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Abstract
1.	 Land abandonment has been increasing in recent decades in Europe, usually ac-

companied by biodiversity decline. Whether livestock grazing and mowing can 
safeguard biodiversity across spatial scales in the long term is unclear.

2.	 Using a 48-year experiment in a salt marsh, we compared land abandonment (with-
out grazing and mowing) and seven management regimes including cattle grazing, 
early season mowing, late season mowing, both early and late season mowing, and 
grazing plus each of the mowing regimes on plant diversity at the local and larger 
scales (i.e. aggregated local communities). Also, we compared their effects on com-
munity composition (both in identities and abundances) in time and space.

3.	 Under land abandonment, plant diversity declined in the local communities and 
this decline became more apparent at the larger scale, particularly for graminoids 
and halophytes. All management regimes, except for late season mowing, main-
tained plant diversity at these scales.

4.	 Local plant communities under all treatments underwent different successional 
trajectories, in the end, diverged from their initial state except for that under graz-
ing (a cyclic succession). Year-to-year changes in local community composition 
remained at a similar level over time under land abandonment and grazing plus 
early season mowing while it changed under other treatments. Vegetation ho-
mogenized at the larger scale over time under land abandonment while vegetation 
remained heterogeneous under all management regimes.

5.	 Synthesis. Our experiment suggests that late season mowing may not be sustainable 
to conserve plant diversity in salt marshes. Other management regimes can main-
tain plant diversity across spatial scales and vegetation heterogeneity at the larger 
scale in the long term, but local community composition may change over time.
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1  | INTRODUC TION

In Europe, food production has been increasingly intensified in 
high-productive farming systems while low-productive farming sys-
tems that harbour high biodiversity have been abandoned (Bignal & 
McCracken, 1996; Terres et al., 2015; Ustaoglu & Collier, 2018). Land 
abandonment has been widely observed in grasslands and salt marshes 
(Bakker et al., 2003; Poschlod et al., 2005). Grasslands and salt marshes 
have striking differences (salt marshes face salinity and inundation 
stress; Bakker, 1989), but they also share similarities. For instance, both 
systems are dominated by herbaceous plants and traditionally grazed by 
livestock for food production (e.g. meat and milk). Similarly, mowing for 
hay (to feed livestock) used to be a common practice in grasslands and 
salt marshes (Bakker, 1989; Gedan et al., 2009; Poschlod et al., 2005). 
Mowing is still common in grasslands, but it is rare in salt marshes 
(Esselink, 2017; Tälle et al., 2016). Land abandonment in grasslands and 
salt marshes is usually accompanied by negative consequences such as 
biodiversity decline (Terres et al., 2015; Ustaoglu & Collier, 2018).

To reverse the trend of biodiversity decline, herbivore rein-
troduction gained popularity in recent years (Garrido et  al.,  2019; 
Kumm,  2003). However, whether livestock grazing is optimal to 
conserve plant diversity in the long term is still debated (Bakker 
et al., 2003). Although livestock grazing generally increases plant di-
versity in European grasslands and salt marshes (Davidson et al., 2017; 
Tälle et al., 2016), these results are often based on shorter-term ex-
periments (<15 years). In the long term (time-scale across multiple 
decades), herbivores may promote dominance of gazing-tolerant or 
-resistant plant species (Olff & Ritchie, 1998), which, in turn, may de-
crease plant diversity (Koerner et al., 2018). Alternatively, herbivores 
may promote plant diversity because they increase habitat hetero-
geneity over time via trampling and localized deposition of urine and 
dung (Gillet et al., 2010; Ludvíková et al., 2014; Van Klink et al., 2015). 
A heterogeneous environment usually harbours more plant diversity 
(Davies et al., 2005; Lundholm & Larson, 2003). Meanwhile, whether 
other traditional management tools such as mowing can be useful 
alternatives to livestock grazing in conserving plant diversity in the 
long term remains elusive. To our knowledge, the effects of livestock 
grazing and mowing on plant diversity in salt marshes have rarely 
been compared (but see Bakker,  1978). Shorter-term experiments 
comparing grazing and mowing in grasslands yielded inconsistent re-
sults (e.g. Catorci et al., 2014; De Cauwer & Reheul, 2009; Wellstein 
et al., 2007) while longer-term experiments are rare. Therefore, com-
parisons of long-term livestock grazing and mowing are needed to 
gain insight into improved management in conserving plant diversity 
in abandoned land (Garrido et al., 2019; Tälle et al., 2016).

Effects of grazing and mowing on plant diversity and community 
composition may be different (Tälle et  al.,  2016), and these differ-
ences may increase over time. Both herbivore grazing and mowing 
remove above-ground biomass, but herbivores remove biomass con-
tinuously and selectively, while mowing removes biomass drastically 
and uniformly (Tälle et al., 2016). Besides removing biomass, herbi-
vore trampling and deposition of urine and dung can impact plant 
diversity and community composition (Kobayashi et al., 1997; Kohler 

et al., 2004; Lezama & Paruelo, 2016; Ludvíková et al., 2014). For in-
stance, herbivores may suppress forbs while promoting graminoids 
because graminoids have basal meristems which may be more resis-
tant to trampling (Briske & Richards, 1995). Also, tiller-forming gram-
inoids can tolerate repeated biomass removal better than forbs via 
rapid compensatory growth (Van Der Graaf et al., 2005). Trampling 
may also induce anoxic conditions in soil similar to that of inundation, 
which may promote halophytes (Van Klink et al., 2015). Halophytes 
are plant species well adapted to saline and anoxic conditions (Bakker 
et al., 2002; Scherfose, 1990). These trampling effects tend to accu-
mulate over time (Elschot et al., 2015; Mikola et al., 2009; Van Klink 
et al., 2015). Therefore, the effects of herbivore grazing and mowing 
on plant diversity and community composition may become more dis-
tinct in the long term (Chen et al., 2020; Moog et al., 2002).

Not only long-term but also cross-scale monitoring is needed to 
fully evaluate biodiversity changes in response to ecological drivers 
such as grazing and mowing and to inform conservation and man-
agement (Chase et al., 2018; Isbell et al., 2017). However, ecologists 
often focus on small spatial scales (plots; e.g. Collins et al., 1998; De 
Cauwer & Reheul, 2009; Kahmen et al., 2002; Lepš, 2014). Studies 
show that the effects of herbivore grazing and mowing on plant 
communities are sometimes scale-dependent (Collins et  al.,  2002; 
Lepš, 2014; Oldén & Halme, 2016; Wanner et al., 2014). For instance, 
Wanner et al.  (2014) found that the effects of herbivores on plant 
diversity are more apparent in local communities (4 m2) than at the 
landscape scale in a Wadden Sea salt marsh. However, Oldén and 
Halme (2016) found that herbivores not only increase plant diversity 
in local communities but also promote vegetation heterogeneity at 
a larger scale (aggregated local communities) in a woody pasture in 
Finland. A heterogeneous vegetation structure at a larger scale is 
often needed to warrant biodiversity at multiple trophic levels (Van 
Klink et al., 2016; Wanner et al., 2014). To our knowledge, long-term 
effects of grazing and mowing on plant diversity and community 
composition at multiple spatial scales have rarely been compared.

Here, using a 48-year experiment in a salt marsh, we compare the 
effects of land abandonment (control; without grazing and mowing), 
and seven management regimes on plant diversity and community 
composition across spatial scales. These management regimes in-
clude cattle grazing, early season mowing, late season mowing, both 
early and late season mowing, and grazing plus each of the mowing 
regimes. Specifically, we ask two questions: (a) how do these eight 
treatments impact plant diversity and diversity in different func-
tional groups at the local and larger scales (aggregated local com-
munities) and (b) how do treatments alter community composition in 
time and space (local and larger scales, respectively).

2  | MATERIAL S AND METHODS

2.1 | Study system

The experiment was conducted in the natural salt marsh of 
the barrier island of Schiermonnikoog (53°30′N, 6°10′E), the 
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Netherlands (Bakker, 1989). This island is between the North Sea 
and the shallow Wadden Sea, and it is 10 km from the mainland. 
The salt marsh emerged on former beach plains with small embry-
onic dunes in the shelter of large dune systems. The study area 
has developed since 1870 when plants established and trapped 
sediment from tides (Olff et  al.,  1997; Figure  1). Plant zonation 
is not very clear in the field, the salt marsh is locally dominated 
by various species such as Limonium vulgare, Artemisia maritima, 
Festuca rubra ssp. litoralis (hereafter F. rubra) and Elytrigia atherica. 
The average annual temperature is 9℃, and the average annual 
rainfall is 807 mm (data from www.knmi.nl). Primary productiv-
ity is high in this area (1,119.8 ± 201.4 g dw m−2 year−1; M ± 1 SE, 
n = 4; measured in 2018).

2.2 | Grazing history

In 1950s, part of the study area was cut for hay, and part was 
grazed by heifers from farmers of the island and mainland. The 
animals from the mainland came to the island by boat in spring 
and left in autumn. This transport stopped in 1958 as the heif-
ers often got affected by liver fluke. Later, grazing was restricted 
to a small part of the salt marsh while the remaining area was 
abandoned. Subsequently, the plant communities in the aban-
doned area became dominated by E. atherica, and plant diver-
sity declined over the following 10 years (Bakker, 1989). As local 
farmers got more heifers and intended to extend the grazed area 
in the salt marsh, and conservation managers wanted to reverse 
the trend of biodiversity decline, cattle grazing with heifers re-
started in 1972. Cattle graze from May to November in this area, 
after which they were taken out by farmers and moved indoors. 
Stocking density reduced from 1.5 to 0.5  heads/ha from 1993 
onwards, as the potential area that could be grazed expanded 
(Bakker et al., 1993; Figure 1).

2.3 | Experimental design

The second author (JPB) established four experimental blocks to 
monitor the effects of cattle grazing, mowing and their combina-
tions on plant communities in 1972. These four blocks were domi-
nated by different plant species at the start of the experiment: 
block (a) Festuca rubra and Armeria maritima; block (b) E. atherica; 
block (c) F. rubra and Artemisia maritima; block (d) F. rubra and 
Limonium vulgare. Elevation for these four blocks were 80, 50, 40 
and 50 cm (MHT; mean high tide) and these blocks experienced 
<100 occasions of inundations per year and <25 occasions of in-
undations per year during January–July (De Leeuw et al., 1990). 
Soil salinity showed little variation among blocks while it was 
strongly affected by rainfall (Bakker,  1985). Thus, all blocks be-
long to the high marsh and experience relatively similar abiotic 
conditions (Bakker, 1989).

Each block contains grazed and ungrazed (exclosure) parts. 
Exclosures (ca. 8  m  ×  42  m) were constructed with two electrical 
strands running 0.5 and 1 m above the ground. Each block contained 
eight treatments, including (a) control (C, i.e. land abandonment; 
without grazing and mowing), (b) cattle grazing (G), (c) early season 
mowing (M (E)), (d) late season mowing (M (L)), (e) both early and 
late season mowing (M (EL)), (f) grazing plus early season mowing 
(G + M (E)), (g) grazing plus late season mowing (G + M (L)), and (h) 
grazing plus both early and late season mowing (G + M (EL)). Plot 
size c. 3 m × 6 m for mowing and grazing plus mowing treatments 
(experimental design in Figure 1). Although mowing became rare in 
salt marshes in recent decades (Esselink, 2017), mowing and grazing 
plus mowing were included in the experiment because these man-
agement tools are still common in semi-natural grasslands in Europe 
(Tälle et al., 2016). We usually mowed in late June or early July for 
early season mowing, and in late August or early September for late 
season mowing. We mowed the vegetation to 2 cm above ground 
using a brush cutter. Plant material (including litter) was raked and 

F I G U R E  1   Study site (left panel) and experimental design (right panel). The drawn grey area has been under cattle grazing since 1972, the 
grazed area expanded to the dotted white area since 1993. The four white dots represent four blocks. Treatments for one block are shown in 
the right panel. Dashed black rectangles were subjected to different mowing treatments, permanent plots (blue rectangles) were established 
within treatments. In the field, treatments were randomized within blocks. The size of the exclosures and permanent plots are not projected 
according to their actual measurements. C: control, that is, land abandonment without grazing and mowing; G: cattle grazing; M (E): early 
season mowing; M (L): late season mowing; M (EL): both early and late season mowing; G + M (E): cattle grazing plus early season mowing; 
G + M (L): cattle grazing plus late season mowing; G + M (EL): cattle grazing plus both early and late season mowing [Colour figure can be 
viewed at wileyonlinelibrary.com]

http://www.knmi.nl
https://onlinelibrary.wiley.com/
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removed from the plots. All treatments have been maintained con-
tinuously from the start of the experiment.

One permanent plot (2 m × 2 m) in each treatment was estab-
lished in 1972. We recorded species occurrence and abundance in 
the permanent plots before the start of mowing from 1972 to 2019. 
Plant species occurrences and abundances were recorded by the 
same skilled field assistant for most years and other researchers in 
a few years (see Table S1 for details); thus, variation in species oc-
currences and abundances due to different recorders may exist but 
should be minimal. The abundance (percent cover) was estimated 
using the decimal scale of Londo (1976; See Table S2 for transform-
ing the decimal scale to percent cover). As percent cover of each 
species was estimated independently, total cover of living plants 
can sometimes exceed 100% for multilayer canopies. We used data 
from 1972, 1974–1980, 1984–1989, 2003, 2015, 2017 and 2019, as 
plant communities in all treatments were recorded in those years 
(thus 18 years of surveys). A total of 56 plant species were recorded 
during the 48-year experiment (see Table S1 for the full list of plant 
species).

2.4 | Defining local and larger scale

Following previous analyses (Hautier et al., 2020; Zhang et al., 2019), 
we treated each 4 m2 permanent plot as a ‘local community’ and four 
replicated permanent plots (across blocks) within treatments as the 
‘larger scale’. Because this experiment was conducted in a relatively 
small area (Figure 1), local communities within blocks and from dif-
ferent blocks (regardless of treatments) may all be connected by dis-
persal and other natural interactions. For instance, tides play a major 
role in seed transportation in this salt marsh, and seeds from the low 
marsh are often found in the high marsh (Bakker et al., 1985).

2.5 | Data analysis

2.5.1 | Plant diversity at the local and larger scales

Plant diversity in the local communities was estimated as the num-
ber of species in the permanent plots. Plant diversity at the larger 
scale was estimated as the number of species that occurred in the 
four permanent plots in each treatment. We focused on the number 
of species in the main text, but we also looked at Shannon's diversity 
index, taking the relative abundance of each species into account 
(Figure S1).

We further explored whether grazing promoted graminoids rela-
tive to forbs compared with mowing. In total, we recorded 32 forbs 
and 17 graminoids. We also explored whether grazing promoted 
salt-marsh specialists (halophytes). We classified halophytes accord-
ing to Scherfose (1990) and Bakker et  al.  (2002). We recorded 17 
halophytes (Table S1). We looked at treatment effects on plant di-
versity, diversity in different functional groups by comparing their 
temporal trends using generalized additive mixed models (GAMM) 

from the R package mgcv (Wood, 2017). See ‘model fitting’ section 
for details.

Light availability and dominance are the potential explana-
tions for changes in plant diversity (Borer et  al.,  2014; Koerner 
et al., 2018). We explored how treatments impact vegetation height, 
above-ground biomass and light availability in 2018. We also ex-
plored dominance (Berger-Parker dominance index, i.e. the pro-
portional abundance of the most abundant species) and the most 
dominant plants over time in each treatment (see supplementary 
text; Figures S2 and S3).

2.5.2 | Change in community composition in 
time and space

We explored whether and how treatments alter local community 
composition and whether they cause divergent successional tra-
jectories. We used square root transformed cover data (to reduce 
the weight of the most abundant species) to construct a dissimilar-
ity matrix using Bray–Curtis dissimilarity index. This index is most 
suitable for non-normal, multivariate data and is not very sensitive 
to changes in rare species (Anderson & Walsh, 2013). We then pro-
jected these dissimilarities in two-dimensional space using non-
metric multidimensional scaling (NMDS). To improve visualization 
and for a balance of temporal extent, we selected data from 1972, 
1980, 1989, 2003, 2013 and 2019 (eliminating data from 1974–1979, 
1984–1988 and 2017).

In addition, we quantified whether and how treatments alter 
year-to-year changes in local community composition and the 
relative importance of balanced variation and abundance gra-
dients in these changes. Balanced variation reflects changes in 
relative abundances among species with total abundance un-
changed. In contrast, abundance gradients indicate changes in 
total abundance with relative abundances of species unchanged 
(Baselga, 2013). In other words, higher values of abundance gradi-
ents indicate higher species loss/gain (in abundances) while higher 
values of balanced variation indicate higher species replacement. 
We calculated temporal community dissimilarity for a local com-
munity (permanent plot) in a given time point compared with the 
previous time point (e.g. 1974–1972, 2019–2017) based on cover 
data. We used the function ‘beta.pair.abund’ from the R package 
betapart (Baselga & Orme, 2012) with the Bray–Curtis dissimilarity 
index to calculate total dissimilarity and partition it into balanced 
variation and abundance gradients.

Furthermore, we looked at whether treatments cause vege-
tation homogenization over time at the larger scale. Specifically, 
we evaluated the overall dissimilarity (based on cover data) 
across four permanent plots within treatments over time. We 
used function ‘beta.multi.abund’ from the R package betapart 
(Baselga, 2017; Baselga & Orme, 2012) with the Bray–Curtis dis-
similarity index to calculate total dissimilarity for each treatment 
each year and partition it into balanced variation and abundance 
gradients.
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2.5.3 | Model fitting

We fitted long-term trends for plant diversity, diversity in different 
functional groups at the local and larger scales, and temporal and 
spatial community dissimilarity. We fitted these trends using gen-
eralized additive mixed models (GAMM) from the R package mgcv 
(Wood, 2017). For models fitted in the local communities, treatment 
was the fixed variable, smooths fitted for each treatment and block 
was a random variable. Temporal autocorrelation was adjusted using 
the corCAR1 model. The autocorrelation structure was not retained 
if adding it did not significantly improve model fit (∆AIC < 4; see 
Table S3–S5 for details). We fitted similar models at the larger scale 
except that the random effect of block was removed because we 
obtained one value per treatment (i.e. across blocks; see supplemen-
tary text for model specification). As plant diversity varied in dif-
ferent treatments at the start of the experiment, here we focused 
on comparing the trends in different treatments. We estimated the 
trends using restricted maximum likelihood (REML). Trends are sig-
nificant when p < 0.05. Data were analysed in R 4.0.2 (R Core Team, 
2020).

3  | RESULTS

3.1 | Plant diversity at the local and larger scales

Over time, plant diversity declined under land abandonment (with-
out grazing and mowing) and late season mowing both at the local 
and larger scales. Plant diversity decline under land abandonment 
was more apparent at the larger scale: 48 years after the start of the 
experiment, plant diversity declined by 4 plant species on average in 
the local communities and 11 species at the larger scale. Conversely, 
plant diversity increased in the first 10 years of the experiment then 
followed by a decrease and levelling off under grazing plus early sea-
son mowing treatment at both spatial scales considered. The trends 

for plant diversity under other treatments were not significant at 
both scales considered (Figure 2; Table S3).

Decreased plant diversity under land abandonment was due to 
a decrease in graminoids at the local scale while a decrease in gram-
inoids and halophytes at the larger scale. Decreased plant diversity 
under late season mowing at both scales was due to a decrease in 
graminoids. Graminoids also decreased slightly (and fluctuated) 
while forbs increased over time at the larger scale under grazing. 
Graminoids decreased at the larger scale while forbs increased at 
the local scale over time under early season mowing. Graminoids de-
creased slightly (and strongly fluctuated) while forbs increased over 
time, halophytes also increased but levelled off at the end of the 
experiment at the larger scale under early and late season mowing 
treatment. Graminoids decreased at the larger scale under grazing 
plus late season mowing. Graminoids, forbs and halophytes fluctu-
ated or did not change under other treatments (Figure 3; Table S4).

3.2 | Change in community composition in 
time and space

Despite large variations in local community composition within 
treatments among blocks (Figure  S4), a general pattern emerged. 
Successional trajectory of the local plant communities under land 
abandonment was strongly different from that of other treatments. 
Under land abandonment, local plant communities became domi-
nated by E. atherica over time. Local plant communities in grazing plus 
mowing treatments generally underwent similar successional trajec-
tories to that under grazing, and became dominated by Puccinellia 
maritima, Glaux maritima and Juncus gerardii. Local plant communities 
in all mowing treatments underwent similar successional trajecto-
ries, and became dominated by F. rubra and A. maritima. Additionally, 
local plant communities under all treatments, except for that under 
grazing, deviated from their initial state 48 years after the start of 
the experiment (Figure 4).

F I G U R E  2   Plant diversity at the local (a) and larger scales (b). Dots are the means of the number of species over four permanent plots 
(2 m × 2 m). Triangles are number of species recorded in all four permanent plots in each treatment. Error bars represent 1 SE. Solid lines 
represent significant trends (p < 0.05), dashed lines represent non-significant trends (p > 0.05). Lines are fitted with the generalized additive 
mixed model (GAMM; Table S3). Treatment descriptions correspond to those of Figure 1 [Colour figure can be viewed at wileyonlinelibrary.
com]

https://onlinelibrary.wiley.com/
https://onlinelibrary.wiley.com/
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Under all treatments, temporal community dissimilarity was 
more attributable to balanced variation. Temporal community 
dissimilarity did not change over time under land abandonment 
and grazing plus early season mowing. Temporal community dis-
similarity increased over time under grazing and late season mow-
ing treatments. It decreased in the first half of the experiment 
but increased in the second half of the experiment under other 

treatments (upper panel in Figure  5; Table  S5). Spatial commu-
nity dissimilarity was entirely attributable to balanced variation. 
Spatial community dissimilarity declined over time under land 
abandonment. It decreased slightly in the first half of the exper-
iment but increased in the second half of the experiment under 
early season mowing. It did not change under other treatments 
(lower panel in Figure 5; Table S5).

F I G U R E  3   Number of graminoids, forbs and halophytes over time at the local and larger scales. Lines are fitted with the generalized 
additive mixed model (GAMM; Table S4). Treatment descriptions correspond to those of Figure 1. Shapes, error bars and line types 
correspond to those of Figure 2 [Colour figure can be viewed at wileyonlinelibrary.com]

F I G U R E  4   Nonmetric multidimensional scaling (NMDS) ordination plot of community dissimilarity in two-dimensional space. Each point 
represents community composition of a given treatment and year (averaged over four permanent plots; See Figure S4 for variation among 
blocks within treatments). The distance between any two points represents the dissimilarity of the two communities. Triangles indicate 
the start of the experiment. Rectangles indicate the end of the experiment. Grey text indicates nine abundant species (the maximum 
cover across all treatments in at least one experimental year ≥50%). As: Agrostis stolonifera; Am: Artemisia maritima; Ap: Atriplex prostrata; 
Ea: Elytrigia atherica; Fr: Festuca rubra ssp. litoralis; Gm: Glaux maritima; Jg: Juncus gerardii; Pm: Puccinellia maritima; Tr: Trifolium repens. To 
improve visualization and for a balanced temporal extent, data from 1972, 1980, 1989, 2003, 2013 and 2019 are shown (eliminating data 
from 1974–1979, 1984–1988, 2017). Stress = 0.19. Treatment descriptions correspond to those of Figure 1 [Colour figure can be viewed at 
wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
https://onlinelibrary.wiley.com/
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4  | DISCUSSION

Our long-term experiment demonstrates that plant diversity and 
community composition in time and space under land abandonment 
were strongly different from that under management regimes (graz-
ing, mowing and grazing plus mowing). All management regimes, 
except for late season mowing, maintained plant diversity at both 
spatial scales considered. Additionally, all management regimes 
maintained vegetation heterogeneity at the larger scale (aggregated 
local communities). However, local community composition under 
different management regimes changed differently over time.

4.1 | Plant communities without management 
(abandonment)

Without grazing and mowing, the late successional grass, E. atherica, 
replaced other subordinate plant species and became dominant in 
the local communities in blocks initially dominated by other species. 
For the block initially dominated by E. atherica, this grass remained 
dominant in the local communities (Figure S3). Thus, local communi-
ties in all four blocks eventually converged and became dominated 
by E. atherica. Subsequently, plant diversity declined, and this decline 
became more apparent at the larger scale, particularly for graminoids 
and halophytes. Such an increase in E. atherica accompanying a de-
crease in plant diversity is widely observed in European salt marshes 
(Milotić et  al.,  2010; Pétillon et  al.,  2005; Rupprecht et  al.,  2015; 
Veeneklaas et  al.,  2013). Therefore, long-term management is 

needed to conserve plant diversity in many European salt marshes 
(Chen et al., 2020).

4.2 | Comparing grazing and mowing

Plant diversity and community composition in time and space 
were generally similar under grazing and grazing plus mowing 
treatments. Although rare in salt marshes (Esselink, 2017), graz-
ing plus mowing is still commonly used in European grasslands 
(Tälle et al., 2016). Our experiment shows that grazing plus mow-
ing may be more effective in suppressing the dominant plant (E. 
atherica) than grazing or mowing alone, especially for blocks/
areas initially dominated by this grass (Figure  S3). Year-to-year 
changes in local community composition generally increased 
under all management regimes except for that under grazing plus 
early season mowing. It suggests that grazing plus early season 
mowing may be particularly suitable for maintaining community 
compositional stability in salt marshes.

Contrary to what we expected, grazing did not promote the num-
ber of graminoids while decreasing forbs. Instead, grazing and mow-
ing generally decreased the number of graminoids while increasing 
forbs, these effects were more apparent at the larger scale. These 
similar effects of grazing and mowing on number of graminoids and 
forbs over time maybe because cattle are more selective with plant 
height rather than their life forms (Díaz et al., 2007). In other words, 
taller plants regardless of graminoids or forbs are more likely to be 
grazed than shorter ones. Thus, in a forb-rich system such as ours, 

F I G U R E  5   Temporal and spatial community dissimilarity. The upper panel of Figure 5 is similar to Figure 4 but shows dissimilarity of a 
local community in a given time point compared with the previous time point. Dots are the means over four permanent plots. Triangles are 
the dissimilarities of four permanent plots in each treatment each year. Lines are fitted with the generalized additive mixed model (GAMM; 
Table S5). Treatment descriptions correspond to those of Figure 1. Error bars and line types correspond to those of Figure 2 [Colour figure 
can be viewed at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
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small forbs can still germinate and establish since grazing and mow-
ing increased light availability via removing biomass (Figure  S1) or 
reducing dominance compared with land abandonment (Figure S2). 
Forbs are generally shorter than graminoids in our system (forbs: 
52.35  cm on average; graminoids: 78.82  cm on average, height 
for all plants were derived from https://wilde​-plant​en.nl). Indeed, 
Ludvíková et al.  (2014) also found that short forbs increase under 
mowing and herbivore trampling treatments while graminoids are 
not responsive to these treatments in a Central European grassland. 
Surprisingly, trends for the number of halophytes did not differ much 
under grazing, mowing and grazing plus mowing regimes (did not de-
crease or fluctuated over time). This suggests that the establishment 
of salt-marsh specialists is more limited by light rather than anoxic 
conditions (Bakker et al., 1985). Therefore, grazing and mowing gen-
erally had similar effects on diversity in different functional groups 
considered here.

Similar to that of grazing, early season mowing and both early 
and late season mowing maintained plant diversity. However, 
successional trajectories of the local plant communities under 
these mowing regimes were different from that under grazing 
(Figure 4). Kahmen et al. (2002) also found that local communities 
under grazing and mowing followed different successional trajec-
tories, but they were generally more similar when compared with 
land abandonment and other management tools (e.g. burning) in a 
25-year experiment in a German grassland. This difference in suc-
cessional trajectories maybe because biomass was only removed 
once or twice per year under mowing regimes while biomass was 
removed continuously under grazing during growing season. This 
pattern may also arise because herbivore trampling and deposi-
tion of urine and dung mediate plant communities' responses via 
altering soil properties. For instance, bulk density is higher and 
anoxic conditions are stronger in grazed relative to mown plots in 
this area (Schrama et al., 2013). We found that J. gerardii was more 
abundant under grazing and grazing plus mowing regimes, while 
F. rubra was more abundant under mowing regimes (Figure  4; 
Figure S2). This may be because J. gerardii is more resistant to an-
oxic conditions. Indeed, in the ungrazed salt marsh, J. gerardii oc-
curs in places with stagnant rainwater (anoxic conditions), where 
F. rubra rarely occurs in the field. Taken together, plant diversity 
may respond similarly, but local community composition changed 
differently over time under grazing, early season mowing, and 
both early and late season mowing regimes.

Although grazing and mowing increased abundance of different 
plant species in all blocks, dominance was generally lower in local 
plant communities under grazing and mowing compared with that 
under land abandonment (Figure  S3). Additionally, there was sub-
stantial variation in community composition among blocks at the 
beginning of this experiment. Thus, vegetation remained hetero-
geneous at the larger scale under grazing and mowing. More im-
portantly, vegetation heterogeneity was mostly driven by species 
replacement (balanced variation) among blocks under all manage-
ment regimes, indicating that conservation should focus on larger 
spatial scales.

4.3 | Comparing the effects of timing of mowing

Our results suggest that timing of mowing had a strong impact on 
plant communities, which is consistent with previous analyses 
(Dee et  al.,  2016; Fynn et  al.,  2004; Huhta et  al.,  2001; Wilson & 
Clark, 2001). Changes in the number of species over time (but not 
Shannon's diversity; Figure  S1) and successional trajectories under 
late season mowing were strongly different from that under early 
and both early and late season mowing. However, plant communities 
responded similarly under early season mowing and both early and 
late season mowing, suggesting that plant communities were most re-
sponsive to early season mowing. This may be because plants usually 
germinate in early growing season, thus early season mowing can pro-
vide more opportunities for species germination and establishment.

4.4 | Effects of inundation and salinity

Because this experiment was conducted in the high marsh, inunda-
tion may not strongly mediate treatment effects on plant diversity 
and community composition. Indeed, previous studies show that 
grazing, rather than inundation frequency and salinity, has a strong 
impact on plant–plant interactions and community assemblage in 
this area (Bakker, 1985; Howison et al., 2015). Also, interannual vari-
ation in biomass under mowing regimes is strongly correlated with 
rainfall deficit during the growing season but not with inundation 
frequency over a 13-year observation (De Leeuw et al., 1990). Thus, 
we believe that the observed plant community changes were primar-
ily driven by treatments.

4.5 | Long-term across-scale monitoring

Our results suggest that plant communities take a long time to respond 
to management regimes and such long-term experiments are valuable. 
Plant communities under grazing diverged from their initial states in 
the first half of the experiment but became similar again in the second 
half of the experiment. This may be due to reduced stocking density 
after 1993, suggesting that livestock grazing may not lead to irrevers-
ible changes in local community composition over time. However, year-
to-year changes in local community composition under grazing and late 
season mowing increased over time, it also increased under both early 
and late season mowing, grazing plus late season mowing, and graz-
ing plus early and late season mowing regimes in the second half of 
the experiment. These increases may be because sampling intervals 
in the second half of the experiment increased. If sampling intervals 
play an important role, we should see increased year-to-year changes 
in local community composition under all treatments in the second half 
of the experiment. However, year-to-year changes in local community 
composition remained at a similar level under land abandonment and 
grazing plus early season mowing. Thus, increased time intervals in 
the second half of the experiment may not be responsible for the pat-
terns observed here. Cross-scale monitoring is also important (Collins 

https://wilde-planten.nl
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et al., 2002). We show that plant diversity decline was stronger at the 
larger scale than at the local scale under land abandonment. Therefore, 
results based on shorter-term and local-scale experiments may inac-
curately estimate the effects of land abandonment or management 
regimes on plant communities.

4.6 | Implications

Our results have clear implications for conservation and management 
of biodiversity in productive salt marshes and grasslands. Results 
may not be the same when applying these management regimes in 
grasslands. Because our study area was inundated (although not fre-
quently) while grasslands generally do not experience inundation. 
Also, species composition is different in salt marshes and grasslands, 
which may mediate plant communities’ responses to management re-
gimes. Nonetheless, all management regimes tested here, except for 
late season mowing, can maintain plant diversity across spatial scales 
in the long term. All management regimes can maintain vegetation 
heterogeneity at the larger scale over time. However, grazing and 
mowing may drive local communities in different successional tra-
jectories. Also, all management regimes, except for grazing plus early 
season mowing, may increase local community composition changes 
from year to year. Economically speaking, early season mowing may 
be more viable than early and late season mowing, grazing may be 
more viable than grazing plus mowing. There are many other fac-
tors to be considered, for example, the accessibility of livestock. 
Therefore, the optimal management tool in a system may highly de-
pend on the goal of conservation and the availability of resources.
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