 
site, Brauselay, is a vineyard and lies on a rocky slope of the Moselle. 
Larger differences in altitude between the sampling points were oblig-
atory and the divergent agricultural practice causes differences in the 
pesticides applicated in this area (vine growing requires more fungicide 
applications). In contrast, the location Wipperdurchbruch is on a hill-
side, distant from arable land, constitutes meadows along the transect 
and shows therefore only a slight increase in nutrient pointers downhill 
according to surface runoff. 

Despite including farmland, the Oderhänge Mallnow site had low 
herbicide use, low nutrient levels and a high number of plant species, 
even on arable land, which can be attributed to the exceptionally and 
exemplary implemented biodiversity protection also on the farmland 
within the protected area. The Odernhänge Mallnow example demon-
strates in this respect the achievable goal of using arable farming with 
adapted management as an instrument of biodiversity conservation. As a 
one fits all solution arable land inside protected areas should be 
managed congruent with conservation objectives to protect character-
istic species diversity of arable biotopes. 

A study by Eichler et al. (2022) analysed the amount of arable land in 
Germany that is directly connected to nature reserves based on common 
borders (11.033 km for nature reserves and 21.102 km when including 
special areas of conservation (SAC)) and/or integrated arable land (441 
km2 for nature reserves, 1.283 km2 when including SAC). These 
numbers illustrate the magnitude of the problem for biodiversity pro-
tection, as intensive fertilizer and pesticide applications occur on the 
vast majority of these croplands, both within and along the outer edges 
of the protected areas. 

In Germany, there is a demand for buffer zones towards protected 
habitats and nature conservation areas, and the use of fertilizers and 
pesticides should be reduced or eliminated in these areas and buffer 
zones. It is well perceived, that buffer zones feature positive effects on 
conservation (Schoeman and Foord, 2021; Lorenz et al., 2022). There is 
a certain acceptance for buffer zone establishment, if compensation is 
paid, as the land is still in private hand (Götmark et al., 2000; Köthe 
et al., 2022). Until now, protected habitats and endangered plant com-
munities inside of the conservation areas buffer the effects of their 
surroundings, causing large components of the protected area to be 
degraded. In Germany, many nature reserves are small and/or frag-
mented with often unfavourable geometries, which is likely to lead to a 
loss of effective protection (Eichler et al., 2022). Therefore, the nature 
reserves must be more realistically protected and supplemented by 
buffer zones to increase the effective protected area and use their full 
potential. 

According to the EU Habitats Directive, each nature conservation 
area must have a management plan that describes the current status of 
the respective area and provides measures to improve or stabilise the 
current conservation objectives. The management plans for the 21 sites 
in this study date from 1994 to 2022, with the most recent plan from 
2022 being the first ever existing plan for the corresponding site. Most 
habitats are slow to recover from anthropogenic impacts or require 
management measures to overcome them (Dise et al., 2011), but even 
when management plans are implemented, the effectiveness of these 
plans are rarely evaluated. Therefore, it is hard to determine the success 
of these measures and improve them. Furthermore, a risk assessment as 
well as risk management of neighbouring or incorporated farming is 
missing. 

A solution to reduce the input of fertilizers and herbicides in nature 
reserves would be to switch to organic farming with special rules and 
conditions in the direct neighbourhood of these areas (Bengtsson et al., 
2005; Hole et al., 2005). As part of their Farm to Fork strategy, the EU’s 
Green Deal aims to make 25% of agricultural land organic by 2030 

(European Commission, 2021). Within a 2 km buffer around every na-
ture reserve in Germany, 30% of agriculture is included (Brühl et al., 
2021). Converting agricultural land to organic farming within this buffer 
would reduce the pressure on nature reserves. 

5. Conclusion 

Negative spill-over effects of agricultural practices impact plant 
communities in adjacent nature reserves and lead to an impoverishment 
of plant diversity, which in particular reduces the occurrence of en-
dangered species. Endangered plant species are mostly low-competition 
species found primarily in open, protected habitats, which diminish with 
rising nitrogen levels, potentially together with an influx of herbicides 
into the conservation areas. The uncertainty in effective conservation 
measures in nature reserves may result in a continuous loss of other 
adapted rare and endangered species, the further degradation of en-
dangered plant communities and biotopes which are more sensitive to 
anthropogenically altered living conditions. 

Reduction and loss of endangered target plants in protected habitats 
inevitably has negative cascading impacts on other species specifically 
depending on these plants as resources, particularly a high number of 
endangered insect species. 

Primary causes are landscape planning not prioritizing local biodi-
versity protection, data deficits, lack of risk analyses and risk manage-
ment measures especially on degradation factors and buffer zones. The 
current system for protecting nature reserves is failing because there is 
no long-term control, knowledge exchange and benefit sharing over 
long-term biodiversity management measures and their success or fail-
ure. Spill-over of fertilisers and herbicides from agricultural field into 
adjacent nature reserves must be prevented and exceptions should only 
be made in rare cases justified from the point of view of local species 
protection. Introducing buffer zones and/or the expansion of organic 
farming in the surrounding of nature reserve would probably improve 
the situation, as nature reserves would not have to buffer external im-
pacts on their edges, which would reduce the effective protected area. 
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Mühlethaler, R., Poglitsch, H., Schäffler, L., Schlechtriemen, U., Schneider, F.D., 
Schulte, R., Sorg, M., Sprenger, M., Swenson, S.J., Terlau, W., Turck, A., Zizka, V.M. 
A., 2021. Diversity of Insects in Nature protected Areas (DINA): an interdisciplinary 
German research project. Biodivers. Conserv. 30 (8-9), 2605–2614. 

Leopoldina/acatech/Akademienunion. Artenrückgang in der Agrarlandschaft: Was 
wissen wir und was können wir tun? Halle (Saale)/Mainz/ München 2018.. 

Lorenz, S., Raja Dominic, A., Heinz, M., Süß, A., Stähler, M., Strassemeyer, J., 2022. 
Effect of buffer strips on pesticide risks in freshwaters. Crop Prot. 154, 105891. 

Manning, P., Morrison, S.A., Bonkowski, M., Bardgett, R.D., 2008. Nitrogen enrichment 
modifies plant community structure via changes to plant–soil feedback. Oecologia 
157 (4), 661–673. 

Marrs, R.H., Frost, A.J., Plant, R.A., 1991. Effects of herbicide spray drift on selected 
species of nature conservation interest: The effects of plant age and surrounding 
vegetation structure. Environ. Pollut. 69 (2–3), 223–235. 

Metzing D., Garve E., Matzke-Hajek G., Adler J., Bleeker W., Breunig T., Caspari S., 
Dunkel F.G., Fritsch R., Gottschlich G., Gregor T., Hand R., Hauck M., Korsch H., 
Meierott L., Meyer N., Renker C., Romahn K., Schulz D., Täuber T., Uhlemann I., 
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