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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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6Fig. 1 Conceptual framework illustrating how large and small herbivores impact 
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). 



Chapter 6

136

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.

Discussion and synthesis 

137

6Fig. 1 Conceptual framework illustrating how large and small herbivores impact 
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). 



Chapter 6

138

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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