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1
The coasts cover only 4 % of the earth surface, however, provide homes for 
more than 40 % of the world’s human population (UNEP 2006). Coastal salt 
marshes are intertidal, coastal ecosystems which are regularly inundated by 
salt or brackish water, and are usually dominated by salt-tolerant vegetation. 
Coastal salt marshes are widely appreciated for the value of their ecosystem 
service (Gedan et al. 2009). For instance, they act as the sea barriers, salt 
marsh vegetation can bind the soil, thus reduce shoreline erosion, and limit 

for livestock grazing. Salt marshes around the world have been commonly 

Sea salt marshes along the North sea shore have been traditionally grazed for 
more than 2600 years (Bakker et al. 2003). Grazing by large herbivores is still 
common in salt marshes in Europe, China, and South America (Greenberg et 
al. 2014), while it became rare in North America and Canada (Gedan et al. 
2009). Besides by large herbivores, salt marshes are also grazed by wild small 
herbivores. For instance, salt marshes in Europe, Canada, North America and 
Arctic are heavily grazed by geese (Cargill & Jefferies 1984; Ankney 1996; 
Mulder & Ruess 1998; Zacheis et al. 2001; Peterson et al.
et al. 2017). Salt marshes in South America are commonly grazed by rodents 
(guinea pigs) (Bromberg et al. 2009; Alberti et al. 2011b; Daleo et al. 2017; 
Pascual et al. 2017). Salt marshes in North America are heavily grazed by 
crabs, snails and insects (Holdredge et al. 2009; Bertness et al. 2014; He & 
Silliman 2016). 

A global meta-analysis suggests that grazing, both by large and small 
herbivores, has a substantial impact on vegetation in salt marshes (He & 
Silliman 2016). In general, grazing strongly decreases survival, vegetation 
height and aboveground biomass, while its effects on abundance (percent 
cover), reproduction, and belowground biomass, as well as plant diversity 
are less clear (He & Silliman 2016). Two reasons may explain why grazing 

studies included in this meta-analysis are from North America, and the salt 
marshes in North and South America are usually dominated by one or a few 
tall but not very palatable plant species (Conde et al., 2006; Pennings, Siska, 
& Bertness, 2001). In such situations, it is not surprising that herbivores do 
not have an impact on plant diversity. Secondly, grazing by large herbivores is 
rare in North American salt marshes. Another global meta-analysis focusing 
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on effects of large herbivores on ecosystem properties concludes that large 
herbivores increase plant diversity in salt marshes (Davidson et al. 2017). In 

come from the Netherlands. Not only large herbivores, small herbivores can 
also have a strong impact on vegetation, particularly when their abundances 
are high. Bertness et al. (2014) found that excluding predator crabs (Sesarma 
reticulatum) in a single growing season led to a > 100 % increase in herbivory, 
which in turn led to a > 150 % increase in bare ground. Limited studies also 
suggest that small herbivores impact plant diversity (Gough & Grace 1998b, 
a; Bakker et al. 2006; Bromberg et al. 2009; Alberti et al. 2011a; Pascual et al. 
2017). However, these experiments are relatively short-term (< 15 years). The 

2016) lasted less than 10 years, only one study exceeded 15 but less than 20 
years.  

Long-term experiments using permanent plots are important to fully assess 
the effects of grazing on plant diversity. Long-term monitoring is essential 
(Bakker et al. 1996; Tälle et al. 2016), as vegetation responses to different 
(grazing) treatments develop over a long period (Bullock et al. 2001; Kahmen 
et al. 2002; Lepš 2014). In addition, long-term monitoring provides a unique 
way to unravel the pathways, causes and mechanisms of vegetation dynamic 
under different (grazing) treatments. For biodiversity conservation, evaluation 
of long-term different managements (e.g. grazing and mowing) is highly 
important for providing improved guidance. Theories predict that grazing 
may promote plant diversity in the short term and that this effect diminishes 
in the long term, due to vegetation succession to less preferred forage plants 
(Van de Koppel et al. 1996; Olff et al. 1997), and herbivore grazing leads to 
dominance of tolerant or defended plants (Olff & Ritchie 1998). Empirical data 

topics) show that short- and long-term results are not always consistent. Allan 
and Crawley (2011) found that the effects of invertebrate herbivores on plant 
diversity only became pronounced 8 years after the start of the experiment, 
suggesting that shorter-term experiment would underestimate those effects. 
In a 20-year experiment, compared with ambient CO2, total biomass of plots 
grown with C3 plants strongly increased but not that with C4 plants in elevated 
CO2
revised: biomass of plots grown with C4 plants strongly increased but not 
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1
that with C3 plants (Reich et al.
well-established short-term drivers of plant response to global change cannot 
predict long-term results. These inconsistencies from short- and long-term 
results also necessitate running experiment for long term. 

Studies from grasslands show that herbivores, particularly the large ones, 
impact genotype and genetic diversity, as well as spatial genetic structure, and 
genetic differentiation (hereafter, evolutionary effects) in plant populations 
(Billington et al.
Smith et al. 2009; Veeneklaas et al. 2011). Herbivores do so possibly by 
affecting sexual reproduction, somatic mutation, epigenetic alterations and 
genotype selection. For instance, Herrera and Bazaga (2011) found that 
substantial epigenetic variation among individuals of Viola cazorlensis, and 
the variation in multilocus epigenotypes was correlated with different levels 
of browsing damage in a two-decade-long monitoring experiment. However, 
studies examining the evolutionary effects of small herbivores (1 kg < body 
mass < 10 kg) remain sparse. Didiano et al. (2014) found that long-term (> 
20 years) grazing by rabbits drives evolutionary trait differentiation, although 
only in one of four plant species, with the highest abundance in Silwood Park, 
England. Given herbivore abundance can sometimes be more important than 
herbivore size in regulating plant communities (Olofsson et al. 2004), we 
expect that small herbivores can also have substantial evolutionary effects on 
plant populations, particularly when their abundance is high. 

Study site 

plant and animal   species, some of which are endemic to this area. These salt 
marshes are therefore protected under the EU Habitats Directive (EC Habitats 
Directive,1992). My studies were conducted in one of these salt marshes, the 
natural high productivity (1120 ± 201 g dw / m2; mean ± 1 se; measured in 
2018) salt marsh in the barrier island of Schiermonnikoog (53°30’ N, 6°10’ 
E), the Netherlands (Bakker 1989) (Fig 1). The average annual temperature 
is 10.2 °C, and average annual rainfall is 824 mm (data from www.knmi.nl). 
In this ecosystem, a natural successional gradient is present (Olff et al. 1997); 
the eastern part of the island is younger than the western part, and different 

creeks. The western part of the salt marsh has undergone more than 100 years’ 
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succession, and is dominated by the tall late successional grass, Elytrigia 
atherica, when cattle grazing is absent. A small western part of the salt marsh 
had been grazed by cattle up to 1958, when cattle grazing stopped. Cessation 
of grazing led to local dominance of the E. atherica, which led to a decline 
in plant diversity over the following ten years (Bakker 1985). The authority 
in charge of management wanted to reverse this trend. Hence, an experiment 
searching for the optimal management, including grazing by large herbivores 
and mowing, for conserving plant diversity started in 1972 (Fig. 2). 

The eastern part of the salt marsh is only grazed by small herbivores, 
including spring staging Brent Geese (Branta bernicla), Barnacle Geese 
(Branta leucopsis), and year-round present Brown hares (Lepus europaeus) 
and rabbits (Oryctolagus cunniculus). Hares and geese are the most important 
herbivores in the eastern part, while predators are rare in this system (Van De 

& Bakker 2005; Schrama et al. 2015). An herbivore exclusion experiment was 

+ MHT, Mean High Tide). For clarity, we refer to these stages by their ages at 
the start of the experiment, which were 1, 10, 20, 40, 90 years, respectively. 
These ages were counted from the year vegetation established at that stage 
to the year 1994 when the experiment started (Olff et al. 1997). In the low 
salt marsh, Puccinellia maritima and Suaeda maritima dominate the earliest 
successional stage, which are replaced by Festuca rubra, Artemisia maritima 
and Limonium vulgare at early successional stages, while E. atherica and 
Atriplex portulacoides dominate the intermediate and late successional stages 
(Olff et al. 1997). P. maritima and F. rubra are highly preferred by hares and 
geese, while A. maritima, and E. atherica are generally not preferred (Van 

Plantago maritima, Juncus gerardii, Triglochin maritima, A. portulacoides 

al. 2000b; Fokkema et al. 2016).
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1

   

Fig. 1 Location of the island of Schiermonnikoog (upper panel), large herbivore 
and small herbivore exclosures in the salt marsh of the island (lower panel). The 

area within the dotted area was grazed since 1972, and the four big dots inside the 

each successional stage, are exclosures for small herbivores. Dotted lines at each 
successional stage represent 20 plots for counting droppings from hares and geese 
in 2016.
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Fig. 2 Treatments for one block from the large herbivore exclosure experiment 
(left panel) and small herbivore exclosure experiment (right panel). In the left 

permanent plots (blue rectangles) were established within treatments. C: control (the 
abandoned); M (E): mowing in early growing season; M (L): mowing in late growing 
season; M (EL): mowing in early and late growing season; G: cattle grazing; G + M 
(E): cattle grazing plus mowing in early growing season; G + M (L): cattle grazing 
plus mowing in late growing season; G + M (EL): cattle grazing plus mowing in 
early and late growing season. In the right panel, four small rectangles represent four 
permanent plots within each treatment for small herbivore exclosure experiment. 

can be found in materials and methods in chapter 2 and chapter 4, respectively. 

Thesis outline 

Chapter 2 I used the 46-year large herbivore exclosure experiment, in 
combination with other management regimes included in this experiment. I 
evaluated eight different management regimes (treatments) on the abundance 
of a dominant plant species, plant diversity, and community composition and 
structure. Treatments consisted of abandoned management (no mowing or 
grazing), mowing in early growing season, mowing in late growing season, 
mowing both in early and late growing season, cattle grazing, and cattle 
grazing plus one of these three different mowing treatments. 

General introduction
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1
Chapter 3 Using this 46-year large herbivore exclosure experiment, 
I compared cattle grazing, mowing in late growing season (a proxy of 
aboveground consumption) and the ungrazed control over the 46 years of 

plant diversity and the processes causing changes in plant diversity, i.e. plant 
species gain (colonization) and species loss (extinction). I further looked at 
whether large herbivores promote particular functional groups. In addition, I 
explored the underlying mechanism of changes in plant diversity via reducing 

treatment minus the ungrazed control, and decomposed this into non-trophic 
effects as the grazed minus the mowing treatment, and trophic effects as the 
mowing treatment minus the ungrazed control. 

Chapter 4 I used the hare and goose exclosures along the successional 
gradient, to investigate the effects of hares and geese, and hares alone, on 

short and long term, i.e. 7 and 22 years, respectively. These ages were counted 
from the year vegetation established at that stage to the year 1994 when the 
exclosures were established. 

Chapter 5 To explore the evolutionary effects of small herbivores on a 
dominant clonal plant population, I used a 22-year hare and goose exclosure 
experiment at the early and intermediate successional stage (stage 10 and 40) 
in this salt marsh. I collected individuals of Elytrigia atherica within 1 m × 
1m plots inside and outside hare and goose exclosures (four populations). I 
genotyped all the individuals using molecular markers, and characterized and 
compared the genetic population differentiation, genetic diversity, and spatial 
genetic structure, genotype richness, diversity, and distribution.

Chapter 6 In the synthesis, I compared the long-term effects of large and 
small herbivores on plant diversity, the processes driving the changes in plant 
diversity, and the underlying mechanisms. In addition, I compared trophic and 
non-trophic effects of large and small herbivores on plant diversity. Further, 
I compared the evolutionary effects of large and small herbivores on the 
population of E. atherica. I then compared the short- and long-term results 
from both large and small herbivore exclosure experiments. I suggested future 
research needed based on the results and conclusions of my current studies. 
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Abstract

Evaluation of long-term different management regimes on plant diversity 
is highly important for improved guidance for biodiversity conservation. 
However, such long-term experiments are sparse. Using a 46-year experiment 
in a salt marsh, we evaluated eight different management regimes (treatments) 
on the abundance of a dominant plant species, plant diversity, and community 
composition and structure. Treatments consisted of abandoned management 
(no grazing and mowing), mowing in early growing season, mowing 
in late growing season, mowing both in early and late growing season, 
cattle grazing, and cattle grazing plus one of these three different mowing 
treatments. Also, we explored the underlying mechanisms for change in 
plant diversity in different treatments. Results show that compared with 

expansion of the dominant grass Elytrigia atherica. In addition, all other 
treatments - except mowing in early growing season and mowing in late 

treatments led to the divergence in community composition and structure via 
promoting different species. For instance, mowing, regardless of timing and 
frequency, promoted the abundance of F. rubra, while grazing, and grazing 
plus any combination of mowing promoted several small and short-statured 
species. Treatments increased plant diversity most likely via increased light 
availability, but not via decreased dominance. Suppressed expansion of E. 
atherica was associated with the reduced aboveground biomass, which in 
turn was associated with increased light availability. However, suppressed 
expansion of E. atherica was not associated with reduced dominance, as F. 
rubra became dominant in most of these plots. Our results have important 
implications for biodiversity conservation, as well as restoration in abandoned 
salt marshes, or other grasslands invaded by competitive species. 
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Introduction 

Grazing and mowing are among the most widely used management tools for 
preserving plant diversity in grasslands worldwide (Tälle et al. 2016, and 
references therein). So far, studies comparing grazing and mowing (once 
per year) on plant diversity show inconsistent results. Some studies show 

Jacquemyn et al. 2003; De Cauwer & Reheul 2009; Fritch et al. 2011; Herbst 
et al. 2013), some show that mowing is better than grazing (Stammel et al. 
2003; Catorci et al. 2014; Tälle et al. 2015), while some show similar effects 

mainly derived from relatively short-term experiments (< 15 years) (but 
see Kahmen et al. 2002; for 25-year experiment). In addition, timing and 
frequency of mowing can modify the effects of mowing on plant diversity 
(Bakker et al. 2002a; De Cauwer & Reheul 2009; Dee et al. 2016). Therefore, 
it remains unclear how long-term (decades long) grazing, mowing and the 
combination of grazing plus mowing impact plant diversity. Evaluation of 
long-term different management regimes on plant diversity is highly important 
for providing improved guidance for biodiversity conservation. 

have traditionally been used for livestock grazing and, to a lesser extent, 
mowing (hay making) (Bakker et al. 2002b). In the past decades, livestock 
grazing reduced or ceased in salt marshes as agriculture and economic 
interest decreased while conservation interest gained in importance (Bakker 
et al. 2003). Cessation of grazing led to the local dominance, for instance, 
by the late successional grass E. atherica, which reduced plant diversity 
(Veeneklaas et al. 2013). To reverse this trend, different management regimes 
were introduced et al. 2014; Van Klink et al. et al. 
2017). However, which management is optimal for preserving plant diversity, 
particularly in the long term, remains debated (e.g. Roel Van Klink et al., 
2016).

The well-known positive impact of large herbivores on plant diversity 
is thought to be driven by aboveground biomass removal which leads to 
either increased light availability (Borer et al., 2014), decreased dominance 
(Koerner et al., 2018), or both. Given that mowing removes aboveground 
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biomass similar to grazing, one would expect that mowing can increase plant 
diversity as much as grazing. However, the relative contribution of increased 
light availability and reduced dominance to the increased plant diversity in 
grazing and mowing is so far underexplored. 

The aim of this study was to evaluate how different management regimes 
(treatments), i.e. mowing (early growing season, late growing season, 
early and late growing season), grazing, and grazing plus different mowing 
treatments change the abundance of the dominant grass E. atherica, plant 
diversity, community composition and structure. In addition, we explored the 
underlying mechanisms for change in plant diversity in different treatments 

Materials and methods
Study site and experimental design

a wealth of plant and animal species, some of which are endemic to this area. 
These salt marshes are therefore protected under the EU Habitats Directive 
(EC Habitats Directive,1992). The experiment was conducted in one of these 
salt marshes, the natural high productivity (1120 ± 201 g dw m-2; mean ± 1 se; 
measured in 2018) salt marsh in the barrier island of Schiermonnikoog (53°30’ 
N, 6°10’ E), the Netherlands (Bakker 1989). A small western part of the salt 
marsh had been grazed by cattle up to 1958, when grazing stopped. Cessation 
of grazing led to the local dominance of the tall late successional grass, E. 
atherica, which led to a decline in plant diversity over the following ten years 
(Bakker 1985). The authority in charge of the management wanted to reverse 
this trend. Hence, an experiment searching for the optimal management for 
preserving plant diversity started in 1972 in this area. 

Four blocks were established in 1972, encompassing different plant 
communities characterized by different dominant species: block 1) Festuca 
rubra and Armeria maritima; block 2) E. atherica; block 3) F. rubra and 
Artemisia maritima; block 4) F. rubra and Limonium vulgare. Block 1 and 2 
were situated in high marsh, block 3 and 4 in low marsh. Exclosures (ca. 8 m 
× 42 m) within blocks, consisted of two electrical metal strands running 0.5 
and 1 m above ground supported by wooden posts every 3.5 m (note that small 
herbivores like hares, geese, and insects could enter the exclosures freely). 
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Each block contained eight different treatments, including a control (C, i.e. 
the abandoned), 2) mowing in early growing season (M (E)), 3) mowing in 
late growing season (M (L)), 4) mowing in early and late growing season 
(M (EL)), 5) grazing by cattle (G), 6) grazing plus mowing in early growing 
season (G + M (E)), 7) grazing plus mowing in late growing season (G + M 
(L)), 8) grazing plus mowing in early and late growing season (G + M (EL))  

for the early growing season mowing, and in late August or early September 

(ca. 18 m²) using a brush cutter. Plant material (including litter) was raked 
and collected, and dry weight was determined. Cattle graze from May to 
November annually. Stocking density decreased from 1.5 to 0.5 head ha-1 

from 1993 onwards, as the cattle-grazed area increased (Bakker et al., 1993; 
Bos et al., 2002; Fig. S1). One permanent plot (2 m × 2 m) for each treatment 

in permanent plots before the late season mowing (usually in August or 

using the decimal scale of Londo (1976). As we estimated percent cover for 
each species independently, total cover of living plants can sometimes exceed 
100% for the multilayer canopies. Plant species occurrence and abundance 

evaluating the effects of different treatments on plant diversity 46 years after 
the start of the experiment. 

Aboveground biomass, light availability and dominance 
In September 2018, before the late season mowing, we measured aboveground 

plots, and weighed the biomass to the nearest 0.01 g after drying in the oven 
(70 °C) to constant weight. The biomass from two strips per permanent plot 
was added up, and multiplied by 5 to estimate the g dw m-2. 

photons m-2 s-1) on a sunny day (September 2018, between 12:00 and 14:00, 

measurements per permanent plot. For each measurement, we simultaneously 
measured PAR at ground level (ca. 3.8 cm) and above vegetation (ca. 50 -100 
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of the above vegetation. Four measurements were averaged per permanent 
plot for later analysis. 

Dominance in 2017 was calculated as Berger-Parker dominance index, the 
proportional abundance of the most abundant plant.

Data analysis
E. atherica, 

plant diversity, aboveground biomass, light availability and dominance 46 

the above as response variables. Treatment and block were the explanatory 
variables. To improve the normality and homogeneity of variance, percent 
cover of E. atherica was square root transformed, while aboveground 

Also, we explored the effects of different treatments on community composition 

separately for each species, and generates a multivariate group difference for 

et al. 2012). In the model, treatment and block 

> 1% in any permanent plot in 1972 or 2017. Similar to percent cover of E. 
atherica
response variable, and treatment and block were the explanatory variables. 

aboveground biomass, dominance, and percent cover of E. atherica using the 
spearman’s rank correlation. Data analysis was performed using R 3.5.1 (R 
Core Team, 2018).
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Results 
Elytrigia atherica

percent cover of E. atherica 46 years after the start of the experiment (Table 

(Fig. 1; Table 1). Percent cover of E. atherica in block 2, which was originally 
dominated by this grass, decreased the most in grazing plus any combination 
of mowing (Fig. 1).

Fig.1 Percent cover of Elytrigia atherica in different treatments 46 years after the 
start of the experiment. Big dots are the means of four blocks. Error bars represent 

p < 0.05. C: control, i.e. 
the abandoned; M (E):  mowing in early growing season; M (L): mowing in late 
growing season; M (EL): mowing both in early and late growing season; G: cattle 
grazing; G + M (E): cattle grazing plus mowing in early growing season; G + M (L): 
cattle grazing plus mowing in late growing season; G + M (EL): cattle grazing plus 
mowing both in early and late growing season. 

Plant diversity 
In 1972, before the start of the experiment, plant diversity in different treatments 
was similar (F7, 21 = 0.31, p = 0.9413). Forty-six years after, compared with the 
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late growing season, grazing, grazing plus mowing in early growing season, 
grazing plus mowing in late growing season, and grazing plus mowing both 
in early and late growing season. In addition, plant diversity in grazing plus 

in late growing season (Fig. 2; Table S1). 

Fig.2 Plant diversity in different treatments 46 years after the start of the 
experiment. Big dots are the means of four blocks. Error bars represent ± 1se. 

p < 0.05. C: control, i.e. the 
abandoned; M (E):  mowing in early growing season; M (L): mowing in late growing 
season; M (EL): mowing both in early and late growing season; G: cattle grazing; G + 
M (E): cattle grazing plus mowing in early growing season; G + M (L): cattle grazing 
plus mowing in late growing season; G + M (EL): cattle grazing plus mowing both 
in early and late growing season.

Community composition and structure
In 1972, before the start of the experiment, plant community composition in 
different treatments was rather similar (Deviance = 223.57, p = 0.052). Forty-
six years after, community composition changed considerably in different 

the occurrence of graminoids: Agrostis stolonifera, Juncus gerardii and forbs: 
A. maritima, Atriplex prostrata, Glaux maritima (Table 1; Table S2). In 2017, 
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in the control treatment, A.stolonifera, A. maritima and J. gerardii did not 
occur, while A. prostrata occurred in all four blocks. Grazing, and grazing 
plus any combination of mowing increased the occurrence of A.stolonifera, 
G. maritima and J. gerardii. Mowing both in early and late growing season, 
and grazing plus mowing in early growing season also promoted A. maritima. 
On the contrary, mowing, regardless of timing and frequency, decreased the 
occurrence of G. maritima and J. gerardii. Mowing in early and late growing 
season also decreased the occurrence of A. prostrata (Table 1, Table S2). 

Not only did the treatments change the community composition, they also 
changed the structure by affecting percent cover of several species 46 years 
after the start of the experiment (Table 1; Table S2). Despite changes in E. 
atherica as described above, compared with the control treatment, percent 
cover of A. stolonifera, G. maritima, J. gerardii and Plantago maritima 

cover of A. stolonifera 
in early growing season. Percent cover of F. rubra
in mowing treatments, regardless timing and frequency, compared with the 
control treatment (Table 1; Table S2).

Aboveground biomass, light availability and dominance 

aboveground biomass. In addition, grazing plus mowing in early growing 

aboveground biomass compared with mowing in late growing season (Fig. 
3A; Table S1). Compared with the control, all other treatments, except the 

the experiment (F7, 21 = 2.81, p = 0.0313), although only one contrast, grazing 

(p = 0.0548). E. atherica dominated 3 of 4 plots in the control, and 1 of 4 
plots both in mowing in late growing season and cattle grazing treatment. F. 
rubra
plus mowing in late growing season were dominated by G. maritima and J. 
gerardii, respectively (Fig. 3C; Table S1).
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Table 1 Effects of different treatments on the occurrence and abundance of 
plant species 46 years after the start of the experiment. Shown are the species on 

Species C M(E) M
(L)

M
(EL) G G+M

(E)
G+M
(L)

G+M
(EL)

AS (occ) 0 2 2 3 3 4 4 4

AM (occ) 0 1 1 4 2 4 2 2

AP (occ) 4 2 2 0 1 0 0 0

GM (occ) 1 1 0 0 3 4 4 4

JG (occ) 0 0 0 0 3 3 4 4

AS (abu) 0
(a)

2.13
(a)

10
(a)

2.38
(a)

12.75
(a)

17.5
(b)

17.75
(b)

13.75
(a)

AP (abu) 5.75
(a)

0.5
(a)

0.5
(a)

0
(b)

0.25
(a) 0(b) 0

(b)
0

(b)

EA (abu) 80
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Armeria maritima. (acc): occurrence data; (abu): abundance data. C: control, i.e. 
the abandoned; M (E):  mowing in early growing season; M (L): mowing in late 
growing season; M (EL): mowing both in early and late growing season; G: cattle 
grazing; G + M (E): cattle grazing plus mowing in early growing season; G + M (L): 
cattle grazing plus mowing in late growing season; G + M (EL): cattle grazing plus 
mowing both in early and late growing season. Different letters in the parentheses 

Relationships between plant diversity, light availability, dominance, and 
percent cover of Elytrigia atherica

availability (rho = - 0.82, p < 0.0001), while positively correlated with 
dominance (rho = 0.71, p < 0.0001). Percent cover of E. atherica was 
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Fig.3 Aboveground biomass (A), light availability (B), and dominance (C) in 
different treatments 46 years after the start of the experiment. Dominance is 
measured as Berger-Parker dominance index, the proportional abundance of the most 
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abundant plant species. Big dots are the means of four blocks. Error bars represent 
p < 0.05. C: control, i.e. 

the abandoned; M (E):  mowing in early growing season; M (L): mowing in late 
growing season; M (EL): mowing both in early and late growing season; G: cattle 
grazing; G + M (E): cattle grazing plus mowing in early growing season; G + M 
(L): cattle grazing plus mowing in late growing season; G + M (EL): cattle grazing 
plus mowing both in early and late growing season. AS: Agrostis stolonifera; EA: 
Elytrigia atherica; FR: Festuca rubra; GM: Glaux maritima; JG: Juncus gerardii; 
TR: Trifolium repens.

Discussion 
Our 46-year experiment suggests that long-term management is needed to 
suppress the expansion of the dominant grass E. atherica, and to preserve 
plant diversity in this naturally developed salt marsh. Compared with the 
control, all other treatments substantially suppressed the expansion of 
E. atherica. Grazing plus any combination of mowing could suppress the 
expansion of E. atherica more effectively than grazing alone, particularly 
for plant communities dominated by this grass. In addition, mowing both in 
early and late growing season, grazing, and grazing plus any combination of 
mowing, substantially increased plant diversity. However, different treatments 
promoted occurrence and abundance of different species, thus they led to 
community divergence in the long term. For instance, mowing, regardless 
timing and frequency, promoted the abundance of F. rubra, while grazing, and 
grazing plus any combination of mowing promoted the occurrence of several 
small, short-statured species. Grazing plus mowing in late growing season 
also promoted the abundance of those small, short-statured species. The most 
plausible mechanism behind the increased plant diversity was via increased 
light availability, but not via decreased dominance. Suppressed expansion of 
E. atherica substantially contributed to the reduced aboveground biomass, 
which led to a strong increase in light availability. However, suppressed 
expansion of E. atherica did not lead to a strong decrease in dominance, as 
F. rubra became dominant in most of these plots. Our results have important 
implications for biodiversity conservation, as well as restoration, in salt 
marshes. 

In the abandoned plots, E. atherica became very dominant 46 years after 
the start of the experiment. This phenomenon has also been widely observed 
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other treatments, suggesting that all the other management regimes tested in 
the current study were effective in suppressing the dominance of this grass. 
Particularly, grazing plus any combination of mowing reduced the percent 
cover of E. atherica the most in block 2, which was originally dominated by 
E. atherica. It suggests that for restoring plant communities dominated by this 
grass, grazing plus any combination of mowing may be more suitable than 
grazing alone. 

As opposed to E. atherica abundance, plant diversity was lowest on average 

treatments, except for the mowing in early growing season, and mowing in 
late growing season. Bakker (1985) found that plant diversity increased more 

of this experiment. However, from 5 to 10 years, plant diversity under grazing 
exceeded that of mowing in late growing season. Similarly, Lepš (2014) 
reported that mowing was only able to mitigate plant diversity loss induced 

grassland. Therefore, mowing may be a more suitable management tool in 
the shorter term. As mowing in the long term may lead to dominance of other 
plants, for instance, Elytrigia repens (over Phalaris arundinacea) in a wet 
grassland in Belgium (De Cauwer & Reheul 2009), and F. rubra in our system 
(Fig. 3C; Table 1). However, timing and frequency also impacted the effects of 
mowing on plant diversity. Dee et al. (2016) found that late season mowing is 
better than early season mowing in suppressing dominance of yellow bluestem 
and thus increasing plant diversity in an 18-year experiment in a US prairie. 
They postulated that late season mowing could strongly deplete aboveground 
resources and decreased the overall cover in the following season. However, 
in our system, mowing both in early and late growing season was needed in 
order to increase plant diversity if the plots were not grazed. This may be 
due to that biomass removal once per year was not strong enough to reduce 
dominance, or increase light availability in such a productive system.

Although plant diversity increased in most treatments, different treatments 
have different impact on community composition, in line with many other 
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studies (Rusch & Oesterheld 1997; Bakker et al. 2002a; Bos et al. 2002; 
Stammel et al. et al. 2007; De Cauwer & Reheul 2009; Fritch 
et al. et al. et al. 2017). Grazing, 
and grazing plus any combination of mowing, promoted the occurrence of 
several small and short-statured species (e.g. G. maritima and J. gerardii), 
in accordance with other studies (Lavorel et al. 1997; Díaz et al. 2007). 
Grazing plus mowing in late growing season also promoted the abundance 
of those small, and short-statured species, as well as the prostrate species, A. 
stolonifera. On the other hand, mowing treatments, suppressed the occurrence 
of G. maritima and J. gerardii, while they strongly promoted percent cover 
of F. rubra, which is much shorter than E. atherica et al. 2005). Our 
results suggest that different treatments would lead to community divergence 
in the long term via promoting different plant species. 

Treatments increased plant diversity via increasing light availability but not 
via decreasing dominance. Suppressed expansion of E. atherica contributed to 
reduced aboveground biomass, thus increasing light availability. Suppressed 
expansion of E. atherica did not lead to a strong decrease in dominance, 
as F. rubra
(1984) found that different dominant species have different effects on plant 

by 2.5 species on average in 1 m2 plots dominated (percent cover more 
than 30 %) by E. atherica 
while plant diversity decreased by less than 1 species on average in plots 
dominated by F. rubra. This may be another explanation that although we 

conservation managers may focus more on increasing light availability rather 
than reducing dominance of plant communities to preserve plant diversity. 

Although we conducted this experiment in a salt-marsh system, the observed 
patterns are more likely due to the effects of different treatments, than due 

which substantially reduces the cofounding effects of abiotic variations (e.g. 
temperature, rainfall, inundation) on plant diversity. Thus, our results are 

are not aware of any other studies comparing effects of different management 
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regimes on plant diversity running longer than ours. Therefore, our results 
yield a substantial insight in biodiversity conservation management, although 
more long-term monitoring experiments and bigger sample size over different 
systems are needed to validate these conclusions. Our results suggest that 
long-term management is important and essential to preserve plant diversity. 
However, care should be taken if there are some target species to preserve, 
as different management regimes can lead to substantial differences in plant 
community composition and structure in the long term. 
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measurements. C: control (the abandoned); M (E): mowing in early growing season; 
M (L): mowing in late growing season; M (EL): mowing in early and late growing 
season; G: cattle grazing; G + M (E): cattle grazing plus mowing in early growing 
season; G + M (L): cattle grazing plus mowing in late growing season; G + M (EL): 
cattle grazing plus mowing in early and late growing season. 

Table S1 Anova tables testing effects of treatment and block on the percent cover 
of common species, plant diversity, aboveground biomass, light availability and 
dominance 46 years after the start of the experiment.

Variables Parameters Df Sum Sq Mean Sq F P

Agrostis 
stolonifera

Treatment 7 63.25 9.04 3.56 0.011
Block 3 16.78 5.59 2.21 0.1174

Residuals 21 53.23 2.53 #N/A #N/A

Armeria 
maritima

Treatment 7 3.56 0.51 1.58 0.1973
Block 3 5.89 1.96 6.08 0.0038

Residuals 21 6.78 0.32 #N/A #N/A

Artemisia 
maritima

Treatment 7 21.38 3.05 1.25 0.3201
Block 3 16.53 5.51 2.26 0.1113

Residuals 21 51.23 2.44 #N/A #N/A

Aster 
tripolium

Treatment 7 1.57 0.22 1.29 0.3022
Block 3 2.4 0.8 4.61 0.0125

Residuals 21 3.64 0.17 #N/A #N/A

Atriplex 
prostrata

Treatment 7 11.35 1.62 3.31 0.0156
Block 3 1.51 0.5 1.03 0.4013

Residuals 21 10.28 0.49 #N/A #N/A

Carex distans
Treatment 7 0.64 0.09 0.73 0.6492

Block 3 0.39 0.13 1.03 0.3983
Residuals 21 2.61 0.12 #N/A #N/A

Cerastium 
fontanum

Treatment 7 0.96 0.14 0.93 0.502
Block 3 1.65 0.55 3.73 0.0272

Residuals 21 3.1 0.15 #N/A #N/A

table continues
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Variables Parameters Df Sum Sq Mean Sq F P

Elytrigia 
atherica

Treatment 7 203.09 29.01 9.12 0
Block 3 55.23 18.41 5.79 0.0048

Residuals 21 66.79 3.18 #N/A #N/A

Festuca rubra
Treatment 7 151.6 21.66 4.45 0.0036

Block 3 10.47 3.49 0.72 0.5524
Residuals 21 102.13 4.86 #N/A #N/A

Glaux 
maritima

Treatment 7 95.47 13.64 7.36 0.0002
Block 3 23.5 7.83 4.23 0.0174

Residuals 21 38.9 1.85 #N/A #N/A

Juncus 
gerardii

Treatment 7 46.01 6.57 5.26 0.0014
Block 3 4.3 1.43 1.15 0.3539

Residuals 21 26.26 1.25 #N/A #N/A

Juncus 
maritimus

Treatment 7 1.3 0.19 1 0.4586
Block 3 6.23 2.08 11.2 0.0001

Residuals 21 3.89 0.19 #N/A #N/A

Limonium 
vulgare

Treatment 7 6.94 0.99 2.11 0.0881
Block 3 6.66 2.22 4.72 0.0114

Residuals 21 9.88 0.47 #N/A #N/A

Lolium 
perenne

Treatment 7 1.79 0.26 1.88 0.1239
Block 3 0.44 0.15 1.07 0.3821

Residuals 21 2.86 0.14 #N/A #N/A

Plantago 
coronopus

Treatment 7 2.73 0.39 1.78 0.1449
Block 3 1.89 0.63 2.88 0.0602

Residuals 21 4.61 0.22 #N/A #N/A

Plantago 
maritima

Treatment 7 14.31 2.04 4.16 0.0051
Block 3 24.93 8.31 16.92 0

Residuals 21 10.31 0.49 #N/A #N/A

Poa pratensis
Treatment 7 1.64 0.23 1 0.4586

Block 3 0.7 0.23 1 0.4123
Residuals 21 4.92 0.23 #N/A #N/A

table continues
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Festuca rubra
Treatment 7 151.6 21.66 4.45 0.0036

Block 3 10.47 3.49 0.72 0.5524
Residuals 21 102.13 4.86 #N/A #N/A

Glaux 
maritima

Treatment 7 95.47 13.64 7.36 0.0002
Block 3 23.5 7.83 4.23 0.0174

Residuals 21 38.9 1.85 #N/A #N/A

Juncus 
gerardii

Treatment 7 46.01 6.57 5.26 0.0014
Block 3 4.3 1.43 1.15 0.3539

Residuals 21 26.26 1.25 #N/A #N/A

Juncus 
maritimus

Treatment 7 1.3 0.19 1 0.4586
Block 3 6.23 2.08 11.2 0.0001

Residuals 21 3.89 0.19 #N/A #N/A

Limonium 
vulgare

Treatment 7 6.94 0.99 2.11 0.0881
Block 3 6.66 2.22 4.72 0.0114

Residuals 21 9.88 0.47 #N/A #N/A

Lolium 
perenne

Treatment 7 1.79 0.26 1.88 0.1239
Block 3 0.44 0.15 1.07 0.3821

Residuals 21 2.86 0.14 #N/A #N/A

Plantago 
coronopus

Treatment 7 2.73 0.39 1.78 0.1449
Block 3 1.89 0.63 2.88 0.0602

Residuals 21 4.61 0.22 #N/A #N/A

Plantago 
maritima

Treatment 7 14.31 2.04 4.16 0.0051
Block 3 24.93 8.31 16.92 0

Residuals 21 10.31 0.49 #N/A #N/A

Poa pratensis
Treatment 7 1.64 0.23 1 0.4586

Block 3 0.7 0.23 1 0.4123
Residuals 21 4.92 0.23 #N/A #N/A

table continues
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Variables Parameters Df Sum Sq Mean Sq F P

Potentilla 
anserina

Treatment 7 2.59 0.37 0.86 0.5547
Block 3 67.19 22.4 51.91 0

Residuals 21 9.06 0.43 #N/A #N/A

Puccinellia 
maritima

Treatment 7 8.3 1.19 0.69 0.6801
Block 3 4.76 1.59 0.92 0.4468

Residuals 21 36.13 1.72 #N/A #N/A

Spergularia 
marina

Treatment 7 1.28 0.18 1.37 0.268
Block 3 2.2 0.73 5.48 0.0061

Residuals 21 2.8 0.13 #N/A #N/A

Spergularia 
media

Treatment 7 1.39 0.2 2.48 0.0503
Block 3 6.45 2.15 26.86 0

Residuals 21 1.68 0.08 #N/A #N/A

Trifolium 
repens

Treatment 7 31.52 4.5 1.98 0.1062
Block 3 73.6 24.53 10.81 0.0002

Residuals 21 47.68 2.27 #N/A #N/A

Triglochin 
maritima

Treatment 7 4.19 0.6 1.45 0.2374
Block 3 6.61 2.2 5.35 0.0068

Residuals 21 8.65 0.41 #N/A #N/A

Plant diversity
Treatment 7 135.47 19.35 5.65 0.0009

Block 3 30.84 10.28 3 0.0535
Residuals 21 71.91 3.42 #N/A #N/A

Aboveground 
biomass

Treatment 7 25.83 3.69 11.43 0
Block 3 4.63 1.54 4.78 0.0108

Residuals 21 6.78 0.32 #N/A #N/A

Light 
availability

Treatment 7 1.74 0.25 9.19 0
Block 3 0.45 0.15 5.58 0.0057

Residuals 21 0.57 0.03 #N/A #N/A

Dominance 
Treatment 7 0.4 0.06 2.81 0.0313

Block 3 0.41 0.14 6.78 0.0023
Residuals 21 0.42 0.02 #N/A #N/A
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Table S2 Separate results (deviance tables) for each species from multivariate 
analysis of community composition based on presence and absence data in 2017 
using manyglm. 

 Agrostis stolonifera Armeria maritima Artemisia maritima
 Deviance P Deviance P Deviance P

Block 6.52 0.567 9.75 0.237 10.62 0.212
Treatment 33.22 0.004 34.61 0.004 17.12 0.695

 Aster tripolium Atriplex prostrata Bupleurum 
tenuissimum

 Deviance P Deviance P Deviance P
Block 12.05 0.128 2.91 0.923 2.87 0.991

Treatment 12.03 0.884 29.57 0.012 6.03 0.999

 Carex distans Centaurium 
pulchellum Cerastium fontanum

 Deviance P Deviance P Deviance P
Block 4.89 0.845 2.87 0.991 10.8 0.174

Treatment 7.39 0.999 6.03 0.999 11.09 0.884
 Cirsium arvense Cochlearea danica Elymus repens
 Deviance P Deviance P Deviance P

Block 0 1 9.33 0.267 2.87 0.991
Treatment 0 1 10.58 0.985 6.03 0.999

 Elytrigia atherica Festuca rubra Glaux maritima
 Deviance P Deviance P Deviance P

Block 7.5 0.49 2.87 0.988 2.47 0.991
Treatment 18.48 0.537 6.03 0.999 41.76 0.001

 Holcus lanatus Juncus gerardii Juncus maritimus
 Deviance P Deviance P Deviance P

Block 5.97 0.683 0.51 0.991 21.89 0.003
Treatment 9 0.995 37.81 0.001 9 0.995

 Leontodon 
autumnalis Limonium vulgare Lolium perenne

 Deviance P Deviance P Deviance P
Block 0 1 13.99 0.079 3.71 0.923

Treatment 0 1 12.87 0.884 13.58 0.884
table continues
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 Lotus corniculatus Odontites vernus 
ssp. serotinus Plantago coronopus

 Deviance P Deviance P Deviance P
Block 0 1 10.62 0.212 6.9 0.567

Treatment 0 1 7.11 0.999 12.35 0.884

 Plantago 
lanceolata Plantago maritima Poa pratensis

 Deviance P Deviance P Deviance P
Block 4.89 0.845 5.14 0.785 2.87 0.988

Treatment 7.39 0.999 21.22 0.286 6.03 0.999
 Potentilla anserina Prunus serotina Puccinellia maritima
 Deviance P Deviance P Deviance P

Block 32 0.001 2.87 0.991 3.89 0.923
Treatment 6.03 0.999 6.03 0.999 7.9 0.999

 Salicornia 
europaea Spergularia marina Spergularia media

 Deviance P Deviance P Deviance P
Block 2.87 0.983 10.98 0.157 25.73 0.001

Treatment 6.03 0.999 17.1 0.695 16.61 0.695
 Stellaria graminea Suaeda maritima Trifolium fragiferum
 Deviance P Deviance P Deviance P

Block 0 1 21.89 0.003 2.87 0.991
Treatment 0 1 9 0.995 6.03 0.999

 Trifolium repens Triglochin 
maritima   

 Deviance P Deviance P   
Block 17.11 0.012 19.66 0.004   

Treatment 17.12 0.641 20.09 0.342   
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Abstract

The positive effects of low to moderate densities of large herbivores on 
plant diversity in grasslands have so far been mainly attributed to increased 
light availability or suppressed dominance, and thus to the consequences of 
(trophic) aboveground biomass consumption. However, these insights are 
mainly derived from short-term experiments. Using a 46-year experiment 
in a salt marsh, comparing cattle grazing, mowing (a proxy of aboveground 
consumption) and the ungrazed control, we found that the non-trophic effects 
(e.g. trampling, deposition of urine and dung) of large herbivores on plant 
diversity increased over time, exceeding the trophic effects after 23 years. This 
long-term cumulation of non-trophic effects through slow ecosystem-level 
feedbacks highlights the sustainability of using low to moderate densities of 
large herbivores to conserve plant diversity. Our results emphasize the need 
for the conservation and re-introduction of large herbivores, domestic or wild, 
to sustain long-term grassland plant diversity. 

Long-term non-trophic effects of large herbivores on plant diversity are underestimated

43

3

Introduction

Large herbivores promote plant diversity in grasslands worldwide (Olff & 
Ritchie 1998; Bakker et al. 2006; Borer et al. 2014; Davidson et al. 2017). 
Recent studies conclude that herbivores mostly do this by increasing 
light availability at the ground level (Borer et al. 2014), or by selectively 
suppressing dominant plant species (Mortensen et al. 2017; Koerner et al. 
2018), both consequences of the consumption of aboveground biomass (i.e. 
trophic effects) (Ludvíková et al. 2014; Van Klink et al. 2015; Lezama & 
Paruelo 2016). However, these conclusions are mainly derived from short-term 

also in the long term promote plant diversity mostly via (the consequences 
of) trophic effects.

Large herbivores impact local plant diversity via multiple mechanisms (Olff 
& Ritchie 1998), including, but not limited to, the trophic effects. Non-trophic 
effects of herbivores, e.g. through trampling, deposition of urine and dung, 
and seed dispersal can also have a strong impact on plant diversity (Kobayashi 
et al. 1997; Bakker & Olff 2003; Kohler et al. 2004; Ludvíková et al. 2014; 
Lezama & Paruelo 2016). Trampling creates frequent small disturbances, 
which increases the number of germination gaps for new species (Bullock et al. 
1995; Ludvíková et al. 2014). Trampling also increases habitat heterogeneity 
(e.g. soil water content, microclimate). Similarly, localized deposition of urine 
and dung increases heterogeneity in nutrient availability (Dai 2000; Gillet et 
al. 2010). A heterogeneous environment allows more plant species to coexist 
than a homogeneous one (Vivian-smith 1997; Lundholm & Larson 2003; 
Davies et al. 2005). Short-term studies  may underestimate the importance of 
non-trophic effects, as these effects increase in importance over time (Mikola 
et al. 2009; Elschot et al. 2015; Sitters et al. 2017). However, really long-
term evaluations (time scale of several decades) of the relative importance 
of trophic versus non-trophic effects of herbivores on plant diversity have 
until now not been available. Here we use a 46-year experiment in which we 
explore the long-term changes in the relative importance of trophic and non-
trophic effects of large herbivores on plant diversity. 

Method summary
The experiment was conducted in a highly productive (1120 ± 201 g dw m-2; 
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mean ± 1 se; measured in 2018) natural salt marsh on the barrier island of 
Schiermonnikoog (53°30’ N, 6°10’ E), the Netherlands (Bakker 1989). The 
second author (JPB) established four experimental blocks in this area in 1972. 
Each block contained three treatments: 1) grazing by cattle in the growing 
season, 2) mowing in the late growing season and 3) herbivore exclusion, 
yielding an ungrazed control, detailed experimental design shown in Fig. 
S1. Cattle graze from May to November at a low stocking density (ca. 1 
head ha-1

season) as a proxy for the trophic effects of cattle grazing (Kohler et al. 2004; 
Mikola et al. 2009; Ludvíková et al. 2014; Van Klink et al. 2015). Mowing 
in the late growing season was done at peak standing crop, and the amount of 
aboveground biomass removed was similar to the amount removed by cattle 
grazing (Fig. S2). Mowing is therefore expected to have relatively similar 
impacts as cattle grazing on increasing light availability at the ground level 
and suppressing dominance of tall plant species. Plant species occurrence 
and abundance in the permanent plots were recorded before the late season 
mowing in 33 of the 46 years from 1972 to 2017 (a full species list in Table 
S1). 

causing changes in plant diversity, i.e. plant species gain (colonization) and 

large herbivores promote particular functional groups. In addition, we 
explored the underlying mechanism of changes in plant diversity via reducing 
dominance (Hillebrand et al. 2007; Koerner et al. 2018). Cumulative species 
gain or loss was calculated as the number of species gain or species loss 
divided by the total number of species recorded in a permanent plot in a 
given year compared with the starting year 1972. Functional groups were 

species) and abundances (rare species: percent cover in any permanent plot 

> 50). Dominance was expressed as the Berger-Parker dominance index, 

total effects of large herbivores as the grazed treatment minus the ungrazed 
control, and decomposed this into non-trophic effects as the grazed minus the 
mowing treatment, and trophic effects as the mowing treatment minus the 

Long-term non-trophic effects of large herbivores on plant diversity are underestimated

45

3

model, and non-trophic and trophic effects in another model, using the gamm 
models from the package mgcv. In each model, permanent plot was a random 

to assess the overall effects (average across 46 years) and over-time effects 
for total effects of large herbivores, as well as non-trophic and trophic effects. 

Results

previous studies showing that large herbivores promote plant diversity in 
grasslands worldwide (Bakker et al. 2006; Tälle et al. 2016; Davidson et al. 
2017). Averaged over all years, large herbivores increased plant diversity by 
5.91 plant species per 4 m2 compared with the ungrazed control (t = 4.79, p 
< 0.0001; Table S2). Non-trophic and trophic effects contributed 2.81 and 
2.99 plant species to this increase, respectively (Table S2). Large herbivores 
promoted plant diversity over time (F = 3.21, p = 0.0200). The contribution 
of non-trophic effects increased over time, and exceeded the trophic effects 
from 23 years after the start of the experiment onwards (Fig.1B, Table S3). 
Large herbivores promoted plant diversity via increasing species gain and 
decreasing species loss (Fig. 1C, E; Table S2). Also, the contribution of non-
trophic effects increased and exceeded that of the trophic effects on species 
gain and loss 13 and 27 years after the start of the experiment, respectively 
(Fig. 1D, F; Table S3). Large herbivores promoted the number of common, 
frequent and rare forbs and graminoids over time. The contribution of non-
trophic effects increased in promoting common and frequent forbs and 
graminoids (Fig. S3, S4; Table S3). 

Large herbivores promoted plant diversity via reducing dominance (Fig. 1A, 
1G), in line with the previous studies (Hillebrand et al. 2007; Mortensen 
et al. 2017; Koerner et al. 2018). Averaged over all years, large herbivores 

control (t = -3.64, p = 0.0004; Table S2). Non-trophic and trophic effects 
contributed 7 % and 13 % to this decrease, respectively (Table S2). Large 
herbivores decreased dominance over time (F = 7.39, p = 0.0007), and the 
contribution of non-trophic effects increased (Fig. 1H; Table S3). On the 
contrary, dominance increased in the ungrazed control (associated with a 
reduction in diversity), which could be attributed to the expansion of the 
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contributed 7 % and 13 % to this decrease, respectively (Table S2). Large 
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tall late successional grass Elytrigia atherica (Fig. S5A, B), a phenomenon 
widely observed in salt marshes across Europe et al. et 
al. 2010; Veeneklaas et al. et al. 2014; Rupprecht et al. 2015). 
Trophic effects alone (i.e. mowing) led to dominance of another grass, Festuca 
rubra (Fig. S5C, D), which explained the ultimate decline in plant diversity 
in this treatment (Fig.1A,1G, S6). In addition to decreasing dominance, 
large herbivores promoted plant diversity via increasing light availability, 
as suggested previously (Borer et al. 2014). Forty-six years after the start 
of the experiment, the percentage of photosynthetically active radiation 
reaching ground level in the grazed vegetation increased by more than 10-
fold compared with the ungrazed control (ungrazed control: 7 ± 1 %; grazing: 
73 ± 22 %; mowing: 33 ± 20 %; mean ± se). Non-trophic effects contributed 
ca. 61 % to the total effects of large herbivores on light availability, similar 
to the effects observed 17 years after the start of this experiment (Bakker & 
De Vries 1992). Furthermore, averaged over all years, the non-trophic effects 
increased bare ground by 3 % (Fig. S7; Table S2), which could contribute 
to the observed non-trophic effects on diversity, given that previous studies 
show that increased bare ground increases germination and plant diversity 
(Bakker 1985; Bakker et al. 1985). 

Discussion
 Our results show that the importance of non-trophic effects of large 
herbivores increased over time. Although we did not directly measure the 
non-trophic effects, other studies in this system suggest that large herbivores 
change soil properties due to trampling, which, in turn, change the nutrient 
cycling (e.g. decreasing nitrogen mineralization and increasing carbon stock) 
(Schrama et al. 2013a; Elschot et al. 2015). Our results also indicate that 
large herbivores promoted the number of halophytes over time, which was 
mainly attributed to non-trophic effects (Fig. S8; Table S2, S3). Halophytes 
are good indicator plants for anoxic conditions induced by trampling (Bakker 
et al. 2002b; Van Klink et al. 2015). Although anoxic conditions may be 
confounded with inundation and high salinity in salt marshes, it is an unlikely 

and community structure compared with grazing (Bakker 1985; Bakker et al. 
1985; Howison et al. 2015). Therefore, we expect the increased importance 
of non-trophic effects of large herbivores over time observed in this system to 
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compactable soil (Schrama et al. 2013b, a).

Our results also yield substantial insights into the mechanisms of long-term 

removed by mowing was similar to the amount consumed by cattle (Fig. 

as a proxy of trophic effects of herbivores (Kohler et al. 2004; Mikola et 
al. 2009; Ludvíková et al. 2014; Van Klink et al. 2015). It would not be 
surprising that mowing can have a more positive effect on plant diversity 
than grazing, if mowing removes more aboveground biomass, thus increasing 
light availability or decreasing dominance to a greater extent. Mowing can, 
however, still be different from trophic effects. For instance, mowing removes 
aboveground biomass at one time, while large herbivores consume vegetation 
through the whole growing season. Mowing imposes a  uniform disturbance 
to all vegetation, while grazing imposes a more selective one (Tälle et al. 
2016). Nonetheless, it is unlikely that using aboveground biomass removal by 
mowing underestimated the trophic effects of large herbivores here, as during 

than grazing (Fig. 1A). Thus, our unique 46-year experiment suggests that in 

due to the trophic effects, while non-trophic effects increased in importance, 

Our results provide a good explanation for the low importance of non-trophic 
effects in short-term grazing experiments (Kohler et al. 2004; Mikola et al. 
2009; Ludvíková et al. 2014). 

More importantly, our results have clear implications for conservation and 
management of plant diversity in grasslands. Using this long-term cattle 
grazing experiment as a model, we showed that low-moderate densities 
(usually relative to the productivity of the site) of large domestic herbivores, 
and probably also wild ones, would play a positive role in conserving plant 
diversity. However, patience is required from conservation managers, as the 
key results and underlying mechanisms take several decades to develop. 

abandoned grasslands with an evolutionary history of grazing. In addition, 
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current global livestock production is increasing (Thornton 2010), however, 
livestock (e.g. dairy cows) are increasingly being kept indoors (Mandel et al. 
2016), fed by mown grasses and crops. Grasslands are mowed or converted 
to croplands, in which non-trophic effects of large herbivores have been 
removed, which has, at least, contributed to the decline in plant diversity 
(O’Mara 2012; Tscharntke et al. 2012). This trend is likely to exacerbate in 
the long term, given that non-trophic effects accumulate over time. Therefore, 
extensive pasture-based rather than crop-fed livestock farming should be 
encouraged if biodiversity is to be conserved in the long term. 
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Fig. 1. Plant diversity, species gain, species loss and dominance during the 46-
year experiment. Plant diversity (A), cumulative species gain (C), species loss (E), 
and dominance (G) in the grazing, mowing treatment and the ungrazed control. 
Total effects of large herbivores, non-trophic and trophic effects on plant diversity 
(B), cumulative species gain (D), species loss (F), and dominance (H). (A, B) Large 
herbivores promoted plant diversity over time, and the contribution of non-trophic 
effects increased and exceeded that of the trophic effects 23 years after the start of 
the experiment. (C, D, E, F) Large herbivores increased species gain, and decreased 
species loss over time, and the contribution of non-trophic effects increased and 
exceeded that of the trophic effects on species gain and loss 13 and 27 years after the 
start of the experiment, respectively. (G, H) Large herbivores decreased dominance 
over time, and the contribution of non-trophic effects increased. Cumulative species 
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gain or loss was calculated as the number of species gain or loss divided by the 
total number of species recorded in a given year compared with the starting year 
1972. Dominance was expressed as the Berger-Parker dominance index, i.e. the 
proportional abundance of the most abundant species in a given plot. Total effects 
of large herbivores: the grazing treatment minus the ungrazed control; non-trophic 
effects: the grazing treatment minus the mowing treatment; trophic effects: the 
mowing treatment minus the ungrazed control. Dots show means of four blocks. 

Materials and Methods
Study system The experiment was conducted in the natural salt marsh of 
the barrier island of Schiermonnikoog (53°30’ N, 6°10’ E), the Netherlands 
(Bakker 1989). The average annual temperature is 10.2 °C, and average 
annual rainfall is 824 mm (data from www.knmi.nl). In this ecosystem, a 
natural succession gradient is present; the western part of the salt marsh has 
undergone more than 100 years’ succession (Olff et al. 1997), and is dominated 
by the tall late successional grass, E. atherica, when cattle grazing is absent. 
Primary productivity is high (1119.8 ± 201.4 g dw m-2; mean ± 1 se; measured 
in 2018) in this area, probably explaining why the dominance of E. atherica 
leads to a decline in plant diversity, a phenomenon widely observed in salt 
marshes across Europe et al. et al. 2010; Veeneklaas 
et al. et al. 2014; Rupprecht et al. 2015).

Experimental design The western part of the salt marsh where the study 

farmers up to 1958. Grazing stopped in 1958. It led to the dominance of E. 
atherica and decreased plant diversity over the following 10 years (Bakker 
1989). In order to reverse this trend, cattle grazing with heifers restarted in 
1972. Cattle graze from May to November in this area, after which they are 
taken out by the farmers and moved indoors. Stocking density reduced from 
1.5 heads ha-1 to 0.5 heads ha-1from 1993 onwards, as the potential area that 
could be grazed expanded (Bakker et al. 1993) (Fig. S1). The second author 
(JPB) established four exclosures to monitor the effects of cattle grazing on 
the plant communities in 1972. Exclosures (ca. 8 m × 42 m) were constructed 
with two electrical strands running 0.5 and 1 m above the ground. Exclosures 
were part of the design of four blocks, separated by at least 100 m. Mowing 
treatments were established inside each exclosure with an area of ca. 18 m2. 
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The vegetation was mown to 2 cm height using a brush cutter, and the cut 
vegetation was raked, weighed and removed. The plots were mown annually 
in late August or early September (late growing season). Note that we present 
the data of mowing from the late growing season as a proxy of trophic effects 

mowing in the early growing season and the early and late growing season 
as a sensitivity test for the timing of mowing (Fig. S2A). The vegetation was 
tallest in August (Bakker & De Vries 1992). The amount of aboveground 
biomass removed by mowing in the late growing season was similar to the 
amount removed by cattle grazing (Fig. S2B).

in 1972. An overview of the experimental design can be found in Fig. S1. 

before the late season mowing from 1972 to 2017, 33 occasions of recordings 
in total (annually from 1972 to 1980 and 1984 to 2001, and 2004, 2006, 

year experiment (a full species list is given in Table S1). 

of the total plant materials collected from each mown plot, determined fresh 
and dry weight, and the fresh: dry ratio was used to calculate the aboveground 
biomass for mown plots in g dw m-2. In August 1982, we measured 
aboveground biomass from the ungrazed control and grazing treatment by 

the permanent plots. In September 2018, we measured aboveground biomass 
from all treatments by clipping vegetation of 2 randomly chosen strips (10 

calculated dry weight per square meter (data presented in Fig. S2B).

Data analysis
Plant diversity
In order to explore whether cattle grazing promoted particular functional 
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common and abundant species according to their abundances. Rare species: 

forbs, graminoids, legumes and woody species according to their different 

Halophytes are plant species well adapted to anoxic conditions (Bakker et 
al. 2002b; Van Klink et al. 2015), which is usually induced by inundation, 
but also by compaction of soil due to trampling (Schrama et al.

et al. 2002b).

Species turnover Grazing affects plant diversity via changing species gain 
(colonization) and species loss (extinction) (Olff & Ritchie 1998). Therefore, 
we partitioned plant diversity into species gain and loss. Cumulative species 
gain or loss was calculated as: number of species gain or species loss divided 
by the total number of species recorded in a given year compared with 

et al. 2016) to 
calculate cumulative species gain and loss. 

Dominance Dominance was measured as the Berger-Parker dominance 
index, i.e. the proportional abundance of the most abundant plant. In addition, 
we explored the percent cover of E. atherica and F. rubra, which were the 
most dominant plant species in the ungrazed control and mowing treatment, 
respectively, 46 years after the start of the experiment (Q. Chen personal 

diversity, as the current theory suggests reducing dominance is one of the 
main mechanisms by which large herbivores promote plant diversity (Koerner 
et al.
calculated changes in plant diversity and dominance for each permanent plot. 
Changes in plant diversity and dominance were calculated as plant diversity 

the values across four blocks for each treatment, and calculated the pearson 
correlation for changes in plant diversity and dominance. 

Bare ground As previous studies show that bare ground increases germination 
and plant diversity (Bakker 1985; Bakker et al. 1985), we explored percent 
cover of bare ground over time. Percent cover of bare ground was estimated 
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as 100 - total percent cover of living plants. As we estimated percent cover 
for each species independently, total cover of living plants can sometimes 
exceed 100 for the multilayer canopies. In these situations, percent cover of 

the ungrazed control, trophic effects as mowing treatment minus the ungrazed 
control and non-trophic effects as grazing treatment minus mowing treatment. 

and non-trophic effects in another model, using the gamm models from the 

and smooth terms from these models to assess the overall effects (average 
across 46 years) and over-time effects of total effects of large herbivores, as 
well as non-trophic and trophic effects. Legumes and woody species were 
very rare, therefore, we only analyzed the probability of their presence in the 

Data were analyzed in R 3.5.2 (R Core Team, 2018). 
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Supplementary Text

Life forms

increased 3.6 forb species and 2.4 graminoids, while non-trophic effects 
contributed 2 and 1.13 to these increases, respectively (Table S2). In 
addition, large herbivores promoted fobs and graminoids over time, while 
the contribution of non-trophic effects increased over time (Fig. S3A, B, C, 
D; Table S3). The probability of presence of legumes decreased over time, 
in contrast, the probability of presence of woody species increased in the 
ungrazed control and mowing treatment (Fig. S3E, F; Table S3).

Functional groups

increased 1.93 rare, 1.2 frequent, 1.57 common, and 1.27 abundant species. 

the increase in rare and common species, respectively (Table S2). In addition, 
large herbivores promoted rare, frequent, and common species over time. The 
contribution of non-trophic effects increased in frequent and common species 
over time (Fig. S4, Table S3). 

Elytrigia atherica and Festuca rubra Averaged over all years, large herbivores 
E. atherica by 39 %, which could 

mainly be attributed to trophic effects (37 %) (Table S2). Large herbivores 
E. atherica over time, and this 

could almost entirely be attributed to trophic effects (Fig. S5A, B; Table S3). 
Averaged over all years, large herbivores increased the expansion of F. rubra 

F. rubra over time, 
and this could largely be attributed to trophic effects (Fig. S5C, D; Table S3).

Dominance and plant diversity Dominance and plant diversity were 
negatively correlated (Fig. S6), this was particularly marked in the ungrazed 
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Bare ground Averaged over all years, large herbivores increased bare ground 

Table S3). 

Halophytes

promoted the number of halophytes over time. The total effects of large 
herbivores could mostly be attributed to their non-trophic effects (Fig. S8, 
Table S3). 
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Life forms
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the increase in rare and common species, respectively (Table S2). In addition, 
large herbivores promoted rare, frequent, and common species over time. The 
contribution of non-trophic effects increased in frequent and common species 
over time (Fig. S4, Table S3). 

Elytrigia atherica and Festuca rubra Averaged over all years, large herbivores 
E. atherica by 39 %, which could 

mainly be attributed to trophic effects (37 %) (Table S2). Large herbivores 
E. atherica over time, and this 
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Averaged over all years, large herbivores increased the expansion of F. rubra 
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Dominance and plant diversity Dominance and plant diversity were 
negatively correlated (Fig. S6), this was particularly marked in the ungrazed 
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Bare ground Averaged over all years, large herbivores increased bare ground 

Table S3). 

Halophytes

promoted the number of halophytes over time. The total effects of large 
herbivores could mostly be attributed to their non-trophic effects (Fig. S8, 
Table S3). 
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Fig. S1. Description of study site (upper panel) and experimental set-up (lower 
panel). The drawn grey area is under cattle grazing since 1972, grazing expanded 
to the dotted white area since 1993. The four white dots represent the four blocks. 
Treatments within each block are shown in the right panel. Dashed black rectangles 

according to their actual measurements. Details can be found in the supplementary 
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text. E: mowing in early growing season, EL: mowing in early and late growing 
season, L: mowing in late growing season. 

 

Fig. S2. Aboveground biomass. Mowing in the late growing season removed the 
largest amount of aboveground biomass over time compared with mowing in the 
early and the early and late growing season (A). Mowing in the late growing season 
removed a similar amount of aboveground biomass compared with cattle grazing (B). 
E: early growing season, EL: early and late growing season, L: late growing season. 
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Fig. S3. Different functional groups according to life forms. Number of forb (A, 
B), graminoid (C, D), presence probability of legume (E) and woody (F) species in the 
4-m2 permanent plots. (A, B, C, D) Large herbivores promoted fobs and graminoids 
over time, and the contribution of non-trophic effects increased over time. Total 
effects of large herbivores: the grazing treatment minus the ungrazed control; non-
trophic effects: the grazing treatment minus the mowing treatment; trophic effects: 
the mowing treatment minus the ungrazed control.  Dots show means of four blocks. 
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Fig. S4. Different functional groups according to the abundances. Number of 
rare (A, B), frequent (C, D), common (E, F) and abundant (G, H) species in the 4-m2 

permanent plots. Large herbivores promoted rare, frequent, and common species 
over time. The contribution of non-trophic effects increased in frequent and common 
species. Total effects of large herbivores: the grazing treatment minus the ungrazed 
control; non-trophic effects: the grazing treatment minus the mowing treatment; 
trophic effects: the mowing treatment minus the ungrazed control.  Dots show means 

(Table S3).
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Fig. S5. Elytrigia atherica and Festuca rubra. (A, B) Large herbivores suppressed 
the expansion of E. atherica over time, which was almost entirely attributed to trophic 
effects. Large herbivores increased the expansion of F. rubra, largely attributed to 
trophic effects. Total effects of large herbivores: the grazing treatment minus the 
ungrazed control; non-trophic effects: the grazing treatment minus the mowing 
treatment; trophic effects: the mowing treatment minus the ungrazed control.  Dots 

models (Table S3).
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Fig. S6. Relationship between plant diversity and dominance. Dominance and 
plant diversity were negatively correlated, particularly in the ungrazed control 
treatment. 
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Fig. S6. Relationship between plant diversity and dominance. Dominance and 
plant diversity were negatively correlated, particularly in the ungrazed control 
treatment. 
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Fig. S7. Bare ground
treatments were detected. Total effects of large herbivores: the grazing treatment 
minus the ungrazed control; non-trophic effects: the grazing treatment minus the 
mowing treatment; trophic effects: the mowing treatment minus the ungrazed 

with gamm models (Table S3).
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Fig. S8. Number of halophytes. Large herbivores promoted the number of 
halophytes over time. This was mainly attributed to non-trophic effects. Total effects 
of large herbivores: the grazing treatment minus the ungrazed control; non-trophic 
effects: the grazing treatment minus the mowing treatment; trophic effects: the 
mowing treatment minus the ungrazed control.  Dots show means of four blocks. 

Table S1. List of species occurring during the 46-year experiment. Names of 
species, their functional traits and presence/absence in the ungrazed control, grazing 
and mowing treatment are given. Species in boldface belong to the halophytes, 

according to https://wilde-planten.nl. Presence and absence in different treatments 
(ungrazed control, grazing, mowing), 1: present; 0: absent.

Species Abundance Life form Presence
Agrostis stolonifera abundant graminoid (1, 1, 1)
Armeria maritima frequent forb (1, 1, 1)

Artemisia maritima abundant woody (1, 1, 1)
Aster tripolium rare forb (1, 1, 1)

Atriplex littoralis rare forb (1, 1, 1)
Atriplex portulacoides frequent woody (1, 1, 1)

Atriplex prostrata abundant forb (1, 1, 1)
Bromus hordeaceus ssp. 

hordeaceus frequent graminoid (1, 0, 1)

Bupleurum tenuissimum rare forb (0, 1, 1)
Carex distans frequent graminoid (1, 1, 1)

Centaurium pulchellum rare forb (0, 1, 1)
Cerastium fontanum ssp. 

vulgare rare forb (1, 1, 1)

Cirsium arvense frequent forb (0, 0, 1)
Cochlearia danica frequent forb (0, 1, 1)

ssp. 
anglica frequent forb (1, 1, 1)

Elytrigia atherica abundant graminoid (1, 1, 1)
Elytrigia repens rare graminoid (0, 1, 0)
Festuca rubra abundant graminoid (1, 1, 1)

table continues
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Glaux maritima common forb (1, 1, 1)
Juncus gerardii abundant graminoid (1, 1, 1)

Species Abundance Life form Presence
Juncus maritimus common graminoid (1, 1, 1)

Leontodon autumnalis rare forb (0, 0, 1)
Limonium vulgare rare forb (1, 1, 1)
Lotus corniculatus frequent legume (1, 0, 1)

Odontites vernus ssp. 
serotinus abundant forb (1, 1, 1)

Parapholis strigosa frequent graminoid (0, 1, 1)
Plantago coronopus rare forb (0, 1, 1)
Plantago lanceolata rare forb (0, 1, 1)
Plantago maritima common forb (1, 1, 1)

Poa annua frequent graminoid (1, 1, 0)
Poa pratensis frequent graminoid (1, 1, 1)

Potentilla anserina common forb (1, 1, 1)
Puccinellia maritima abundant graminoid (1, 1, 1)

Sagina maritima rare forb (0, 1, 1)
Sagina nodosa rare forb (0, 1, 1)

Sagina procumbens rare forb (1, 0, 0)
Salicornia spp. rare forb (1, 1, 1)

Sonchus arvensis rare forb (0, 0, 1)
Spergularia media rare forb (1, 1, 1)
Spergularia salina frequent forb (0, 1, 1)
Stellaria graminea frequent forb (0, 1, 1)

Stellaria media rare forb (0, 1, 0)
Suaeda maritima rare forb (1, 1, 1)
Taraxacum spp. frequent forb (0, 0, 1)

Trifolium pratense frequent legume (0, 1, 0)
Trifolium repens frequent legume (1, 1, 1)

Triglochin maritima frequent graminoid (1, 1, 1)
Tripleurospermum 

maritimum rare forb (0, 0, 1)
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Table S2. Parameters estimated from the gamm models. For each variable, 
results from two models were included, one for the total effects of large herbivores, 
the other for the trophic and non-trophic effects. For the results of the trophic and 

by the second p value.

Variables Parameters Estimated 
(Mean ±1se) t.value p

Plant diversity

Large herbivores 5.91 ± 1.234 4.79 < 0.0001
Non-trophic 

effects 2.81 ± 1.002 2.8 0.0054

Trophic effects 2.99 ± 1.419 0.12 0.902

Cumulative 
species gain

Large herbivores 0.23 ± 0.054 4.21 < 0.0001
Non-trophic 

effects 0.13 ± 0.098 1.33 0.1854

Trophic effects 0.09 ± 0.138 -0.27 0.7895

Cumulative 
species loss

Large herbivores -0.31 ± 0.073 -4.32 < 0.0001
Non-trophic 

effects -0.17 ± 0.134 -1.25 0.2137

Trophic effects -0.16 ± 0.190 0.06 0.9513

Forbs

Large herbivores 3.60 ± 0.705 5.11 < 0.0001
Non-trophic 

effects 2.00 ± 0.615 3.25 0.0013

Trophic effects 1.55 ± 0.871 -0.52 0.6064

Graminoids

Large herbivores 2.39 ± 0.594 4.03 0.0001
Non-trophic 

effects 1.13 ± 0.342 3.29 0.0011

Trophic effects 1.23 ± 0.485 0.22 0.8292

table continues
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Variables Parameters Estimated 
(Mean ±1se) t.value p

Rare species

Large herbivores 1.93 ± 0.587 3.28 0.0013
Non-trophic 

effects 1.04 ± 0.445 2.35 0.0197

Trophic effects 0.85 ± 0.629 -0.31 0.7565

Frequent 
species

Large herbivores 1.20 ± 0.222 5.4 < 0.0001
Non-trophic 

effects 0.21 ± 0.344 0.6 0.5478

Trophic effects 0.97 ± 0.487 1.57 0.1183

Common 
species

Large herbivores 1.57 ± 0.212 7.42 < 0.0001
Non-trophic 

effects 1.25 ± 0.177 7.08 < 0.0001

Trophic effects 0.29 ± 0.250 -3.85 0.0002

Abundant 
species

Large herbivores 1.27 ± 0.549 2.32 0.0219
Non-trophic 

effects 0.37 ± 0.299 1.23 0.2184

Trophic effects 0.93 ± 0.424 1.32 0.1882

Dominance

Large herbivores -0.20 ± 0.054 -3.64 0.0004
Non-trophic 

effects -0.07 ± 0.056 -1.18 0.2372

Trophic effects -0.13 ± 0.079 -0.79 0.4325

E.atherica

Large herbivores -38.73 ± 8.198 -4.72 < 0.0001
Non-trophic 

effects -2.44 ± 6.022 -0.41 0.6857

Trophic effects -37.36 ± 8.563 -4.08 0.0001

table continues
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Variables Parameters Estimated 
(Mean ±1se) t.value p

F.rubra

Large herbivores 5.23 ± 10.598 0.49 0.6226
Non-trophic 

effects -18.95 ± 7.411 -2.56 0.0111

Trophic effects 23.77 ± 10.481 4.08 0.0001

Bareground

Large herbivores 1.80 ± 2.216 0.81 0.4172
Non-trophic 

effects 3.12 ± 1.503 2.08 0.039

Trophic effects -1.26 ± 2.126 -2.06 0.0406

Halophytes

Large herbivores 2.93 ± 0.598 4.9 < 0.0001
Non-trophic 

effects 2.41 ± 0.367 6.57 < 0.0001

Trophic effects 0.51 ± 0.519 -3.66 0.0003

Legumes

Ungrazed control -2.07 ± 1.333 -1.55 0.1223

Grazing -1.08 ± 0.618 1.59 0.1133

Mowing -0.28 ± 0.615 2.9 0.004

Ungrazed control 1.68 ± 1.051 1.6 0.111

Grazing 0.98 ± 1.020 -0.68 0.4954

Mowing 3.24 ± 1.192 1.31 0.1912
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Table S3. Temporal trends (smooths) estimated from the gamm models. For each 
variable, results from two models were included, one for the total effects of large 
herbivores, the other for the trophic and non-trophic effects. 

Variables Smoothers edf F p R2

Plant diversity

Large herbivores 2.76 3.21 0.02 0.157
Non-trophic 

effects 1.68 2.52 0.0547 0.072

Trophic effects 1.93 1.09 0.3549 0.072

Cumulative species 
gain

Large herbivores 2.52 2.61 0.1181 0.044
Non-trophic 

effects 1 1.28 0.2581 0.019

Trophic effects 1.6 4.74 0.04 0.019

Cumulative species 
loss

Large herbivores 2.11 7 0.0011 0.232
Non-trophic 

effects 1 10.82 0.0011 0.07

Trophic effects 2.61 3.8 0.0221 0.07

Forbs

Large herbivores 2.91 3.84 0.0089 0.144
Non-trophic 

effects 1.14 3.7 0.0407 0.076

Trophic effects 2.29 2.27 0.1511 0.076

Graminoids

Large herbivores 2.83 5.54 0.0043 0.191
Non-trophic 

effects 1.35 4.97 0.0123 0.102

Trophic effects 2.36 2.75 0.0841 0.102

Rare species

Large herbivores 2.79 4.55 0.0072 0.111
Non-trophic 

effects 1.73 1.07 0.2202 0.038

Trophic effects 1.97 1.31 0.2906 0.038

Frequent species

Large herbivores 3.62 4.26 0.0069 0.17
Non-trophic 

effects 1 13.29 0.0003 0.121

Trophic effects 1 2.07 0.1514 0.121

Common species

Large herbivores 2.94 5.67 0.0012 0.306
Non-trophic 

effects 1.99 5.24 0.0078 0.325

Trophic effects 2.04 1.14 0.2925 0.325

table continues
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Variables Smoothers edf F p R2

Abundant species

Large herbivores 1.8 0.69 0.4228 0.028
Non-trophic 

effects 1 0 0.9951 0.057

Trophic effects 1.86 0.84 0.3459 0.057

Dominance

Large herbivores 2.15 7.39 0.0007 0.113
Non-trophic 

effects 1 6.1 0.0141 0.095

Trophic effects 2.2 2.31 0.1117 0.095

E.atherica

Large herbivores 1.75 5.04 0.0061 0.353
Non-trophic 

effects 1 0.06 0.8 0.499

Trophic effects 2.01 18.38 < 0.0001 0.499

F.rubra

Large herbivores 1 6.32 0.0131 0.144
Non-trophic 

effects 1 0.96 0.3288 0.501

Trophic effects 1 17.34 < 0.0001 0.501

Bareground

Large herbivores 2.47 0.82 0.4669 0.03
Non-trophic 

effects 1.78 1.71 0.275 0.028

Trophic effects 1.12 0.05 0.8927 0.028

Halophytes

Large herbivores 4.09 8.81 < 0.0001 0.243
Non-trophic 

effects 5.82 4.16 0.0007 0.408

Trophic effects 2.8 4.21 0.017 0.408

Legumes
Ungrazed control 1 4.25 0.0401 0.012

Grazing 1 0.02 0.8829 0.012
Mowing 1 6.85 0.0093 0.012

Ungrazed control 2.05 4.91 0.0065 0.093
Grazing 1 3 0.0841 0.093
Mowing 1 6.67 0.0103 0.093
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Table S3. Temporal trends (smooths) estimated from the gamm models. For each 
variable, results from two models were included, one for the total effects of large 
herbivores, the other for the trophic and non-trophic effects. 

Variables Smoothers edf F p R2

Plant diversity

Large herbivores 2.76 3.21 0.02 0.157
Non-trophic 

effects 1.68 2.52 0.0547 0.072

Trophic effects 1.93 1.09 0.3549 0.072

Cumulative species 
gain

Large herbivores 2.52 2.61 0.1181 0.044
Non-trophic 

effects 1 1.28 0.2581 0.019

Trophic effects 1.6 4.74 0.04 0.019

Cumulative species 
loss

Large herbivores 2.11 7 0.0011 0.232
Non-trophic 

effects 1 10.82 0.0011 0.07

Trophic effects 2.61 3.8 0.0221 0.07

Forbs

Large herbivores 2.91 3.84 0.0089 0.144
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effects 1.14 3.7 0.0407 0.076

Trophic effects 2.29 2.27 0.1511 0.076
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table continues
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Variables Smoothers edf F p R2
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Abstract

experiment along the successional gradient in a salt-marsh system, to 
investigate the effects of hares and geese, and hares alone, on plant diversity 

late successional stages) in the short and long term, i.e. 7 and 22 years, 
respectively. Plant diversity declined over time at all successional stages 
except for the earliest one. Small herbivores slowed down species decline, but 
only at one early successional stage. Small herbivores slowed down species 
decline via decreasing dominance of preferred grass Festuca rubra in the 
short term, and less preferred Elytrigia atherica in the long term. The effects 
of hares and geese were more pronounced than hares alone, indicating an 
important additive role of geese, especially in the long term. Small herbivores 
can have a strong and long-lasting impact on plant diversity, but it highly 
depends on the abundance of small herbivores, which in turn depends on the 
quality and abundance of forage plants. A diverse herbivore community may 
have more positive effects on regulating plant communities.
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Introduction

Small vertebrate herbivores (1 kg < body mass < 10 kg) affect plant community 
composition and structure 
Crawley 2011; Johnson et al. 2011; Madsen et al. 2011; Pascual et al. 2017). 
Limited studies also suggest that small herbivores impact plant diversity 
(Gough & Grace 1998b, a; Bakker et al. 2006; Bromberg et al. 2009; Alberti 
et al. 2011a; Pascual et al. 2017). However, those studies were relatively 
short-term (< 7 years), few studies have been long term (> 20 years), and no 
studies have looked at the effects of small herbivores on plant diversity along 
successional gradients.

The effects of small herbivores on plant diversity may change along 
successional gradients. Small herbivores are usually selective grazers (Olff 
& Ritchie 1998), and thus, changes in the identity of forage plants during 
vegetation succession may change the abundance of herbivores, particularly 
in systems where predators are rare (Schrama et al. 2015). The abundance of 
herbivores is sometimes, if not always, more important than herbivore size in 
regulating plant communities (Olofsson et al. 2004). For instance, in a salt-
marsh system, vegetation succession leads to taller and more dense plants, 
an increase in C:N ratio, and litter accumulation at later successional stages. 
This process reduces forage quality, which in turn reduces the abundance of 
herbivores, and ultimately their impacts on vegetation at later successional 
stages (Van de Koppel et al. 1996; Olff et al. 1997). In addition, effects 
of small herbivores on plant diversity depend on the dominance of forage 
plants: herbivores decrease plant diversity when dominance is low, while 
they increase plant diversity when dominance is high (Hillebrand et al. 2007; 
Koerner et al. 2018). However, how changes in both quality and dominance 
of forage plants along the successional gradient would modify herbivore 
effects remains unclear. 

Vegetation succession usually takes a long time to develop, therefore, long-
term herbivore exclusion experiments using permanent plots are essential to 
fully assess the effects of small herbivores on plant diversity (Olff & Ritchie 
1998). In addition, chronosequences (space-for-time substitutions) also 
provide another good way to evaluate long-term effects (Foster & Tilman, 
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system on the barrier island of Schiermonnikoog as a case study. A natural 
successional gradient is present here (Olff et al., 1997): early successional 
stages are dominated by Puccinellia maritima and F. rubra, preferred by 
hares and geese, while late successional stages are dominated by E. atherica 
(Olff et al. et al. 

et al. 2004; Fokkema et al. 
2016). Previous work from this salt marsh indicates that hares, and to a lesser 
extent, geese, affect plant composition, particularly at early successional 

by more than 50 % in the last two decades (Schrama et al. 2015), while geese 
populations remain stable (Fig. S1). 

Figure 1 Hare and goose droppings at different successional stages in 2000 and 
2016. Droppings were the means (± 1 se) of the 20 plots, each with summed whole 
year droppings, at each successional stage.

successional stages to investigate the effects of small herbivores (hares and 
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geese, hares alone) on plant diversity. In addition, we compared the short 
(7 years) and long-term (22 years) effects of small herbivores along this 
successional gradient. Taken together, we evaluated long-term effects of small 
herbivores using two approaches, one is using successional stages (space-for-
time), and the other using change in permanent plots from 1995 to 2016. 

early successional stages, as less preferred plants become dominant at late 
successional stages. In addition, these effects would only be apparent in the 
short term at early stages, as vegetation succession leads to less preferred 
plant species in the long term.

Materials and methods
Study site
The experiment was conducted in the back-barrier salt marsh of the island 
of Schiermonnikoog (53°30’ N, 6°10’ E), the Netherlands. The eastern 
part of the salt marsh (the study area) is only grazed by small herbivores, 
including spring staging Brent Geese (Branta bernicla), Barnacle Geese 
(Branta leucopsis), and year-round present Brown hares (Lepus europaeus) 
and rabbits (Oryctolagus cunniculus). Hares and geese are the most important 
herbivores, while predators are rare in this system (Van De Koppel et al. 

et al. et al.
2005; Schrama et al. 2015). A natural successional gradient is present here, as 
the island expands naturally eastward ( Olff et al., 1997): the eastern part of 
the island is younger than the western part, and different successional stages 

successional stages. For clarity, we refer to these stages by their ages at the 
start of the experiment, which were 1, 10, 20, 40, 90 years, respectively. These 
ages were counted from the year vegetation established at that stage to the 
year (1994) we started the experiment (Olff et al. 1997). To facilitate later 
discussion, we also refer stage 1 to the earliest successional stage, 10 and 20 
as the early successional stages, 40 as the intermediate successional stage, 
and 90 as the late successional stage. Characteristics of each successional 
stage can be found in Table S1. 

Here we focus on the effects of small herbivores on plant diversity in the low 
marsh (0.43 m + MHT, Mean High Tide). In the low salt marsh, P. maritima and 
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Suaeda maritima dominate the earliest successional stage, which are replaced 
by F. rubra, Artemisia maritima and Limonium vulgare at early successional 
stages, while E. atherica and Atriplex portulacoides dominate the intermediate 
and late successional stages (Olff et al. 1997) (A full list of species can be 
found in Table S2). P. maritima and F. rubra are highly preferred by hares and 
geese, while A. maritima, and E. atherica are generally not preferred (Van 

et al. et al. 2008). Several other plant species such as 
Plantago maritima, Juncus gerardii, Triglochin maritima, A. portulacoides 
are also grazed by hares and geese et al. et 
al. 2000b; Fokkema et al. 2016). 

Figure 2 Change in plant diversity in different grazing treatments at different 
successional stages in 2001 and 2016. Change in plant diversity was calculated as 
plant diversity in 2001 or 2016 - plant diversity in 1995. Dots are means of each 

differences among grazing treatments for a given year and successional stage at p < 
0.05. 
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Experimental design
Effects of small herbivores were assessed by comparing three treatments, 
including 1) ungrazed, i.e. hares and goose exclosures; 2) grazing by 
hares alone, i.e. goose exclosures; 3) grazing by hares and geese, i.e. non-
manipulated. Hare and goose exclosures (at least 7 m × 7 m) were constructed 
with chicken mesh (mesh width 25 mm), extending 1 m above soil level 
supported by wooden posts every 3.5 m and ropes suspended on top. Goose 
exclosures (ca. 7 m × 7 m) had two metal strands running 0.2 and 0.5 m above 
ground supported by wooden posts every 3.5 m, and ropes suspended on top. 
Hares and geese had free access to the non-manipulated areas. Exclosures 

Bakker 2005), while smaller animals had free access to all grazing treatments. 
Smaller vertebrate herbivores such as rodents (voles and mice) were only 

herbivores, to distinguish them from cattle present in the western part of this 

per successional stage (Fig. S2). For each grazing treatment, four permanent 
plots of 2 m × 2 m were marked, with a minimum distance of 0.5 m between 

true replicates of our experimental design could hinder the interpretation 
of the results. Nonetheless, the size and spatial segregation of our grazing 
treatments, along with the duration of the experiment make our data valuable 

on successional plant community dynamics. 

plots from June 1995, and continued by yearly recording till July 2001 

each plant species using the decimal scale of Londo (1976). To characterize 
permanent plots at each successional stage biotically and abiotically, we 
measured clay thickness using a 2 cm Ø soil corer (n = 4 per permanent 
plot) as a proxy for soil total nitrogen ( Olff et al., 1997) in 2001 and 2016. 
Vegetation height was measured by dropping a Styrofoam disc (19 cm Ø, 
20 g) along a calibrated stick to the vegetation (n = 4 per permanent plot) in 

permanent plots in August 2016 (n = 1 per permanent plot). Results of clay 
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thickness, vegetation height and elevation for each grazing treatment at each 
successional stage are shown in Table S1.

Droppings
Number of droppings is a good indicator of relative grazing pressure (Van Der 

et al.

successional stage in 2000 and 2016. Each line transect consisted of 20 plots 
(4 m2), with at least 10 m distance between each other (Fig. S2) (Note that 
exact position of line transects and plots therein might differ between 2000 

droppings from hares and geese within plots every two or three weeks for the 
whole year both in 2000 (October 1999 to September 2000) and 2016 (May 
2016 to April 2017).

 Data analysis
Grazing pressure (droppings)
To compare the grazing pressure from hares and geese from different 

(glm) with family of quasi-poisson, to account for overdispersion, for hare 
and goose droppings (the summed whole year droppings for each plot), 
separately. In the model we used number of hare (goose) droppings as a 

from the models and comparing the models using function anova with F test. 

 Change in plant diversity 
To compare the changes in plant diversity in different grazing treatments 

mixed effect models (lmer) from package lme4 (Bates, Mächler, Bolker, & 
et al. 2018). In the model, change 

in plant diversity was the response variable, and grazing, successional stage, 

  Successional stage: Block: 
 

model, where the successional stage was treated as the continuous variable, 
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successional stage as a categorical variable in the main text because using it 
as the continuous variable would require a more careful calibration of those 
ages, and more ages would be needed. Change in plant diversity (counted as 
number of species) in each permanent plot was calculated as plant diversity 
in 2001 or 2016 - plant diversity in 1995. 

Figure 3 Species gain and loss in different grazing treatments at different 
successional stages in 2001 and 2016. Species gain or loss was calculated as 
number of species gained (lost) in 2001 or 2016 / total number of species observed 
in both timepoints (i.e. 1995 and 2001 or 2016). Dots are means of each grazing 

among treatments for a given year and successional stage at p < 0.05. 

Species gain and loss
According to Olff and Ritchie (1998), grazing affects plant diversity via 
species gain (colonization) and species loss (extinction). Therefore, we 
partitioned change in plant diversity into species gain and loss using package 
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partitioned change in plant diversity into species gain and loss using package 
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codyn (Hallett et al. 2016). Species gains (or losses) were calculated as 
number of species gained (or lost) in 2001 or 2016 / total number of species 

model structure (lmer) as for change in plant diversity, but with species gain 
and loss as the response variables, respectively.

Change in percent cover of F. rubra and E. atherica
F. rubra and E. atherica. P. 

maritima did not occur as a common species at most successional stages, 
therefore it was not included in the main text. Changes in abundance of all 

in any year, i.e. 1995, 2001, 2016. Change in percent cover in each permanent 
plot was calculated as percent cover in 2001 or 2016 - percent cover in 1995. 

in percent cover of F. rubra and E. atherica as the response variables.

Relationship between dominance and plant diversity 
As several studies suggest that herbivores increase plant diversity via reducing 
dominance (e.g. Mortensen et al. 2017, Koerner et al. 2018), we explored the 
relationship between plant diversity and dominance across all successional 

& Scheipl 2017), where we 
used plant diversity as the response variable, and grazing, year and their 

also used another measure of dominance: 1- evenness; evenness was calculated 
as H/ ln (S), where H is Shannon’s diversity index, and S is species richness. 
Dominance calculated as 1- evenness takes the abundance of all species into 

-100 % in all permanent plots at stage 1 in 1995. Bare ground in the salt marsh 
is often covered by microbial mats, which can reduce the establishment of 
plants. Therefore, bare ground is not an inert space unoccupied by plants, 
it has an ecological function and can actively contribute to the dynamics of 
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index in the main text. Result using dominance as 1- evenness is similar, and 
is presented in Fig. S6. In addition, results using both indices but without 
taking bare ground into account are presented in Fig. S7. 

of freedom were calculated by Satterthwaite’s approximation. Models were 

change in plant diversity, species gain, species loss, percent cover of F. rubra 
and E. atherica when grazing or any interaction of grazing with successional 

lsmeans

treatments within year within successional stage to keep it consistent, as the 

models (Table S4). Data analysis was performed in R 3.5.1 (R Core Team, 2018).

Results
Grazing pressure (droppings)

(hare, successional stage × year: F4, 195 = 6.98, p < 0.001; goose, successional 
stage × year: F4, 195 = 10.79, p < 0.001). Stage 10 and 20 had the higher numbers 
of hare droppings both in 2000 and 2016, stage 20 showed the highest number 
in 2000, while stage 10 showed the highest number in 2016 (Fig. 1). Similarly, 
stage 1, 10 and 20 had the highest numbers of goose droppings in 2000, while 
these numbers were lower in 2016 (Fig. 1).

Change in plant diversity 
Overall, plant diversity declined in 2001 and 2016 at all successional stages 
(although it increased at the earliest succession stage) (Fig. 2). Small herbivores 

successional stage × year: F = 2.31, p = 0.0255; Table S4). Compared with the 

species decline at stage 10 in 2001. However, in 2016, only hares and geese 

slowed down species decline via decreasing species loss (grazing × successional 
stage: F = 3.5, p = 0.0338), but not via changing species gain (Fig. 3; Table S4). 
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Change in percent cover of F. rubra and E. atherica
Compared with the ungrazed plots, 
the expansion of F. rubra at stage 10 in 2001. However, in 2016, hares and 

F. rubra at stage 1, 10 and 
F. rubra, 

compared with hares alone, at stage 1 and 10 in 2016 (grazing × successional 
stage × year; F = 10.08, p < 0.0001; Fig. 4; Table S4). Compared with the 
ungrazed, hares and geese suppressed the expansion of E. atherica at stage 40 
and 90 in 2001. In 2016, they suppressed E. atherica at all successional stages 

E. 
atherica compared with hares alone at stage 10, 40 and 90 in 2016 (grazing × 
successional stage × year: F = 8.48, p < 0.0001; Fig. 4; Table S4). 

Figure 4 Change in percent cover of Festuca rubra and Elytrigia atherica in 
different grazing treatments at different successional stages in 2001 and 2016. 
Change in percent cover was calculated as percent cover in 2001 (2016) - percent 
cover in 1995. Dots are means of each grazing treatment, error bars show ± 1 se. 

and successional stage at p < 0.05.
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Relationship between dominance and plant diversity
 In 1995, plant diversity declined as the dominance increased regardless of 
grazing treatments, but only when the dominance exceeded 50 %. In 2001, 
plant diversity declined when dominance increased in ungrazed treatment, 
but not in hares and geese, and hares alone treatments. In 2016, plant diversity 
decreased as long as the dominance increased, regardless of grazing treatment. 
This decline speeded up in ungrazed treatment when the dominance exceeded 
50 % (Fig. 5; Table S3). 

Figure 5 Relationship between dominance and plant diversity across the 
successional stages in 1995, 2001 and 2016.
additive mixed model (Table S3).

Discussion 
Our 22-year herbivore exclusion experiment along the successional gradient 
revealed that small herbivores slowed down plant diversity decline, but 
only at one early successional stage (stage 10), where we also found more 
droppings of hares and geese. Small herbivores slowed down species decline 
via decreasing species loss, which can be attributed to reduced dominance. 
Small herbivores reduced the dominance of preferred grass F. rubra in the 
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short term, and of the less preferred E. atherica in the long term. In addition, 
hares and geese tended to have stronger effects than hares alone, and these 
effects became more pronounced in the long term. Our results highlight 
the importance of long-term exclusion experiments along the successional 
gradient in assessing the effects of small herbivores on plant diversity.

As we hypothesized, small herbivores have pronounced effects on plant 
diversity, but only at the early successional stages. However, we only found 

20. At the earliest stage, we found no effects of small herbivores, possibly due 
to their low abundance. This was driven by low productivity, coincident with 
the large area of bare ground, short vegetation, and little clay accumulation 
at this stage (Table S1). As the succession progressed, nutrients accumulated, 
and productivity increased (Table S1). Likewise, the abundance of herbivores 
increased at early successional stages (Fig. 1). Therefore, effects of small 
herbivores on plant diversity became apparent. However, we only found 

short term may be due to lack of effects of small herbivores on the dominant 
grass F. rubra. This may be because higher nitrogen availability at stage 20 
(clay thickness in 2001 at stage 10: 5.93 ± 1.19 (cm); stage 20: 12.88 ± 1.09; 
mean ± 1 se (cm); Table S1) facilitated the regrowth of F. rubra even after being 

Bakker, 2005). Lack of the effects in the long term at stage 20 may be due to the 
rapid expansion of E. atherica
showed, the presence of E. atherica patches, even if they are not very dense, 
can substantially discourage hare and goose grazing. Similarly, no effects of 
small herbivores at intermediate and late successional stages in the short and 
long term were mainly due to the dominance of less preferred E. atherica. 

one early successional stage, these effects persisted up to 22 years. In addition, 
hares and geese strongly controlled F. rubra and E. atherica in the long term. 
One explanation for this persistence may be that 7 years is already long term. 
Indeed, some researchers refer to 7 years as long term, and most experiments 
examining effects of small herbivores on plant diversity in salt marshes last 
less than 7 years (Gough & Grace 1998a, b; Bromberg et al. 2009; Alberti 
et al. 2011; Daleo et al. 2014; Pascual et al. 2017). However, in this system, 
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7 years was not long enough to capture the important changes, as the late 
successional species E. atherica did not establish in any grazing treatment 
at earlier successional stages (percent cover < 2 %; including stage 1, 10 and 
20) 7 years after the start of the experiment. Additionally, the pattern of plant 
diversity (except for the earliest stage) 7 years after the start of the experiment 
was similar to that of 3 years after. However, it was substantially different 
from that of 22 years after the start of the experiment (Fig. S4). Our results 
suggest that evaluating short and long-term effects of herbivores should also 
take into account the development and characteristics of the system. More 
importantly, our results indicate that small herbivores can have a long-lasting 
impact on plant communities. 

Hares and geese together had a larger long-term impact than hares alone on 
plant communities. In the long term, hares and geese controlled E. atherica 
and F. rubra
slowed down species loss compared with hares alone at stage 20 in 2016. This 
is contrary to the previous study showing that hares play a more important role 
in structuring plant communities in this system based on the 7-year herbivore 

indicates that effects of geese could be underestimated in this salt marsh based 
on short-term results. Our results also provide clear evidence that herbivores 
grazing on the same forage plants do have an additive interaction (Ritchie & 
Olff 1999), and this became more pronounced in the long term. 

Small herbivores slowed down plant diversity decline via decreasing 
dominance, in accordance with Koerner et al. (2018). However, the dominant 
species changed in the short and long term. Small herbivores suppressed F. 
rubra in the short term, but E. atherica in the long term. In addition, via 
suppressing E. atherica, small herbivores indirectly promoted F. rubra in the 
long term at early successional stages. The dense stands of F. rubra, once 
formed, can in turn substantially resist colonization and establishment of E. 
atherica et al. 2005). This would slow down vegetation succession 
to the less preferred E. atherica
speeds up plant diversity decline.



Chapter 4

86

short term, and of the less preferred E. atherica in the long term. In addition, 
hares and geese tended to have stronger effects than hares alone, and these 
effects became more pronounced in the long term. Our results highlight 
the importance of long-term exclusion experiments along the successional 
gradient in assessing the effects of small herbivores on plant diversity.

As we hypothesized, small herbivores have pronounced effects on plant 
diversity, but only at the early successional stages. However, we only found 

20. At the earliest stage, we found no effects of small herbivores, possibly due 
to their low abundance. This was driven by low productivity, coincident with 
the large area of bare ground, short vegetation, and little clay accumulation 
at this stage (Table S1). As the succession progressed, nutrients accumulated, 
and productivity increased (Table S1). Likewise, the abundance of herbivores 
increased at early successional stages (Fig. 1). Therefore, effects of small 
herbivores on plant diversity became apparent. However, we only found 

short term may be due to lack of effects of small herbivores on the dominant 
grass F. rubra. This may be because higher nitrogen availability at stage 20 
(clay thickness in 2001 at stage 10: 5.93 ± 1.19 (cm); stage 20: 12.88 ± 1.09; 
mean ± 1 se (cm); Table S1) facilitated the regrowth of F. rubra even after being 

Bakker, 2005). Lack of the effects in the long term at stage 20 may be due to the 
rapid expansion of E. atherica
showed, the presence of E. atherica patches, even if they are not very dense, 
can substantially discourage hare and goose grazing. Similarly, no effects of 
small herbivores at intermediate and late successional stages in the short and 
long term were mainly due to the dominance of less preferred E. atherica. 

one early successional stage, these effects persisted up to 22 years. In addition, 
hares and geese strongly controlled F. rubra and E. atherica in the long term. 
One explanation for this persistence may be that 7 years is already long term. 
Indeed, some researchers refer to 7 years as long term, and most experiments 
examining effects of small herbivores on plant diversity in salt marshes last 
less than 7 years (Gough & Grace 1998a, b; Bromberg et al. 2009; Alberti 
et al. 2011; Daleo et al. 2014; Pascual et al. 2017). However, in this system, 

Small herbivores slow down species loss up to 22 years but only at early successional stage

87

4

7 years was not long enough to capture the important changes, as the late 
successional species E. atherica did not establish in any grazing treatment 
at earlier successional stages (percent cover < 2 %; including stage 1, 10 and 
20) 7 years after the start of the experiment. Additionally, the pattern of plant 
diversity (except for the earliest stage) 7 years after the start of the experiment 
was similar to that of 3 years after. However, it was substantially different 
from that of 22 years after the start of the experiment (Fig. S4). Our results 
suggest that evaluating short and long-term effects of herbivores should also 
take into account the development and characteristics of the system. More 
importantly, our results indicate that small herbivores can have a long-lasting 
impact on plant communities. 

Hares and geese together had a larger long-term impact than hares alone on 
plant communities. In the long term, hares and geese controlled E. atherica 
and F. rubra
slowed down species loss compared with hares alone at stage 20 in 2016. This 
is contrary to the previous study showing that hares play a more important role 
in structuring plant communities in this system based on the 7-year herbivore 

indicates that effects of geese could be underestimated in this salt marsh based 
on short-term results. Our results also provide clear evidence that herbivores 
grazing on the same forage plants do have an additive interaction (Ritchie & 
Olff 1999), and this became more pronounced in the long term. 

Small herbivores slowed down plant diversity decline via decreasing 
dominance, in accordance with Koerner et al. (2018). However, the dominant 
species changed in the short and long term. Small herbivores suppressed F. 
rubra in the short term, but E. atherica in the long term. In addition, via 
suppressing E. atherica, small herbivores indirectly promoted F. rubra in the 
long term at early successional stages. The dense stands of F. rubra, once 
formed, can in turn substantially resist colonization and establishment of E. 
atherica et al. 2005). This would slow down vegetation succession 
to the less preferred E. atherica
speeds up plant diversity decline.



Chapter 4

88

Our long-term herbivore exclusion experiment suggests that small herbivores 
have an impact on plant diversity in the salt marsh, but this impact was 
restricted to the early successional stage. A recent meta-analysis (He and 
Silliman 2016) found inconsistent effects of small herbivores on plant 
diversity in salt marshes. Our results indicate that one important reason may 
be that there is a low abundance of small herbivores, driven by low quality 
and abundance of forage plants. For instance, salt marshes in North and South 
America are usually dominated by one or a few tall but not very palatable 
plant species (Conde et al., 2006; Pennings, Siska, & Bertness, 2001). In such 
situations, it is not surprising that herbivores do not have an impact on plant 
diversity (He and Silliman 2016). In addition, by excluding hares and geese 
in a hierarchical design, we showed that a more diverse herbivore community 
has stronger regulating effects on plant communities, especially in the long 
term. However, more studies are needed to generalize this conclusion over 
different systems. Rapid expansion of less preferred plant species would drive 
the decline of small herbivore populations, while predation would exacerbate 
this decline. The decline in small herbivore populations could in turn affect 
plant diversity, underlining the importance of conserving small herbivores. 
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Supplementary information 

Figure S1 Goose numbers from 1994 to 2016, in the salt marsh, agriculture land, and 
the whole island, i.e. sum of numbers in the salt marsh and agriculture land, of the 
island of Schiermonnikoog, the Netherlands. Shown are the goose numbers counted 
every May by experienced volunteers using a standardized method. Temporal trends 

Data are a subset from SOVON Vogelonderzoek Nederland. 

       
Figure S2 Geographical location (left panel) and experimental design (right 
panel) of small herbivore exclusion experiment in the salt marsh of the island of 
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Schiermonnikoog. Dotted line at each successional stage represent 20 plots for 
counting droppings from hares and geese. Two blocks were established at each 
successional stage. Experimental design for a block was shown in the right panel. 
Four small rectangles in each treatment represent four permanent plots. 

Figure S3 Plant diversity along the successional gradient in 1995, 2001 and 2016. 

with the generalized additive mixed model (Table S3). In the model, we used plant 

smoothers (against the successional stage) for each combination of grazing and year. 

plot. 
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smoothers (against the successional stage) for each combination of grazing and year. 

plot. 
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Figure S4 Plant diversity in different grazing treatments at different successional 
stages in 1995, 1997, 2001 and 2016. Dots are means of each grazing treatment, 
error bars show ± 1 se. 
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Figure S4 Plant diversity in different grazing treatments at different successional 
stages in 1995, 1997, 2001 and 2016. Dots are means of each grazing treatment, 
error bars show ± 1 se. 
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Figure S6 Relationship between dominance (1 - evenness) and plant diversity across 

additive mixed model (Table S3).
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Figure S7 Relationship between Berger-Parker dominance (upper panel), dominance 
(1 - evenness) (lower panel) and plant diversity across the successional stages in 
1995, 2001 and 2016. Plots are the same as Fig. 5 and Fig. S6, respectively, but 

mixed models (Table S3).
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Figure S7 Relationship between Berger-Parker dominance (upper panel), dominance 
(1 - evenness) (lower panel) and plant diversity across the successional stages in 
1995, 2001 and 2016. Plots are the same as Fig. 5 and Fig. S6, respectively, but 

mixed models (Table S3).
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Table S1

Successional 
stages Grazing

Clay 
thickness 

(2001)

Clay 
thickness 

(2016)

Elevation 
(2016)

Height 
(2016)

1

Hares & 
geese

3.14 ± 
0.099

10.16 ± 
0.170

1.36 ± 
0.014

23.28 ± 
1.414

Hares 2.90 ± 
0.226

8.70 ± 
0.311

1.32 ± 
0.011

22.00 ± 
1.381

Ungrazed 3.14 ± 
0.181

7.69 ± 
0.094

1.36 ± 
0.012

30.88 ± 
2.495

10

Hares & 
geese

5.53 ± 
0.410

12.52 ± 
0.164

1.44 ± 
0.007

24.09 ± 
0.841

Hares 6.16 ± 
0.271

12.20 ± 
0.303

1.44 ± 
0.009

49.28 ± 
2.337

Ungrazed 6.09 ± 
0.549

12.33 ± 
0.576

1.45 ± 
0.007

46.00 ± 
1.676

20

Hares & 
geese

13.16 ± 
0.428

13.28 ± 
0.585

1.50 ± 
0.017

42.81 ± 
5.225

Hares 12.38 ± 
0.317

12.31 ± 
0.200

1.52 ± 
0.012

48.56 ± 
2.826

Ungrazed 13.09 ± 
0.384

13.98 ± 
0.319

1.55 ± 
0.008

43.75 ± 
2.269

40

Hares & 
geese

10.47 ± 
0.234

10.83 ± 
0.399

1.42 ± 
0.021

35.09 ± 
2.645

Hares 10.59 ± 
0.392

12.22 ± 
0.350

1.44 ± 
0.031

44.86 ± 
2.880

Ungrazed 10.69 ± 
0.326

12.12 ± 
0.180

1.41 ± 
0.023

48.55 ± 
4.089

90

Hares & 
geese

16.44 ± 
0.521

18.08 ± 
0.377

1.43 ± 
0.006

30.44 ± 
1.214

Hares 16.75 ± 
0.769

18.25 ± 
0.290

1.43 ± 
0.009

43.53 ± 
1.937

Ungrazed 17.31 ± 
0.684

17.53 ± 
0.531

1.42 ± 
0.010

49.66 ± 
1.968

Note the unit for clay thickness was cm; elevation m + NAP, and m + NAP =1 m + 
MHT; unit for height was cm. 
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Table S2 List of species occurred in the low salt marsh along the successional 
gradient. 

Early successional species

Plantago maritima
Puccinellia maritima
Salicornia europaea

Spartina anglica
Spergularia media
Suaeda maritima

Intermediate successional species

Artemisia maritima
Aster tripolium
Festuca rubra

Glaux maritima
Limonium vulgare

Triglochin maritima

Late
successional species 

Atriplex portulacoides
Elytrigia atherica
Juncus gerardii

Rare species

Agrostis stolonifera
Armeria maritima
Atriplex littoralis
Atriplex prostrata
Cochlearia danica

Elymus farctus
Parapholis strigosa

Sagina maritima
Odontites verna
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Table S3 Summary of gamm4 model output for plant diversity, relationship between 
dominance (Berger-Parker) and plant diversity, relationship between dominance (1- 
evenness) and plant diversity. 

Variables Parameters Estimate Std.error z value p

Plant 
diversity

(Intercept) 2.34 0.05 43.09 < 0.0001
GrazingHares 0.01 0.07 0.13 0.8973

GrazingUngrazed -0.06 0.07 -0.8 0.4216
0.02 0.07 0.25 0.8022
-0.38 0.08 -4.9 < 0.0001

GrazingHares  : -0.04 0.1 -0.4 0.6884
GrazingUngrazed -0.14 0.1 -1.41 0.1594
GrazingHares  : -0.19 0.11 -1.7 0.0892

GrazingUngrazed -0.38 0.12 -3.1 0.0019

Smoothers edf ref.df Chi.sq p
s(Marsh age) 
: glHares & 
geese.1995

2.78 2.78 27.36 0.0003

s(Marsh age) : 
glHares .1995 2.78 2.78 28.59 0.0003
s(Marsh age) : 

glUngrazed.1995 2.63 2.63 22.92 0.001
s(Marsh age) 
: glHares & 
geese.2001

1 1 2.09 0.1479

s(Marsh age) : 
glHares .2001 1 1 4.81 0.0283
s(Marsh age) : 

glUngrazed.2001 1 1 3.8 0.0511
s(Marsh age) 
: glHares & 
geese.2016

1 1 0.06 0.8045

s(Marsh age) : 
glHares .2016 2.89 2.89 19.85 0.0005
s(Marsh age) : 

glUngrazed.2016 2.94 2.94 39.76 < 0.0001

table continues
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Variables Parameters Estimate Std.error z value p

Relationship 
between 

dominance 
(Berger-
Parker) 

and plant 
diversity

(taking bare 
ground into 

account)

Parameters Estimate Std.error z value p
(Intercept) 10.83 0.47 22.96 < 0.0001

GrazingHares 0.17 0.46 0.37 0.7108
GrazingUngrazed -0.5 0.45 -1.11 0.266

-0.22 0.45 -0.48 0.6291
-4.07 0.46 -8.9 < 0.0001

GrazingHares  : -0.5 0.66 -0.76 0.4502
GrazingUngrazed -0.92 0.62 -1.48 0.1406
GrazingHares  : -0.63 0.63 -1 0.3189

GrazingUngrazed 1 0.69 1.44 0.1505

Smoothers edf ref.df Chi.sq p
s(D1) : glHares & 

geese.1995 2.62 2.62 32.17 < 0.0001
s(D1) : glHares 

.1995 2.84 2.84 30.25 < 0.0001
s(D1) : 

glUngrazed.1995 3.17 3.17 19.93 < 0.0001
s(D1) : glHares & 

geese.2001 1 1 0.01 0.938
s(D1) : glHares 

.2001 1.33 1.33 0.11 0.8376
s(D1) : 

glUngrazed.2001 1 1 18.77 < 0.0001
s(D1) : glHares & 

geese.2016 1 1 4.78 0.0294
s(D1) : glHares 

.2016 1.06 1.06 11.98 0.0006
s(D1) : 

glUngrazed.2016 2.07 2.07 25.19 < 0.0001

table continues
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Variables Parameters Estimate Std.error z value p

Relationship 
between 

dominance 
(Berger-
Parker) 

and plant 
diversity

(taking bare 
ground into 

account)

Parameters Estimate Std.error z value p
(Intercept) 10.83 0.47 22.96 < 0.0001

GrazingHares 0.17 0.46 0.37 0.7108
GrazingUngrazed -0.5 0.45 -1.11 0.266

-0.22 0.45 -0.48 0.6291
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GrazingHares  : -0.63 0.63 -1 0.3189

GrazingUngrazed 1 0.69 1.44 0.1505

Smoothers edf ref.df Chi.sq p
s(D1) : glHares & 

geese.1995 2.62 2.62 32.17 < 0.0001
s(D1) : glHares 

.1995 2.84 2.84 30.25 < 0.0001
s(D1) : 

glUngrazed.1995 3.17 3.17 19.93 < 0.0001
s(D1) : glHares & 

geese.2001 1 1 0.01 0.938
s(D1) : glHares 

.2001 1.33 1.33 0.11 0.8376
s(D1) : 

glUngrazed.2001 1 1 18.77 < 0.0001
s(D1) : glHares & 

geese.2016 1 1 4.78 0.0294
s(D1) : glHares 

.2016 1.06 1.06 11.98 0.0006
s(D1) : 

glUngrazed.2016 2.07 2.07 25.19 < 0.0001

table continues
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Variables Parameters Estimate Std.error z value p

Relationship 
between 

dominance 
(1-evenness) 

and plant 
diversity

(taking bare 
ground into 

account)

Parameters Estimate Std.error z value p
(Intercept) 11.27 0.52 21.67 < 0.0001

GrazingHares -0.02 0.5 -0.05 0.9627
GrazingUngrazed -0.91 0.49 -1.85 0.0646

-0.89 0.57 -1.57 0.1175
-4.51 0.53 -8.59 < 0.0001

GrazingHares  : -0.07 0.82 -0.08 0.9337
GrazingUngrazed -0.57 0.72 -0.79 0.4309
GrazingHares  : -0.67 0.71 -0.94 0.3458

GrazingUngrazed 0.51 0.72 0.72 0.4737

Smoothers edf ref.df Chi.sq p
s(D2) : glHares & 

geese.1995 2.64 2.64 32.64 < 0.0001
s(D2) : glHares 

.1995 3.11 3.11 28.5 < 0.0001
s(D2) : 

glUngrazed.1995 2.96 2.96 19.91 < 0.0001
s(D2) : glHares & 

geese.2001 2.15 2.15 2.04 0.1201
s(D2) : glHares 

.2001 1.74 1.74 1.13 0.3237
s(D2) : 

glUngrazed.2001 1 1 10.99 0.001
s(D2) : glHares & 

geese.2016 2.31 2.31 1.02 0.2839
s(D2) : glHares 

.2016 3.07 3.07 3.42 0.0129
s(D2) : 

glUngrazed.2016 1 1 29.71 < 0.0001

table continues
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Variables Parameters Estimate Std.error z value p

Relationship 
between 

dominance 
(Berger-
Parker) 

and plant 
diversity
(without 

taking bare 
ground into 

account)

Parameters Estimate Std.error z value p
(Intercept) 9.88 0.7 14.04 < 0.0001

GrazingHares 0.36 0.59 0.61 0.543
GrazingUngrazed -0.24 0.55 -0.43 0.6675

0.28 0.54 0.52 0.6024
-3.37 0.55 -6.11 < 0.0001

GrazingHares  : -0.59 0.79 -0.75 0.4563
GrazingUngrazed -0.42 0.77 -0.54 0.5914
GrazingHares  : -0.81 0.79 -1.03 0.3048

GrazingUngrazed 1.42 0.87 1.64 0.1028

Smoothers edf ref.df Chi.sq p
s(D1) : glHares & 

geese.1995 1 1 1.07 0.3019
s(D1) : glHares 

.1995 1.85 1.85 0.42 0.6133
s(D1) : 

glUngrazed.1995 2.35 2.35 2.43 0.1356
s(D1) : glHares & 

geese.2001 1 1 1.26 0.2632
s(D1) : glHares 

.2001 1 1 0.84 0.3601
s(D1) : 

glUngrazed.2001 1 1 27.76 < 0.0001
s(D1) : glHares & 

geese.2016 1 1 5.49 0.0197
s(D1) : glHares 

.2016 1 1 9.42 0.0023
s(D1) : 

glUngrazed.2016 1.85 1.85 23.5 < 0.0001
table continues
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Variables Parameters Estimate Std.error z value p
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Variables Parameters Estimate Std.error z value p
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Smoothers edf ref.df Chi.sq p
s(D1) : glHares & 

geese.1995 1 1 1.07 0.3019
s(D1) : glHares 

.1995 1.85 1.85 0.42 0.6133
s(D1) : 

glUngrazed.1995 2.35 2.35 2.43 0.1356
s(D1) : glHares & 

geese.2001 1 1 1.26 0.2632
s(D1) : glHares 

.2001 1 1 0.84 0.3601
s(D1) : 

glUngrazed.2001 1 1 27.76 < 0.0001
s(D1) : glHares & 

geese.2016 1 1 5.49 0.0197
s(D1) : glHares 

.2016 1 1 9.42 0.0023
s(D1) : 

glUngrazed.2016 1.85 1.85 23.5 < 0.0001
table continues



Chapter 4

102

Variables Parameters Estimate Std.error z value p

Relationship 
between 

dominance 
(1-evenness) 

and plant 
diversity
(without 

taking bare 
ground into 

account)

Parameters Estimate Std.error z value p
(Intercept) 10.48 0.46 22.79 < 0.0001

GrazingHares 0.19 0.57 0.34 0.7327
GrazingUngrazed -0.76 0.54 -1.41 0.1589

-0.23 0.46 -0.51 0.6137
-3.88 0.49 -7.93 < 0.0001

GrazingHares  : -0.3 0.71 -0.42 0.6715
GrazingUngrazed -0.44 0.67 -0.65 0.5148
GrazingHares  : -1.1 0.7 -1.57 0.117

GrazingUngrazed 0.58 0.73 0.79 0.4324

Smoothers edf ref.df Chi.sq p
s(D2) : glHares & 

geese.1995 3.69 3.69 17.45 < 0.0001
s(D2) : glHares 

.1995 3.84 3.84 16.69 < 0.0001
s(D2) : 

glUngrazed.1995 2.87 2.87 7.79 < 0.0001
s(D2) : glHares & 

geese.2001 1.01 1.01 1.03 0.3073
s(D2) : glHares 

.2001 1.4 1.4 2.35 0.2233
s(D2) : 

glUngrazed.2001 1 1 13.37 0.0003
s(D2) : glHares & 

geese.2016 1.82 1.82 0.57 0.4671
s(D2) : glHares 

.2016 2.65 2.65 3.28 0.0619
s(D2) : 

glUngrazed.2016 1 1 27.31 < 0.0001

D1 represents Berger-Parker dominance index, D2 represents dominance calculated 
as 1 – evenness. gl represents the generated new factor, 9 levels (3 grazing × 3 years).
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103
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Table S4 Summary of anova table (type III) using Satterthwaite’s degrees of 

and their interactions on change in plant diversity, species loss, species gain, 
change in F. rubra and E. atherica
as categorical variables.

Variables Parameters Sum Sq Mean Sq Num
DF

Den
DF F value p

Change 
in plant 
diversity

Grazing 12.57 6.28 2 10 3.32 0.0783

828.82 828.82 1 105 438.13 < 0.0001
Successional 

stage 42.18 10.55 4 5 5.57 0.0437
Grazing × 5.63 2.82 2 105 1.49 0.2303
Grazing × 

Successional 
stage

30.46 3.81 8 10 2.01 0.1486

Successional 
stage

261.02 65.25 4 105 34.49 < 0.0001

Grazing 

Successional 
stage

34.91 4.36 8 105 2.31 0.0255

table continues
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Variables Parameters Sum Sq Mean Sq Num
DF

Den
DF F value p

Species 
loss

Grazing 0.29 0.14 2 10 18.87 0.0004
5.53 5.53 1 105 732.2 < 0.0001

Successional 
stage 0.1 0.03 4 5 3.34 0.109

Grazing × 0.03 0.01 2 105 1.7 0.1882
Grazing × 

Successional 
stage

0.21 0.03 8 10 3.5 0.0338

Successional 
stage

1.04 0.26 4 105 34.36 < 0.0001

Grazing 

Successional 
stage

0.1 0.01 8 105 1.72 0.1018

Species 
gain

Grazing 0 0 2 10 0.19 0.8297
0.02 0.02 1 105 8.92 0.0035

Successional 
stage 0.18 0.04 4 5 20.89 0.0025

Grazing × 0.01 0 2 105 2 0.14
Grazing × 

Successional 
stage

0.01 0 8 10 0.85 0.5804

Successional 
stage

0.04 0.01 4 105 4.74 0.0015

Grazing 

Successional 
stage

0.01 0 8 105 0.63 0.7523

table continues
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Variables Parameters Sum Sq Mean Sq Num
DF

Den
DF F value p

Change 
in percent 
cover of 
F. rubra

Grazing 2096.53 1048.27 2 20 5.05 0.0168

Successional 
stage 2107.09 526.77 4 10 2.54 0.106

48720.75 48720.75 1 120 234.59 < 0.0001
Grazing × 

Successional 
stage

1280.55 160.07 8 20 0.77 0.6323

Grazing × 9233.76 4616.88 2 120 22.23 < 0.0001

Successional 28908.08 7227.02 4 120 34.8 < 0.0001

Grazing × 
Successional 16749.86 2093.73 8 120 10.08 < 0.0001

Change 
in percent 

cover 
of E. 

atherica

Grazing 8947.44 4473.72 2 10 19.58 0.0003

Successional 
stage 2973.47 743.37 4 5 3.25 0.1139

65422.54 65422.54 1 195 286.36 < 0.0001
Grazing × 

Successional 
stage

2780.8 347.6 8 10 1.52 0.2623

Grazing × 12888.45 6444.23 2 195 28.21 < 0.0001

Successional 33346.61 8336.65 4 195 36.49 < 0.0001

Grazing × 
Successional 15496.77 1937.1 8 195 8.48 < 0.0001
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Abstract 

The evolutionary effects of small herbivores on plant populations (e.g. 
genotype diversity and structure), which can impact community and ecosystem 
processes, remains unclear. To explore the evolutionary effects of small 
herbivores on a dominant clonal plant population, we used a 22-year hare 
and goose exclosure experiment at two successional stages in a salt marsh. 

Elytrigia atherica within 1 m × 1m plots inside 

the genetic population differentiation, genetic diversity, and spatial genetic 

succession stage, where herbivore abundance was high, the population of E. 
atherica from the ungrazed treatment substantially differentiated in genetic 
distance from that of the grazed. Via assigning genotypes, we found that 
these two populations had different dominant genotypes. A complementary 
greenhouse experiment revealed that the dominant genotype in the grazed 
treatment was associated with the ‘guerrilla’ growth strategy (i.e. more 
and longer rhizomes), while the most dominant genotype in the ungrazed 
treatment was associated with the ‘phalanx’ growth strategy (i.e. fewer, shorter 

that was positively correlated with their geographic distance in the ungrazed 
treatment, while no clear relationship was found in the grazed treatment at 
the early stage, as well as the intermediate stage. However, we detected no 

between the grazed and ungrazed treatments at both stages. Our results 
suggest that small herbivores can have substantial evolutionary effects, and 
via selecting particular dominant genotypes of a dominant plant population, 
grazing may impact plant-plant interaction, and community processes. 
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Introduction 

Salt marshes are the typical stressful habitats where clonal plants dominate 
et al. 2004). Clonal reproduction 

is essential for the survival, establishment and expansion of those plants 
(Pennings & Callaway 2000). Clonal plants reproduce asexually using 
different growth strategies, including the phalanx strategy and the guerrilla 
strategy (Barrett 2015). Using the phalanx strategy, ramets produce less and 
shorter stolons and rhizomes, and grow closely to genets, which, however, 
limit the mixing of ramets of different clones. By contrast, using guerrilla 
strategy, ramets produce more and longer stolons and rhizomes, and grow 
further away from genets, thus, promote mixing of ramets of different clones 
(Barrett 2015). However, in recent years, researchers found that genotype 
(genetic) diversity is unexpectedly high in some of those clonal plants in salt 
marshes (Bockelmann et al. 2003; Richards et al. 2004; Travis & Hester 2005; 
Rouger & Jump 2014). Several processes can affect genotype and genetic 
diversity in clonal plants. First, sexual reproduction, although assumed to be 
less important in clonal plants, does exist in clonal plants in salt marshes. 
Bengtsson (2003) found that even small amount of sexual reproduction can 
generate considerable genetic variation within populations. Second, somatic 

in creating genotype and genetic diversity (Barrett 2015). Third, methylation-
based epigenetic alterations (Herrera & Bazaga 2011; Gáspár et al. 2019), 
which can create new genotypes, and these alterations can be passed to 
offspring. Fourth, genotype selection, for instance, some genotypes are more 
adapted to a certain environment, thus outcompete other less adapted ones, 
which impacts genotype (genetic) diversity (Hartnett & Bazzaz 1985). 

Studies from grasslands show that herbivores, particularly the large ones, can 
impact genotype and genetic diversity, as well as spatial genetic structure, and 
genetic differentiation (hereafter, evolutionary effects) in plant populations 
(Billington et al.
Smith et al. 2009; Veeneklaas et al. 2011). Herbivores do so possibly by 
affecting sexual reproduction, somatic mutation, epigenetic alterations and 

compared with hey meadow, where seedlings of Veratrum album were 
mainly recruited by seeds, clonal reporoduction accounted for almost half of 
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the population growth under long-term grazing, and led to lower genotype 
diversity and spatial aggregation of clones. Herrera and Bazaga (2011) found 
substantial epigenetic variation among individuals of Viola cazorlensis, and 
that this variation in multilocus epigenotypes was correlated with different 
levels of browsing damage in a two-decade-long monitoring experiment. 
Völler et al (2013) grew offspring of eight common grassland species 
collected from a broad range of land-use types and intensities in Germany, 

consistently shifting away from the typical time of management. Shifted 

population differentiation (Silvertown et al. 2005). Genotype selection has 
been suggested as one of the underlying processes for the evolutionary 
effects of herbivores (Didiano et al. 2014; Völler et al. 2017). Díaz et al 
(2007) proposed that genotypes with a small size, a prostrate growth form, 
and a stoloniferous artitecture may increase their occurrence under grazing. 
In addition, different growth strategies can be promoted under grazing, 
depending on the palatability of plant species. For unpalatable species, the 
phalanx strategy may be more advantageous, as the unpalatable adult plants 

Steinger 2002). However, so far, empirical evidence for evolutionary effects 
of vertebrate herbivores via selection of different genotypes and different 
growth strategies is rare. 

In addition, studies examining the evolutionary effects of small vertebrate 
herbivores (1 kg < body mass < 10 kg) remain sparse. Didiano et al. (2014) 
found that long-term (> 20 years) grazing by rabbits drives evolutionarily trait 
differentiation, although only in one of four plant species, with the highest 
abundance in Silwood Park, England. Given that herbivore abundance 
can sometimes be more important than herbivore size in regulating plant 
communities (Olofsson et al. 2004), we expect the small herbivores can also 
have substantial evolutionary effects on plant populations, particularly when 
their abundance is high. 

of Schiermonnikoog, the Netherlands, to explore the evolutionary effects 

exclosures at two successional stages (early and intermediate), where the 
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early successional stage (hereafter, early stage) had much higher abundance 
of hares and geese than the intermediate successional stage (hereafter, 

studies found that hares and geese suppress the expansion of the tall late 
successional grass E. atherica for at least 22 years (Chen et al. 2019), likely 

et al. 2004). 
In general, adult plants of E. atherica are not preferred by hares and geese, 
however, the seedlings are still consumed considerably (Fokkema et al., 2016; 

the genetic population differentiation, genetic diversity, spatial genetic 
structure, genotype richness, diversity, and distribution of E. atherica inside 

effects of grazing would be particularly apparent at the early successional 

following hypotheses: 1) genotypes in the grazed areas differentiate from that 
of the ungrazed exclosures; 2) the phalanx growth strategy is more common 
in the grazed areas than in the ungrazed exclosures; 3) the genetic diversity, 
genotype richness, and diversity are higher in the grazed areas than in the 
ungrazed exclosures. 

Materials and methods
Study site

(53°30’ N, 6°10’ E), the Netherlands. The eastern part of this salt marsh has 
only been grazed by small herbivores, notably spring staging Brent Geese 
(Branta bernicla), Barnacle Geese (Branta leucopsis), and year-round present 
Brown hares (Lepus europaeus) and rabbits (Oryctolagus cunniculus). Hares 
and geese are the most abundant herbivores, while predators are rare here (Van 

A natural successional gradient 
is present in this salt marsh: the eastern part of the island is younger than the 

long-term hare and goose exclosures along this successional gradient initiated 

located at early and intermediate stages (age of the marshes counted from the 
year vegetation established at that stage to the year 1994 when the herbivore 
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exclusion experiment started, 10 and 40 years for the early and intermediate 
stage, respectively). The early stage had a higher abundance of hares and 
geese than the intermediate stage (Table S1). Apart from the difference in 
herbivore abundance, the two exclosures had similar abiotic conditions in 
2016 (see Table S2 for a detailed comparison of clay thickness and elevation). 
E. atherica rarely occurred (< 2.5 %; percent cover) inside and outside the 
exclosures at these two successional stages in 1995 (Table S3), which gave 
us a great opportunity to explore how long-term grazing by hares and geese 
impacts its population ecologically and evolutionarily. 

Study species
E. atherica is a hexaploid, clonal, perennial grass. It can also reproduce 

2003). Seeds are mainly dispersed by tides and wind (Chang et al. 2005). 
It is a tall, late successional grass, native to this system, although in recent 
decades, this grass has strongly expanded its range in salt marshes (from the 
high marshes to the lower and younger salt marshes) (Veeneklaas et al. 2013). 
As a result, it led to high dominance and subsequently a decrease in plant 
diversity. This phenomenon is widely observed in salt marshes across Europe 

et al. et al. et al. 2014; Rupprecht et 
al. et al. 2017). Previous studies found genetic population 
differentiation of this grass under different abiotic conditions (Bockelmann, 

Bakker, 2003). Veeneklaas et al (2011) also found that long-term grazing by 
large herbivores (cattle) drives phenotypic and genotypic differentiation of E. 
atherica in the western part of this salt marsh.

Experimental design and data collection
Similar to the size of exclosures (hereafter, ungrazed treatment), we marked 
an area ca. 6 m × 8 m outside the exclosures (hereafter, grazed treatment) at 
both stages in June 2017. The distance between the area and the exclosure 

m), and within each grid, we collected one individual of E. atherica, usually 
in the middle of the grid. E. atherica did not occur everywhere, particularly in 
the grazed area, therefore sample size was less than 25 for some plots (sample 
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size for each plot can be found in Table S4). Individuals were brought to the 
lab and dried to constant weight in the oven (70 °C).

Genotyping
A small piece (ca. 2 mg) of dried leaf sample from each individual was used for 

(empty) control for each 96-well plate. Positive control (s209) was also 
added to check for the repeatability and reliability of genotype assignment. 
Sample s209 was collected from the high marsh at stage 10, and one to two 
samples of s209 were added per plate. Following Bockelmann et. al (2003), 

ECGA89) originally designed for the other Poaceae species, Elymus caninus 
(Sun, Salomon, & Bothmer, 1998) and Triticum aestivum (Röder et al., 1998). 
Details for those markers can be found in Bockelmann et. al (2003). DNA 

products were visualized using 3730 DNA analyzer. The microsatellite peak 
patterns (height > 100) were scored and manually checked using GeneMapper. 

Greenhouse experiment
The rhizomes of those individuals of E. atherica were dug out, cleaned, 
standardized to similar size (2-3 roots, 1-2 cm for each) for the greenhouse 
experiment. Unfortunately, due to the hot weather during transplantation, only 
a few individuals survived. Those individuals were grown from June 2017 to 

sand, and were watered with ¼ Hogland solution 2-3 times per week. Pots 
were rearranged every month to randomize their position in the greenhouse. 
Greenhouse was maintained at temperature of 17°C (day) and 14°C (night), 
light intensity of 439 ± 6.9l mol for 12 h, and humidity of 70 %. In April 2018, 
we measured the number of ramets, and the height of the highest individual 

weighed those after drying at 70 °C in the oven to constant weight. 
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experiment. Unfortunately, due to the hot weather during transplantation, only 
a few individuals survived. Those individuals were grown from June 2017 to 

sand, and were watered with ¼ Hogland solution 2-3 times per week. Pots 
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light intensity of 439 ± 6.9l mol for 12 h, and humidity of 70 %. In April 2018, 
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weighed those after drying at 70 °C in the oven to constant weight. 
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Data analysis
As E. atherica is a hexaploid species, prohibiting the calculation of single-

matrix based on microsatellite peak patterns, similar to the classical genetic 

has been used in this system before and proved to yield satisfactory results 
(Bockelmann et al. 2003; Scheepens et al. 2007; Veeneklaas et al. 2011). 

Genetic population differentiation 

samples of s209 using Dice dissimilarity from package ade4 (Valladares et al. 

E. atherica

vegan (Oksanen 2015) to perform an AMOVA test among 579 individuals 
with 999 permutations, and partitioned the genetic variation into stage/
grazing/plot. 

Genetic diversity within plots, genetic distance between plots and spatial 
genetic structure

et al. 2007) to calculate genetic diversity 
within and genetic distance between plots, as several studies suggest that 
the chance to pick up two identical genotypes decreases strongly when their 

et al. 2004; Scheepens et 
al.
with another one from the same plot to maximize the sum of distance between 
pairs. For Kosman index between plots (KB), one individual from one plot 
was paired with another individual from another plot to minimize the sum of 
distance between pairs. These sums were then divided by the number of pairs. 

(the smallest sample size), as it requires equal sample size from different 

(Hornik 2005) to match those individuals resulting in the maximum sum 
within plots and the minimum sum between plots following Rouger & Jump 
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the response variable, respectively. Grazing, stage and their interaction were 
the explanatory variables.

To explore spatial genetic structure within plots, the pairwise dissimilarity 
distances (Dice) between individuals were tested against the euclidean 
distances of these individuals based on their grids within the plots using 
mantel test with 999 permutations. For between plots, the KB distance was 
tested against the geographic distances of those plots using mantel test with 

plots based on their coordinates, measured using dGPS (Trimble TSC3, RD 
system).

Genotype richness, diversity and distribution 

not 100% identical for two samples of the same plant, we found that peak 
patterns of samples of s209 did not always overlap one another. Douhovnikoff 
& Dodd (2003) suggest that setting a similarity threshold can reduce the scoring 

different individuals. They suggested to use the mean and standard deviation 

the mean (0.42) and mean minus one standard deviation (0.34) of samples 

package polysat (Lindsay et al. 2018) with threshold of 0, 0.34 and 0.42, 

detected divided by the number of individuals genotyped in one plot (area). In 
addition, genotype diversity (Shannon diversity) was calculated using function 
genotypeDiversity from package polysat with those thresholds. Sample size, 
number of alleles detected, genotype richness and diversity for each plot can 

scale using lm model. In the model, genotype richness and genotype diversity 
were the response variables, respectively. Grazing, stage and their interaction 
were the explanatory variables. In addition, we mapped genotypes for all 
individuals in their grids within plots. Data analysis was performed in R3.5.3.
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were the explanatory variables. In addition, we mapped genotypes for all 
individuals in their grids within plots. Data analysis was performed in R3.5.3.
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Results
Genetic population differentiation
The population from the ungrazed treatment at early stage segregated from the 
other three populations, particularly from the grazed treatment at early stage 

between grazing within successional stage (F = 26.70, p = 0.001), which 
explained around 6.6 % of the genetic variation (Table S5). 

Fig. 1 Genetic distance of individuals of E. atherica. Population from the ungrazed 
treatment substantially differentiated from that of the grazed at early successional 
stage. The centroids of grazed and ungrazed at early and intermediate stage, as well 
as reference sample s209, are indicated. The ellipses denote the 95 % bivariate 

the PCoA axes.

Genetic diversity within plots and genetic distance between plots

genetic diversity within plots and genetic distance between plots (Table S6; S7). 
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Spatial genetic structure within and between plots 

geographic distance within plots only in grazed treatment at intermediate 

positively correlated with geographic distance in ungrazed treatment at early 

with 999 permutation), while no clear relationship was shown in grazed 
treatments (Fig. 3; Table S9). 

Fig. 3 Genetic distance between plots and geographic distance. In the ungrazed 
treatment, genetic distance between plots increased as the geographic distance 

p < 0.05), while 
p > 0.05). Grey areas denote 95 % 

Genotype richness, diversity and distribution
Genotype richness and diversity changed substantially as the thresholds 
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changed. Overall, we detected genotype richness of 0.72, 0.15 and 0.03 using 

in grazed plots at early stage changed from 0.75 on average to 0.18 to 0.07 
when the threshold increased from 0 to 0.34 to 0.42, respectively (Table S10). 

with stage for all three thresholds considered (Table S11). Similarly, at the 6 
m × 8 m scale, genotype richness and diversity changed substantially as the 
thresholds changed (Table S12). Genotype richness in the grazed treatment at 
early stage changed from 0.72 to 0.13 to 0.01 when the threshold increased 
from 0 to 0.34 to 0.42, respectively. Genotype richness and diversity were 
higher in the grazed treatment than the ungrazed at early stage, except when 
the threshold increased to 0.42, when genotype richness in the grazed area 
was only one fourth of that of the ungrazed. In contrast, genotype richness and 
diversity were lower in grazed than that of ungrazed at the intermediate stage 
for three different thresholds considered, although in general the differences 
were small. 

Assigning genotypes using the threshold of 0.34, the dominant genotypes 
were different in different populations. In the population of the grazed 
treatment at early stage, genotype 1 was the most dominant, with 86 of 134 
individuals genotyped belonging to this genotype. In that of the ungrazed at 
early stage, genotype 5 was the most dominant one, followed by genotype 
1, with 76 and 58 of 155 individuals belonging to these two genotypes, 
respectively. In the grazed population at intermediate stage, genotype 1 and 5 
were co-dominant, with 23 and 31of 135 individuals belonging to these two 
genotypes, respectively. In that of the ungrazed at intermediate stage, genotype 
5 and 42 were co-dominant, with 31 and 27 of 155 individuals belonging to 
these two genotypes, respectively. Assigning genotypes using threshold of 0, 
there were no particular genotypes dominating in any population. Assigning 
genotypes using threshold of 0.42, one single genotype dominated all the four 
populations. 

Traits of dominant genotypes 

belonging to genotype 1, 5 and 42, respectively, using the threshold of 0.34. 
Those dominant genotypes differentiated in some phenotypic traits. Genotype 
1 and 42 produced 24 % and 30 % less ramets compared with genotype 5, 
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belonging to genotype 1, 5 and 42, respectively, using the threshold of 0.34. 
Those dominant genotypes differentiated in some phenotypic traits. Genotype 
1 and 42 produced 24 % and 30 % less ramets compared with genotype 5, 
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respectively. However, genotype 1 produced 16 % and 41 % more in total 
length of rhizomes and stolons than genotype 5 and 42, respectively. In 
addition, genotype 1 produced 42 % and 91 % more in biomass of rhizomes 
and stolons than genotype 5 and 42, respectively (Table 1).
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Fig. 4 Distribution of genotypes of Elytrigia atherica. Genotype 1 dominated in 
grazed treatment at early stage. Genotype 5 and 1 dominated in ungrazed treatment 
at early stage. Genotype 5 and 1 also dominated in grazed treatment at intermediate 
stage. Genotype 5 and 42 dominated in ungrazed treatment at intermediate stage. 
Genotypes were assigned using the threshold of 0.34. Different numbers within plots 
represent different genotypes. Number from 1-7 represent number for 1 m × 1 m 
plots. NAs represent missing data. 
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Table 1 Traits of individuals of genotype 1, 5 and 42. Genotypes were assigned 
using the threshold of 0.34. 

Geno-
types N Number 

of ramets
Height 
(cm)

Length of 
rhizomes 

(cm)

Biomass 
of shoots 

(g)

Biomass of 
rhizomes 

(g)

Biomass 
of roots 

(g)

Root 
shoot 
ratio 

1 19 35.74 ± 
2.948

80.22 ± 
1.345

78.08 ± 
17.883

9.63 ± 
0.766

0.90 ± 
0.277

11.09 ± 
2.060

1.03 ± 
0.119

5 4 47.00 ± 
3.629

79.20 ± 
1.465

67.25 ± 
23.194

10.32 ± 
1.065

0.56 ± 
0.190

10.74 ± 
1.178

1.05 ± 
0.113

42 5 32.80 ± 
5.014

76.14 ± 
1.115

49.94 ± 
32.899

9.46 ± 
1.446

0.47 ± 
0.297

9.14 ± 
2.777

0.90 ± 
0.179

Discussion
Using molecular marker, we genotyped individuals of the clonal plant E. 
atherica, collected from a 22-year hare and goose exclusion experiment at two 

where herbivore abundance was high, the population of E. atherica in the 
ungrazed treatment substantially differentiated in genetic distance from that of 
the grazed treatment. In addition, via assigning genotypes using the threshold 
of 0.34, we found that genotype 1 dominated in the grazed population at early 
stage, while genotype 5 and 1 dominated that of the ungrazed treatment. 
Furthermore, genetic distance between plots was positively correlated with 
geographic distance. At intermediate successional stage, where herbivore 
abundance was low, we found that genotype 1 and 5 dominated in the grazed 
treatment, and genotype 5 and 42 dominated in the ungrazed treatment. 
Also, we found that genetic distance between plots was positively correlated 
with geographic distance in the ungrazed treatment. In the grazed treatment, 
genetic distance was positively correlated with geographic distance within 
plots. However, we found that grazing, and its interaction with successional 

and diversity. Our results suggest that the ecologically important small 
herbivores may also have substantial evolutionary effects on the dominant 
plant population in this system. 

As expected, we found genetic population differentiation via genotype selection 
under this long-term hare and goose exclosure experiment, particularly at 
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early stage, similar to long-term grazing by large domestic herbivores that led 
(Billington et al.

& Steinger 2002; Reisch & Poschlod 2009; Smith et al. 2009). Assigning 

16, 18 and 32 unique genotypes in grazed and ungrazed treatment at early and 

rare (occurred only once), this indicates that grazing may select for different 
genotypes. More importantly, we found that the population in the grazed 
treatment was dominated by genotype 1, while the population in the ungrazed 
treatment was dominated by genotype 5 and 1. Although at intermediate 
stage, the genetic populations did not strongly differentiate in grazed and 
ungrazed treatments, genotype 1 and 5, and genotype 5 and 42 dominated in 

those genotypes are associated with range and niche expansion (Coughlan 
et al. 2017). More importantly, long-term grazing by small herbivores may 
select for particular dominant genotypes of this dominant plant. 

Greenhouse experiment growing individuals of E. atherica collected from 
these exclosures suggested that those dominant genotypes differentiated in 
some phenotypic traits (notably length and biomass of rhizomes and stolons). 
This suggested that genotypes with the guerrilla growth strategy tended to 
increase in dominance under grazing, while genotypes with the phalanx growth 
strategy increased in abundance in the ungrazed treatment. This is contrary 
to our expectation that grazing would favor the phalanx growth strategy, as 
the relatively unpalatable adult plants would serve as protection for young 
seedlings from being grazed. One of the reasons can be that there were other 
more unpalatable plant species in the community, for instance, Artemisia 
maritima
observed that seedlings of E. athercia usually intermingle with A. maritima 
(Chen personal observation). The guerrilla growth strategy also allows plants 

are known to create heterogeneity in nutrient availability (e.g. Gillet, Kohler, 
Vandenberghe, & Buttler, 2010). Plants with the guerrilla growth strategy 
may also be more tolerant to herbivores, as new ramets can regrow quickly 
via rhizomes and stolons. On the other hand, the phalanx growth strategy 
via reducing biomass allocation in rhizomes and stolons allows clonal plants 
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and diversity. Our results suggest that the ecologically important small 
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plant population in this system. 
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under this long-term hare and goose exclosure experiment, particularly at 
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early stage, similar to long-term grazing by large domestic herbivores that led 
(Billington et al.

& Steinger 2002; Reisch & Poschlod 2009; Smith et al. 2009). Assigning 

16, 18 and 32 unique genotypes in grazed and ungrazed treatment at early and 
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those genotypes are associated with range and niche expansion (Coughlan 
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observed that seedlings of E. athercia usually intermingle with A. maritima 
(Chen personal observation). The guerrilla growth strategy also allows plants 

are known to create heterogeneity in nutrient availability (e.g. Gillet, Kohler, 
Vandenberghe, & Buttler, 2010). Plants with the guerrilla growth strategy 
may also be more tolerant to herbivores, as new ramets can regrow quickly 
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via reducing biomass allocation in rhizomes and stolons allows clonal plants 
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to produce more ramets, thus expand quickly. In addition, we found that in 
the ungrazed treatment at both stages, genetic distance between plots was 
positively correlated with their geographic distance. This supports the idea 
that grazing may promote genotypes with the guerrilla growth strategy, while 
genotypes with the phalanx growth strategy increased in occurrence and 
abundance in the ungrazed treatment. 

Although in the grazed areas no clear relationship was found between genetic 
distance between plots and their geographical distance, we found that genetic 

within plots in grazed treatment at intermediate stage, suggesting that clones 

important and essential to unravel the clonal and spatial genetic structure for 
clonal plants. On the other hand, in the grazed treatment at early stage, we 
detected no clear relationship between genetic distance and geographic distance 
both within and between plots. Smith et al. (2009) also found a less clear 
spatial genetic structure under livestock grazing compared with the ungrazed 
in two grasslands in Arizona and Argentina. Thus, grazing may eventually 
lead to increased homogeneity in genetic structure at the landscape scale. 

Contrary to our expectation, grazing and its interaction with stage did not 

One of the explanations could be that the effects of herbivores were more 

reproduction, somatic mutation, and epigenetic alterations probably all 
impact the genotype and genetic diversity in such a long-lived clonal plant, 
and future studies designed to separate those processes may help to reveal 

affect the results of genotype richness and diversity. For instance, when the 
threshold increased from 0 to 0.34 to 0.42, genotype richness in the grazed 
treatment (within the area of 6 m × 8 m) at stage 10 changed from 0.72 to 0.13 

richness was comparable to other studies in this system (Bockelmann et al. 
2003; Scheepens et al. 2007; Veeneklaas et al. 2011), as well as other plant 
species in other salt marshes (Richards et al. 2004; Travis & Hester 2005; 
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genotype distribution matched well with the genetic population differentiation 
using PcoA. Due to the small sample size of the reference sample, care was 
taken in interpreting the results using those thresholds. Previous studies also 

individuals (Douhovnikoff & Dodd 2003). Therefore, setting the threshold 
should be strongly recommended in further studies looking at the genotype 
richness and diversity within plant populations. 

It is well understood that herbivores play a substantial role in shaping vegetation 

of herbivores on individuals, plant populations and communities have been 
well documented, the evolutionary effects of herbivores on plant populations 
have so far received much less attention. Here we show that (high abundance 
of) small herbivores may have substantial evolutionary effects on a dominant 

spatial scale and short evolutionary time period. In addition, these evolutionary 
effects may in turn affect plant communities and ecosystem functioning. For 
instance, via selecting particular genotypes, grazing may affect plant-plant 
interactions, and ultimately affect community processes.
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Supplementary information 

Table S1 Hare and goose droppings at early and intermediate stage in 2001 and 
2016. Droppings were the means (± 1 se) of the 20 plots, each with summed whole 
year droppings, at each successional stage.

Grazer Stage N Droppings

Goose

Early
stage 2000 20 64.95 ± 6.989
Early
stage 2016 20 37.65 ± 12.398

Intermediate
stage 2000 20 31.60 ± 3.570

Intermediate
stage 2016 20 50.40 ± 10.182

Hare

Early
stage 2000 20 84.25 ± 26.218
Early
stage 2016 20 134.05 ± 18.940

Intermediate
stage 2000 20 39.75 ± 9.992

Intermediate
stage 2016 20 52.00 ± 5.580

Table S2 Environmental variables in the permanent plots (2 m × 2 m) at early and 
intermediate stage.

Stage vegetation 
succession 

started
Grazing N

Clay 
thickness 

(2001)

Clay 
thickness 

(2016)
Elevation 

(2016)

Early
stage 1984

Grazed 8 5.53 ± 
0.410

12.52 ± 
0.164

1.44 ± 
0.007

Ungrazed 8 6.09 ± 
0.549

12.33 ± 
0.576

1.45 ± 
0.007

Intermediate
stage 1957

Grazed 8 10.47 ± 
0.234

10.83 ± 
0.399

1.42 ± 
0.021

Ungrazed 8 10.69 ± 
0.326

12.12 ± 
0.180

1.41 ± 
0.023
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Table S3 Plant diversity (number of species) and percent cover of Elytrigia atherica 
in permanent plots (2 m × 2 m) of grazed and ungrazed at early and intermediate 
stage in 1995, 2001, and 2016. 

Stage Grazing N Plant diversity Elytrigia 
atherica (%)

1995 Early stage Grazed 8 12.12 ± 0.693 0.00 ± 0.000
1995 Early stage Ungrazed 8 12.00 ± 0.598 0.12 ± 0.082
1995 Intermediate 

stage
Grazed 8 13.12 ± 0.718 0.19 ± 0.091

1995 Intermediate 
stage

Ungrazed 8 12.88 ± 0.549 0.25 ± 0.094

2001 Early stage Grazed 8 13.00 ± 0.655 0.50 ± 0.189
2001 Early stage Ungrazed 8 7.62 ± 0.375 0.75 ± 0.164
2001 Intermediate 

stage
Grazed 8 10.25 ± 0.818 4.88 ± 3.593

2001 Intermediate 
stage

Ungrazed 8 9.25 ± 1.176 35.50 ± 14.469

2016 Early stage Grazed 8 6.25 ± 0.313 2.81 ± 1.847
2016 Early stage Ungrazed 8 3.00 ± 0.267 99.75 ± 0.250
2016 Intermediate 

stage
Grazed 8 7.75 ± 1.130 14.25 ± 5.799

2016 Intermediate 
stage

Ungrazed 8 6.75 ± 1.130 61.56 ± 12.998

Table S4 Sample size, number of alleles detected, genotype richness and diversity 
per plot in grazed and ungrazed treatments at early and intermediate successional 
stage.

Stage Grazing Plot N NA
GR 
(0)

GR 
(0.34)

GR 
(0.42)

GD 
(0)

GD
(0.34)

GD 
(0.42)

Early stage Grazed 1 19 27 0.68 0.16 0.11 2.31 0.94 0.94

Early stage Grazed 2 24 28 0.83 0.17 0.08 2.84 1.06 0.82

Early stage Grazed 3 24 35 0.88 0.38 0.04 2.98 2.34 2.07

Early stage Grazed 4 9 16 0.67 0.11 0.11 1.58 0.00 0.00

Early stage Grazed 5 20 29 0.80 0.25 0.05 2.69 1.40 1.16

table continues
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Stage Grazing Plot N NA
GR 
(0)

GR 
(0.34)

GR 
(0.42)

GD 
(0)

GD
(0.34)

GD 
(0.42)

Early stage Grazed 6 16 24 0.69 0.06 0.06 2.27 0.23 0.23

Early stage Grazed 7 22 26 0.73 0.14 0.05 2.67 0.86 0.77

Early stage Ungrazed 1 21 28 0.71 0.29 0.10 2.57 1.28 1.05

Early stage Ungrazed 2 24 25 0.58 0.08 0.04 2.28 0.29 0.29

Early stage Ungrazed 3 17 23 1.00 0.35 0.12 2.83 1.28 0.44

Early stage Ungrazed 4 25 28 0.88 0.24 0.12 3.05 1.38 1.11

Early stage Ungrazed 5 25 29 0.44 0.12 0.08 2.12 0.53 0.53

Early stage Ungrazed 6 19 22 0.74 0.11 0.05 2.52 0.21 0.00

Early stage Ungrazed 7 24 24 0.38 0.13 0.04 1.97 0.46 0.38

Intermedi-
ate stage Grazed 1 24 29 0.75 0.21 0.04 2.67 1.43 1.43

Intermedi-
ate stage Grazed 2 17 30 0.88 0.59 0.18 2.64 1.85 1.40

Intermedi-
ate stage Grazed 3 21 36 0.90 0.48 0.14 2.89 2.20 2.00

Intermedi-
ate stage Grazed 4 23 35 0.83 0.30 0.09 2.87 1.88 0.98

Intermedi-
ate stage Grazed 5 20 30 0.95 0.40 0.10 2.93 2.09 1.71

Intermedi-
ate stage Grazed 6 20 32 0.75 0.35 0.10 2.55 1.44 1.31

table continues
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Stage Grazing Plot N NA
GR 
(0)

GR 
(0.34)

GR 
(0.42)

GD 
(0)

GD
(0.34)

GD 
(0.42)

Intermedi-
ate stage Grazed 7 10 30 1.00 0.40 0.10 2.30 1.37 0.95

Intermedi-
ate stage Ungrazed 1 24 30 0.79 0.29 0.13 2.87 1.61 1.47

Intermedi-
ate stage Ungrazed 2 19 28 0.84 0.42 0.16 2.70 1.76 1.63

Intermedi-
ate stage Ungrazed 3 22 32 0.95 0.36 0.14 3.03 1.96 1.96

Intermedi-
ate stage Ungrazed 4 23 31 0.91 0.43 0.09 3.01 2.13 1.88

Intermedi-
ate stage Ungrazed 5 19 35 0.89 0.53 0.21 2.80 2.23 1.37

Intermedi-
ate stage Ungrazed 6 24 29 0.83 0.33 0.13 2.93 2.03 1.66

Intermedi-
ate stage Ungrazed 7 24 30 1.00 0.50 0.13 3.18 2.24 1.96

N: number of individuals of E. atherica genotyped; NA: number of alleles detected; 
GR: genotype richness; GD: genotype diversity. Numbers in parenthesis represent 
different thresholds based on sample s209, 0.34 was based on 7 samples of s209, 
0.42 was based on 9 samples of s209.
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 Table S5 Amova table for partitioning the genetic variation into Stage/grazing/plot.
Variables Df SumsOfSqs MeanSqs F.Model R2 Pr(>F)

Stage 1 3.062 3.062 24.813 0.031 0.001
Stage: Grazing 2 6.588 3.294 26.697 0.066 0.001
Stage: Grazing: 

Plot 24 21.74 0.906 7.342 0.219 0.001

Residuals 551 67.984 0.123 #N/A 0.684 #N/A
Total 578 99.373 #N/A #N/A 1 #N/A

Table S6 Genetic diversity within plots and genetic distance between plots. 

Variables Stage Grazing N Values

Genetic 
diversity 

Early stage 
Grazed 7 0.55 ± 0.030

Ungrazed 7 0.60 ± 0.030

Intermediate stage
Grazed 7 0.54 ± 0.046

Ungrazed 7 0.59 ± 0.045

Genetic 
distance 

Early stage
Grazed 21 0.46 ± 0.017

Ungrazed 21 0.49 ± 0.021

Intermediate stage
Grazed 21 0.52 ± 0.008

Ungrazed 21 0.51 ± 0.010

Table S7 Anova table testing the effects of successional stage, grazing and their 
interaction on genetic diversity within plots and genetic distance between plots. 

Variables Parameters Df Sum 
Sq

Mean 
Sq F P

Genetic diversity 
within plots

Stage 1 0 0 0.09 0.7638
Grazing 1 0.02 0.02 1.64 0.2131

Stage : Grazing 1 0 0 0.01 0.9304
Residuals 24 0.25 0.01 #N/A #N/A

Genetic distance 
between plots

Stage 1 0.04 0.04 7.64 0.0071
Grazing 1 0 0 0.62 0.4318

Stage : Grazing 1 0.01 0.01 1.15 0.2871

Residuals 80 0.39 0 #N/A #N/A
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Table S8 Mantel test for genetic distance and geographic distance within 1 m × 1 m 
plots. 

Stage Grazing Plot P
Early stage Grazed 1 0.03 0.358
Early stage Grazed 2 0.00 0.443
Early stage Grazed 3 0.08 0.145
Early stage Grazed 4 -0.16 0.741
Early stage Grazed 5 0.09 0.132
Early stage Grazed 6 -0.20 0.929
Early stage Grazed 7 0.02 0.421
Early stage Ungrazed 1 0.04 0.298
Early stage Ungrazed 2 0.03 0.38
Early stage Ungrazed 3 0.10 0.18
Early stage Ungrazed 4 0.08 0.122
Early stage Ungrazed 5 -0.07 0.765
Early stage Ungrazed 6 -0.07 0.712
Early stage Ungrazed 7 0.27 0.002

Intermediate stage Grazed 1 0.16 0.032
Intermediate stage Grazed 2 0.47 0.001
Intermediate stage Grazed 3 -0.03 0.62
Intermediate stage Grazed 4 0.19 0.021
Intermediate stage Grazed 5 0.30 0.002
Intermediate stage Grazed 6 0.15 0.055
Intermediate stage Grazed 7 0.26 0.043
Intermediate stage Ungrazed 1 -0.06 0.793
Intermediate stage Ungrazed 2 0.11 0.117
Intermediate stage Ungrazed 3 0.13 0.04
Intermediate stage Ungrazed 4 0.19 0.007
Intermediate stage Ungrazed 5 -0.07 0.71
Intermediate stage Ungrazed 6 0.04 0.289
Intermediate stage Ungrazed 7 0.11 0.072
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Table S8 Mantel test for genetic distance and geographic distance within 1 m × 1 m 
plots. 

Stage Grazing Plot P
Early stage Grazed 1 0.03 0.358
Early stage Grazed 2 0.00 0.443
Early stage Grazed 3 0.08 0.145
Early stage Grazed 4 -0.16 0.741
Early stage Grazed 5 0.09 0.132
Early stage Grazed 6 -0.20 0.929
Early stage Grazed 7 0.02 0.421
Early stage Ungrazed 1 0.04 0.298
Early stage Ungrazed 2 0.03 0.38
Early stage Ungrazed 3 0.10 0.18
Early stage Ungrazed 4 0.08 0.122
Early stage Ungrazed 5 -0.07 0.765
Early stage Ungrazed 6 -0.07 0.712
Early stage Ungrazed 7 0.27 0.002

Intermediate stage Grazed 1 0.16 0.032
Intermediate stage Grazed 2 0.47 0.001
Intermediate stage Grazed 3 -0.03 0.62
Intermediate stage Grazed 4 0.19 0.021
Intermediate stage Grazed 5 0.30 0.002
Intermediate stage Grazed 6 0.15 0.055
Intermediate stage Grazed 7 0.26 0.043
Intermediate stage Ungrazed 1 -0.06 0.793
Intermediate stage Ungrazed 2 0.11 0.117
Intermediate stage Ungrazed 3 0.13 0.04
Intermediate stage Ungrazed 4 0.19 0.007
Intermediate stage Ungrazed 5 -0.07 0.71
Intermediate stage Ungrazed 6 0.04 0.289
Intermediate stage Ungrazed 7 0.11 0.072
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Table S9 Mantel test for genetic distance between plots and geographic distance. 
Stage Grazing p

Early stage
Grazed 0.12 0.328

Ungrazed 0.79 0.01

Intermediate stage
Grazed 0.29 0.113

Ungrazed 0.61 0.006

Table S10 Genotype richness and diversity at 1 m × 1 m plot scale from grazed and 
ungrazed treatment at early and intermediate successional stage.

Stage Grazing N GR (0) GR 
(0.34)

GR 
(0.42) GD (0) GD 

(0.34)
GD 

(0.42)

Early 
stage

Grazed 7 0.75 ± 
0.031

0.18 ± 
0.039

0.07 ± 
0.011

2.48 ± 
0.179

0.98 ± 
0.291

0.86 ± 
0.254

Ungrazed 7 0.68 ± 
0.085

0.19 ± 
0.040

0.08 ± 
0.013

2.48 ± 
0.146

0.77 ± 
0.195

0.54 ± 
0.152

Inter-
mediate 

stage

Grazed 7 0.87 ± 
0.036

0.39 ± 
0.046

0.11 ± 
0.016

2.69 ± 
0.084

1.75 ± 
0.128

1.40 ± 
0.142

Ungrazed 7 0.89 ± 
0.028

0.41 ± 
0.033

0.14 ± 
0.014

2.93 ± 
0.060

1.99 ± 
0.090

1.70 ± 
0.090

N: number of plots; GR: genotype richness; GD: genotype diversity. Numbers in 
parenthesis represent different thresholds based on sample s209, 0.34 was based on 
7 samples of s209, 0.42 was based on 9 samples of s209.

Table S11 Anova table testing the effects of grazing, successional stage, and their 
interaction on genotype richness and genotype diversity at 1m × 1 m plot scale.

Variables Parameters Df Sum 
Sq

Mean 
Sq F P

Genotype 
richness (0)

Stage 1 0.19 0.19 10.34 0.0037
Grazing 1 0.01 0.01 0.28 0.6001

Stage : Grazing 1 0.02 0.02 1 0.3282
Residuals 24 0.43 0.02 #N/A #N/A

table continues
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Variables Parameters Df Sum 
Sq

Mean 
Sq F P

Genotype 
richness (0.34)

Stage 1 0.33 0.33 29.83 0
Grazing 1 0 0 0.13 0.7261

Stage : Grazing 1 0 0 0.03 0.871
Residuals 24 0.26 0.01 #N/A #N/A

Genotype 
richness (0.42)

Stage 1 0.02 0.02 12.06 0.002
Grazing 1 0 0 1.95 0.1749

Stage : Grazing 1 0 0 0.78 0.3866
Residuals 24 0.03 0 #N/A #N/A

Genotype 
diversity (0)

Stage 1 0.78 0.78 6.93 0.0146
Grazing 1 0.1 0.1 0.88 0.3563

Stage : Grazing 1 0.1 0.1 0.86 0.3621
Residuals 24 2.69 0.11 #N/A #N/A

Genotype 
diversity 

(0.34)

Stage 1 6.98 6.98 27.09 0
Grazing 1 0 0 0.01 0.9199

Stage : Grazing 1 0.34 0.34 1.34 0.2586
Residuals 24 6.18 0.26 #N/A #N/A

Genotype 
diversity 

(0.42)

Stage 1 5.07 5.07 24.99 0
Grazing 1 0 0 0 0.9832

Stage : Grazing 1 0.68 0.68 3.36 0.0792
Residuals 24 4.86 0.2 #N/A #N/A

Table S12 Sample size, genotype richness and diversity at the 6 m × 8 m scale from 
grazed and ungrazed treatment at early and intermediate successional stage.

Stage Grazing N GR 
(0)

GR 
(0.34)

GR 
(0.42)

GD 
(0)

GD 
(0.34)

GD 
(0.42)

Early 
stage

Grazed 134 0.72 0.13 0.01 4.36 2.11 0.85
Ungrazed 155 0.60 0.12 0.04 4.24 1.54 0.62

Inter-
mediate 

stage

Grazed 135 0.80 0.22 0.05 4.56 3.06 1.50
Ungrazed 155 0.84 0.26 0.06 4.79 3.13 1.57

N: number of individuals of E. atherica genotyped; GR: genotype richness; GD: 
genotype diversity. Numbers in parenthesis represent different thresholds based on 
sample s209, 0.34 was based on 7 samples of s209, 0.42 was based on 9 samples of s209.
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Impacts of large and small herbivores on plant diversity

Chapter 2 showed that, compared with the starting year 1972, plant diversity 
increased in the cattle grazing treatment, while it decreased in the ungrazed 
control 46 years after the start of the experiment. In addition, large herbivores 
increased plant diversity by 4.75 on average compared with the ungrazed 
control 46 years after the start of the experiment. Chapter 4 showed that, 
compared with the starting year 1994, plant diversity decreased over time 
at all successional stages except the earliest one during the 22-year small 
herbivore exclusion experiment, while small herbivores decreased species 
decline compared with the ungrazed control but only at one early successional 
stage (stage 10), where herbivore abundance was high. At this stage, hares and 
geese increased plant diversity by 3.25 on average compared with the ungrazed 
control 22 years after the start of the experiment. Large herbivores increased 
plant diversity via both increasing species gain and decreasing species loss 
(Chapter 3, Fig. 1). In addition, large herbivores increased plant diversity 
mainly via increasing light availability, but not via reducing dominance 
(Chapter 2). By suppressing the dominance of E.atherica, large herbivores 
strongly reduced aboveground biomass, compared with the ungrazed control, 
thus strongly increasing light availability at the ground level. In contrast, 
small herbivores increased plant diversity entirely via decreasing species 
loss (Chapter 4, Fig. 3), but not via changing in species gain. In addition, 
small herbivores increased plant diversity mainly via reducing dominance. 
Aboveground biomass at stage 10, where hares and geese were abundant, 

(grazed by hares and geese: 6.89 ± 0.50; ungrazed: 7.79 ± 0.42, mean ± 1 
se, aboveground biomass, g dw m-2, measured in June 2017). This suggests 
that large herbivores reduced aboveground biomass, thus increased light 
availability at the ground level, and subsequently increased plant diversity. 

reduced dominance, and thus reduced species decline over time (see Fig. 
1 for the processes and underlying mechanisms via which large and small 
herbivores can impact plant diversity). Therefore, although both large and 
small herbivores increased plant diversity in the long term, the underlying 
processes and subsequently, the underlying mechanisms for change in plant 
diversity were different for large and small herbivores.
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plant diversity.

Non-trophic and trophic effects of large and small herbivores 
Chapter 3 showed that in the short term, effects of large herbivores on 
plant diversity and plant communities were mainly due to trophic effects. 
However, non-trophic effects of large herbivores accumulated over time, 
exceeding that of trophic effects 23 years after the start of the experiment, 
and played an increasingly important role in regulating plant communities in 
the long term. Besides impacts on plant communities, non-trophic effects of 

soil texture which is more compactable (Schrama et al. 2013b, a). I did not 
explore the relative importance of trophic and non-trophic effects of small 
herbivores in this thesis. However, results from other salt marshes suggest 
that non-trophic effects of small herbivores also contribute substantially to 
the total effects of small herbivores on plant diversity and so regulate plant 
communities (Pascual et al. 2017). Also, previous studies show that when 
their abundance is high, small herbivores can have substantial effects on soil 
properties similar to that of large herbivores, possibly also via trampling the 
soil. For instance, increasing bulk density, reducing soil porosity (Elschot 
et al. 2015). In addition, via changing soil conditions, small herbivores can 

et al. 1999). 
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Evolutionary effects of small and large herbivores on the population of 
Elytrigia atherica
In Chapter 5, using hare and goose exclosures at stage 10 and 40, I found 
that at stage 10 where herbivore abundance was considerably higher than 
that of stage 40, the population of E. atherica from the ungrazed treatment 
substantially differentiated in genetic distance from that of the grazed. Via 
assigning genotypes, we found that these two populations had different 
dominant genotypes. A greenhouse experiment revealed that the dominant 
genotype in the grazed treatment was associated with the guerrilla growth 
strategy, while the most dominant genotype in the ungrazed treatment was 

genetic distance between plots was positively correlated with their geographic 
distance in the ungrazed treatment, while no clear relationship was found in 
the grazed treatment at stage 10, as well as stage 40. However, we detected 

diversity with and without grazing at both stages. Using the cattle exclusion 
experiment in the western part of this salt marsh, Veeneklaas et al. (2011) 
also found that genotype richness and diversity of E. atherica population 

However, in her study, the maximum mean distance between two identical 
genotypes in the cattle grazed treatment was more than 2-fold than that from 
ungrazed. Taken together, grazing may promote genotypes with the guerrilla 
growth strategy. The guerrilla growth strategy allows plants to forage more 

heterogeneity in nutrient availability (e.g. Gillet, Kohler, Vandenberghe, & 
Buttler, 2010). Plants with the guerrilla growth strategy may also be more 
tolerant to herbivores, as new ramets can regrow quickly via rhizomes and 
stolons. On the other hand, the phalanx growth strategy via reducing biomass 
allocation in rhizomes and stolons, allows clonal plants to produce more 
ramets, and expand quickly. Thus, the ecologically important small and large 
herbivores can also have substantial evolutionary effects on a dominant plant 
population. 

Short- and long-term results

long-term experiment should take the characteristics and developments of 
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(e.g. Tilman et al., 2001). However, we showed that 7 years was not long 
enough to capture the important changes in this system. For instance, the late 
successional species, E. atherica, did not establish in any permanent plots 
at earlier successional stages (percent cover < 2 %; including stage 1, 10 
and 20) 7 years after the start of the experiment (Chapter 4). In Chapter 
3, via partitioning total effects of large herbivores into trophic effects 
(removal of aboveground biomass) and non-trophic effects (e.g. trampling, 

years of the experiment, effects of large herbivores on plant diversity was 
mainly attributed to the trophic effects, as were many other shorter-term 
experiments (e.g. Kohler et al., 2004; Ludvíková et al., 2014). However, 
non-trophic effects of large herbivores increased over time, and exceeded 
that of trophic effects 23 years after the start of the experiment. Therefore, 
non-trophic effects of large herbivores can be seriously underestimated using 
those shorter-term experiments. In Chapter 4, we found that hares and geese 
together had a larger long-term impact than hares alone on plant communities. 
Particularly in controlling E. atherica and F. rubra 22 years after the start of 
the experiment. This is contrary to the previous study showing that hares play 
a more important role in structuring plant communities in this system based 

contrast indicates that effects of geese could be underestimated in this salt 
marsh based on short-term results. The above contrasting results of short 
and long-term necessitate running herbivore exclosure experiments for long 
term in order to fully assess the effects of large and small herbivores, and to 
unravel the underlying mechanisms. 

Future studies 
Using long-term large and small herbivore exclosure experiments, we show 
that compared with the ungrazed controls, both large and small herbivores can 
substantially increase plant diversity, indicating the sustainability of using low 
to moderate densities of large and small herbivores to preserve plant diversity. 
To the best of our knowledge, very few herbivore exclosure experiments have 
been running longer than ours. Therefore, our results yield substantial insight 
in biodiversity conservation, as well as restoration in salt marshes and other 
grasslands. Nonetheless, several questions remain unanswered. 
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So far, we have been focusing on long-term effects of large and small 
herbivores on plant diversity alone. In order to fully evaluate effects of large 
and small herbivores on biodiversity, also the diversity at other trophic levels, 
for instance, birds and invertebrate species, should be evaluated. 

In Chapter 3, we explored the mechanism of large herbivores on plant 
diversity, by decomposing the total effects of large herbivores into trophic 
and non-trophic effects. However, we did not directly measure trophic and 
non-trophic effects. Future studies directly separating effects of removal of 
aboveground biomass (trophic), deposition of urine and dung, and trampling 

strongly encouraged, to fully evaluate the relative importance of trophic and 
non-trophic effects. In addition, such experiments should run for longer term, 
as we found that non-trophic effects of large herbivores accumulate over time, 
and only become apparent in the long term. 

In Chapter 4, I showed that hares and geese together had a larger long-term 
impact than hares alone on plant communities, suggesting that a diverse 
herbivore community may have more positive effects on regulating plant 
communities. Future studies manipulating more than two herbivore species, 
with similar or contrasting preferred forage plants, in comparison to one 
herbivore species (keeping the abundance for treatment groups at the same 
level) would be a nice addition. Such experiments can truly tease apart the 
underlying mechanism of the effects of those herbivores on plant diversity 
from simply due to increased abundance to complementary or additive 
interaction between different herbivores. 

In Chapter 5, I showed that the ecologically important herbivores (hares and 
geese), can also have substantial evolutionary effects on a dominant plant 
population (E. atherica
these evolutionary effects observed in E. atherica would also be present in 
other species within the plant community simultaneously under the same 
grazing conditions. Future studies investigating similar research questions 
using molecular markers would shed light on divergence or convergence of 
evolutionary responses of plant populations under similar selection pressure. 
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Conclusion
Using the long-term large herbivore exclosure experiment, in combination 
with other management regimes, I compared different management regimes 
on plant diversity. I showed that long-term management is needed in order to 
preserve plant diversity in this naturally developed salt marsh. In addition, 
using long-term large and small herbivore exclosure experiments, I showed 
the sustainability of using low to moderate densities (usually relative to the 
productivity of the ecosystem) of large domestic and small wild herbivores 
to preserve plant diversity in salt marshes, which probably can also apply to 
other grasslands. However, patience is required from conservation managers, 
as the key results and underlying mechanisms take decades to develop. 
Currently, global livestock production is increasing (Thornton 2010), 
however, livestock (e.g. dairy cows) are increasingly being kept indoors 
(Mandel et al. 2016), fed by mown grasses and crops. Meanwhile, small 
herbivore populations are changing rapidly due to human-mediated global 
change. For instance, populations of European brown hares have declined 
dramatically in European grasslands, due to land use changes caused by 

et al. 2005), while populations of geese are 
rapidly increasing globally (Menu et al. 2002). Therefore, conserving large 
and small herbivores in salt marshes and also in other grasslands, is important 
for biodiversity conservation. 
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non-trophic effects. Future studies directly separating effects of removal of 
aboveground biomass (trophic), deposition of urine and dung, and trampling 

strongly encouraged, to fully evaluate the relative importance of trophic and 
non-trophic effects. In addition, such experiments should run for longer term, 
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Biodiversity on earth is closely associated with ecosystem processes, 
functioning, and services on which human beings depend (Díaz et al. 
2006). However, human-driven global change has led to a dramatic decline 
in biodiversity worldwide (Millennium Ecosystem Assessment 2005). 
Biodiversity loss alters ecosystem functioning (e.g. decreasing in stability 
(Hautier et al. 2015)), and threatens human well-being (Díaz et al. 2006; 
Cardinale et al. 2012). Therefore, understanding the mechanisms and 
drivers in maintaining biodiversity is of prime importance (Borer et al. 
2014). Grazing, particularly by large herbivores, promotes plant diversity in 
grasslands, including coastal grasslands (salt marshes), worldwide (Bakker 
et al. 2006; Borer et al. 2014; Davidson et al. 2017). However, these results 
are mainly derived from systems grazed by wild ungulates, usually with high 

results are also derived from shorter-term experiments, in which grasslands, 
particularly coastal grasslands, are grazed by domestic ungulates (e.g. cattle, 
sheep, and horses) typically with low herbivore species diversity. As most 
of the world’s grasslands are grazed by domestic animals, and high density 
grazing (overgrazing) has caused grassland degradation (O’Mara 2012). A 

can also promote plant diversity, and thereby ecosystem sustainability via 
trophic and non-trophic effects in the long term. Using a 46-year cattle 
grazing experiment in the salt marsh of the island of Schiermonnikoog as 
a model, I showed that the sustainability of using low to moderate densities 
of large domestic herbivores to conserve plant diversity. In addition, I found 
that small wild herbivores can also slow down plant species decline for at 
least 22 years. However, the effects from small herbivores highly depend 
on their abundance. Furthermore, I found that these ecologically important 
small herbivores can also have substantial evolutionary effects on a dominant 

In Chapter 1, 
herbivores in salt marshes.

In Chapter 2, I used the 46-year large herbivore exclosure experiment, in 
combination with other management regimes included in this experiment, to 
evaluate eight different management regimes (treatments) on the abundance 
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of a dominant plant species, plant diversity, and community composition and 
structure. Treatments consisted of the abandoned (no grazing and no mowing), 
mowing in early growing season, mowing in late growing season, mowing both 
in early and late growing season, cattle grazing, cattle grazing plus these three 
different mowing treatments. Results show that compared with the abandoned, 

grass Elytrigia atherica 46 years after the start of the experiment. In addition, 
all other treatments except mowing in early growing season, and mowing in 

treatments led to the divergence in community composition and structure via 
promoting different species. Treatments increased plant diversity most likely 
via increased light availability, but not via decreased dominance. Suppressed 
expansion of E. atherica was associated with reduced aboveground biomass, 
which in turn was associated with increased light availability. However, 
suppressed expansion of E. atherica was not associated with reduced 
dominance, as F. rubra became dominant in most of these plots. Our results have 
important implications for biodiversity conservation, as well as restoration in 
abandoned salt marshes, or other grasslands invaded by competitive species. 

In Chapter 3, using the 46-year large herbivore exclosure experiment, 
I compared cattle grazing, mowing in late growing season (a proxy of 
aboveground consumption, hereafter mowing) and the ungrazed control. 

treatment minus the ungrazed control, and decomposed this into non-trophic 
effects as the grazed minus the mowing treatment, and trophic effects as the 
mowing treatment minus the ungrazed control. I found that the non-trophic 
effects (e.g. trampling, deposition of urine and dung) of large herbivores on 
plant diversity increased over time, exceeding the trophic effects (aboveground 
biomass consumption) after 23 years. This long-term cumulation of non-
trophic effects through slow ecosystem-level feedbacks highlights the 
sustainability of using low to moderate densities of large herbivores to 
conserve plant diversity. Our results emphasize the need for the conservation 
and re-introduction of large herbivores, domestic or wild, to sustain long-term 
grassland plant diversity. 

In Chapter 4, I used the hare and goose exclosure experiment along the 
successional gradient, to investigate the effects of hares and geese, and hares 
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effects (e.g. trampling, deposition of urine and dung) of large herbivores on 
plant diversity increased over time, exceeding the trophic effects (aboveground 
biomass consumption) after 23 years. This long-term cumulation of non-
trophic effects through slow ecosystem-level feedbacks highlights the 
sustainability of using low to moderate densities of large herbivores to 
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In Chapter 4, I used the hare and goose exclosure experiment along the 
successional gradient, to investigate the effects of hares and geese, and hares 
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in the short and long term, i.e. 7 and 22 years, respectively. These ages were 
counted from the year vegetation established at that stage to the year 1994 
when the exclosures established. I found that plant diversity declined over 
time at all successional stages except for the earliest one. Small herbivores 
slowed down species decline, but only at one early successional stage. Small 
herbivores slowed down species decline via decreasing dominance of preferred 
grass Festuca rubra in the short term, and less preferred Elytrigia atherica 
in the long term. The effects of hares and geese were more pronounced than 
hares alone, indicating an important additive role of geese, especially in the 
long term. Our results suggest that small herbivores can have a strong and 
long-lasting impact on plant diversity, but it highly depends on the abundance 
of small herbivores, which in turn depends on the quality and abundance of 
forage plants. A diverse herbivore community may have more positive effects 
on regulating plant communities.

In Chapter 5, I explore the evolutionary effects of small herbivores on a 
dominant clonal plant population. I used the hare and goose exclosure 
experiment at two successional stages (stage 10 and 40) in this salt marsh. 
I collected individuals of Elytrigia atherica within 1 m × 1m plots inside 
and outside hare and goose exclosures (four populations). I genotyped 
those individuals using molecular markers. I characterized and compared 
the genetic population differentiation, genetic diversity, and spatial genetic 
structure, genotype richness, diversity and distribution. I found that at stage 
10, where herbivore abundance was high, population of E. atherica from the 
ungrazed treatment substantially differentiated in genetic distance from that 
of the grazed. Via assigning genotypes, I found that these two populations 
had different dominant genotypes. A complementary greenhouse experiment 
revealed that the dominant genotype in the grazed treatment was associated 
with the ‘guerrilla’ growth strategy (i.e. more and longer rhizomes), while the 
most dominant genotype in the ungrazed treatment was associated with the 

by the genetic distance between plots was positively correlated with their 
geographic distance in the ungrazed treatment, while no clear relationship was 
found in the grazed treatment at the early stage, as well as the intermediate 

genotype richness and diversity between the grazed and ungrazed treatments 
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S

at both stages. Our results suggest that small herbivores can have substantial 
evolutionary effects, and via selecting particular dominant genotypes of a 
dominant plant population, grazing may impact plant-plant interaction, and 
community processes.

In Chapter 6, I compared long-term effects of large and small herbivores, 
and the short- and long-term results from both large and small herbivore 
exclosure experiments. I suggested some future research needed based on my 
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In Hoofdstuk 1, heb ik een korte samenvatting gegeven van zoutmoerassen 
en de rol van grote en kleine herbivoren in deze zoutmoerassen.

In Hoofdstuk 2
gebruikt, in combinatie met andere management strategieën, om in totaal acht 
verschillende management strategieën (behandelingen) te evalueren op de 
aanwezigheid van dominante planten soorten, de diversiteit van planten en de 
compositie en structuur van de planten gemeenschap.
Deze behandelingen bestonden uit vier verschillende maai strategieën: niet 
maaien, maaien aan het begin van het groeiseizoen, maaien aan het einde 
van het groeiseizoen, en maaien aan zowel het begin als het einde van het 
groeiseizoen. Deze maai strategieën werden gecombineerd met twee andere 

verschillende behandelingen resulteerde.

het gebied niet werd gemaaid of begraasd, alle andere behandelingen de 
uitbreiding van het dominante gras Elytrigia atherica

behandelingen, met uitzondering van maaien in het vroege groeiseizoen 

vergroot. Verschillende behandelingen leidden echter tot verschillen in 
de samenstelling en structuur van de gemeenschap via de bevordering van 
verschillende soorten. Behandelingen verhoogde de planten diversiteit 

verminderde dominantie. Onderdrukte expansie van E. atherica ging gepaard 

stond met een verhoogde beschikbaarheid van licht. Onderdrukte uitbreiding 
van E. atherica was echter niet geassocieerd met verminderde dominantie, 
aangezien F. rubra dominant werd in de meeste van deze locaties.

de biodiversiteit, evenals voor herstel in verlaten zoutmoerassen, of andere 

In Hoofdstuk 3
exclosure experiment, om de invloed van grazen door vee, maaien in het late 
groeiseizoen (een proxy van bovengrondse consumptie, hierna te noemen 
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behandeling minus de onbegraasde controle, en dit onderverdeeld tot niet-

effecten als de gemaaide behandeling minus de niet-begraasde controle.

afzetting van urine en mest) van grote herbivoren de diversiteit van planten 

effecten door middel van langzame feedback op ecosysteem niveau benadrukt 
de duurzaamheid van het gebruik van lage tot matige dichtheden van grote 
herbivoren om de diversiteit van planten te behouden.
Onze resultaten onderstrepen de noodzaak van de instandhouding en 
herinvoering van grote herbivoren, getemd of in het wild, om de diversiteit 

In Hoofdstuk 4, heb ik het hazen en ganzen exclosure experiment langs de 
successiegradiënt gebruikt om de effecten van hazen en ganzen, en alleen 

successiestadia daalde, met uitzondering van het vroegste stadium. Kleine 
herbivoren heeft de achteruitgang van soorten vertraagd, echter maar in slechts 

geremd door de dominantie af te remmen van het favoriete gras Festuca rubra 
Elytrigia atherica op de lange 

Onze resultaten suggereren dat kleine herbivoren een sterke en langdurige 
invloed kunnen hebben op plantendiversiteit, maar het is in hoge mate 

afhangen van de kwaliteit en aanwezigheid van voedergewassen. Een diverse 
herbivoren gemeenschap kan een groter positief effect hebben op het reguleren 
van planten gemeenschappen.
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In Hoofdstuk 5, verken ik de evolutionaire effecten van kleine herbivoren op 
dominanten klonale planten populaties. Ik heb het hazen en ganzen exclosure 
experiment gebruikt in twee op opeenvolgende stadia (stadium 10 en 40) in 
zoutmoerassen. Ik heb individuen van Elytrigia atherica op plaatsen van 1 m 
× 1m binnen en buiten de exclosures verzameld. Tevens heb ik het genotype 
van deze individuen bepaald met behulp van moleculaire markers.

distributie gekenmerkt en vergeleken. In fase 10, waar herbivoren in overvloed 
waren, heb ik kunnen vaststellen dat de populatie van E. atherica in de 

vaststellen dat beide populaties verschillende dominante genotypes bevatten.
Een aanvullend broeikassen onderzoek heeft aangetoond dat het dominante 
genotype in de begraasde behandeling geassocieerd kon worden met het 

de meest dominante genotype in de onbegraasde behandeling geassocieerd 
kon worden met de ‘phalanx’ groei strategie (dat wil zeggen, minder en 
kortere rhizoma). Dit kon worden vastgesteld doordat het genetische verschil 

in de onbegraasde behandeling.

behandeling in het vroege stadium als zowel in het intermediaire stadium. 

behandeling op beide fases.

evolutionaire effect kunnen hebben. Tevens kan middels de nauwkeurige 
selectie van dominante genotypes van dominante planten populaties, grazen 
van deze kleine herbivoren de plant-plant interactie en gemeenschap processen 
beïnvloeden.

In Hoofdstuk 6

herbivoren vergeleken van het herbivoren exclosure experiment. Naast het 
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Sometimes, if I don’t think about it, I don’t even realize this. And this, getting 
older and older without realizing it scares me. After calm myself down, and 
think hard. I realize that I did learn much for the last four years. First of all, 

future. Third of all, I am much better equipped to do what I want to do. 

very sure, without this help, I cannot adapt so well. Particularly, I owe Ron, 

He a true friend, and a life partner. He is an excellent advisor, to all the tough 
matters I encountered, with an expertise in my social interaction with other 

a data scientist, he also helped me in some professional matters, for instance, 
writing functions, although he can only do this in Python, while I only use R. 
Last but not least, he also endured much of negative emotions. The last year 
of my PhD, I have been very focus on writing, and writing is not an easy task. 
It causes a lot of stress and sometimes, helpless, sadness, self-doubting and 
depression. Sometimes we don’t realize easily, but the fact is that people who 
live close to us, who care about us, suffer as much these negative emotions 
as we do. In case you are reading this, I would encourage you to thank those 

positive interactions with you, but also endure negative interactions. Ron’s 
help is tremendous but somewhat invisible, as people cannot read it on my 
papers. I also thank my parents, who do not know much what I am doing 
now, and sometimes don’t see it very clearly the use of my work, but still 

family members, especially my grandparents, my brother, and my aunt, who 
have always been very supportive with my work. 

I then thank all my coauthors, Juan, Jan, Ruth, Liesbeth, Dries, and Niek. 

learned much for all of them. I particularly respect Juan, as he is so modest, 
and always focusing on giving, rather than receiving. Most people focus on 
receiving, but not giving, me included. One of my observation through my 
other friends and acquaintances is that people like Juan do not receive less 
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than people like me. A conclusion I hope more and more people would read. 

points. He not only gave me comments suggesting that my writing was not 
good enough, but he also gave me suggestions how to improve my writing, 
and more importantly, in a very comfortable way. I hope that my cooperation 
with Juan will continue. I also have a lot of respect for Jan, he started the 
46-year cattle exclosure experiment, and ran it for four decades, without any 
funding. It shows his true passion and devotion to science. It also suggests 
that although money is important and essential for research, as well as for a 
living, with little money, there are still some good research we can do, and 
possibly, a good life we can live. Ruth gave me substantial help when I started 

hardest. Liesbeth gave me very professional comments and suggestions for 
chapter 3. Her way of commenting was also very comfortable, she suggested 

so, instead, she gave me a story about her early experience with this matter. 
Dries worked once on the small herbivore exclosure experiment, not only he 
gave me good comments on chapter 4, he also provided me the whole year 
dropping data he collected in 2001 as a nice addition. Niek was very patient 
and generous in answering many of my questions about Elytrigia atherica 

I also thank Han and Chris for offering me such a good platform to do my 

didn’t get a shock or laugh at me. He said I can give it a try. I respect and like 
him a lot for his devotion to science. He also told me many little but helpful 

I should learn to be a cat. A cat always relaxes, and only work hard when the 

of good advice, I do try to be a cat more nowadays, although I feel it is not 
too easy to be a cat as well, a cat must also pay a great attention while resting, 
otherwise, he wouldn’t know when the food comes. Han also suggested that I 
should type the data twice, and do calculation to check the accuracy. It works, 
and it is actually faster than type the data and check with those recorded 
on paper. Chris has been very approachable. Having regular meetings with 
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my own progress, which was very important in the early development of my 

to the salt marsh on the island of Schiermonnikoog. I believe that I made the 
right decision. I feel more at home on the island of Schier than the desert in 

time we went there, it was rainy and cold. He told me the most important 
thing to work in the salt marsh is to keep myself dry, which is absolutely true. 

I also thank many other people who helped me in this or that way during the 4 

Particularly I thank Jacob for his tremendous help in the greenhouse, for 
washing sand, watering my plants and putting a lot of love to my plants. Jacob 
is not only a colleague, he is also a dear friend of mine. I also have some good 

remember that one time, Erica and me went to the farthest exclosures in the 
east part of the island. It started to rain when we got there by bike for almost 
two hours, and the exclosures were inundated by the high tide, therefore we 

two hours until the tide went down. It was not the best nap I had, however, the 
most unforgettable one. 
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