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Abstract: Spatial heterogeneity in plant and soil properties plays a key role for biogeochemical
cycling, nutrient losses and ecosystem function. Different management practices are expected to
induce varying levels of spatial heterogeneity in agroecosystems, but the effects of contrasting biomass
removal regimes and herbivore species on grassland variability and spatial pattern have faced little
attention. We carried out a spatially-explicit sampling campaign and geostatistical analyses to quantify
the spatial heterogeneity of the biomass and N in plants and soil for three management treatments
(mowing, cattle grazing and sheep grazing) within a long-term grassland experiment. All plant
and soil properties showed within-site variation, irrespective of management treatment. Within-site
variation in plant variables could be ranked as grazing > mowing. Cattle grazing increased variability
in vegetation structure, soil mineral N and soil C:N compared with sheep grazing. In addition,
the cattle-grazed field had a higher degree of spatial structure and a more coarse-grained pattern
of spatial heterogeneity in plant properties than the sheep-grazed field. However, both grazing
treatments showed spatial asynchrony in above- and below-ground responses to grazing. These
results demonstrate the importance of herbivore species identity as a driver of grassland spatial
heterogeneity, with implications for spatial uncoupling of nutrient cycles at the field scale.

Keywords: aboveground biomass; grazing; heterogeneity; mowing; roots; soil nitrogen; spatial
autocorrelation; upland grassland

1. Introduction

Variability and spatial patterns in plant and soil properties are both a response to past and present
abiotic and biotic processes, and are a driver of ecosystem structure and function [1–3]. Widespread
evidence suggests that spatial heterogeneity plays a key role for biogeochemical cycling and nutrient
losses in both managed and natural ecosystems, with significant implications for the provision of
ecosystem services [4–6]. In managed agroecosystems, the prevalence of spatial heterogeneity may vary
depending on the application of agricultural practices associated with cultivation, soil fertility and plant
biomass harvests [7]. However, the description and quantification of spatial heterogeneity in vegetation
and soil resources in relation to agricultural management is extremely limited [4], and the enhancement
(or reduction) of spatial heterogeneity is rarely considered in the elaboration of ecosystem management
strategies [8,9]. In order to make management recommendations, improved understanding of the
impacts of different management practices on the expression of spatial heterogeneity (i.e., the occurrence
and degree of plant and soil variability/spatial pattern observed) is required; simply understanding the
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consequences of spatial heterogeneity is not sufficient. Our study specifically addresses this knowledge
gap, providing data of both ecological and agricultural interest.

Improved understanding of the impacts of management practices on the degree of spatial
heterogeneity in above- and below-ground carbon (C) and nitrogen (N) pools is of particular relevance
for grassland ecosystems. Grasslands are a major terrestrial biome, underpinning livestock production
systems and providing key environmental and societal benefits including C storage, water quality
and biodiversity maintenance [10,11]. Within grassland fields, intrinsic heterogeneity in plant and
soil properties due to pedology, topography and plant species distributions may be enhanced by
the presence of grazing animals [3,12]. The presence of grazing domestic herbivores is associated
with trampling, defoliation (plant tissue removal) and nutrient ‘hotspots’ due to deposits of urine
and dung [13,14]. Unlike mown fields where fertilizer inputs and biomass harvests are carried out
uniformly across space, non-uniform animal movements and activities (grazing, resting, attraction
to water points) within grazed fields promote an uneven spatial distribution of excretal patches and
a mosaic of short and tall vegetation patches [3]. Asynchrony in the spatial distribution of nutrient
removal (herbivore feeding activities) and nutrient return (herbivore excretion) also generates spatial
uncoupling of C and N cycles and a redistribution of nutrients within the field [8]. In the short
term, grazing may alter C and N cycling by changes in i) plant growth rates and nutrient use, and ii)
nutrient transformations and mineralization rates in animal excreta, with increased risks of losses by
leaching and volatilization [13,15]. In the longer-term, grazing-induced changes in CN cycling are
further enhanced by shifts in plant-soil feedbacks as well as in plant species composition and microbial
community structure [16,17].

Although the general patterns and mechanisms of grassland responses to grazing are well
described [17,18], surprisingly few studies have explicitly quantified the impacts of grazing animals on
the variability and spatial pattern of plant and soil CN pools. Animal social behavior and patch grazing
(attraction to previously-grazed, nutrient-rich vegetation patches), coupled with positive plant-soil
feedbacks, are expected to generate high variation and non-random, patchy spatial patterns of plant
and soil properties in space [14,19]. To date, however, comparisons of grazed and ungrazed grassland
sites have shown mixed results, with heterogeneity in soil properties either increasing or showing weak
responses to grazing [20–22]. Responses to gradients of stocking density are more clear-cut; previous
work on cattle grazing in mesic grasslands has shown that increased stocking density and grazing
intensity have a strong influence on vegetation patch structure, generally increasing the proportion of
short versus tall patches in space and promoting a more even forage utilization [19,23]. Work on sheep
grazing in semi-arid grasslands also suggests that high stocking rates increase the homogeneity of
plant biomass distributions within the field [24].

In contrast to the animal stocking rate, the impact of animal species on grassland variability and
spatial pattern in CN stocks has faced little attention. In theory, differences in animal size and foraging
behavior should mediate the impact of different grazing species on grassland heterogeneity and spatial
pattern via differences in the size, quantity and quality of excretal returns, as well as differences in
forage selectivity [22]. For example, sheep graze closer to the ground with a smaller bite size and a
higher selection of legumes and dicotyledonous species in mixed grasslands compared to cattle [25].
Moreover, the smaller excretal patches of sheep are expected to have a faster nutrient turnover and
generate smaller-scale patchy spatial patterns compared with the excreta of larger herbivores [13,26].
Indeed, the assumption that sheep grazing leads to a greater spatial uniformity than cattle grazing is
a frequently-applied “rule-of-thumb” in agricultural management. However, common practices in
agriculture and nature management based on practitioner experience are not systematically validated
by experimental data. Whilst recent work in semi-arid grasslands has shown that plant community
heterogeneity is lower in sheep-grazed pastures compared to cattle-grazed pastures at moderate grazing
intensity [22], there is an absence of controlled, comparative studies of cattle- and sheep-grazing on
spatial heterogeneity in temperate grassland systems. To date, comprehensive surveys of heterogeneity
with spatially-explicit data on plant and soil variables are lacking, and standardized field trials are
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required to make progress in our understanding of the importance of herbivore identity as a driver of
spatial heterogeneity.

The aim of this study was to simultaneously characterize plant and soil variability in a semi-natural
grassland subjected to contrasting management practices, with a particular focus on the comparison
between cattle- and sheep-grazing effects on within-field spatial heterogeneity. Spatial patterns in
plant and soil C and N content were examined as part of a long-term management trial in an upland
temperate grassland in the French Massif Central Region by combining a spatial sampling design
with geostatistical analysis. We predicted that grazing would promote greater within-field variation
compared with mowing, and hypothesized that for a given animal stocking rate: (i) cattle grazing
induces a greater variability in plant and soil properties than sheep grazing, and (ii) the patchy spatial
pattern of plant and soil properties is expressed at a larger spatial scale in cattle-grazed paddocks than
that in sheep-grazed paddocks. We also examined whether the magnitude and direction of animal
grazing effects on heterogeneity show similar patterns above- and below-ground.

2. Materials and Methods

2.1. Study Site

The study was conducted in a flat upland grassland area located in the French Massif Central
(45◦43′43” N, 03◦1′21” E, 880 m a.s.l.). The climate is semi-continental, with a mean annual temperature
of 8.7 ◦C and a mean annual precipitation of 800 mm. The vegetative community is dominated by
grasses (Lolium perenne, Elytrigia repens, Festuca arundinacea, Holcus lanatus). Other species include
smaller graminoids (Agrostis capillaris, Festuca rubra, Poa pratensis, Poa trivialis, Trisetum flavescens), forbs
(Taraxacum officinalis, Veronica chamaedris) and legumes (Trifolium repens, Trifolium pratense). The soil
is classified as a Cambic soil (43% sand, 36% silt, 21% clay, 5.2% organic matter) with a pH of 6.2.
Historically, this area has been subject to a mid-intensive grassland management scheme (early season
mowing with medium inputs of organic fertilizer, late seasonal grazing). From 2003, the area was
subject to mowing (three times a year) with no fertilizer input.

In January 2005, three management treatments were established on fenced sites randomly
established within the study area as part of the SOERE ACBB agroecosystems management trial (Theix
permanent grassland site, http://www.soere-acbb.com): mowing with fertilizer addition (three cuts
per year at end May, mid-July and early October, manual application of NPK fertilizer as slow release
granules in three splits with a total 240 Kg N ha−1 yr−1), and low-intensity cattle or sheep grazing
in a rotational grazing system with no fertilizer addition. In both grazing treatments, the stocking
rate was 0.65 livestock units (LU) per hectare and per year where 1 LU is 600 kg liveweight. This
stocking rate corresponds to 50% of the LU required for complete use of the available on-site herbage.
Grazing was applied in five rotations each year: mid-April, end May, early July, early September and
November, with grazing periods ranging from 4−12 days depending on the vegetation state. Plot
sizes were 400 m2, 1100 m2 and 2200 m2 for the mown, sheep-grazed and cattle-grazed treatments,
respectively. Collectively, these three management treatments represent land use practices commonly
found in grasslands in the region.

2.2. Field Sampling

In mid-September 2009, four years after the start of the experimental treatments, we marked
out one 10 m × 20 m study plot at the center of three fenced sites representing each of the different
management practices (fenced sites were 30–50 m apart). Field sampling in each plot was carried
out at the end of the plant growing season (end of September 2009) to examine the maximum effect
of grazing; previous work has shown that effects of grazing on both vegetation structure and soil
mineral N become progressively more marked over the course of the plant growing season [27,28].
Field sampling corresponded to three weeks after the end of the September grazing period for grazed
paddocks, and 2.5 months after the previous cutting event for the mown field.

http://www.soere-acbb.com
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Spatial heterogeneity in soil properties and vegetation was assessed using a grid of 120 sampling
points in a partly nested design across each study plot (Figure 1). In brief, a regular grid was spaced
at 2.5 m intervals (45 sampling points) and then divided into three subplots, each consisting of eight
2.5 m × 2.5 m cells. Within each subplot, one 2.5 m × 2.5 m cell was randomly selected, and nested
sample points were defined on an increasingly fine scale (1.25 m, 0.63 m, 0.31 m, 0.16 m and 0.08 m)
resulting in a further 25 sampling points per subplot. Geographic coordinates of each sample point
were established (Trimble R8 GPS Systems, Trimble Navigation Limited, Sunnyvale, CA, USA). This
sampling scheme was chosen to optimize variogram modeling following [29]. We recognize that the
design is limited because the fenced sites define only one formal replicate per treatment, but (i) this
is common practice in geostatistical studies given the high within-site sampling effort necessary for
determining variability of soil properties in ecosystems [2,20,30], and (ii) we consider the management
treatments to be sufficiently distinct and well-established to drive site differences and to allow for
detection of land use effects.

Agronomy 2020, 10, x FOR PEER REVIEW 4 of 13 

 

at 2.5 m intervals (45 sampling points) and then divided into three subplots, each consisting of eight 
2.5 m × 2.5 m cells. Within each subplot, one 2.5 m × 2.5 m cell was randomly selected, and nested 
sample points were defined on an increasingly fine scale (1.25 m, 0.63 m, 0.31 m, 0.16 m and 0.08 m) 
resulting in a further 25 sampling points per subplot. Geographic coordinates of each sample point 
were established (Trimble R8 GPS Systems, Trimble Navigation Limited, Sunnyvale, CA, USA). This 
sampling scheme was chosen to optimize variogram modeling following [29]. We recognize that the 
design is limited because the fenced sites define only one formal replicate per treatment, but (i) this 
is common practice in geostatistical studies given the high within-site sampling effort necessary for 
determining variability of soil properties in ecosystems [2,20,30], and (ii) we consider the 
management treatments to be sufficiently distinct and well-established to drive site differences and 
to allow for detection of land use effects.  

 

Figure 1. Illustration of the spatial sampling scheme deployed within each management treatment 
(the exact position of nested subplots varies between fields). 

Maximum vegetation height and aboveground plant biomass (cut at ground level) was recorded 
in a 3 cm x 3 cm zone at each of the 120 sampling points per plot. Average plant species number in 
the biomass of sampling points ranged from 2.5 to 2.8 and did not differ across treatments (data not 
shown). A soil core (2.5 cm diameter, 10 cm depth) was collected from the center of each harvested 
zone, and all soil cores were maintained at <5 °C prior to analysis.  

2.3. Soil and Vegetation Analyses 

Aboveground biomass samples were sorted into green and senescent material. Soil cores were 
sieved (2 mm) to produce a well-mixed, fine soil sample per core; the remaining below-ground plant 
biomass, coarse soil and organic debris were washed to extract and separate roots and rhizomes. All 
plant biomass samples (green shoots, senescent shoots, roots, rhizomes) were then dried at 60 °C for 
48 h and weighed. Total C and N content in aboveground green biomass and root samples was 
determined with an elemental combustion analyzer (Flash EA 1112 CNS analyzer, ThermoFinnigan, 
Milan, Italy); we considered that the N content of these two plant fractions was most likely to be 
influenced by local soil N conditions.  

Available ammonium and nitrate were extracted from freshly-sieved soil by shaking 5 g of soil 
with 20 mL 1 M KCl for 1 h. The KCL extracts were filtered through Whatman glass microfiber filters 
and analyzed by colorimetric measurements (Bran & Luebbe AutoAnalyser 3, Hamburg, Germany). 
Additional sieved soil sub-samples were oven-dried (105 °C, 24 h) to determine soil water content 
per soil core. The remaining sieved soil was dried at 60 °C for 48 h and ground for determination of 
total carbon and nitrogen using an elemental combustion analyzer (Flash EA 1112 CNS analyzer, 
ThermoFinnigan, Milan, Italy).  

2.4. Statistical Analysis 

Figure 1. Illustration of the spatial sampling scheme deployed within each management treatment (the
exact position of nested subplots varies between fields).

Maximum vegetation height and aboveground plant biomass (cut at ground level) was recorded
in a 3 cm x 3 cm zone at each of the 120 sampling points per plot. Average plant species number in
the biomass of sampling points ranged from 2.5 to 2.8 and did not differ across treatments (data not
shown). A soil core (2.5 cm diameter, 10 cm depth) was collected from the center of each harvested
zone, and all soil cores were maintained at <5 ◦C prior to analysis.

2.3. Soil and Vegetation Analyses

Aboveground biomass samples were sorted into green and senescent material. Soil cores were
sieved (2 mm) to produce a well-mixed, fine soil sample per core; the remaining below-ground plant
biomass, coarse soil and organic debris were washed to extract and separate roots and rhizomes. All
plant biomass samples (green shoots, senescent shoots, roots, rhizomes) were then dried at 60 ◦C
for 48 h and weighed. Total C and N content in aboveground green biomass and root samples was
determined with an elemental combustion analyzer (Flash EA 1112 CNS analyzer, ThermoFinnigan,
Milan, Italy); we considered that the N content of these two plant fractions was most likely to be
influenced by local soil N conditions.

Available ammonium and nitrate were extracted from freshly-sieved soil by shaking 5 g of soil
with 20 mL 1 M KCl for 1 h. The KCL extracts were filtered through Whatman glass microfiber filters
and analyzed by colorimetric measurements (Bran & Luebbe AutoAnalyser 3, Hamburg, Germany).
Additional sieved soil sub-samples were oven-dried (105 ◦C, 24 h) to determine soil water content
per soil core. The remaining sieved soil was dried at 60 ◦C for 48 h and ground for determination
of total carbon and nitrogen using an elemental combustion analyzer (Flash EA 1112 CNS analyzer,
ThermoFinnigan, Milan, Italy).
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2.4. Statistical Analysis

Standard deviation and coefficients of variation (CV, standard deviation/mean × 100) were used
to assess the absolute and relative variation, respectively, of plant and soil properties within each
treatment. Treatment differences in CV were tested using a nonparametric bootstrap test of the equality
of the CV following [31].

Patterns of spatial autocorrelation in plant and soil properties were examined in the cattle- and
sheep-grazed treatments using semivariance analysis [30]. Semivariance describes the degree of spatial
dependence between measurement points as a function of distance. Envelopes for semivariance
were computed by permutation of the data values at the spatial locations (1000 permutations), and
semivariograms were fitted for each variable where significant spatial autocorrelation was detected. A
spherical semi-variogram model was fitted to facilitate comparisons; unlike other commonly-used
models, the spherical model has a true range parameter (i.e., a distance at which the variogram is
constant). The magnitude of spatial dependence in each variate was estimated as the proportion of
total sample variation explained by structural variance (C/[C+C0]) [29]. This index ranges from 0 to
1, where values approaching 1 indicate high spatial dependence over the distance examined. The
distance over which any spatial dependence is expressed was given by the model range. When the
range is small, or where there is no detectable spatial dependence for the variation, the variate is
considered to be randomly-distributed at the scale investigated [30]. Non-random spatial distributions
were classified following definitions given by [32].

Statistical and geostatistical analyses were performed in R (R Development Core Team, 2008;
geoR library).

3. Results

3.1. Impacts of Management on Within-Field Variation

Plant and soil properties showed significant treatment differences at the end of the plant growing
season; on average, grazing treatments had a higher aboveground standing biomass and senescent
tissue (lower % green material) but lower plant and soil N concentrations compared to the mown,
fertilized treatment (Figure S1, Table S1). In addition, mean vegetation height, plant biomass (both
above- and belowground), % green tissue and shoot C:N were lower in the cattle-grazed pasture
compared to the sheep-grazed pasture at the end of the growing season (Table S1). However, there was
a high degree of within-site variation in all of the soil and vegetation parameters measured (Figure S1,
Table 1).

Standard deviations for vegetation height, aboveground biomass, % green tissue and C:N of
root and shoot biomass were higher in grazed treatments compared to the mown pasture (Figure S1).
Similar rankings of response to management treatments were obtained for the coefficients of variation
of these variates (Table 1). In contrast, standard deviations and coefficients of variation of soil mineral
N pools could be ranked: cattle grazing > mowing > sheep grazing (Table 1, Figure S1).

Eight out of the 12 recorded plant and soil properties had higher standard deviations under cattle
grazing compared to sheep grazing (Figure S1). Coefficients of variation were significantly higher
under cattle grazing compared to sheep grazing for vegetation height, aboveground biomass and %
green tissue (Table 1). Soil mineral N pools and soil C:N also had higher CV in the cattle-grazed pasture
compared to the sheep-grazed pasture. Relative variation in plant N concentration and belowground
plant biomass did not, however, differ between the two grazing treatments (Table 1).



Agronomy 2020, 10, 716 6 of 13

Table 1. Variability (CV, coefficient of variation) of vegetation and soil (0−10 cm) parameters in relation
to management treatments.

Variable
Management Treatment §

Mowing+NPK Sheep-Grazing Cattle-Grazing

Vegetation height (cm) 35.4 a 38.3 a 54.6 b

Aboveground standing dry mass (kg m−2) 64.6 a 48.1 b 65.7 a

Green shoot material (%) 13.9 a 35.5 b 72.4 c

Shoot [N] * (mg N g−1 shoot dry mass) 16.5 a 23.8 b 28.5 b

Shoot C/N* 19.9 a 21.6 ab 27.3 b

Rhizome dry mass (kg m−2) 84.6 a 83.5 a 68.9 a

Root dry mass (kg m−2) 80.4 a 55.8 b 47.6 b

Root [N] (mg N g−1 root dry mass) 14.2 a 15.1 a 13.6 a

Root C/N 14.1 a 14.6 a 14.1 a

Soil NO3-N (µg N g−1 dry soil) 128 a 31.1 b 192 c

Soil NH4-N (µg N g−1 dry soil) 121 a 42.4 b 224 c

Soil C/N 5.44 a 3.30 b 4.29 ac

* Analysis based on green shoot material only. § Significant differences between treatment CVs are indicated by
superscript different letters based on pair-wise non-parametric bootstrapping tests and Bonferroni adjustments.

3.2. Spatial Patterns in Relation to Grazing Animal Identity

The cattle-grazed treatment showed a higher degree of spatial structure in plant and soil
properties compared with the sheep-grazed treatment. Under cattle grazing, five out of 12 variables
had spatial patterns that differed from random, whereas under sheep grazing, only two plant
variables showed significant spatial autocorrelation (Figures 2 and 3, Table 2). Irrespective of grazing
treatment, aboveground plant variables expressed more spatial patterning than belowground variables;
belowground biomass and soil nitrogen content did not show any spatial autocorrelation in either
grazing treatment.

Table 2. Summary of semivariogram model parameters for vegetation and soil (0−10 cm) properties
deviating from random spatial distributions under cattle and sheep grazing.

Treatment Variable Spatial Pattern * Range (m) Spatial Dependence
(C/[C+C0])

Sheep Grazing Shoot [N] Patchy 0.68 1
Shoot C:N Patchy 0.66 0.75

Cattle Grazing

Vegetation height Periodic 1.83 1
Aboveground
standing biomass Periodic 1.18 0.92

Shoot C:N Patchy 2.44 0.44
Root [N] Patchy 1.32 0.46
Root C:N Patchy 1.03 0.51

* Classifications following [32].
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Figure 2. Semivariance of plant and soil properties (0−10 cm soil layer) under cattle grazing. Dashed
lines show the 95% interval of 1000 random permutations. Solid lines represent fitted spherical models
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Table 1.
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Figure 3. Semivariance of plant and soil properties (0−10 cm soil layer) under sheep grazing. Dashed
lines show 95% interval of 1000 random permutations. Solid lines represent fitted spherical models
where significant spatial autocorrelation was detected. Measurement units of variables are given in
Table 1.

In the cattle-grazing treatment, aboveground biomass and vegetation height had high spatial
dependence (C/[C+C0] close to 1) and a periodic spatial pattern (Figure 2, Table 2). Plant biochemical
properties (root N concentration, root and shoot C:N) had low spatial dependence and displayed
a patchy spatial pattern. All variables with significant spatial autocorrelation in the cattle-grazing
treatment had ranges between 1 and 2.5 m (Table 2).
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In the sheep-grazing treatment, shoot N concentration and shoot C:N had high spatial dependence
(C/[C+C0] close to 1) and a patchy spatial pattern (Figure 3, Table 2). The range (distance) over which
there was spatial autocorrelation was very similar (<1 m) for both shoot N concentration and shoot C:N
(Table 2). Moreover, the magnitude of spatial dependence for shoot C:N was higher in the sheep-grazed
pasture compared to the cattle grazed pasture (Table 2).

4. Discussion

Spatial heterogeneity is a pervasive feature in all ecosystems, driving pattern-process relationships
at multiple spatial scales [33]. Quantifying spatial heterogeneity in managed ecosystems is, therefore,
a necessary step for determining when heterogeneity is functionally important, and for improving
the accuracy of biogeochemical cycling models [3]. In the present study, we examined within-field
variation and spatial pattern from the fine- to medium-scale (distances between measurement points
ranging from 12 cm to 12 m), considering both plant and soil properties. As expected, we found that the
mechanization technique of mowing was associated with lower variability in above- and below-ground
plant parameters compared to that of grazed fields. Variability of soil mineral nitrogen in the mown
field was somewhat higher than expected, possibly linked to the manual fertilizer application or
interactions between inorganic N and different species present within the field [34], but was still
considerably lower than that of the cattle-grazed field. Lower spatial variability in mown fields may
generate benefits in terms of nutrient cycling, at the expense of heterogeneity-induced increases in
biodiversity [3,20,35]. Indeed, studies of N losses in managed grasslands have shown significantly
lower N20 emissions and nitrate leaching in mown fields compared to cattle-grazed fields [36,37].

Our first hypothesis was that cattle grazing would promote greater variability in plant and soil
properties compared with sheep grazing at the same stocking rate. This hypothesis was broadly
supported by our data; values of standard deviations could be ranked as cattle grazing > sheep grazing
for the majority of the variates in this study, and six out of 12 variates showed significantly higher CV
under cattle grazing. The magnitude of increase in variation in the cattle- compared to the sheep-grazed
field depended on the variate examined (range of increase from +30 to +500%), with greatest treatment
differences recorded for soil mineral N. This strong contrast in the variability of soil mineral N between
the two grazing treatments, driven by the presence of some very high values in the cattle-grazed field,
is consistent with differences in the size and quantity of excretal patches produced by the different
herbivore species [13]. Smaller excretal patches have a faster nutrient turnover and more efficient
recycling, with reduced risks of N losses by leaching or gaseous emissions [26,38]). At the same time,
high variation (including high absolute values) of soil mineral N can promote growth of exploitative
plant species and enhance plant biomass production [38,39]. The discrepancy in the magnitude of
treatment differences between the variability of soil mineral N and plant biomass observed in the
present study may stem from lag effects (plants at the end of the growing season are less able to utilize
available N) and nutrient colimitation, as well as interactions between plant growth and animal grazing
behavior [3].

Reduced within-field variation has both direct and indirect effects on CN cycling, plant community
structure and invertebrate diversity [3,19]. In our study, we used absolute and relative measures of
variation as complementary metrics of spatial heterogeneity. Standard deviations are descriptive
statistics that are biologically intuitive, but are sensitive to sampling methodology. In contrast,
coefficients of variation are standardized and useful for the comparison of variables with different
units or markedly different values, although they may mask differences between cases with high
variance/high mean versus low variance/low mean. This shortcoming in the use of CV arose in our
study for root and rhizome biomass data; CV values showed no significant differences between cattle-
and sheep-grazing treatments despite clear differences in the empirical distributions of these variables
(Figure S1). Standard deviations of root and rhizome biomass in the cattle-grazed field were double
those observed in the sheep-grazed pasture, reinforcing the idea of a higher variability in functional
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states in cattle-grazed pastures at a given level of grazing intensity. Such observations confirm the
value of presenting multiple metrics for spatial analysis [40].

Under extensive grazing, repeated defoliation of previously-grazed, short vegetation of high
nutritive value or ‘patch grazing’ is a relatively common phenomenon in grasslands [12,14,19]. Animal
excreta (urine, dung) are also associated with patches of nutrient inputs [13]. Based on both differences
in foraging selectivity between cattle and sheep, and in the size of their excretal patches, our second
hypothesis predicted that patchy spatial patterns in plant and soil properties would be detected at a
larger spatial scale in cattle-grazed paddocks than in sheep-grazed paddocks. Our results generally
supported this hypothesis since the range (distance) over which we detected significant spatial patterns
was consistently greater in the cattle-grazed treatment compared to the sheep-grazed pasture. However,
relatively few plant variables showed spatial autocorrelation at the fine- to medium-scale, and soil
mineral N showed no spatial patterns in either treatment despite the high levels of within-treatment
variation observed.

The absence of fine-scale spatial patterns in soil mineral N in our study agrees with previous
findings from fields extensively-grazed by sheep [24], and may in part reflect the dynamic nature
(uptake, transformations) of mineral N forms in soil, as well as variation in the spatial distribution
of excretal patches over time [13,41,42]. Nevertheless, fine-scale spatial patterns in soil N have been
demonstrated at high animal stocking rates [22], and coarser-grained spatial patterns in soil N are likely
to occur within both cattle- and sheep-grazed fields with zones of higher concentration near watering
and resting points [27]. The lack of spatial pattern in aboveground biomass in our sheep-grazed pasture
is more surprising, and contrasts with the fine-scale patterns reported for plant biomass under extensive
sheep-grazing elsewhere [24]. Both sheep social behavior and plant species spatial patterns have been
shown to modify sheep foraging in heterogeneous pastures [43,44], and it is possible that the impacts
of sheep grazing on spatial patterns in plant biomass in our study were masked by other processes. Of
course, we cannot rule out the possibility that an increased number of measurement points at small
distances (<2 m) would also have improved our power to detect fine-scale spatial patterns.

Interestingly, plant aboveground biomass and vegetation height showed periodic spatial patterns
rather than patchy distributions in the cattle-grazed pasture. Spatially-periodic patterns, a special case
of regular distributions, often reflect biomass-water feedbacks or biotic patterning processes such as
plant competition for resources, allelopathy and facilitation [45]. As far as we are aware, this is the first
report of spatially-periodic patterns in vegetation height or biomass in grazed temperate grasslands
that is unrelated to topography. Alternating bands or ‘spots’ of vegetation states (e.g., low versus high)
across space may in part be linked to plant-animal feedbacks in cattle-grazed pastures [46]. Cattle
dung patches are known to have an initially adverse effect on vegetation in the immediately-affected
area (via suffocation), but herbivore avoidance of herbage growing around dung patches may promote
increasing vegetation height with increasing distance from the excretal patch. Herbivore avoidance
behavior of dung is stronger in cattle compared to sheep [47], and can also lead to transient changes
in fine-scale plant community dynamics [46]. It is notable that, unlike aboveground plant biomass,
belowground plant biomass did not show any spatial patterns in response to cattle grazing. Spatial
asynchrony in above- and below-ground responses to grazing could have significant implications
for both plant-plant interactions and plant-soil feedbacks involved in the regulation and coupling of
grassland CN cycling [8,48].

5. Conclusions

To our knowledge, this is the first study to explicitly examine the importance of grazing animal
identity on spatial heterogeneity in vegetation structure, plant N pools and soil N content in managed
temperate grasslands. By controlling for stocking rate and pedoclimatic conditions, our results
demonstrate that plant and soil properties are generally more variable in the presence of cattle
than sheep under extensive rotational grazing. At the end of the plant growing season, spatial
patterns in plant variables were also more prevalent in the cattle-grazed pasture compared to the
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sheep-grazed pasture. In general, patterns of spatial heterogeneity in plant variables differed above-
and belowground, with implications for longer-term CN cycling and plant community dynamics
within the field. These findings underline the importance of cattle as a driver of the magnitude and
spatial scale of heterogeneity in managed grasslands, suggesting that attempts to represent spatial
heterogeneity in field-scale biogeochemical models should be pursued for cattle-grazed grasslands
(e.g., [15]). Further studies are required to verify our findings for a greater range of cattle- and
sheep-grazed fields at multiple sampling dates, and to explore the role of temporal variability as a
driver of asynchrony between above-and belowground spatial patterns.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/10/5/716/s1,
Figure S1: Empirical density distributions of plant and soil properties (0–10 cm soil layer) in each management
treatment. Standard deviations for each variate are presented (n = 120), Table S1: Mean vegetation and soil (0−10
cm profile) properties at the end of the plant growing season in experimental treatments.
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