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Chapter 4: Scale-dependent effects of grazing 
  and topographic heterogeneity on 
  plant species richness in a Dutch
  salt marsh ecosystem
     Jasper L. Ruifrok, Froukje Postma, Han Olff, Christian Smit

Abstract 

For over three decades low-intensity livestock grazing has been used in salt marshes to 
maintain or increase plant species richness. However, little is known about how the scale-
dependent effect of grazing on species richness depends on topographical heterogeneity. 
In this study we investigated this interplay between grazing and topographic heterogeneity 
in affecting plant species richness across spatial scales. We selected ten plots of 2200 m2 in 
grazed and in ungrazed parts of the salt marsh of the Dutch Wadden Sea island of Schier-
monnikoog, and compared plant species richness in 0.1, 1, 10, 100 and 1000 m2 subplots. 
Additionally, topographic heterogeneity was quantified at the plot scale by the standard 
deviation of the elevation derived from a high resolution (5 m by 5 m) digital elevation 
model. We calculated species-area relations to analyze our data. We found that large-scale 
topographic heterogeneity (based on the whole plot of 2200 m2) positively affects plant 
species richness at all scales (even at the smallest scale, 0.1 m2), and that grazing ad-
ditionally has a positive additive effect at the small-scales (0.1 m2 and 10 m2). Although 
grazing had a positive effect on species richness at larger scales at well (1000 m2), the 
strength of the effect was dependent on the topographic heterogeneity at that scale. At 
low topographic heterogeneity grazing increased larger-scale plant species richness, while 
at intermediate topographic heterogeneity grazing had almost no effect. In turn, at high 
topographic heterogeneity grazing plant species richness increased again. We discuss the 
potential mechanism behind these results and the relevance of our study for the conserva-
tion and management of other grazed ecosystems.

4.1 Introduction

With the increased awareness of the nature conservation values of salt marshes and the 
establishment of coastal protected areas in Northwest Europe, the management focus of 
these areas has shifted from grazing for agricultural exploitation towards grazing for na-
ture conservation (Bakker 1989, Bakker et al. 2003). The underlying reason for this shift 
is that grazing has shaped many species-rich and semi-natural grasslands in Europe before 
the larger-scale intensification of livestock practice occurred in the 1970s; low-intensity 
grazing is therefore thought to have positive effects on plant species richness (Bignal and 
McCracken 1996; Bakker and Berendse 1999). For example, on the Dutch salt marshes of 
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Schiermonnikoog low-intensity grazing prevents dominance of the grass Elytrigia athe-
rica and increases plant species richness (Andresen et al. 1990; Kleyer et al. 2003) on a 
wide range of spatial scales (from 0.01 to 2500 m2) (Bakker et al. 2003). Low-intensity 
grazing is therefore increasingly used as a tool for nature management, not only in salt 
marshes (Bakker et al. 2003), but in many ecosystems (WallisDeVries et al. 1998; Olff 
et al. 1999; Adler et al. 2001; Metera and Sakowski 2010). However, the effects of low-
intensity grazing on plant species richness is not always clear-cut (Olff and Ritchie 1998; 
Bakker and Berendse 1999). Several studies have shown that low-intensity grazing can 
also have neutral (Stohlgren and Schell 1999; Adler et al. 2001; Fensham et al. 2010) or 
even negative effects on plant-species richness (Fleischner 1994; Wardle et al. 2001; Haar-
meyer et al. 2010). Strong predictors as to whether plant diversity increases with grazing 
by large herbivores are: habitat productivity and the evolutionary history of grazing of a 
region (Milchunas et al 1993, Bakker et al. 2006). 

 Thus far, the interplay between grazing and low variation in topographic hetero-
geneity, i.e. variation of a few (deci)meters in elevation, has rarely been considered as a 
predictor for plant species diversity. Topographic heterogeneity affects many abiotic fac-
tors that determine vegetation composition, such as soil moisture, residual phosphorus and 
soil thickness (Florinsky et al. 2002; McBratney et al. 2003). In turn, abiotic heterogeneity 
has been shown to positively affect plant species richness at various scales, ranging from 
10-1 to 1011 m2 (316 km by 316 km) (Lundholm 2009), because it increases the number 
of potential niches (Grubb 1977; Tilman 1982). Accordingly, topographic heterogeneity 
alone has a strong effect on plant species richness. Herbivores may interact with topo-
graphic heterogeneity via the vegetation, e.g. by grazing mostly in lower patches, but often 
only at certain spatial scales, i.e. variation in elevation over a few meters (Adler et al. 2001; 
Laca et al. 2010) (from now on larger-scale topographic heterogeneity). Consequently, the 
effect of the interplay between grazing with topographic heterogeneity on plant species 
richness may be scale dependent. It may amplify the effects of heterogeneity on vegetation 
composition at some scales, but suppress its effect at other scales.

 At the small spatial scales (e.g. 0.1 to 10 m2) grazing can affect species rich-
ness in two ways; by reducing extinction rates and increasing colonization rates (Olff and 
Ritchie 1998). Small-scale extinction rates can be reduced by decreasing interspecific light 
competition therefore inhibiting dominance of a single tall species (Palmer 1994; Olff and 
Ritchie 1998; Collins et al. 1998; Huisman and Olff 1998). Small-scale colonization rates 
are increased by creating new places for seedlings to establish due to dunging, trampling 
and increasing light availability on the soil, and by increasing seed input via hooves, dung 
and fur (Olff and Ritchie 1998; Jutila and Grace 2002; Bakker et al. 2003; Rook et al. 
2004). Consequently, the effect of low-intensity grazing on species richness at small-scales 
is thought to be positive and unambiguous (Olff and Ritchie 1998). Furthermore, small-
scale species richness is probably independent of larger-scale topographic heterogeneity, 
due to the differences in scale.

 At larger spatial scales (e.g. 1000 m2), the effects of grazing may be more ambigu-
ous. On the one hand, grazing may negatively affect larger-scale species richness, because 
grazing may reduce rather than promote colonization rates by removing grazing intolerant 
plant species from the species pool, leaving only a set of plants species of which most are 
grazing adapted species (Milchunas and Lauenroth 1993; Olff and Ritchie 1998), or by 
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reducing abiotic heterogeneity in the soil due to trampling. On the other hand, at these 
larger scales, grazing may positively affect species richness by increasing the number of 
niches due to hierarchical foraging. Hierarchical foraging is the result of herbivores mak-
ing foraging decisions on various spatial and temporal scales (Senft et al. 1987). Due to 
hierarchical foraging, the impact of herbivores is often heterogeneously distributed over 
the landscape (Senft et al. 1987; Adler et al. 2001; De Knegt et al. 2008; Laca et al. 2010). 
Patches that are visited frequently have shorter vegetation and are dominated by grazing 
adapted stoloniferous and rosette-forming plant species (Díaz et al. 2007; Kuijper et al. 
2008), while patches that are rarely visited are often dominated by tall tussock forming 
plants (Díaz et al. 2007; Kuijper et al. 2008). Furthermore, frequently visited patches differ 
from seldomly visited patches in soil parameters such as soil oxygen,soil bulk density and 
mineralization due to high-intensity trampling and dunging (Hobbs 1996, 2006; Bakker 
et al. 2009), again leading to differentiation in the local species pool. As at this scale her-
bivores may interact with topographic heterogeneity (Adler et al. 2001; Laca et al. 2010), 
implying that topographic heterogeneity may be a good predictor as to whether grazing 
positively affects larger-scale species diversity. 

 In this study we aimed to determine how plant species richness is affected by 
the interaction between grazing and larger-scale topographic heterogeneity. We performed 
the study in a Dutch salt-marsh ecosystem that has partly been grazed by livestock for 
decades, while in a similar, adjacent - further similar - area has not been subjected to 
livestock grazing since 1958 (Olff et al 1997) . To explore how grazing and larger-scale 
topographic heterogeneity affects species richness we compared plant species richness 
over different scales for twenty plots. Ten plots were established in the ungrazed area and 
ten in the adjacent grazed area, over a gradient of larger-scale topographic heterogeneity 
(ranging from flat salt marsh to a mosaic from salt marsh and dunes) . We expected low-
intensity grazing would positively affect plant species richness at small spatial scales,. At 
larger spatial scales we expected that the effect of grazing on plant species richness (posi-
tive, neutral, or negative), would depend on the presence of topographic heterogeneity.

4.2 Methods

4.2.1 Study area 
The study was performed on the salt marsh of the island of Schiermonnikoog in the Dutch 
Wadden Sea (52°30’N, 6°10’E). This habitat is classified as a back-barrier salt marsh and 
characterized by a sandy substrate (Bos and Bakker 2002), with adjacent sand dunes. Es-
pecially the transition zone is characterized by a mosaic of salt marshes and small sand 
dunes. The research site consists of both a grazed and an ungrazed area similar in age 
formation (120 years) since bare sand flats, topography and history. The grazed area (c.a. 
400 ha) has been seasonally grazed by cattle for over 40 years. Stocking densities were 
reduced in 1995 from 1.5 cattle ha-1 to the current 0.5 cattle ha-1 (Bos and Bakker 2002). 
Here, the vegetation consists of mosaics with intensively grazed patches dominated by 
Festuca rubra. In the ungrazed area, no mowing or other form of management is applied, 
and is dominated by Elytrigia atherica (often in close association with Juncus maritimus). 

4.2.2 Design and measurements
We selected 20 plots, 10 in the grazed and 10 in the ungrazed area, all situated on the 
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higher salt marsh (Fig. 4.1). The mean elevation of the plots was 213 cm above sea level, 
with a standard deviation of 37 cm. Within the grazing treatments, plots ranged from low 
topographic heterogeneity (on flat salt marsh) to high topographic heterogeneity (mosaic 
of salt marsh and small dunes). Each plot measured 2200 m2 (20 m by 110 m). Nested 
within each plot were non-overlapping subplots, 10 of 0.1 m2, 10 of 1 m2, 2 of 10 m2 and 1 
of 100 m2 and 1 of 1000 m2. The subplots were rectangular shaped (ratio 1:10) to accom-
modate a large range of topographic heterogeneity and were homogeneously distributed 
within the plot, according to the modified Long-Thin plot design (Stohlgren et al. 1995). 
Plots were east-west located. The presence of each plant species was recorded for every 
subplot and plot, resulting in a species-area curve. 

 We calculated larger-scale topographic heterogeneity based on a 5 m by 5 m Digi-
tal Elevation Model (DEM) from the AHN-1 (Algemene Hoogtekaart Nederland: Current 
Elevation Map of the Netherlands). The elevation was measured by laser altimetry (Li-
DAR), between 1997 and 2003. The laser point density was minimally 1 point per 16 m2 
with a systematic error of 5 cm or less. We quantified larger-scale topographic heterogene-
ity by calculating the Standard Deviation (SD) of the elevation measurements of the DEM. 
For every plot the SD of elevation was calculated based on the whole plot area of 2200 m2. 

4.2.3 Analyses
For all analyses we used the mean number of species for the subplots of 0.1 m2, 1 m2, and 
10 m2 (for 100 m2 and 1000 m2 we only had one number) per plot. We first investigate 
whether species richness was affected by grazing and larger-scale topographic heterogene-
ity at different spatial scales. To keep the results comprehensible we compared only the 0.1, 
10, and 1000 m2. We used a full factorial ANCOVA, with the mean number of species as 
our dependent variable and grazing (either 0 or 1) and topographic heterogeneity (standard 
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Fig. 4.1 Distribution of grazed plots (black rectangle), and ungrazed plots (white rectangle). 
Lower left point van het image: (53°47’N, 6°20’E). Image from Bing Maps, Microsoft Coop-
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deviation of the elevation of the whole plot) as the independent variables. We included a 
quadratic term of topographic heterogeneity to account for potential non-linearity. 

 In addition, we calculated species-areas curves to analyze the data. For this analy-
sis, we used all subplots. Species-area curves are a suitable method to investigate species 
richness at different scales and can be described by a power law: S = c ∙ areaz or log-log 
transformed log(S) = Log(c) + z ∙ log(area), where S [no. species] is the cumulative number 
of species and area [m2] is the surface area of the sample (Rosenzweig 1995).

 We first compared the species-area curve of the grazed with the ungrazed area, 
excluding larger-scale topographic heterogeneity. The richness values were compared be-
tween the grazed and the ungrazed area using a full factorial ANCOVA, with the mean 
number of species (log) as the response variable and surface area (log) and grazing (either 
0 or 1) as covariates, including their interaction. We then estimated parameters c and z for 
each plot independently by performing a regression analyses, with mean number of species 
(log) as the dependent variable and area (log) as the independent variable. The intercept of 
the regression is log(c) and the slope of the regression is the exponent z. To investigate how 
parameters c and z are affected by grazing and topographic heterogeneity we performed a 
full factorial ANCOVA, with c and z as the dependent variables and grazing (either 0 or 1) 
and larger-scale topographic heterogeneity as the independent variables, and the quadratic 
term of larger-scale topographic heterogeneity to account for potential non-linearity. We 
used the coefficients of the minimum adequate models (the model with all the significant 
terms of the ANCOVA) to estimate the most likely values for c and z at different levels of 
larger-scale topographic heterogeneity. This procedure allowed us to plot the species-area 
curves over a range of topographic heterogeneity for the grazed and ungrazed sites. By 
comparing the species-area curves of the grazed and ungrazed site we determined how the 
effect of the interplay between sampling area and topographic heterogeneity on species 
richness, and thus determine the effectiveness of grazing as a tool for nature conservation. 
Effectiveness is expressed as absolute increase (or decrease) in species count and the per-
centage increase, i.e. the extra number of species in the grazed site stated as a percentage 
of the number of species in the ungrazed site. All statistical analyses were performed in R 
2.14.1.

 
4.3 Results 

4.3.1 Effect of topographic heterogeneity on species richness at different spatial scales 
Our results show that larger-scale topographic heterogeneity (based on the whole 2200 
m2 plots) has a positive effect on species richness at different scales (Fig. 4.2, Table 4.1), 
surprisingly, even at very small-scales (0.1 m2, Fig. 4.2A). Small-scale plant species rich-
ness significantly increased with larger-scale spatial heterogeneity of the area where the 
subplots where situated. This increase was linear for 0.1 and 10 m² subplots (Fig. 4.2A, 
B). Furthermore, at the spatial scale of 0.1 and 10 m², grazing always had a positive effect 
on plant species richness, so no interaction between grazing and larger-scale topographic 
heterogeneity was found (Fig. 4.2A, B; Table 4.1). The minimum adequate models ex-
plained 69 and 64% of the variation for 0.1 m2 and 10m2, respectively (adjusted r2). At 
a larger-scale (1000 m2) the positive effect of larger-scale topographic heterogeneity on 
species richness flattens off, and more strongly for ungrazed than for ungrazed plots (Fig. 
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Fig. 4.2  Effect of larger-scale topographic heterogeneity at the whole plot level (1000 m2) on 
plant species richness at (A) 0.1 m2, (B) 10 m2 and (C) 1000 m2 for ungrazed (solid line, open 
circle) and grazed (dashed line, closed circle). At 0.1 m2 and 10 m2 grazing always has an ad-
ditional positive effect on species richness. At 1000 m2 the minimum adequate models (lines) 
indicates that grazed plots always have a higher species richness, but this effect is larger at 
high large topographic heterogeneity. However, the raw data (both closed and open circles) 
indicate that at intermediate topographic heterogeneity (30 to 50 cm) there is almost no dif-
ference in species richness between grazed and ungrazed plots. 

Table 4.1  Results of ANCOVA on species richness with F-values for the independent vari-
ables grazing (G), topographic heterogeneity (H), the quadratic term of H (to account for 
non-linear effects) and their interactions at three spatial scales (0.1m2, 10m2, 100 m2). * P < 
0.005, ** P < 0.01, *** P < 0.001
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4.2C). Consequently, the positive effect of grazing is larger at high topographic heteroge-
neity compared to low topographic heterogeneity (Fig. 4.2C). Interestingly, although the 
minimum adequate model predicts that even at larger spatial scales (1000 m2) grazing has 
a consistent positive effect on species richness, the raw data indicate that at intermediate 
topographic heterogeneity (SD of elevation is 30 to 50 cm) the effect of grazing is neutral 
or near neutral (Fig. 4.2C). This suggests that at intermediate topographic heterogeneity, 
grazing no longer has a positive effect on larger-spatial-scale plant species richness. With 
the analyses of our species area-curves we examined this phenomenon in more detail. 

4.3.2 Species area-curve, not including topographic heterogeneity
We found a significant difference between the species-area curves of the grazed and the 
ungrazed areas. Species richness was significantly affected by both area (log) (F(1,96) = 30; 
P < 0.001) and grazing (F(1,96) = 228; P < 0.001). The resulting minimum adequate model 
(Fig. 4.3) explained 69% of the variation (adjusted r2). Due to the significant effect of graz-
ing, prefactor c (intercept of Fig. 4.2), is 1.6 times higher in the grazed area (cgr = 101.03 
= 10.8 species m-2) than in the ungrazed area (cug = 100.83 = 6.7 species m-2). Interestingly, 
we found no significant interactions between grazing and area (log) (F(1,96) < 1). Therefore 
exponent z (slope of Fig. 4.3) is the same in the grazed and in the ungrazed area (z = 0.08). 
This shows that large grazers in general have a positive effect on species richness, indepen-
dent of scale. Or: the proportional differences in plant species richness between grazed and 
ungrazed areas are already found at the smallest scale (0.1 m2), and remain present across 
all larger scales. However, this analysis does not take into account the effect of larger-scale 
topographic heterogeneity.
 
4.3.3 The effect of grazing and topographic heterogeneity on parameters c and z of the 
species-area curve
The twenty regression models used to estimate parameters c and z of the species-area 
curves for each plot had a mean adjusted r2 of 0.95 ± 0.06 (SD), and the lowest adjusted r2 

was 0.74 (Table 4.2). This indicates that plot size describes a large proportion of the varia-
tion in observed species richness. On average the P-value of the regressions is 0.0064 ± 
0.014 (SD) for all twenty models. One regression model showed a P-value larger than 0.05 
(0.061, this regression also has the lowest r2), 19 regressions models showed a P-value < 
0.05, 17 of the twenty models have a P-value <0.005 (Table 4.2). The coefficient of vari-
ance in species richness for the two 10 m2, the ten 1 m2 and the ten 0.1 m2 subplots were 
on average 0.34, 0.33 and 0.37 for ungrazed plots and 0.33, 0.33 and 0.35 for grazed plots, 
respectively (Table 4.2). 

 We found that both larger-scale topographic heterogeneity and grazing have a 
significant effect on the prefactor c, but there was no significant interaction between larger-
scale topographic heterogeneity and grazing (Table 4.3). The resulting minimum adequate 
model explained 80% of the variation (adjusted r2). Because there was no significant in-
teraction between grazing and topographic heterogeneity, a squared meter in a grazed plot 
contained on average an additional 3.7 species compared to an ungrazed plot (Fig. 4.3A, 
4.4A), independent of topographic heterogeneity. However, topographic heterogeneity 
alone does have a strong positive effect on prefactor c (Fig. 4.4A).

 For the exponent z, we found that grazing did not have an overall significant effect, 
but larger-scale topographic heterogeneity did have a positive effect (Table 4.3). Moreover, 
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Table 4.2  Results of regression analyses for species-area curve in grazed and ungrazed area at 
different spatial scales. SD is standard deviation of the elevation in cm (n = 88) of the whole 
plot, c and z are the parameters of the species areas curve. Sign. indicates the level of signifi-
cance: * P < 0.005, ** P < 0.01, *** P < 0.001
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Fig. 4.3  Species-area curve for the ungrazed (solid line, open circle) and grazed (dashed line, 
closed circle) site without taking topographic heterogeneity into account. Only the intercepts 
differ for the different grazing regimes, not the slope (thus only parameter c differs, not pa-
rameter z).



51Herbivore-mediated structural diversity of vegetation

the interaction between topographic heterogeneity and grazing was significant, with both 
linear and quadratic terms of larger-scale topographic heterogeneity (Table 4.3). Because 
grazing itself had no significant effect, the mean of exponent z over the whole topographic 
heterogeneity gradient is equal between grazed and ungrazed areas (as expected, based 
on Fig. 4.3), but due to the significant interaction between topographic heterogeneity and 
grazing, parameter z is higher in the grazed area at low topographic heterogeneity, while 
parameter z is higher in the ungrazed area at high topographic heterogeneity (Fig. 4.4B). 
Moreover, because of the significant interaction between grazing and the quadratic term of 
topographic heterogeneity, the effect of topographic heterogeneity on parameter z is non-
linear. The plotted minimum adequate model (Fig. 4.4B) shows that in the ungrazed area 
parameter z increases very fast with topographic heterogeneity and then levels off, while 
in the grazed area parameter z increases much slower with heterogeneity and does not level 
off. Accordingly, at high topographic heterogeneity exponent z for grazed and ungrazed 
appear to have the same value (Fig. 4.4B). The minimum adequate model explained 86% 
of the variation (adjusted r2). 
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Fig 4.4  The effect of large-scale topographic heterogeneity on parameter c (associated with 
small-scale species richness) (A) and z (associated with accumulation of new species with 
increasing surface area) (B) for each plot in the ungrazed (open circles) and grazed (closed 
circles) site and the minimum adequate models (solid line: ungrazed, dashed line: grazed). 

Table 4.3  Results of ANCOVA on parameters c and z of the species-area curve with F-values 
for the independent variables grazing (G), topographic heterogeneity (H), the quadratic term 
of H (to account for non-linear effects) and their interactions. * P < 0.005, ** P < 0.01, *** P 
< 0.001
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4.3.4 The effect of grazing and topographic heterogeneity on species richness at different 
scales 
The number of species as predicted by the species-area curve based on the coefficients of 
the minimum adequate models (Fig. 4.5A and B) show that grazing is most effective at 
low topographic heterogeneity (Fig. 4.5D), with up to 100 % increases in species richness. 
At intermediate topographic heterogeneity (SD elevation is between 35 cm to 50 cm) the 
effectiveness of grazing is lowest. Especially at larger spatial scales (from 400 m2 to 1000 
m2) under these conditions, the effect of grazing is almost neutral (Fig. 4.5D). At high 
topographic heterogeneity (SD elevation is 35 cm to 50 cm) the effectiveness of grazing is 
increased again (Fig. 4.5D). 
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in increasing species richness at low and high topographic heterogeneity. At intermediate 
topographic heterogeneity grazing still increases species richness but only at relative small 
spatial scales (<400 m2), at relative large spatial scales the effect of grazing is neutral (around 
0%) or near neutral (less than 10 % increase).



53Herbivore-mediated structural diversity of vegetation

4.4 Discussion

In this study we explored how the interaction between larger-scale topographic heteroge-
neity and low-intensity grazing affects plant species richness at different spatial scales. 
We found that larger-scale topographic heterogeneity (based on a 2200 m2, with resolu-
tion of 25 m2) positively affects species richness at all spatial scales measured (from 0.1 
to 1000 m2) and the positive effect of grazing on species richness depends strongly on the 
sampling area and the level of topographic heterogeneity. At small spatial scales we found 
that grazing always has a strong positive effect species richness. At larger spatial scales the 
effectiveness of grazing on increasing species richness depends strongly on topographic 
heterogeneity. At low topographic heterogeneity, the effectiveness of grazing on larger-
scale species richness is highest. At intermediate topographic heterogeneity, grazing is 
least effective and, even neutral (at 1000 m2). At high topographic heterogeneity the ef-
fectiveness of grazing is increased again. 

 This strong and positive effect of grazing on small-scale plant species richness 
may result from an increase in either the local colonization rates, or from the decrease 
in local extinction rates of species, or both, in line with island biogeography theory (Ma-
cArthur and Wilson 1967). As suggested by Olff and Ritchie (1998), and experimentally 
shown by Bakker and Olff (2003) a grazed patch can be seen as an island, and thus an 
increase in colonization rate in combination with a decrease in extinction rate can increase 
species richness. Consequently, low-intensity grazing can be an effective tool to increase 
small-scale species richness in grasslands. 

 Grazing also has a strong positive effect on species richness at larger spatial scales, 
but this depends on topographic heterogeneity. When topographic heterogeneity is low or 
high, there is a strong positive effect of grazing on larger-scale species richness. When 
topographic heterogeneity is intermediate (Fig. 4.4A), the effect of grazing on larger-scale 
species richness is near neutral. In this paragraph we discuss potential mechanisms behind 
this complex pattern. A potential explanation for the strong positive effect of grazing on 
larger-scale species richness at low topographic heterogeneity is the formation of vegeta-
tion mosaics. Grazing often results in mosaics of short, intensively grazed patches, and 
tall, less intensively grazed patches (Adler et al. 2001). This is the result of the positive 
effect of grazing on plant quality. In the short term grazing promotes growth of new shoots 
with high nitrogen and phosphorus content (Ruess and McNaughton 1983; Anderson et 
al. 2007).In the long term grazing favors grazing-tolerant plant species that contain few 
structural compounds (Díaz et al. 2004; Kuijper et al. 2008). Consequently, two distinct 
plant communities are often found to coexist under grazing pressure; a grazing tolerant, 
grass dominated community, and a more grazing resistant tussock dominated community 
(Rosenthal and Kotanen 1994; Díaz et al. 2007). This in itself already increases species 
richness. In addition, these vegetation mosaics may generate abiotic heterogeneity, such 
as changes light intensity and soil characteristics, which increases the amount of potential 
niches and thus species richness (Grubb 1977; Tilman 1982). At intermediate topographic 
heterogeneity, both the ungrazed and grazed areas contained the same number of plant spe-
cies at 1000 m2. A potential explanation is that the already existing abiotic heterogeneity is, 
at least partly, over-ridden by the vegetation mosaics that are generated by herbivores (as 
described above). For example, a subtle gradient may be transformed to a patch of short 
lawn, which, due to trampling and grazing loses most of its abiotic variation and is con-
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sequently dominated by only grazing tolerant species. When topographic heterogeneity is 
high, larger-scale species richness is again always higher in the grazed area suggesting that 
at high levels of topographic heterogeneity large herbivores, through trampling and graz-
ing cannot over-ride the effects of the abiotic gradients. Furthermore, herbivores may re-
spond to the topographic heterogeneity, e.g. by foraging mostly on productive patches and 
thus enhance the underlying abiotic heterogeneity. Consequently, low-intensity grazing 
probably is an efficient tool to increase species richness in salt marshes when topographic 
heterogeneity is either low or high, i.e. a relatively flat salt marsh and a heterogeneous 
marsh-dune mosaic, respectively. Low-intensity grazing is probably not an efficient tool to 
increase species richness in coastal zones at intermediate topographic heterogeneity, i.e. in 
salt marshes with some scattered small dunes. 

 In addition, we found that species richness is positively influenced by larger-scale 
topographic heterogeneity across all scales measured (from 0.1 to 1000 m2) in both the 
grazed and the ungrazed area. The positive effect of topographic heterogeneity on spe-
cies richness at different scales has also been shown in other studies (Grubb 1977; Tilman 
1982; Lundholm 2009). However, our topographic heterogeneity is based on the whole 
plot of 2200 m2 with grid cells of 25 m2. So, how does this larger-scale topographic het-
erogeneity affect species richness on spatial scales that are much smaller? Larger-scale 
heterogeneity can increase the local colonization rates of patches, if different communities 
occur close to each other, causing a seed rain of species of a ‘source’ community/habitat 
into a neighboring ‘target’ community where species can temporally establish outside their 
preferred niche. This increases colonization by new species thus increasing species rich-
ness (MacArthur and Wilson 1967). Furthermore, topographic heterogeneity based on a 
larger scale might be correlated to small-scale topographic heterogeneity, which increases 
the number of niches on a small scale. 

 The effects of low-intensity grazing on species richness is ambiguous (Olff and 
Ritchie 1998; Bakker and Berendse 1999), with reported positive effects (Bakker et al. 
2003; Bakker et al. 2006), neutral effects (Stohlgren and Schell 1999; Adler et al. 2001; 
Fensham et al. 2010) and negative effects (Fleischner 1994; Wardle et al. 2001; Haarmeyer 
et al. 2010). Our results suggest that the variation in elevation is a strong predictor of 
whether low-intensity grazing has positive effects on species richness in salt marshes or 
not. Whether these findings hold for other ecosystems will depend on several factors, most 
importantly, the relationship between topographic and abiotic heterogeneity. 
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