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ABSTRACT

In nature management, the introduction of large herbivores into human-influenced grass-
lands is thought to be effective to maintain or enhance plant diversity. In order to test the
validity of this assumption, we studied the effect of grazing by large herbivores on plant spe-
cies richness and community heterogeneity across a soil acidity gradient at different spatial
scales in dry coastal dune grasslands in western Belgium and north-western France. The
effect of grazing on plant richness varied with scale and soil acidity. Grazing had a predom-
inantly positive effect on plant species richness in all habitats at the small scale
(0.25 % 0.25 m). However, at site scale (8 x 8 m) it had only positive effects in grasslands with
higher soil pH (6-7.4). Similarly, grazing resulted in a homogenization of grassland vegetation
at lower pH, while heterogeneity increased with grazing on soil with higher pH. In general,
grazing increased the number of rare species, independent of soil pH. The results confirm
that the impact of grazing on plant diversity depends on the scale considered and that the
effects further depend on soil acidity which was correlated to biomass production at the
given soil pH range in this study. Although grazing seems an appropriate management tool
to maintain and even enhance plant biodiversity under many circumstances, it may nega-
tively affect plant species richness, where soil resources limit plant biomass production.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

positive to neutral or even negative effects on plant diversity
(Mc Intyre et al., 2003; Landsberg et al., 2002; Dorrough et al,,

Grazing by larger herbivores is widely used as a management
tool to preserve and enhance plant diversity (Bakker, 1998;
Van Diggelen and Marrs, 2003; Hodgson et al., 2005; Dorrough
et al., 2006), particularly in productive environments (Pacala
and Crawley, 1992; Grime et al., 1988). However, the effect of
introducing large herbivores on plant community composi-
tion is still highly uncertain (Bakker and Londo, 1998). Avail-
able studies indeed yield contrasting results, showing

2007). As hypothesized by Milchunas and Lauenroth (1993)
and OIff and Ritchie (1998), contrasting effects of herbivores
on plant diversity patterns may be due to variations in soil
conditions.

Herbivores can directly affect plant species richness
through phytomass removal. On productive soils, with a high
phytomass production, herbivores may alleviate plant com-
petitive exclusion by tall, dominant plant species (Huisman
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and Olff, 1998; Kahmen et al., 2002). Small disturbances and a
higher light intensity at the soil surface due to a more open
canopy, create regeneration opportunities, a higher probabil-
ity of successful germination and seedling establishment of
less competitive species (Jutila and Grace, 2002). Trampling
and dung can modify gap and resource availability resulting
in changes of local competitive hierarchies. Grazing can also
influence spatial heterogeneity in grassland composition by
creating gradients in soil disturbance which enables species
to coexist through niche differentiation (Olff and Ritchie,
1998; Jutila and Grace, 2002). Alternatively, grazing may nega-
tively affect plant species richness, where soil resources limit
the regrowth of plant species (Proulx and Mazumder, 1998).

Additionally, the effect of grazing on community structure
and diversity strongly depends of the spatial scale (Olff and
Ritchie, 1998; Spiegelberger et al., 2006). At a small scale that
corresponds to individuals and their immediate neighbours
grazing is predicted to result in an increase of diversity. This
may result from both increased local colonization of species
from larger scale (enhanced establishment possibilities
through gap creation and enhanced dispersal through zooch-
ory) and decreased local extinction by changed local compet-
itive hierarchies and decreasing competitive exclusion by tall
graminoid competitive species (Chaneton and Facelli, 1991).
However, at the larger scale, a pattern of declining species
richness is expected, due to selective grazing of grazing intol-
erant species. Alternatively, one can expect that at larger
scales, plant interactions, which cause local extinctions, are
likely to decrease in importance (Dorrough et al., 2007), and
will at last lead to an increase in species richness. Whether
the latter positive effect on plant richness is outweighed by
negative effects of grazing on rare and high palatable, grazing
intolerant plant species, remains to be investigated (Grubb,
1977; Olff and Ritchie, 1998).

In the late 1990s, different large herbivore species were
introduced in several dune reserves along the Belgian and
north-western French coast as a nature conservation tool,
aiming at the prevention of succession towards coarse grass-
land with dominance of tall competitive grass species (largely
Calamagrostis epigejos), with low plant species diversity (Prov-
oost and Van Landuyt, 2001; Provoost et al., 2004). Soil condi-
tions are a major source of environmental variation
determining species composition and productivity of dune
grasslands (Tahmasebi Kohyani et al., 2008). In dune soils,
nutrient availability is strongly determined by soil acidity,
with phosphorus limited growth in acid soils due to the
immobilization of phosphorus by aluminium and iron, and
a more balanced supply of nitrogen and phosphorus in soils
with a higher pH (Kooijman et al., 1998; Kooijman and Smit,
2001). An independent survey by the authors confirmed that
there was a significant correlation between aboveground bio-
mass (as a proxy for nutrient availability) and soil pH (Table 1).

While most studies have focused on comparing the ef-
fects of grazing on plant diversity between different soil
condition or spatial scales, only few have addressed specif-
ically how plant species diversity is affected by their inter-
active effects (Dorrough et al.,, 2007). In addition, as OIff
and Ritchie (1998) predicted, the loss of plant species rich-
ness at larger scales is likely to be attributable to rare spe-
cies, but whether changes in plant species richness can be

related to changes of richness of rare species still remains
to be tested. This study assesses the impact of introduced
grazing as a conservation tool on different aspects of plant
species diversity (community heterogeneity and species
richness) from dune grasslands at different scales along a
soil acidity gradient. We aimed to address the following
questions: (1) is introduction of larger herbivores essential
for maintaining or enhancing plant diversity? (2) does the
effect of grazing on plant diversity depend on soil acidity,
scale or their interaction?

2. Materials and methods
2.1. Data collection

Vegetation data were collected in four coastal dune reserves
at the Belgian and north-western French coast (Dunes fossiles
de Ghyvelde, Cabour dunes, Westhoek, Ter Yde) and one pri-
vately owned and managed grassland (Oostvoorduinen) in the
summer of 2006. Depending on plant-compositional or envi-
ronmental differences or on the extent of the location, two
to three areas with grazing management were selected within
each location. The investigated grasslands can largely be clas-
sified as Plantagini-Festucion (with a minority of Polygalo-
Koelerion, Arrhenatherion or Cynosurion grassland; see Table
1 for detailed information on the 12 selected areas). Different
large, ungulate herbivores (cattle, different pony breeds and/
or sheep) were introduced in all 4 nature reserves in the late
1990s to control further expansion of dominant grasses and
woody species (Hoffmann et al., 2005); the animals are free-
ranging and mostly remain in the area year-round.
Grasslands at the one privately owned location are grazed
for a substantially longer period of time and are only grazed
in summer. Since the introduction of grazing management,
some parts of the areas were excluded from grazing. Before
the introduction of grazers, grazed and ungrazed sites within
every single area were edaphically and historically largely the
same. Within each area, two 8 x 8 m? plots were established
randomly in every area, one in the grazed and one in the gra-
zer-excluded site. To minimize differences within the pair of
plots other than the presence or absence of grazing, the plots
were installed as close as possible to each other, mostly only
separated by the grazer excluding fence. Then, these plots
were divided into four 4x4m? plots which were further
subdivided 4 times up to 1024, 0.25 x 0.25 m? plots. For each
subdivision, A; — 1/A; = 4, where A; — 1 and A; are the area of
the higher and lower scale, respectively. The cover of every
vascular plant species was visually recorded within 10 ran-
dom replicates at each of the 6 spatial scales except for the
4x4m? plot which had only four replicates. Then, 16 soil
samples were randomly collected within each 8 x 8 m? plot
from the upper 10 cm of the soil, using a 7 cm diameter core.
Soil acidity of each sample was measured with a pH meter
and the obtained values were averaged per area for grazed
and ungrazed sites separately. Species richness at site scale
was defined as the number of species in the 8 x 8 m? plots,
while local species richness was calculated as the number
of species in the smallest plots (0.25 x 0.25 m?). A rarity index
which classifies the species into very rare, rare and common



Table 1 - General characteristics of the sampled areas and sites, concerning grazed area, soil pH (means and standard deviations) and introduced grazers

Area name Latitude Longitude Kilometre Grazed Grassland Introduced Grazing Grazed Average Average Average Phytomass Soil Strongest
and site from area (ha) area (ha) herbivore regime since grazer AU/ha AU/ha (ungrazed pHwater syntaxo-
number coastline (1/2) 1/2 grazed grassland plot) (g/m? ungrazed nomical
area affinity
Ghyveldel 51°03'33”  02°32'44" 3.1 75.0 52.5 HP/- yr 1996 13/0 0.15 0.22 84 50+0.1 Arrhenatherion
Ghyvelde2 51°03'52"  02°33'12" 2.9 75.0 52.5 HP/- yr 1996 13/0 0.15 0.22 113 53+0.6 Plantagini-
Festucion
Cabourl 51°03'55"  02°34'34" 3.1 29.8 20.2 SP/- yr 1997 13/0 0.17 0.26 92 57+0.1 Polygalo-
Koelerion
Cabour2 51°03'50”  02°34'46" 3.4 29.8 20.2 SP/- yr 1997 13/0 0.17 0.26 86 6.0+ 0.6 Plantagini-
Festucion
Oostvoor- 51°07/30” 02°41'55” 1.9 3.5 3.5 HC/- Summer >20 yrs 10/0 0.36 0.36 91 6.5+0.7 Plantagini-
duinen1 (1.5 month) Festucion
Oostvoor- 51°07°'27"  02°42'20" 2.0 1.8 1.8 HC/- summer >20 yrs 10/0 0.46 0.46 108 6.5+0.7 Koelerio-
duinen?2 (1 month) Corynephoretea
Ter Ydel 51°08'09”  02°41'33" 1.0 16.0 11.0 SP/Sh yr/winter 1998 5/25 0.26 0.37 6.8+0.1 Koelerio-
(September- Corynephoretea
March)
Ter Yde2 51°08’05”  02°41'35" 0.9 16.0 11.0 SP/Sh yr/winter 1998 5/25 0.26 0.37 6.9+0.1 Plantagini-
(September- Festucion
March)
Ter Yde3 51°07'55"  02°41'40" 0.5 16.0 11.0 SP/Sh yr/winter 1998 5/25 0.26 0.37 7.0+0.1 Plantagini-
(September- Festucion
March)
Westhoek- 51°04'46"” 02°33/10” 1.4 46.6 21.0 SHC/SP  yr 1996 4/16 0.22 0.50 206 7.3+0.2 Koelerio-
southl Corynephoretea
Westhoek- 51°04'51” 02°33/53" 14 46.6 21.0 SHC/SP  yr 1996 4/16 0.22 0.50 174 74+02 Koelerio-
south?2 Corynephoretea
Westhoek- 51°05’07”  02°33'04” 0.4 52.8 20.3 SHC/KP  yr 1997 4/8 0.19 0.50 152 74+02 Polygalo-
north Koelerion

Introduced herbivore (average weight): SHC: Scottish highland cattle (450 kg), HC: Holstein cattle (450 kg); KP: konik pony (350 kg), SP: Shetland pony (180 kg), HP: Haflinger pony (400 kg), Sh: Sheep
(75 kg); grazed area: area in which grazers were introduced; grassland area: approximate grassland area within the grazed area (the rest of the grazed area consists of woodland, scrub, blond dune or
wet tall forb grassland); grazing regime: yr: year-round grazing, summer: intensive grazing during 1-1.5 months in summer; winter: winter: grazing from September to March; average grazer 1/2:
average number of animals of introduced herbivore 1 and 2 during the last 5 yrs; AU/ ha: average number of animal units per ha, assuming year-round grazing (AU is defined here as an animal of
450 kg); phytomass = sum of aboveground dead and live plant material in the ungrazed plots. There is significant correlation between pH and phytomass production at the given soil pH range in the
grassland studied (r = 0.786; P = 0.012).
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species (Van Landuyt et al., 2006) was used to assess the re-
sponse of the diversity of rare species in function of grazing.

2.2.  Data analysis

To test whether grazing affected the rate at which species
number increased with area, species-area curves were calcu-
lated based on the average number of species in the plots in
each scale. Species-area curves are commonly used to assess
effects of disturbance on plant diversity at different range of
scales (Loreau, 2000). These describe the rate at which the
species number (S) increases with area (A) (as expressed by
z). In the power function, S = cA?, the parameters c and z were
estimated through linear regression after log transformation
of both variables. Community heterogeneity, a measure of
beta diversity, was defined as the dissimilarity in species
composition between all 0.25 x 0.25 m? plots in each site. Dis-
similarity was calculated with the Euclidean distance as
follows:

m

Ed = /) (Wi — Wp)?

i1
where W;, and Wy, are the covers of species i in the sample a
and b, and m is the number of species present in at least one
of the samples.

An independent t-test was used to determine differences
in local species richness between grazed and ungrazed plots
for each area separately. Then, in order to test the soil and
scale dependence of large herbivores effects on plant diver-
sity, a linear mixed model analysis was used with grazing
(categorical), soil acidity (continuous), scale (categorical),
and their interactions as fixed factors and species richness
as the response variable. Afterwards, two separate mixed
models were run to test separately the response of local and
site plant richness to grazing, acidity and their interaction.
Similarly, the effect of grazing and soil acidity on z values
and community heterogeneity was also assessed using mixed
models with grazing, soil acidity and their interactions as the
fixed factors. In the case of community heterogeneity and

species richness at local scale (0.25 x 0.25 m?), site was incor-
porated as random factor into the model to control for spatial
dependence. Because the number of recorded rare and very
rare species was zero at local scale in most of the studied
grasslands, the response of rare species richness, categorized
into three groups, to grazing was only assessed at the site
scale. Degrees of freedom were accordingly corrected by Satt-
erthwaite procedure. All the statistical analyses were carried
out in SAS 9.1 (SAS Institute 2001; proc mixed).

3. Results

In total, we found 132 plant species, 88 of which (66.66%) oc-
curred in both grazed and ungrazed plots, 42 species (33%)
were found only in grazed and 3 (0.023%) only in ungrazed
plots. Overall, species richness responded positively to graz-
ing and scale and there was no effect of soil acidity (Tables
2 and 3). However, we found significant interaction terms
for both scale and pH with grazing (Table 3), which means
that the response of plant species richness to grazing de-
pended both on soil acidity and scale. When we tested local
and site scale separately, we found that local species richness
(0.25 x 0.25 m?) was significantly positively affected by grazing
(Table 4). Grazed plots had an overall higher local species rich-
ness than the ungrazed plots within the entire pH range
(Tables 2 and 4). In contrast, site species richness (8 x 8 m?
was influenced by grazing and its interaction with soil acidity.
Site species richness increased with pH at grazed sites while
the opposite pattern was observed in ungrazed situations (Ta-
ble 4; Fig. 1). This resulted in larger differences in the species
richness between grazed and ungrazed sites at higher soil pH
compared to sites with a lower pH (Fig. 1).

Contrasting effects of grazing on community heterogene-
ity were prevalent under different soil conditions: grazing
caused a spatial homogenization of the plant community in
areas with a low soil pH, but an increased heterogeneity in
areas with a higher soil pH (Tables 2 and 4). For example, Ca-
bour 1, Ghyvelde 1 and 2 which occurred on the more acidic
soils had a lower dissimilarity in grazed compared to un-

Table 2 - Results of t-test comparing local species richness (0.25 x 025 m plots) and mean value for community

heterogeneity defined as the dissimilarity in species composition in grazed and ungrazed plots at each site separately

Area name and site number

Local species richness (0.25 x 0.25 m)

Community heterogeneity

Grazed ( mean + SD)

Ungrazed (mean + SD)

Ungrazed (mean + SD) Grazed ( mean + SD)

Ghyveldel 4.8 +0.99 3.2+046 0.31+0.11 0.09 + 0.07
Ghyvelde 2 9.8+1.9 32+110" 0.29 + 0.08 0.15 + 0.08
Cabourl 12.0£2.2 35+1.17" 0.26 +0.17 0.20 + 0.04
Cabour 2 5.3 +0.94 3.5+0.70° 0.13 +0.19 0.17 +0.05
Oostvoorduinen 1 79+1.19 56+1.12" 0.10 + 0.05 0.17 £ 0.08
Oostvoorduinen 2 9.8 +2.57 1.6+0.75 " 0.16 +0.19 0.14 + 0.04
Ter Yde 1 9.5 +0.93 40+1.00" 0.28 +0.10 0.18 + 0.06
Ter Yde 2 6.5+ 1.50 43+150" 0.11 +0.07 0.11 + 0.05
Ter Yde 3 8.3+1.56 46+150" 0.11 +0.07 0.11+0.03
Westhoek-south 1 14.3 + 1.63 59099 0.19+0.11 0.44 +0.22
Westhoek-south 2 10.0 + 1.69 2.6+0.80" 0.16 +0.11 0.22 +0.09
Westhoek-north 14.6 +3.14 7.4+207" 0.16 + 0.03 0.31+0.08
* P<0.05.

* P<0.01.

** P <0.001.
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grazed sites (Table 2). In contrast, an increase in dissimilarity
with grazing was observed for those areas with a higher pH
(Table 2). The z parameter of the species-area relationship fol-
lowed a similar pattern as community heterogeneity (Table 4;
Fig. 2). The richness of very rare species increased with graz-
ing and soil pH and no effect was observed for rare species,
while the species richness of common species followed the
same pattern as species richness at site level (Table 4).

4, Discussion

Exclusion of large grazers in coastal dunes due to agro-pasto-
ral use abandonment is likely to be the main factor triggering
secondary succession towards grass-encroached vegetation
(Provoost et al., 2004). It has been hypothesized that fine-scale
plant species richness is positively correlated with grazing
(Olff and Ritchie, 1998). This is consistent with our results,
demonstrating that species richness at a local scale
(0.25x 0.25 m?) increased with grazing, independent of soil
conditions (Table 2; Fig. 2). At this scale level, the negative ef-
fect of biomass removal by grazing on plant individuals is
apparently outweighed by positive effects of gap creation or
a reduction in competitive pressure (Proulx and Mazumder,
1998). This might also result from the generally low-intensity
grazing that is used in the studied areas (Table 1). Although
strong plant preferences occur within all areas (Cosyns
et al., 2001; Hoffmann et al, 2001, 2005; Lamoot et al,,
2005a,b), these caused no local species extinction of preferred
species yet. At the site scale, however, an interaction between
grazing and soil acidity was observed and the most pro-

acidity in grazed (dash line: Y = 10x — 27; R = 0.35; P = 0.041)
and ungrazed (y = —0.1181x + 29.433; R? = 0.0002; P < 0.05)
plots.

nounced positive effect of grazing was observed at sites with
a higher pH (Fig. 1). For example, the species richness of West-
hoek southl, south?2 and north were almost doubled with
grazing. Selective grazing on palatable species and a lack of
soil resources hampering their regrowth are likely to be
responsible for lower species richness in grazed plots at the
sites with a lower pH. The results hence confirm that the im-
pact of grazing on plant species richness is soil and scale
dependent (Fig. 2).

In addition to overall effects on plant richness, our results
showed that soil conditions are most likely to determine the
effect of grazing on spatial heterogeneity of vegetation. The re-
sults confirmed that grazing induced a spatial homogenization
of the plant community composition at lower soil pH, but re-
sulted in an increased spatial heterogeneity at soils with a
higher soil pH (Tables 2 and 4). A higher heterogeneity resulted
in a higher species richness of grazed plots at site scale (8 x 8 m
plot) on soils with a high pH. The obtained interacting effect of
grazing with soil acidity on heterogeneity can probably be
related to the spatial relationship between grazing and the pre-
existing vegetation pattern (see Adler et al., 2001). As con-
firmed by Cosyns et al. (2001), Hoffmann et al. (2001, 2005)
and Lamoot et al. (2005a,b), who all observed preferential plant
species and habitat use for foraging of quite different herbivore
species (Haflinger, Shetlander and Konik ponies, donkeys Scot-
tish Highland cattle), in most of the coastal dune areas in-
cluded in this study, continued use of small areas within
homogeneous sites caused by a positive feedback between

Table 4 - F-statistics and P-values of the mixed model analysis testing for the effect of grazing and soil pH on the slope of

the species-area curve (z), community heterogeneity, species richness at 0.25 x 0.25 and 8 x 8 m site scale

Response variables Grazing pH Grazing*pH
Den. df. 5 P Den. df. B P Den. df. IE P

VA 17.3 5.98 0.030 10.2 0.21 0.060 19.1 4.48 0.042
Community heterogeneity 33.2 9.60 0.000 46.3 4.98 0.032 33.1 7.71 0.008
Local species richness ( 0.25 x 0.25 m) 112.0 167.3 0.000 23.2 1.11 0.310 122.0 0.03 0.650
Site species richness ( 8 x 8 m) 8.3 13.20 0.005 14.5 0.20 0.740 8.33 16.33 0.005
Richness of very rare species 18.5 6.37 0.020 5.6 14.20 0.010 22.0 0.34 0.560
Richness of rare species 15.2 2.56 0.130 17.7 3.08 0.090 15.3 3.50 0.080
Richness of common species 17.1 4.70 0.050 16.3 0.08 0.780 17.2 6.10 0.020

Den. df.: denumerator degree of freedom. Effect of site as a random factor was only significant for community heterogeneity (Z = 1.82;
P =0.034).
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grazing and forage quality and quantity, may result in an in-
creased site heterogeneity. Although grazing may increase for-
age quality over the whole pH range (Mc Naughton et al., 1997),
the higher potential for regrowth only supports a continued
use by animals at productive sites (Hobbs and Swift, 1988). This
may create small differentiated vegetation patches, leading to
increased heterogeneity and consequently species richness at
larger spatial scales with the highest soil pH.

Although total site plant richness only responded posi-
tively to grazing at sites with a higher pH, the number of rare
species increased in response to grazing, independent of soil
acidity. For example, four of the seven very rare species pres-
ent (Carex disticha, Asparagus officinalis, Medicago minima and
Linum catharcticum) and four rare species (Euphrasia stricta,
Polygala vulgaris, Sagina nodosa and Viola canina), only occurred
in grazed plots. Rosa pimpinellifolia and Koeleria albescens were
present under both treatments but their abundance tended to
decrease in grazed situations. This agrees with Hayes and
Holl (2003) who found a positive effect of grazing on the rich-
ness of forb species, among which some were of conservation
concern in Californian coastal grassland plant communities.

The independence of local species richness patterns and
soil conditions (in contrast to site species richness), indicates
that mechanisms determining species richness are scale spe-
cific. Small scale patterns in plant communities are probably
mainly influenced by abiotic factors while the interaction be-
tween abiotic and biotic factors may explain dynamic pat-
terns at larger scales (Fuhlendorf and Smeins, 1999). The
recognition of these scale dependent patterns of the effect
of grazing along an acidity gradient is important when delin-
eating appropriate biodiversity conservation strategies in
coastal dune grasslands.

Our results suggest that both environmental site condi-
tions and scale needs to be considered when aiming to main-
tain and enhance botanical diversity by grazing management
through the introduction of grazers (Dorrough et al., 2006).
The general increase of local species richness, and in particu-
lar the richness of rare species, implies that the introduction
of large herbivores into natural grasslands may in some cases
be essential for the conservation of plant diversity (Bakker
et al., 2006). However, negative effects on species diversity
in grasslands with lower pH were prevalent at the site scale,
suggesting that grazing as a system approach for the manage-
ment of nutrient-poor vegetation in coastal dune habitats
might not be appropriate. In addition, the studied grasslands
have a pH range between alkaline and neutral, whether the
observed pattern remains the same in grassland with basic
soil (pH higher than 8) or more acidic soils (pH <4) and in
non-coastal grasslands needs further study. A factor that
could not be studied was the possible impact of grazer species
on plant diversity. Although a wide spectrum of grazers were
included in this study, they could not be exchanged between
areas with different soil conditions. However, all detailed and
local studies on diet preferences (Ebrahimi, 2007; Hoffmann
et al., 2001, 2005; Lamoot et al., 2005a,b) emphasize the strong
preference of all herbivores for graminoid species, there are
no strong indications that animal species would induce large,
herbivore species related differences in plant performance.
Further studies are required though to effectively investigate
the interactive effect of grazing, grazer species and soil condi-

tions on plant diversity in coastal dune grasslands (Loucouga-
ray et al., 2004; Klimek et al., 2007).
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