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Abstract

There is widespread concern that cessation of grazing in historically grazed ecosystems is causing biotic homogenization and
biodiversity loss. Here, we used 12 montane grassland sites along an 800-km north-south gradient across the United Kingdom,
to test whether cessation of grazing affects local a- and β-diversity of belowground food webs. We show that cessation of grazing

leads to strongly decreased a-diversity of both soil microbial and faunal diversity. In contrast, the β-diversity varied between

groups of soil organisms. While soil microbial communities exhibited increased homogenization after cessation of grazing, we

observed decreased homogenization for soil fauna after cessation of grazing. Overall, our results indicate that grazer exclusion

from historically grazed montane grasslands has far-ranging consequences for the diversity and composition of belowground

food webs, and underscore the importance of grazers for maintaining the diversity of belowground communities, which play a

central role in ecosystem functioning.
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Abstract

There is widespread concern that cessation of grazing in historically grazed ecosystems is causing biotic
homogenization and biodiversity loss. Here, we used 12 montane grassland sites along an 800-km north-south
gradient across the United Kingdom, to test whether cessation of grazing affects local a- and β-diversity of
belowground food webs. We show that cessation of grazing leads to strongly decreased a-diversity of both
soil microbial and faunal diversity, particularly of relatively rare taxa. In contrast, the β-diversity varied
between groups of soil organisms. While soil microbial communities exhibited increased homogenization
after cessation of grazing, we observed decreased homogenization for soil fauna after cessation of grazing.
Overall, our results indicate that grazer exclusion from historically grazed montane grasslands has far-ranging
consequences for the diversity and composition of belowground food webs, and underscore the importance
of grazers for maintaining the diversity of belowground communities, which play a central role in ecosystem
functioning.

Introduction

The cessation of grazing is a common feature of the European landscape and is expected to rise sharply
over the next decade (Eurostat 2018), especially in low-productivity, mountainous areas where previously
extensively grazed lands are increasingly being taken out of agricultural production (MacDonald et al. 2000;
Cramer et al. 2008; Kuemmerle et al. 2016; Lasanta et al. 2017; Eurostat 2018). Extensively managed,
semi-natural grasslands are widespread across Europe, often grazed since Roman or even pre-Roman times
(Prins 1998; Hejcman et al. 2013), and support an important component of regional biodiversity, delivering
multiple ecosystem functions and services (Hector et al. 1999; Schröter et al. 2005; Hautier et al. 2018). This
has resulted in grassland ecosystems with spatially heterogeneous vegetation (Adler et al.2001). Based on
studies focused on plants, there is widespread concern that the cessation of grazing in these ecosystems is
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causing biotic homogenization due to a loss of rare specialist species and an increase in common generalists,
as well as overall declines in plant biodiversity (McKinney & Lockwood 1999; Olden et al. 2004; Clavel
et al. 2011; Newman et al. 2014; Epelde et al. 2017; Oggioniet al. 2020). Further, biotic homogenization
and associated loss of biodiversity resulting from grazer exclusion is likely to impact ecosystem functioning
(Plieninger et al. 2014; Johansen et al. 2019; Oggioni et al. 2020).

Despite the prevalence of grazer removal from historically grazed ecosystems, major uncertainties exist
regarding its impact on biodiversity and ecosystem functioning. One particular uncertainty concerns its
impact on different components of biodiversity, which have been observed to operate independently of each
other. Species richness at the local, plot scale (a-diversity) is likely driven by changes in land management
(Socolar et al. 2016), whereas compositional (between plot) variation (β-diversity), which includes variation
in the taxonomic composition of communities across sites, is driven by a range of factors that operate from
small to larger scales (Anderson et al. 2011). Therefore, while a-diversity may be stable or increasing in some
areas, β-diversity could be decreasing due to biotic homogenization, i.e. communities from different sites
become more similar in composition (Dornelas et al. 2014; McGill et al. 2015; Beauvais et al. 2016). There
is mounting evidence that the cessation of livestock grazing influences these different attributes of biotic
homogenisation of aboveground communities, including plants (Bühler & Roth 2011; Newman et al. 2014;
Beauvais et al.2016) and insects (Carvalheiro et al. 2013; van Noordwijket al. 2017), but far less is known
regarding the effects on communities of belowground organisms. Soil biodiversity regulates a number of
key ecosystem functions and services, for instance organic matter decomposition, plant nutrient availability,
nutrient leaching, and soil structural stability (Bais et al. 2006; Mendes et al. 2011; Berendsen et al. 2012;
Philippot et al. 2013; Turner et al. 2013; Schrama & Bardgett 2016). While some studies have examined
the effects of cessation of livestock grazing on belowground communities in grasslands (Heyde et al. 2017;
Oggioniet al. 2020), these studies generally focussed on specific groups of soil organisms (but see (Bardgett
et al. 1997; Bardgettet al. 2001; Epelde et al. 2017), short time spans since grazing removal (Epelde et al.
2017) or a narrow range of climate and soil conditions (Bardgett et al. 2001). Given this, there is a clear
need for an improved understanding of the long-term impact of the cessation of grazing on the composition
and diversity of belowground communities.

Here, we explore how cessation of grazing impacts a- and β-diversity of both plants and belowground commu-
nities, by analysing resulting changes in vegetation and a wide range of soil faunal and microbial groups. We
used a series of 12 montane grassland sites positioned along an 800-km north-south gradient of the United
Kingdom, and covering several of the UK’s main montane grassland regions, each with several paired plots
that were either subject to historical grazing by sheep or had livestock grazers excluded by fencing for 10-65
years. We focussed on montane grasslands because they are a prominent feature of the European landscape
and have been grazed by sheep for centuries, forming the backbone of the sheep farming industry across
Europe (Rodwell 1990). Further, the cessation of livestock grazing is commonplace in mountain regions of
Europe, including the United Kingdom, and is recognised as a key aspect of land abandonment (Eurostat
2018) and rewilding (Pereira & Navarro 2015), with the potential to have multiple, but largely unknown,
effects on local diversity and compositional variation in belowground communities among sites (Figure 1;
after (van Noordwijk et al.2017)).

Changes in a- and β-diversity can occur simultaneously and have positive, neutral or negative relationships.
As such, we tested a range of hypotheses, namely that: (1) increased a-(plot-based) diversity occurs when
cessation of grazing results in a higher degree of local environmental variation, and an increased availability of
niches supports more species (scenario C, E and H in Figure1); (2) decreased a-diversity happens when grazer
exclusion results in a reduction in local environmental heterogeneity, causing loss of rare species and/or gain
of generalist species (scenario A, D and F in Figure 1); (3) a decrease in β-(site-based) diversity may occur
independently of changes in a-diversity, which is expected when the removal of grazing has a homogenizing
effect on the composition of local communities within a given area, independent of the effect on local soil
community species richness (scenarios A, B and C in Figure 1); (4) if current land management causes strong
homogenization of soil communities, we expect that cessation of grazing will increase β-diversity through a
gradual divergence of communities, which may happen independently of changes in a-diversity by changing
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communities in various directions through differential species losses and gains (scenario F, G and H in Figure
1). We tested these hypotheses using our unique dataset of different components of the belowground food
web from long term paired grazed and ungrazed exclosures across the United Kingdom.

Methods

Site description

We selected 12 montane grassland sites across an 800 km north-south gradient of the United Kingdom (Figure
1). Sites were selected based on the following criteria: 1) grasslands had never received inorganic fertilisers or
herbicides; 2) grazer exclusion plots had to be present for at least 10 years; 3) sites needed to be sufficiently
far apart (>10km) to be independent from each other; 4) the main form of historical management at the site
is extensive grazing by sheep. Sites were typically grazed by pure bred sheep at stocking densities of 1-2 ewes
per hectare per year, although historical variation in grazing pressure across sites has resulted in mosaics
of vegetation with patches of short and tall grass, interspersed with patches of dwarf-shrubs dominated by
Calluna vulgaris , Vaccinium myrtillus ,Erica tetralix and Erica cinerea . All sites were visited and sampled
once, between 28th of April and 7th June 2015. Fenced grazing exclosures varied in size from 25 m2 – 10.66
ha and in age since cessation of grazing from 10 to 65 years (Table 1, Table S1 and Figure 2). At the sites,
we sampled 4 paired 5x5m plots where extensive grazing had been excluded by fencing and 4 adjacent grazed
plots (Figure 2). At one location, Exmoor (site 11, Figure 2), we sampled three paired sites, and in the
Peak District (site 9, Figure 2) we sampled six sites; therefore, the total number of plots was 98, half grazed
and half ungrazed, from 12 distinct sites. The elevation from the sites varied between 300m and 700m asl
(Table 1), and differed in underlying geology, climatic conditions, soil characteristics and dominant plant
species (Table S1-4). In each plot we assessed the vegetation composition and biomass (see supplementary
information for details). Soil samples were collected to determine soil abiotic properties (bulk density, water
content, carbon (C), nitrogen (N), phosphorus (P) content, pH and the potential nitrogen-mineralization;
for further details, see supplementary methods S6.

Assessment of the composition of the belowground community

Nematode communities. Nematodes were extracted from 200 g of composite soil sample using the elutriator
- cotton wool filter method (Oostenbrink 1960). Nematode suspensions were concentrated and DNA was
extracted by a lysis buffer including mammalian DNA as an external standard to monitor losses due to
sample handling and DNA purification (Vervoort et al. 2012). DNA extracts were purified using a glass-
fiber column-based procedure (Ivanova et al. 2006). Purified DNA extracts were stored at -20 ºC. To assess
overall nematode biodiversity across all sites, 5 μl aliquots of all purified extracts were combined. The
resulting mixture was analysed by qPCR using 72 nematode taxon-specific primer sets (Table S5). Based
on the outcome of the overall biodiversity assessment, 30 nematode taxa were selected for qPCR-based
quantification in each of the 98 samples. Two additional qPCR primer sets were used: one primer set was
used to assess total nematode densities per sample, and a second primer set was used to quantify DNA
levels of the external standard. Quantitative PCR reactions were executed and Ct-values were converted to
nematode counts per 200 g soil. For details see Vervoort et al. (2012); Quist et al.(2017).

Microbial communities. Genomic DNA of bacteria, fungi, and protists was extracted from 1.5 gram of each
composite soil sample using the Qiagen DNeasy PowerSoil 96-well extraction method. DNA was amplified in
triplicate using primers specific to targeted regions within either the 16S or 18S rRNA gene (for prokaryotic
and eukaryotic analyses, respectively). A portion of the 16S rRNA gene was amplified using the archaeal-
and bacterial-specific primer set 515f/806r (Bates et al. 2011). This 16S rRNA gene primer set is designed to
amplify the V4–V5 region of both Archaea and Bacteria, has few biases against specific taxa and accurately
represents phylogenetic and taxonomic assignment of sequences (Liu et al. 2007). The 18S rRNA gene
was amplified using the eukaryotic-specific primer set F1391 (50-GTACACCGCCCGTC-30) and REukBr
(50-TGATCCTTCTGCAGGTTCACCTAC-30). The 18S rRNA gene primer set is designed to amplify the
hypervariable V9-region of eukaryotes, with a focus on microbial eukaryotic lineages (Amaral-Zettler et al.
2009), including both protists and fungi. Amplicons were sequenced on two lanes of a 2 x 151 bp sequencing
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run on the Illumina HiSeq 2500 operating in Rapid Run Mode, following (Caporasoet al. 2012).

Microarthropod communities. To determine the community composition of microarthropods (mites: Acari,
and springtails: Collembola), the large intact soil core was extracted using the Tullgren extractors at Lan-
caster University. Per plot, the batch of extracted microarthropods was collected in 96% ethanol and further
processed to enable DNA-based identification. DNA extraction was performed using the DNeasy Blood &
Tissue kit. DNA was amplified using the MiteMinBarF7 and MiteMinBarR4 primers, which target a ˜200
bp fragment located within the cytochrome oxidase subunit 1 (COI) region, and were specifically designed
to cover a wide diversity of microarthropods in NW-European grasslands (de Groot et al. 2016). At Aarhus
University (Roskilde, Denmark), amplicons were prepared for in-house paired-end sequencing on an Illumina
MiSeq platform, using the Nextera XT indexing kit (Illumina, San Diego, CA, USA). The resulting amplicon
libraries were purified using HighPrep PCR (Magbio Genomics Inc., Gaithersburg, Maryland, US) beads,
quantified and equimolarly pooled, upon sequencing using the 250 bp paired end MiSeq version 2 reagent
kit (Illumina, San Diego, CA, USA).

Data analysis

Bioinformatic processing . Bioinformatic processing of the sequence data was conducted for microarthropods
(springtails and mites; COI), bacteria (16S), and fungi and protists (18S) according to standard procedures
(see supplementary methods S6).

Diversity calculations. Changes in species richness resulting from cessation of grazing were calculated per site
(e.g. Lake District) for the different groups using the formula: Δ a = (a[ungrazerd]-a[grazed])/a[ungrazed],
which gives a response ratio for the site where grazing was excluded. Positive values represent an increase
in species richness at a given site, negative values represent a decrease. To calculate β-diversity for each
taxonomic group, we calculated the dissimilarity among all grazed and among all ungrazed plots at a given
site, following Ferrier et al. 2007 to obtain this metric, we calculated a Bray-Curtis dissimilarity matrix
within site, using the vegan package (Oksanen et al. 2017). We then averaged the dissimilarities per site to
obtain an estimate for β-diversity for both treatments at each of the 12 locations. For example, the β-diversity
of the grazed treatment in the Yorkshire Dales (which had 4 independent plots) was based on the average
dissimilarity in each soil organismal group for all pairwise combinations of grazed plots 1, 2, 3, and 4, which
were subsequently averaged. We used the same procedure for the ungrazed plots. Changes in community
dissimilarity between grazing treatments were calculated as follows: Δdissimilarity = (dissimilarity[ungrazed]
- dissimilarity[grazed]) / dissimilarity[ungrazed].

To investigate the effect of cessation of grazing on relatively rare, common and widespread taxa, we performed
a separate analysis. For this, we divided taxa into three groups: taxa that were present in less than 25%
of all plots (n =98) were considered relatively rare; taxa present in 25 to 75% of all plots were considered
relatively common; and taxa present in more than 75% of all plots were considered relatively widespread
(hereafter referred to as rare, common and widespread). We then investigated how species richness within
each of the organismal groups responded to cessation of grazing using a similar method as explained above
for a-diversity.

Statistical procedures . First, the effect of cessation of grazing on biotic and abiotic properties were explored
using a series of mixed effect models where biotic and abiotic factors were included as response variables
(including aboveground biomass, litter depth, soil temperature, electrical conductivity, available inorganic
nitrogen, mineralisation rates, pH and bulk density) and grazing treatment as a fixed predictor. Second, to
explore whether different grazing treatments affected plant species composition, a nonmetric multidimen-
sional scaling analysis was conducted, using the R-package vegan (Oksanenet al. 2017). Linear mixed models
were constructed to test the effect of grazing treatment on α- and β-diversity for all groups of soil organisms
and plants, and included grazing/grazing removal treatment as a fixed effect. Linear mixed models were
constructed using R-packages lme4 (Bates et al. 2015) and lmerTest to investigate the drivers of α- and
β-diversity for all groups of soil organisms. We included the following predictors as fixed predictors: grazing
treatment, pH, soil carbon (% dw), depth of organic layer (cm), litter biomass (g.m-2), aboveground biomass
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(g.m-2), cover of grasses & herbs, average soil bulk density (g.dm-3), soil moisture (g.dm-3), plant richness
(number of species per 2x2m quadrat), mineral N (mg.kg-1) and two-way interactions between each of these
variables and the grazing/grazing removal treatment. Site was included as a random predictor throughout.
Sites with very deep organic layers (n=8) were excluded from this analysis, as we were unable to estimate
the carbon storage of these sites. All predictors were checked for multicollinearity and correlating predictors
were excluded from the analysis. Assumptions on homogeneity of variances and normality of residuals were
met for each of the models. For each species group, a full model, consisting of all fixed effects and their in-
teraction with grazing removal was constructed, which was subsequently simplified using the step() function
in the lmerTest package (Kuznetsova 2017); all variables with p < 0.1 were retained in the final model.

Results

Effects of cessation of grazing on vegetation and soil characteristics

Consistent with our expectations, across all sites, cessation of grazing had strong effects on plant community
composition (Figure S1). In general, cessation of grazing resulted in plant communities becoming more dwarf-
shrub or fern dominated on acid soils, or dominated by tall grasses (e.g ., Deschampsia cespitosa) on more
alkaline soils. Sites where grazing was excluded had marginally higher aboveground biomass (F(1,73)3.28,
p=0.07), although this varied strongly by site (F(11,73)2.77, p = 0.004). Across sites, cessation of grazing
caused the litter layer depth to increase on average by 28% or 4 cm (F(1,60), P=0.04). Cessation of grazing
also resulted in changes in soil abiotic properties, including lower mean soil temperature (F(1,53)22.0, p
<0.001) and reduced electrical conductivity (F(1,53)8.8, p =0.004). Grazing removal resulted in slightly
higher soil inorganic nitrogen concentrations (F(1,69)4.4, p=0.04), but we detected no changes in rates of
potential N mineralization (p > 0.1) nor in pH (p > 0.1). Soil bulk densities varied across sites (F(11,88)8.84,
p < 0.001), but were not affected by cessation of grazing (p > 0.1).

Effects of grazing removal on a-diversity of plant and soil communities.

For the analysis of changes in diversity, we used a total of 113 mite and 79 springtail phylotypes, 30 ne-
matode taxa (families/genera), 2068 protist phylotypes, and 2179 fungal and 10336 bacterial phylotypes.
Aboveground we recorded 76 species of vascular plants. Estimated species richness levels (as a measure of
a-diversity) of soil eukaryotes, soil fauna and vascular plants were consistently reduced as a result of grazing
removal (Figure 3). This decline was most pronounced for vascular plants, which declined from an average
of 8.0 species in managed plots to 5.8 species (response ratio: -0.57) in grazing removal plots (F(1,74) 14.2,
p < 0.001; Figure 3). Nematode richness decreased with grazing removal, as illustrated by the negative
response ratio of -0.27 (F(1, 71) 19.4, p<0.001; Figure 3); species richness of mites and springtails showed
a similar, but non-significant trend. Within the microbes, species richness of microbial eukaryotes declined
with grazing removal: the phylotype richness of fungi decreased by 19% in the grazing removal treatment
(response ratio -0.29, F(1, 72) 13.6, p<0.001; Figure 3) and the phylotype richness of protists decreased by
17% (response ratio -0.21, F(1, 72) 9.8, p=0.003). In contrast, phylotype richness of bacteria did not show a
significant response to grazing removal (0.4% change; Figure 3).

Drivers of a-diversity

Overall, our models explained a relatively large amount of variance in species richness (a-diversity: mean
conditional Rc

2 = 0.54, ranging between 0.31 - 0.76). A considerable amount of this variance was explained
by site, as indicated by the difference in model fit between the conditional and marginal R2 (a-diversity
variation explained by site: mean Rc

2–Rm
2 = 0.34, range 0.14-0.56). Site was a particularly strong predictor

of a-diversity of springtails, protists and fungi, where it explained at least twice as much variation as all other
variables combined (Table 2). Explanatory soil variables differed strongly between groups of soil organisms
(Table 2). Species richness of all microbial groups (bacteria, fungi and protists) was most strongly and
positively related to soil pH and to a lesser extent to litter biomass, soil bulk density and moisture content.
Species richness of nematodes was also related to pH, albeit less strongly than for soil microbes. Nematode
species richness was also explained by soil carbon content, and interaction effects between pH*grazing removal
and litter biomass*grazing removal. Conversely, species richness of springtails and mites was unrelated to soil
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pH. Species richness of springtails was negatively related to bulk density and the interaction effect between
grazing removal and cover of grasses and herbs, soil bulk density and mineral nitrogen concentration, while
mite richness was explained by the interaction effect between soil moisture*grazing removal.

Εφφεςτς οφ αβανδονμεντ ον β-διvερσιτψ .

Cessation of grazing caused a significant decrease in β-diversity for protists and fungi (both approximately
5%), whereas β-diversity of plants and bacteria was unaffected (Figure 3B). In contrast, cessation of grazing
caused an increase in β-diversity for mites (5%), springtails (15%) and nematodes (15%).

Δριvερς οφ β διvερσιτψ.

Overall, models explained a relatively large amount of variance in β-diversity: mean Rc
2 = 0.71, range 0.6

- 0.87; Table 2). Also, for β-diversity, a large amount of the variance was explained by site, as indicated by
the difference in model fit between the conditional and marginal R2 (mean Rc

2–Rm
2 = 0.36, range 0.06-0.84;

Table 2). This was most prominent for β-diversity of springtails, protists and fungi, where site explained
at least twice as much variation as all other variables combined (Table 2), coinciding with patterns for
a-diversity. Conversely, the effect of site was negligible for nematodes, mites and bacteria (Table 2). Of
the fixed effects, cessation of grazing was the main factor responsible for differences in β-diversity: grazing
removal had a positive impact on β-diversity of soil fauna groups and a negative effect on β-diversity of fungi
(Table 2), in line with the results on response ratio (Figure 3B). Moreover, pH was an explanatory variable
for β-diversity of nematodes and springtails, but not for any of the soil microbial groups.

Effects on of abandonment on rare, common and widespread taxa.

For plants, springtails and mites, no taxa were classified as ‘relatively widespread’, which we defined as
taxa present in >75% of all plots. In general, removal of grazing had a disproportionately large impact
on rare taxa (according to our definition of the category rare: these are less ubiquitous taxa which are
present in < 25% of all plots) compared to common and widespread taxa (Figure 4). For most groups of soil
organisms and plants, rare species decreased more than the common species as a result of grazing removal,
although for mites and bacteria this trend was not significant. For plants and nematodes, the diversity of
rare species decreased more strongly (response ratio < -1) than for bacteria, fungi, protists, springtails and
mites (response ratio between -0.1 and -0.6 (Figure 4).

Discussion

Our results show strikingly consistent patterns in the response of a-diversity of soil microbial and soil fauna
groups to cessation of grazing. A number of key soil fauna and microbial groups, with the exception of soil
bacteria, showed a marked decrease in a-diversity following grazer exclusion, which also coincided with a
marked decline in local plant species richness. The decline in plant species richness with grazer exclusion
is consistent with previous studies showing that extensive grazing generally has a positive effect on local
plant diversity (Olff & Ritchie 1998; Bakker et al. 2006; Epeldeet al. 2017). However, we found no evidence
that plant species richness itself was a prominent proximate driver of changes in belowground α-diversity.
Rather, our analysis showed that other factors, especially soil pH, carbon concentration, soil moisture, bulk
density, litter biomass and aboveground biomass, were the most important determinants of grazer exclusion-
induced changes in belowground α-diversity, largely consistent with previous studies showing that habitat
characteristics are important determinants for the effect of grazer exclusion on soil communities in grasslands
(e.g. (Bardgettet al. 1993; Bardgett et al. 1997; Bardgett et al.2001; Epelde et al. 2017; Oggioni et al.
2020). Nevertheless, we speculate that, although plant communities were not identified as a direct driver of
soil fauna communities, they may be one of the ultimate drivers underlying these patterns in α-diversity. For
example, we observed a shift towards fern- or dwarf shrub-dominated vegetation in many of the abandoned
plots on acid soils, which is often associated with reduced soil pH and increased litter mass (Johnson-
Maynard et al. 1998). Such vegetation-induced changes in soil biotic and abiotic conditions would then be
the proximate driver of the observed changes in soil communities. This suggests that, rather than changes
in plant species diversity per se , shifts in plant species composition ultimately drive the observed patterns
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in local belowground richness.

At the local scale, effects of cessation of grazing on belowground species were even more pronounced for rel-
atively rare than for relatively widespread and common species. These results are consistent with McKinney
& Lockwood’s (1999) original idea of ‘biotic homogenization’ and (scenario A & F in Figure 1): relatively
rare species suffer more from land use change than relatively common or widespread species. We speculate
that a mix of drivers may be responsible for this pattern. First, an important driver may be the loss of
certain (rare) plant species from the areas where grazing was halted. Different plant species are known to
selectively influence community composition in their rhizosphere (Bezemer et al. 2010; Leffet al. 2018). For
example, most short grass species (e.g.,Cynosurus cristatus, Agrostis stolonifera ), legumes (e.g.,Trifolium
repens ) and short herbs (e.g., Bunium bulbocastanum ) decreased strongly or disappeared altogether after
grazing exclusion. In addition, the selective loss of relatively rare species might result from a decrease in
local heterogeneity after grazing exclusion as a result of a lack of small scale trampling (Sørensen et al.
2009) or a lack of local defecation (Augustine & Frank 2001). Because of a lack of ecological information
about specific plant-microbe and plant-fauna relationships and changes in patterns of local heterogeneity,
it is impossible to provide conclusive evidence for each of the two hypotheses. As both processes typically
coincide with removal of grazing (Adler et al. 2001; Pykälä 2005), it is likely that the resulting pattern can be
generalized to other systems: cessation of grazing results in the loss of belowground species richness through
the combined effect of a loss of local heterogeneity and local plant species richness.

Δριvερς οφ βελοωγρουνδ β-διvερσιτψ

In grasslands, extensive grazing generally leads to spatial heterogeneity in aboveground vegetation (Adler
et al. 2001) where different patches represent different phases on a successional gradient (Olff et al. 1999).
Cessation of grazing thereby becomes a homogenizing factor that pushes patches towards a climax stage of
generally lower aboveground β-diversity (Olff & Ritchie 1998). As a result, one might expect belowground
β-diversity to exhibit a similar decrease in response to cessation of grazing (i.e. greater homogenization in
community composition). However, in contrast to the consistent negative responses for a-diversity, our results
show remarkably mixed responses for β-diversity of different groups of belowground biota. We observed
a strong decline in β-diversity for eukaryotic soil microbes (fungi, protists), no change in β-diversity of
prokaryotic soil microbes, and an in increase in β-diversity for springtails, mites and nematodes. These
differences in response between larger bodied and smaller bodied soil organisms may result from differences
in the sensitivity of these groups of organisms to shifts in plant species composition and/or changes in soil
physical parameters that happen as a result of grazer removal. A plethora of studies has shown that soil
microbial community composition is strongly related to the composition of the plant species community
(Grayston et al.1998; Kowalchuk et al. 2002; Berg & Smalla 2009; Leff et al. 2018), as many microbial
taxa are directly dependent on carbon sources (e.g., exudates and litter) from plants. Soil animals are also
ultimately dependent on plant-derived carbon, but, due to their greater mobility and size, may also be
affected by other environmental factors that change in response to the cessation of grazing. We therefore
propose that the changes in vegetation community and the accompanying changes in root exudation patterns,
litter quality, local changes in pH-gradients (Fierer & Jackson 2006; Rousk et al. 2010) as well as variation in
litter recalcitrance (Freschet et al. 2012) may explain the observed differences in β-diversity for soil microbial
groups, whereas the observed physical differences in soil properties, soil organic matter and soil structure,
and the spatial variation therein might be more important for the spatial distribution larger bodied species
(Ettema & Wardle 2002; Quist et al. 2019).

A last remaining question is why β-diversity of soil fauna actuallyincreases in response to cessation of
grazing. Here, we speculate that this might be due to increased cover and patch size of mid-late successional
(clonal) plant species, and the observed coinciding increase in air filled porosity. Indeed, clonal plant species
characteristic of mid to late successional stages (e.g., C. vulgaris , Pteridium aquilium. Molinia caerulea , D.
cespitosa ) were more abundant in the abandoned plots. These species are generally associated with more
complex food webs and a greater abundance of higher trophic levels as a result of larger belowground carbon
inputs (Morriën et al. 2017). Patches that consist of different functional groups (heather species, legumes,
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grasses, other shrubs, ferns, mosses) can differentially affect the diversity of organisms through changes in
resource supply and other abiotic properties (Wikberg & Mucina 2002; Ward et al. 2015). Evidence for
the idea that such patches are associated with different soil communities comes from vegetation removal
experiments, which show that removal of entire functional groups has major effects on belowground species
composition and functioning (Ward et al. 2009). In our study sites, this increasing patch size is exemplified
by the replacement of species rich grasslands dominated by short grasses and herbs by clonal growth of patch
forming species such as ferns (e.g., P. aquilinum ), dwarf shrubs (e.g., C. vulgaris, V. myrtillus, E. tetralix
) and tall grasses (e.g. M. caerulea and D. cespitosa ). This change in patchiness in the vegetation after
cessation of grazing may thus result in increased medium-large scale spatial heterogeneity. We hypothesize
that the resulting divergence in belowground communities may start once the lack of grazing permits these
clonal structures to become locally dominant. Although more rigorous experiments are needed to test the
relative importance of these different possible mechanisms, we conclude that β-diversity of soil fauna and soil
microbial taxa respond markedly differently to cessation of grazing and that changes in vegetation properties
likely underlie these patterns.

Conclusion

By analysing a comprehensive dataset of key belowground taxa, we show that cessation of grazing on montane
grasslands with a long history of extensive sheep grazing leads to significant declines in a-diversity of soil
organisms, while β-diversity of soil fauna and soil microbes show a contrasting response. This illustrates that
extensive grazing plays a key a role in regulating biodiversity of belowground communities, and highlights
that the removal of grazing can result in a range of deleterious effects, much in line with recent work on
aboveground invertebrate communities (Van Klink & WallisDeVries 2018). Large swarths of Europe are
currently being subjected to ‘rewilding’, an approach to nature conservation that involves the cessation of
historic livestock grazing. Our results suggest that such a ‘rewilding’ approach to nature conservation might
not lead to an associated increase in the diversity of belowground organisms. Rather, given that current
densities of natural grazers and browsers in historically grazed systems are low, particularly compared to
previous interglacial periods (Sandom et al. 2014), we expect profound negative impacts of instantaneous
cessation of grazing on belowground diversity. This suggest that there is a need for a gradual reduction
of extensive grassland management and a gradual increase of natural grazers when aiming to conserve
belowground biodiversity.
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Table 1. Site details for all 12 locations; numbers correspond to Fig. 1

Site name Cessation of grazing since GPS (N) GPS (W) Altitude (m asl)

1) Glen Saugh 1980 56°54’04.3”N 2°33’09.0”W 329
2) Ben Lawers 1991 56°32’26.5”N 4°09’10.8”W 578
3) Glen Flinglas 2006 56°16’36.1”N 4°27’00.7”W 392
4) Glen Shee 1990 56°51’16.2”N 3°25’41.5”W 558
5) Lake District 1990 54°39’33.1”N 3°10’57.0”W 492
6) Moor House 1957 54°40’59.5”N 2°27’00.0”W 684
7) North Pennines 1965 54°48’01.8”N 2°20’02.4”W 481
8) Yorkshire Dales 2000 54°11’38.4”N 2°20’59.3”W 350
9) Peak District 1995 53°22’47.3”N 1°40’52.7”W 435

9
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Site name Cessation of grazing since GPS (N) GPS (W) Altitude (m asl)

10) Snowdonia 1950 53°09’46.1”N 3°57’49.0”W 665
11) Exmoor 1998 51°03’32.8”N 3°41’09.6”W 303
12) Dartmoor 2006 50°26’23.6”N 3°54’36.4”W 347

Table 2. Summary of relationships between a and β diversity of the different soil fauna and microbial groups
and abiotic drivers *** p<0.001; ** p<0.01 * p<0.05; + p<0.1

Drivers of a diversity Drivers of a diversity Δριvερς οφ β διvερσιτψ Δριvερς οφ β διvερσιτψ

Factor Nematodes Springtails Mites Protozoa Bacteria Fungi Nematodes Springtails Mites Protozoa Bacteria Fungi
Abandonment treatment ˜ ˜ ˜ *** ** **
pH * *** *** *** ** *
Soil carbon % ** * +
Organic layer depth +
Litter Biomass **
Aboveground biomass * +
Cover of grass + herbs *
Bulk density * **
Soil moisture * *** *
Plant richness +
mineral N ˜ * + +
Abandonment * pH * *
Abandonment * soil carbon% * **
Abandonment * organic layer depth
Abandonment * litter biomass * ** +
Abandonment * aboveground biomass ˜ **
Abandonment * cover of grass + herbs * **
Abandonment * bulk density * ˜ ˜ * **
Abandonment * soil Moisture ˜ *
Abandonment * plant richness
Abandonment * mineral N *
Marginal R2 0.40 0.28 0.18 0.20 0.05 0.09 0.56 0.18 0.65 0.08 0.57 0.03
Conditional R2 (incl. site as random eff.) 0.61 0.74 0.32 0.76 0.31 0.54 0.62 0.72 0.68 0.75 0.60 0.87
Site effect (R2

c – R2
m) 0.21 0.46 0.14 0.56 0.26 0.45 0.06 0.54 0.03 0.67 0.03 0.84

Figure Captions

Figure 1 . Potential changes in a and β-diversity of soil organisms resulting from the cessation of grazing. a-
diversity can potentially increase or decrease independently of changes in β-diversity, which can also increase
or decrease, from a starting position (indicated in red).

Figure 2. Locations of the 12 sites. Numbers correspond to the different sites: 1) Glen Saugh; 2) Ben
Lawers; 3) Glen Finglas; 4) Glen Shee; 5) Lake District; 6) Moor House; 7) North Pennines; 8) Yorkshire
Dales; 9) Peak District; 10) Snowdonia; 11) Exmoor; 12) Dartmoor. Background map depicts soil organic
matter concentrations (Joneset al, 2016): darker colors indicate high carbon stocks. Picture of Glen Shee
(inset) shows a typical pattern as a result of grazing: higher grass cover at the grazed side of the fence with
dominance ofNardus stricta and dominance of ericaceous shrubs, such asCalluna vulgaris on the side of the
fence where grazers were excluded. Photo: M. Schrama.

Figure 3. Response ratios of different species groups to cessation of grazing (±SD). Light brown bars

10
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indicate soil microbes, dark brown bars indicate soil fauna, green bars indicate plants. A) Effects on a-
diversity (species richness); B) Effects on β-diversity (homogenization). Positive values indicate an increase
in diversity as a result of grazer removal and a negative value indicates a decrease in diversity. Stars indicate
significant differences: *** p< 0.001; ** 0.001 < p < 0.01; *0.01 < P < 0.05; ns: not significant

Figure 4. Response ratios of a diversity (±SD) of relatively rare, common and widespread microbes, plant
species and soil fauna to abandonment. Light brown bars indicate soil microbes, dark brown bars indicate
soil fauna, green bars indicate plants. A positive value indicates an increase in species richness in response to
removal of grazing; a negative value indicates a decrease in species richness as a result of abandonment. Stars
indicate significant differences: *** p< 0.001; ** 0.001 < p < 0.01; *0.01 < P < 0.05; ns: not significant.

Figure 5 . Long term effects of cessation of grazing on local (a) and compositional (β) diversity. For all
groups except mites, collembolans and bacteria we found a significant decrease in species richness when
grazers were excluded. There was a more varied response for β-diversity: some groups, such as nematodes,
exhibited a strong community divergence, indicating that grazing removal results in increased β-diversity.
Other groups, such as, fungi and protozoa exhibited a community convergence, indicating that cessation of
grazing led to a decreased β-diversity, while the β-diversity of bacteria was not affected.

Figure 1.

Figure 2.
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Figure 3.

Figure 4.
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Figure 5

References

1.

Adler, P., Raff, D. & Lauenroth, W. (2001). The effect of grazing on the spatial heterogeneity of vegetation.
Oecologia , 128, 465-479.

2.

Amaral-Zettler, L.A., McCliment, E.A., Ducklow, H.W. & Huse, S.M. (2009). A method for studying
protistan diversity using massively parallel sequencing of V9 hypervariable regions of small-subunit ribosomal
RNA Genes. PLoS ONE , 4.

3.

Anderson, M.J., Crist, T.O., Chase, J.M., Vellend, M., Inouye, B.D., Freestone, A.L. et al. (2011). Navi-
gating the multiple meanings of β diversity: A roadmap for the practicing ecologist. Ecology Letters , 14,
19-28.

4.

Augustine, D.J. & Frank, D.A. (2001). Effects of migratory grazers on spatial heterogeneity of soil nitrogen
properties in a grassland ecosystem. Ecology , 82, 3149-3162.

5.

Bais, H.P., Weir, T.L., Perry, L.G., Gilroy, S. & Vivanco, J.M. (2006). The role of root exudates in rhizosphere
interactions with plants and other organisms. In: Annual Review of Plant Biology , pp. 233-266.

6.

Bakker, E.S., Ritchie, M.E., Olff, H., Milchunas, D.G. & Knops, J.M.H. (2006). Herbivore impact on
grassland plant diversity depends on habitat productivity and herbivore size. Ecology Letters , 9, 780-788.

7.

Bardgett, R.D., Frankland, J.C. & Whittaker, J.B. (1993). The effects of agricultural management on the
soil biota of some upland grasslands.Agriculture, Ecosystems and Environment , 45, 25-45.

8.

13



P
os

te
d

on
7

O
ct

20
21

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
63

35
95

00
.0

67
33

11
3/

v
1

—
T

h
is

is
a

p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r-

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Bardgett, R.D., Jones, A.C., Jones, D.L., Kemmitt, S.J., Cook, R. & Hobbs, P.J. (2001). Soil microbial
community patterns related to the history and intensity of grazing in sub-montane ecosystems. Soil Biology
and Biochemistry , 33, 1653-1664.

9.

Bardgett, R.D., Leemans, D.K., Cook, R. & Hobbs, P.J. (1997). Seasonality of the soil biota of grazed and
ungrazed hill grasslands.Soil Biology and Biochemistry , 29, 1285-1294.

10.
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