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Abstract: Horses are of increasing relevance in agriculturally managed grasslands across Europe.
There is concern to what extent grazing with horses is a sustainable grassland management practice.
The effect of longer-term horse grazing on the vegetation characteristics of grasslands has received little
attention, especially in comparison to grazing cattle. Our study analyses the relative importance of
grazing system (grazer species and regime) and grassland management for vegetation characteristics
in grasslands as indicator for sustainable management. We monitored grassland vegetation in western
central Germany and compared paddocks grazed by horses under two different regimes, continuous
(HC) vs. rotational (HR), to paddocks grazed by cattle (C) under similar trophic site conditions. We
observed more plant species and more High Nature Value indicator species on HC compared to C.
The vegetation of C was more grazing tolerant and had higher forage value than HC. Regardless of
the grazing regime, the competitive component was lower, the stress-tolerant component higher and
the floristic contrast between patch-types stronger on HC and HR paddocks compared to C. Species
richness was strongly influenced by the extent of the floristic contrast. Our results emphasize the
potential of horse grazing for biodiversity in agriculturally managed grasslands.

Keywords: agriculturally managed grasslands; equine grazing; pasture management; grazer
species; biodiversity

1. Introduction

Grazing livestock is seen as a promising option for maintaining and promoting grassland
biodiversity [1–4]. Due to the preferences of grazing animals in forage selection, their disturbance of
the sward and patchy nutrient return [3,5], they increase and maintain the spatial heterogeneity of the
sward structure and vegetation composition [1,6,7]. Adler et al. [5] termed this effect “patch grazing”.
This heterogeneity means that plants of different strategy types and demands can coexist in close
proximity, increasing plant species turnover within the paddock, i.e., β-diversity [3,7–9]. Differences
in grazing regimes and thus vegetation between paddocks can also contribute to the landscape-scale
biodiversity [10]. Hautier et al. [11] recently emphasized the importance of diverse grasslands with
both species-rich local communities (α-diversity) and large compositional differences between sites
(β-diversity) for the multifunctionality of ecosystems on a global scale.

Different grazer species lead to different effects on grassland vegetation due to their specific
nutritional demands, jaw anatomy and grazing behaviour [2]. In Europe, cattle are the most common
grazing animals in agriculturally managed grasslands. Several studies have analysed their grazing
effects and management strategies for biodiversity benefits [1–3,6,12]. For several decades, horses have
played an increasing role in grasslands and across Europe, at least six million hectares of grasslands
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are estimated to be managed for horses [13]. Horse keeping and grazing is widespread nowadays
and has a considerable effect on the shape of agricultural landscapes [14], particularly in peri-urban
regions [15–17]. Horse keepers often rely on grassland that had been released from intensive dairy
production [14,15,18]. Compared to grasslands managed with cattle or sheep, those grazed with horses
have received little scientific attention in Europe with regard to a targeted grassland utilization.

Several characteristics make horse husbandry suitable for the management of extensive grasslands.
The usual basic nutrition of horses is grass. As hindgut fermenters, horses are able to utilise herbage
from nutrient-poor grasslands, but herbage from intensively managed ryegrass-dominated swards
pose a health risk [19–21]. This is why horse keepers prefer to manage nutrient-poor grasslands to
protect their horses from metabolic disorders [14].

There is concern to what extent grazing with horses is a sustainable grassland management practice.
Their two pairs of incisors enable them to graze more selectively and closer to the ground [19,22,23].
As selective grass feeders [24] horses increase the proportion of forbs in the swards [25,26]. Since
horses actively avoid grazing where they defecate, they create distinct ungrazed tall grass latrine
areas where excreta and nutrients accumulate. Repeatedly grazed short patches, on the other hand,
experience nutrient export, which result in a nutrient transfer and a corresponding vegetation shift
between patch types [22,26,27]. Especially phosphorous is accumulated via horse dung in latrine
areas, which is known to promote competitive species and reduce species richness [28,29]. Therefore,
the patch grazing effect of horses is expected to be stronger than that of cattle [8,22,25,30]. In addition,
the movement behaviour of the horses can put a strain on the sward, especially when the grazing area
or grazing duration are restricted. Running and trampling lead to areas with bare and compressed
soil [19,24].

In temperate grasslands, the grazing regime, i.e., continuous or rotational grazing, can modify
the grazer’s effect on the pasture vegetation [3,12,19,25]. Under continuous grazing, grazers have
unrestricted access to a paddock during prolonged periods of the grazing season, which promotes
the development of distinct short and tall grass patches [24]. In contrast, under rotational grazing the
access of the grazing area is limited in time and space which leads to a more uniform grazing [19,21,31].

Apart from the grazing regime, the grazing intensity affects the pasture vegetation and its patch
structure [6,8,32–34]. Generally, grazing effects on the vegetation increase with stocking density.
Differences between livestock species are also becoming clearer [26,33]. While cattle tend to defoliate
the grass sward more evenly with increasing stocking density, thereby creating a homogenous sward
of grazing tolerant plants [6,7,35], horses continue to graze heterogeneously, avoid foraging on latrine
areas and defoliate strongly in other areas [30].

Only few studies have been carried out in the last century that looked more closely at the
grazing preferences of horses [22,30]. More recently, research has focused on free-ranging horses
grazing in nature reserves to study the effects of horse grazing on grassland vegetation and sward
structure [8,26,36–39], some demonstrating benefits for nature conservation [40,41]. However, these
results are not directly transferrable to agricultural grassland with domesticated horses. Thus, there is
currently a considerable lack of scientific knowledge on the effects of grazing by domesticated horses
on vegetation in a normal agricultural context. This has consequences for the practice of horse grazing,
which is often inappropriate and causes land use conflicts in peri-urban and rural landscapes [17].

Given this background, our study aimed to investigate the effect of horse compared to cattle
grazing on vegetation characteristics in agricultural grassland. In addition, we investigated the effect
of the grazing regime (continuous vs. rotational grazing) by horses. Target variables were the vascular
plant species richness, the High-Nature-Value (HNV) plant indicator species richness, the proportion
of Grime’s C-S-R-strategy types [42], the grassland utilisation indicator values [43] and the β-diversity
between patch types.

We performed an observational on-farm study in the Rhenish Uplands in Germany.
The methodology of the observational study has become well established in recent years to assess
the medium to long-term effects of different agricultural management methods. Examples of this are
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the examination of the effectiveness of agri-environmental measures [44], the effectiveness of weed
control in wheat cultivation [45] or the grazing effects of different cattle breeds [46]. The performance
of field experiments would require many years of research. At the same time, the identification of
interactions with the site conditions would require complex, multi-site field experiments. A stratified
design allowed us to compare paddocks grazed by cattle or horses and to distinguish between effects of
the grazing system (grazer species and grazing regime) from those of site conditions and management.
More precisely we addressed the following hypotheses:

H1. Grazing system affects species richness, HNV-species richness and vegetation characteristics (proportion of
C-S-R-strategy components, utilisation indicator values);

H2. There is a relationship between vegetation characteristics (proportion of C-S-R-strategy types, utilisation
indicator values), which are affected by grazing system, and observed species richness;

H3. Grazing system affects floristic contrast between patch types, which mediates species richness at paddock scale;

H4. Beyond grazing system, grassland management (stocking density and fertilisation) affects species richness.

2. Materials and Methods

2.1. Study Region

The research area is located in the Rhenish uplands in North Rhine-Westphalia, Germany (50.87’ N,
7.48’ E, Figure 1) and covers a total area of approximately 400 km2 (Figure 1).
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The study region has a naturally low agricultural production potential. A humid climate and 
shallow, loamy, acidic cambisols led to grasslands being the predominant land-use system (65% to 
90% of the utilised agricultural area) after forests [48]. Grasslands in the study region are mainly used 
for dairy production, but horses play a considerable role too. According to the local livestock numbers 
(Animal Health Fund, oral communication), at least 10% of grasslands in the study region are 
managed with horses. The grassland vegetation of the study paddocks belongs to the Molinio-
Arrhenatheretea class. 

Figure 1. Study location in the Rhenish Uplands in North Rhine-Westphalia in Germany (a). Distribution
of study paddocks (N = 156) in the study region (b). Triplet design with six paddocks at one site grazed
by cattle (C) or horses (HC, HR), three subplots and one transect per paddock (c) Orthophotographs
provided by LandNRW [47].

The study region has a naturally low agricultural production potential. A humid climate and
shallow, loamy, acidic cambisols led to grasslands being the predominant land-use system (65% to 90% of
the utilised agricultural area) after forests [48]. Grasslands in the study region are mainly used for dairy
production, but horses play a considerable role too. According to the local livestock numbers (Animal
Health Fund, oral communication), at least 10% of grasslands in the study region are managed with
horses. The grassland vegetation of the study paddocks belongs to the Molinio-Arrhenatheretea class.
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2.2. Sampling Design

A total of 156 paddocks were included in the study. The paddocks were arranged in 26 triplets that
covered a gradient of different site conditions and land-use intensities (Figure 1). Within each triplet
six paddocks were studied, representing three grazing systems. Four paddocks were grazed with
horses, two in a continuous (HC, n = 52) and two in a rotational grazing regime (HR, n = 52). The other
two paddocks were grazed by cattle (C, n = 52). As we were particularly interested in the grazing effect
of horses, cattle-grazed paddocks serve as a “control”, as they represent the predominant regional
grazing management. The study design did not distinguish the grazing regime in cattle paddocks,
which included rotational and continuous stocking. The paddocks within a triplet were located at
a linear distance of no more than 2 km and were selected as having similar site factors (i.e., soil type,
slope, altitude). On each paddock, three circular subplots of 12.6 m2 (radius of 2 m) were established
for the assessment of vascular plant species richness, composition and soil properties (Figure 1 c).
Subplots were selected according to a stratified random approach. One subplot each was placed on
a short, on a tall or an intermediate vegetation height patch (patch type). For this, we measured the
compressed sward height within each paddock using a rising plate meter (30 cm diameter, 200 g [49])
at 50 randomly chosen points. Short patches were defined as heavily grazed areas with a mean sward
height below the paddock’s average. In contrast, tall patches were mainly avoided areas with a mean
sward height above the paddock’s average and intermediate patches lay in between. Subplots for the
vegetation analysis were established at the end of the grazing season of the preceding year when the
heterogeneity of the sward height was most pronounced. Within the patch types, subplots were placed
randomly within areas of similar local conditions in altitude and inclination and within a minimum
distance of 5 meters from the field boundary to avoid boundary effects. Additionally, a diagonal
transects (2 m × 50 m) was established on each paddock. The geographic position of each subplot was
recorded (Figure 1 c).

2.3. Site Conditions

In general, the study sites were chosen so that the paddocks within each triplet offer the most uniform
topographic site conditions possible. Paddock borders were mapped on an orthophotograph [47] and
paddock size (ha) calculated using Quantum GIS [50]. A digital elevation model (DEM 50, [51]) was used
to calculate altitude (meters above sea level, m.a.s.l.) and slope (%) per paddock as topography-related
environmental variables.

Soil was sampled on each subplot in autumn at the end of the grazing season in order to determine
the pH and the extractable soil nutrients (available plant nutrients P2O5, K2O in mg per 100 g dry
matter (DM), calcium-acetate-lactate analysis). On each of the three subplots 500 ml of soil of the top
layer (0–10 cm) was taken. In the statistical analysis we used the average soil nutrient concentration of
three subplots (Table 1).

2.4. Grassland Management

As part of the study, data on current grassland management were collected from personal
interviews with farmers using a standardised questionnaire. Only paddocks with a consistent
management regime over at least the last five years were included. Most paddocks had a much longer
history of grazing by the same grazer species. For cattle-grazed paddocks, the average grazing history
was 53 years (SD 22 years, n = 46), for horse-grazed paddocks 23 years (SD 11.7 years, n = 52) for HC
and 22 years (SD 11.8 years, n = 52) for HR. Farmers were asked whether their grasslands had been
ploughed and reseeded. For 45 paddocks such information was not available, 78 paddocks had not
been disturbed for at least 60 years (C: n = 22; HC: n = 30; HR: n = 26). On average, the age of the grass
swards was 52 years (SD 18.4, n=111) with little variation among the grazing systems (C: 48.6 years,
SD 18.7, n = 34; HC: 55.4 years, SD 15.5, n = 40; HR: 50.3 years, SD 20.6, n = 37).
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For the present analysis, management data that covered a period of the preceding five years were
collected. The variables were: average number of livestock per paddock, mean weight of livestock,
mean grazing duration per day, mean number of rotations, and mean grazing duration per year. Live
weights were converted to standard livestock units (500 kg live weight) per hectare and year to calculate
stocking rate (ha−1 year−1). Stocking rate was used as a proxy for grazing intensity. Some paddocks
were not only grazed but also mown for hay or haylage (C: n = 16; HC: n = 12, HR: n = 7). Mowing
was included as binary variable in the analysis. The amount and type of fertilizer that was applied on
the grasslands was recorded for mineral N, farmyard manure and slurry separately. The total amount
of nitrogen supply (N kg ha−1 year−1) was deduced from this information (see Table 1).

Table 1. Descriptive statistics of site factors, grassland management and soil chemical parameters.
Variables were tested for differences between grazer species (lm, Tukey). Cattle-grazed paddocks (C,
n = 52) were used as a baseline. In case of significant different estimates (est.), contrasts to C are given
for both horse continuously grazing (HC, n = 52) and rotationally grazing (HR, n = 52).

TOTAL (N = 156) C HC HR
Variable Mean sd Min Max est. Contrast p Contrast p

Paddock size (ha) 2.06 2.7 0.20 14 3.2 −1.2 * −2.0 ***
Altitude (m.a.s.l.) 239.2 44.4 118.7 335 238.6 −0.2 −2.0

Slope (%) 9.0 4.9 1 26.3 9.5 −0.8 −0.5
Fertiliser N kg ha−1 year−1 38 44 0 265 50.2 −31.8 *** −6.2
Stocking rate ha−1 year−1 1.28 1 0.04 7.2 1.3 0.0 −0.06

Soil pH 5.2 0.5 4.3 6.8 5.3 −0.2 * −0.2
P2O5 mg 100 g DM−1 12.8 6.4 3.2 33.4 12.9 −0.5 −0.2
K2O mg 100 g DM−1 26.5 13.4 5.9 76.7 27.0 0.6 −2.3

Significant contrasts of grazing systems are indicated by their levels of significance as * p ≤ 0.05, ** p ≤ 0.01,
*** p ≤ 0.001.

2.5. Species Data

Vegetation surveys were carried out in 2013 and 2014 with 13 triplets per year. In order to obtain
a full record of species, every paddock was visited twice, in spring before grazing started and in
summer during the grazing season. In both surveys, the total number of vascular plant species in
the three subplots per paddock were identified to species level and their individual share of biomass
was visually estimated. Additionally, all species within the transects were identified. In order to
analyse species diversity at the paddock scale, species richness (SR) refers to the cumulative number
of plant species that were observed in 138 m2 per paddock (the three subplots and the transect) in
the spring and summer surveys. In addition to plant species richness, we assessed the number of
High-Nature-Value (HNV) plant indicator species according to the German Federal Agency for Nature
Conservation [52]. We applied the regional list of HNV indicator species for the mid-west/north-west
of Germany [53]. The number of single HNV indicator species per paddock (HNV-SR) was used as
a proxy for the nature conservation value of the respective grassland. For this, we used the classification
system of the HNV farmland monitoring [52]: Paddocks with 4 to 5 indicator species were classified
as HNV-III grassland of “moderately high-nature-value”, paddocks with 6 to 7 indicator species as
HNV-II grassland of “very high-nature-value” and paddocks with 8 and more indicator species as
HNV-I with “exceptionally high-nature-value”.

As described by Hunt et al. [54], plant species’ strategy types were converted to a numeric C-S-R
signature (C – competitive strategy, S – stress-tolerant strategy, R – ruderal strategy). Based on the
estimated proportion of biomass per species, we calculated the C-S-R signature for each of the three
subplots per paddock. We then calculated an average value for each strategy type per paddock. In the
same way, we assessed utilization indicator values [43], i.e., grazing tolerance, trampling tolerance and
forage value.

As a measure of floristic contrast between short and tall patches within paddocks we calculated
the Sørensen index [55]: Sørensen =2 c / (a + b + 2 c) for short and tall patch types, with “a” representing
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the number of species exclusively present in short patches, “b” exclusively in tall patches and “c”
present in both.

2.6. Data Analysis

We performed linear mixed-effects models in combination with model averaging to disentangle
the important drivers of vegetation for horse- and cattle-grazed pastures.

In a first step, mixed effects models with a Gaussian distribution were set up for each species
response variable. Vegetation variables, i.e., SR, HNV-SR, Grime’s strategy types, utilization indicator
values and Sørensen index were modelled as a function of grazing system, stocking rate, nitrogen
fertilisation, mowing, trophic site conditions and soil-chemical variables. All global models were
checked for multicollinearity between explanatory variables (fixed effects) using variance inflation
factors (VIF). Since VIFs were below 3 in most cases [56,57] and well below 10 in all cases, all explanatory
variables were considered for the statistical analyses. All global models were checked visually for
normal distribution and homoscedasticity of residuals. In case of heterogeneity of variance, weights
structures were applied following the protocol of Zuur et al. [57]. All explanatory variables were
centralised to zero means and scaled to 0.5 standard deviations [58] before analysis, which allows
a direct comparison of effects of all fixed factors. Model averaging was performed on each global model
to assess parameter and error estimates that derive from weighted averages of these values across
multiple models [59]. For each global model, second-order Akaike information criterion AICc [60]
was calculated on every possible combination of variables. These were ranked using the ‘dredge’
function of the package ‘MuMIn’. Weighted parameter estimates were averaged over the set of models
whose cumulative Akaike weight was ≤0.95, which is the 95% confidence set to the best approximating
model [59,60]. Relative importance was estimated as the sum of Akaike weights over all models
including the explanatory variable in the 95% confidence set. Significance of predictors was calculated
from the supported models using z-statistics. Based on the model averaging, a minimum adequate
model (MaM) was identified and the variable grazing system was tested for differences among the
grazing systems via post hoc pairwise Tukey test.

In a second step, further linear mixed effects models were set up to analyse the relationship
between vegetation characteristics (propotion of Grime’s strategy types, utilisation indicator values
and floristic contrast) and SR. For this, SR was modelled as a function of grazing system and each
vegetation variable, as well as their interaction. In a third step, linear mixed effects models were set up
to analyse effects of grazing system and the interaction with grazing intensity as well as N-fertilisation
on SR and HNV-SR.

In all models, triplet was included as random term, to account for the nesting structure of the
study design, which generates a more powerful analysis by ensuring that variance due to block is
taken into account and not just included in the error term.

Statistical analyses were carried out in R (3.5.1, R Development Core Team, 2018) using the
MuMin-package [59,61], nlme package [62] and the emmeans package [63]).

3. Results

On 156 paddocks, we found 179 plant species in total. The average species number (SR) per
paddock (referring to the sampled area of 138 m2, each) was 57 (min 24, max 129). Forty -three single
species were classified as HNV-indicator species. 80% of HC, 75% of HR and 55% of C paddocks could
be allocated to HNV grasslands with four or more HNV indicator species. Of these, 55% of HC and
26% of C were assigned as HNV-I grasslands of exceptionally high-nature-value with more than eight
HNV indicator species.

3.1. Effect of Grazing System on Species Richness and Vegetation Characteristics (H1)

According to the model averaging results, a high relative importance of the variable grazing
system was obtained for the majority of the target variables. These effects were significant in the full
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models for SR, HNV-SR, forage indicator value and the floristic contrast between patch types (Table 2).
Post-hoc testing of the minimum adequate models (MaM) confirmed significant differences among
grazing systems for each vegetation variable, except for the component of ruderal strategy type, and in
tendency to trampling tolerance (Table 3).

SR differed significantly between C and HC: In terms of the total number of species, on average
eleven more species and three more HNV species were found on HC than on C (Figure 2). However,
no significant differences in SR or HNV-SR were present between HR and C.

Considering Grime’s strategy types, a higher proportion of the competitive and stress-tolerant
strategy component occurred on C than on HC and HR, but no difference was observed for the
proportion of ruderal strategy component.

Cattle-grazed paddocks (C) revealed a higher forage value than HC as well as a slightly higher
grazing tolerance than HR. The forage value indicator did not differ significantly between HR and C.
In regard to grazing tolerance, HC was not significantly different from C or HR (Table 3).

Comparing grazing regimes in horse-grazed paddocks, almost seven more species and two more
HNV species were found in HC than HR. The utilisation value for grazing was higher on HR than
on HC (Table 3, Figure 2). Post-hoc testing identified no further significant differences between HC
and HR.
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Figure 2. The effect of the grazing system (cattle, C, or horses, HC and HR) on the target variables:
(a) species richness (SR), (b) number of HNV species (HNV-SR), (c) floristic contrast (Sørensen), (d–f)
proportion of Grime’s strategy type components (%C, %S, %R) and (g–i) utilisation indicator values
(grazing, trampling, forage). Boxplots present median, 1st and 3rd quartile and outliers of target
variables. Lower case letter indicates significant differences between grazing systems obtained within
the minimum adequate models (see Table 3 for remaining variables and effect sizes) at significance
level p < 0.05.
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Table 2. Results of the multimodel inference for the effects of grazing regime, grassland management and site factors on vegetation target variables. As target variables
species richness (SR), the number of observed HNV species (HNV-SR), proportion of competitive strategy component (%C) and ruderal strategy component (%R),
utilisation values and floristic contrast (Sørensen) were tested. The second column gives the intercept representing cattle grazing (C), HC gives results for continuously
and HR rotationally grazed horse paddocks. Grassland management is represented by average stocking rate, nitrogen (N) fertilization and mowing, abiotic site
conditions by size (ha), slope, soil pH and phosphorus concentration. Model averaged coefficients (coef) of explanatory variables remaining in the 95% confidence set
of submodels are shown in the remaining columns along with relative importance values (I) and significance levels (P) obtained by z-statistics shown as * p ≤ 0.05,
** p ≤ 0.01, *** p ≤ 0.001. Variables with a relative importance of >0.6 are shown in bold.

Grazing System Grassland Management Abiotic Site Conditions
HC HR Stocking Rate N Fertilisation Mowing Ha Slope pH P2O5

Species
Variable Inter-cept coef I P coef P coef I P coef I P coef I P coef I P coef I P coef I P coef I P

SR 52.08 12.04 1 *** 4.60 * 0.14 0.26 −0.39 0.29 −1.78 0.52 0.28 0.27 11.59 1 *** −2.55 0.57 −7.48 0.98 **
HNV-SR 5.48 3.34 1 *** 1.14 0.07 0.27 −0.23 0.35 −0.34 0.39 0.04 0.25 2.81 0.99 *** −1.81 0.87 −1.77 0.90 *

%C 0.41 −0.02 0.83 . 0.01 −0.01 0.72 0.00 0.26 0.002 0.35 0.003 0.38 −0.002 0.34 0.001 0.31 0.003 0.39
%S 0.21 0.01 0.68 0.01 −0.01 0.79 −0.00 0.25 −0.001 0.29 −0.002 0.33 0.025 1 *** −0.01 0.49 −0.03 1 ***
%R 0.40 0.00 0.34 0.00 0.002 1 *** −0.00 0.28 0.00 0.25 −0.00 0.25 −0.001 0.83 −0.001 0.25 0.02 0.98 **

Grazing 6.39 −0.06 0.66 −0.146 0.28 0.99 *** −0.07 0.48 0.10 0.55 0.00 0.26 −0.28 0.96 ** −0.01 0.26 0.35 1 ***
Trampling 6.33 −0.11 0.50 −0.091 0.23 0.97 ** −0.02 0.32 0.13 0.69 0.01 0.29 −0.30 0.99 *** 0.02 0.33 0.36 1 ***

Forage 6.90 −0.27 0.87 * −0.114 −0.08 0.657 0.11 0.56 ** 0.22 0.83 0.05 0.42 −0.13 0.75 ** 0.04 0.37 * 0.3 0.97 **
Sørensen 0.71 −0.063 1 *** −0.058 *** −0.006 0.39 0.00 0.27 0.014 0.54 0.00 0.25 0.04 0.96 ** 0.01 0.50 0.00 0.26

Table 3. Effects of all explanatory variables remaining in minimum adequate mixed effects models on species variables. Rm2: marginal coefficient of determination.

Grassland Management Abiotic Site Conditions

Grazing
System Stocking Rate N Fertilisation Mowing Ha Slope pH P2O5

Species
Variable F P F P F P F P F P F P F P F P Rm2

SR 17.6 <0.001 3.5 0.06 26.9 <0.001 14.9 <0.001 0.31
HNV-SR 14.9 <0.001 20.7 <0.001 5.4 0.02 13.9 <0.001 0.31

%C 4.7 0.01 5.8 0.02 0.08
%S 3.5 0.03 4.0 0.047 21.1 <0.001 33.2 <0.001 0.31
%R 16.2 <0.001 7.6 0.007 10.28 0.002 0.19

Grazing 3.1 0.04 13.8 <0.001 11.9 <0.001 15.4 <0.001 0.24
Trampling 2.7 0.07 11.7 <0.001 1.1 0.29 17.7 <0.001 22.6 <0.001 0.30

Forage 8.8 <0.001 6.5 0.01 11.2 0.001 6.7 0.01 11.2 0.001 0.24
Sørensen 9.4 <0.001 4.1 0.04 9.8 0.002 2.2 0.14 0.18
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3.2. Relationship between Vegetation Characteristics and Species Richness (H2)

SR was modelled as a function of each vegetation characteristic or grazing system and their
interaction. In this approach, SR was strongly correlated with most of the vegetation variables (Figure 3).
A higher proportion of the competitive component was associated with an overall decrease in SR
(p < 0.001, lme) and similar, but less pronounced, a higher proportion of the ruderal component was
linked with a decreasing SR (p = 0.02, lme). In contrast, species richness increased (p < 0.001, lme)
with the proportion of the stress-tolerant component (Figure 3). SR was negatively correlated with all
utilisation indicator values (p < 0.001 in all cases, lme), with slightly lower values for continuously
grazed horse paddocks. No significant interactions of strategy type and grazing system or utilization
value and grazing system were found.
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component (%C) and( b) stress-tolerant strategy component (S%) and (c) ruderal strategy component
(%R), (d) grazing tolerance value, (e) trampling tolerance value, (f) forage value). Green dots represent
paddocks grazed by cattle C, purple dots continuously grazed horse paddocks HC and pink dots
rotationally grazed horse paddocks HR.

3.3. Effect of Grazing System on Floristic Contrast (H3)

Sørensen index was used as a measure of the floristic contrast between patches. Sørensen differed
between paddocks grazed by cattle or horses. Both HC and HR showed a stronger floristic contrast
between short and tall patches than C (Table 3, Figure 2).

The floristic contrast significantly affected SR as well as HNV-SR on paddock scale. More species
and more HNV species were observed when swards were less homogenous (Figure 4). Interactions of
Sørensen and grazing system were not significant in both models.
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paddocks HR.

3.4. Effect of Grassland Management on Species Richness (H4)

Both within the model averaging approach and in the MaMs, neither stocking rate nor N
fertilisation was a significant predictor of SR or HNV-SR when applied equally weighted to the same
model as the variable grazing system and site conditions (Table 2). However, the MaM showed a trend
of decreasing SR with additional mowing for forage conservation (Table 3).

Stocking rate affected strategy types as well as utilisation indicator values. A higher stocking rate
led to a lower proportion of the competitive and stress-tolerant strategy component but increased
the ruderal strategy component. Higher grazing and trampling tolerance were found on paddocks
with higher stocking rate. Forage value was higher on paddocks with higher N fertiliser application
(Tables 2 and 3).

SR and HNV-SR were further modelled as a function of grazing system and its interaction with
stocking rate or N fertilisation in order to check for interaction effects. As indicated by model averaging,
the effect of grazing system remained significant. However, no significant relationship of the grazing
system with stocking rate or N fertilisation was found.

4. Discussion

To our knowledge, this is the first study systematically examining the vegetation characteristics
of horse-grazed paddocks in managed temperate grasslands. Compared to experimental studies,
observational studies are more challenging in data analysis as effects of land use (e.g., type of
livestock, grazing regime, grazing intensity and fertilisation) are confounded with those of the site
conditions [64,65]. However, this situation of variable conditions [64,66] is also of particular interest as
it reflects “real-life” conditions. In this study we confirmed that the site conditions have an effect on
the vegetation and that they interact with land use variables [4,65,67–69]. In order to cope with this
situation, we employed a rigid study design with a rather large number of replications and applied
a statistical approach of multi-model-inference. Thereby we could disentangle the effects of the design
variables and the other variables.

Since cattle are the most frequent grazer species of in European grasslands and recommended for
biodiversity-oriented management of semi-natural grassland [70–72] we used cattle-grazed paddocks
(C) as a baseline in our study. At similar site conditions we directly compared their vegetation
characteristics to those of paddocks grazed by horses. As we were particularly interested in how the
grazing regime regulates the grazing effect of horses, our variable grazing system combines grazer
species effects (cattle vs. horse), and effects of grazing regime (continuous (HC) vs. rotational grazing
(HR)) within the horse-grazed paddocks.
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4.1. Effect of Grazing System

We hypothesized that the grazing system affects species richness (SR) and further vegetation
characteristics (H1). We found grazing system to be of a high relative importance for almost every
measured vegetation variable when applied to the same model as variables of site conditions and
grassland management. These effects were mainly driven by differences between HC and other
paddocks, whereas differences between HR and C were comparatively small. Hence, an important
finding of this study is that SR and botanical composition in horse-grazed paddocks is affected by
the grazing regime, i.e., continuous or rotational grazing. Comparing the three grazing systems in
our study, we found significantly higher SR on HC compared to C. Moreover, we found significantly
higher high-nature-value species richness (HNV-SR) on HC than on C, indicating a higher nature
value of horse-grazed paddocks. Using the regional classification key [53], we identified 55% of HC
compared to 26% of C as high-nature-value grassland with more than eight HNV indicator species per
paddock. Even considering that our monitoring transects (2 m × 50 m) are longer than those used for
regular HNV-monitoring (2 m × 30 m), this is an important finding, since less than 14% of grasslands
in Germany have recently been evaluated as being of high-nature-value [52]. It is well established
that grazer species differ in their effect on the grassland botanical composition, i.e., community
composition, diversity and heterogeneity [3,4,8,71]. While horses select for grasses, cattle prefer
forbs (dicotyledonous species), which is assumed to be due to their different digestive systems [8,71].
This could explain the higher number of HNV species, most of which are forbs, on horse pastures
compared to cattle pastures. Higher SR under horse grazing had been found before, but was attributed
to an increase of ruderal species [69] rather than species of high nature value.

4.2. Relationship of Vegetation Characteristics and Species Richness

We assumed a relationship between vegetation characteristics (proportions of C-S-R-strategy
components, utilisation indicator values) and SR, and that this relationship is mediated by the grazing
system (H2). The proportion of the ruderal strategy component was high (>40%) in all treatments, but
it was neither related to SR, nor were there differences between horse- and cattle-grazed paddocks.
The proportion of the competitive strategy component was lower on HC and HR than on C. HNV
species are mainly stress-tolerators with a low competitive strength. In contrast, highly productive
grass species are competitors [42,73,74]. They benefit from nitrogen fertilisation and are related
to reduced species richness [66]. Farmers often sow them to increase the productivity and forage
quality. Differences in utilization values between grazing regimes in horse-grazed paddocks were not
significant. Nevertheless, a tendency for higher forage quality in HR compared to HC indicates that
the grazing regime might have an effect on the agronomical value of such grasslands as has also been
shown in experimental approaches [19,31]. Further research is needed in the future where herbage is
sampled and analysed for its nutritive value under different grazing regimes in the farming practice.

4.3. Relationship of Floristic Contrast and Species Richness

We hypothesised that the grazing system affects the floristic contrast between patch types and
this contrast mediates SR on the paddock scale (H3). Our results strongly support this assumption.
As expected, horse grazing led to a stronger floristic contrast between the patch types than cattle
grazing. This finding confirms the presumed clear diversification effect of the sward in horse grazing.
In a study on wetlands managed for nature conservation, variation in the vegetation composition
between patch types was found [8]. This variation depended on the grazer species, with horses
creating a larger heterogeneity than cattle. Similarly, we found more species and more HNV species
on paddocks with a higher floristic contrast. A greater sward heterogeneity means that there is
a greater variety of varying environmental conditions (niches) at a small spatial scale which allows
a higher plant species richness on the paddock scale [3,5,8,9]. This phenomenon is generally known
and has been suggested as a key driver for biodiversity in grasslands at the local and the landscape
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scale [1,10,11,74]. It is noteworthy that the horse paddocks showed a larger sward heterogeneity than
the cattle pastures irrespective of the grazing regime (HC or HR). Usually, farmers prefer rotational over
continuous grazing because rotational grazing ensures a more uniform herbage utilisation, reduces the
formation of patches of different sward height, prevents overgrazing and provide herbage of a higher
quality [18,19,24]. Our results on floristic contrasts, however, indicate that this approach may be less
effective than assumed under horse grazing. The stronger patch-grazing effect under horse compared
to cattle grazing indicates that maintaining homogenous swards with horses is much more challenging.
Nevertheless, horse keepers do often not aim at maximising grassland yields and are thus able to
tolerate a heterogeneous sward structure to some extent. This provides an opportunity for biodiversity
in grazed grasslands.

4.4. Effects of Grassland Management on Species Richness

Beyond the effects of the grazing system, it was assumed that the intensity of grassland management
(stocking density and fertilisation) influences SR (H4). This assumption was not confirmed. Neither
fertilisation nor stocking rate significantly affected SR or HNV-SR. This was true for horse- and
cattle-grazed paddocks. With an average nitrogen fertilisation of about 40 kg ha−1 year−1 and
an average stocking rate of 1.5 ha−1 year−1 the grasslands in the present study were managed quite
extensively. Although no direct effect of fertilisation on species richness was found, two indirect effects
might be relevant. First, significantly higher amounts of N were applied on cattle-grazed paddocks,
which had higher grassland utilisation values and lower species richness. However, when included
in the same global model as grazing system and other variables on management and site condition,
fertilisation was of low relative importance for most vegetation characteristics. Despite of this, forage
value was significantly increased by N fertilization. Paddocks with additional mowing for forage
conservation showed a slightly lower floristic contrast between patch types, which could also be linked
to a trend of lower SR.

It has been shown recently that grazing creates stable structures of short and tall grass patches,
whose relationship is controlled by the grazing pressure [7]. The grazing induced patchiness,
particularly the proportion of short patches was found to be the main driver of plant diversity in
low-input pastures, not grazing intensity [35]. For SR, the positive effect of grazing is considered
to be strongest in productive grasslands [66]. In this study, we did not find evidence for effects of
grazing intensity on floristic contrast and subsequently on SR. In a grazing experiment with horses in
an upland region in France, Fleurance et al. [25] compared paddocks of two different stocking rates
(“high” 1.8 LU ha−1 year−1 vs. “moderate” 1.1 LU ha−1 year−1) and likewise found no effects on species
richness. On the other hand, van Klink et al. 2016 [33] found higher plant species richness under
higher stocking rates in a grazed salt marsh system, although the stocking rate in their “intensive”
grazing regime was quite low (1.1 LU ha−1 year−1) compared the range of stocking rates observed in
horse husbandry [14]. We therefore conclude that horses create a patchy structure of the sward and
a distinct floristic contrast irrespective of the grazing intensity.

4.5. Study Limitations

Our analyses are based on plant species data, since their presence and frequencies provide
essential information on the growing conditions [43,73,74]. Beyond vegetation data, other ecosystem
characteristics need to be included to provide a complete assessment of the sustainability of grassland
management with horses. In spite of a relatively high average SR, some of the studied paddocks had
little diversity and showed larger areas of bare soil, grazed areas with only a few species and rather high
numbers of ruderal or stress-tolerant species, which is obviously a result of overgrazing. Our study
was performed in a regional context of an upland region typical for Central Europe. Studies by
Socher et al. (2013) [66] and Kleijn et al. (2009) [75] have demonstrated that regional conditions should
be taken into consideration to address conservation issues. The results presented here should therefore
be handled with care if conclusions for an appropriate conservation management in a wider spatial
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context are to be drawn. While grazing intensities in our study varied strongly among horse-grazed
paddocks, we are aware that in the farming practice far higher stocking rates of horses, up to 10 LU
ha−1 year−1, occur, especially in peri-urban regions [15,17]. Thus, our results should not be considered
as valid for such conditions.

It might be argued that the horse-grazed paddocks in our study had been established on sites
of initially higher species diversity and that the observed grazer species effect is therefore due to site
conditions or grassland management apart from grazing. While we do not have information about the
vegetation before the present grazing system was established, all studied paddocks were managed
in the same way for at least five years. Most of the studied paddocks had been grazed by the same
grazer species and not been renovated for decades and the vegetation can therefore be assumed to
be in a state of equilibrium with the current management regime. Our study therefore demonstrates
that it is possible to manage and maintain grasslands of a relatively high diversity through horse
grazing, compared to grasslands managed in the context of dairy production. In direct comparison
with cattle-grazed paddocks, horse paddocks did at least not perform worse regarding the nature
value of those grasslands. In Germany, 15–20% of the total grassland area is managed by horse keepers,
in some regions it is up to 30% [14]. These data underpin the potential role of horse husbandry for the
maintenance of species-rich grasslands.

5. Conclusions

Due to their patch-grazing behaviour, horses are generally considered as a more difficult grazer
species than cattle. Several authors stress that horse grazing is associated with environmental risks.
Our study did not confirm increasing risks, at least not in relation to the nature value of the horse-grazed
grasslands. In particular, continuous grazing with horses led to a pronounced floristic contrast within
paddocks, and species richness at paddock scale was strongly related to this heterogeneity. Our study
demonstrated the potential of horse grazing to maintain species richness of temperate grasslands.
However, more in-depth research is required to better understand interactions of horse grazing,
grazing regime and the landscape context. This will then provide a basis for a more targeted grazing
management with horses for the benefit of species rich grasslands in temperate climate.
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