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Abstract

Questions: Temperature and precipitation variation between years may affect plant species
composition directly or indirectly. We wish to investigate whether salt marsh edaphic conditions
and plant species composition changed as a result of climatic variation. Further, whether areas
with the largest edaphic variations also experience the largest change in species composition and
turnover. Finally, did temperature and precipitation variations change the way the plant

community was able to respond to natural edaphic gradients?
Location: Bygholmengen, a shielded salt marsh in Vejlerne, Denmark, Northern Europe.

Methods: Botanical surveys were conducted and soil samples collected from 40 plots during a wet
and dry summer to register changes in vegetation cover, species richness composition and edaphic
factors (moisture, nutrients, salinity). These data were used to calculate dissimilarities in species
composition, temporal turnover and environmental dissimilarity between years. A linear mixed

effects model was used to link species richness with the measured edaphic factors.

Results: We found that the precipitation and temperature variations altered the edaphic conditions;
furthermore, the vegetation cover and species richness decreased when conditions were dry
whereas the number of salt marsh species increased. Further, species composition changed
significantly between years, and sampling plots that experienced the least edaphic change also
retained more species between years. Species richness responded more to changes in nutrient

availability during wet than dry conditions.

Conclusion: Our results pointed towards the climatic variations, and subsequent change in edaphic
conditions, being responsible for the significant change in species composition as areas with the
least change in edaphic factors retained most species between years. Dry conditions favored salt
marsh adapted species and the extent to which increased nutrient levels led to a higher species

richness decreased in dry compared to wet conditions.

Key words: Salt meadow, vegetation, species richness, biodiversity, temporal turnover,

environmental dissimilarity, Denmark, coastal habitat
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1 Introduction

The salt marsh, a threatened coastal habitat, is estimated to decline on a global scale due to sea
level rise (Craft et al., 2009; Blankespoor, Dasgupta, & Laplante, 2014; Crosby et al., 2016;
Spencer et al., 2016), and is also vulnerable to interannual precipitation and temperature variation
(Dunton, Hardegree, & Whitledge, 2001; Osland et al., 2016; Hanson et al., 2016). Interannual
variation in the climate can result in changes in the species composition as abiotic stressors like
flooding, warming and increased salinity affect the biodiversity, species composition and
distribution of coastal plant communities (Hook, Buford, & Williams, 1991; McKee,
Mendelssohn, & Materne, 2004; Gedan & Bertness, 2009). Dunton et al. (2001) showed that an
increase in precipitation changed the species composition and increased the biomass on a salt
marsh, while droughts in estuaries are associated with dieback of salt marsh vegetation and a
decrease in biomass (McKee et al., 2004; Alber, Swenson, Adamowicz, & Mendelssohn, 2008;
Wetz & Yoskowitz, 2013; Paudel, Milleville, & Battaglia, 2018). Shifts in rainfall regimes can
cause the vegetation structure to shift between salt flats, mangroves and salt marshes (Osland et
al., 2016). Further, droughts alter the soil chemistry and result in more saline conditions (Chapple
& Dronova, 2017; Forbes & Dunton, 2006; Palomo, Meile, & Joye, 2013). Stressful conditions
not only affect the physical environment but both salt and drought stress impact plant ability to
utilize nutrients (Bista, Heckathorn, Jayawardena, Mishra, & Boldt, 2018; Hu & Schmidhalter,
2005).

Historically, many salt marshes have been shielded by dams and while some dams have been
removed many still remain (Zedler & Nordby, 1987; St. Omer, 1994). Dams may alter the
hydrology and vegetation of the marsh area (St. Omer, 1994; Weis & Butler, 2009; Van Loon-
Steensma & Slim, 2013). Despite the long-term presence of dams salt marsh species can still be
present (St. Omer, 1994) and such salt marsh areas still fall under the protection by the European
Habitats Directive (Council of the European Commission, 1992). Without regular tidal intrusions,
dammed salt marshes are even more dependent on water gained through precipitation and a lack of
precipitation can have large consequences for the vegetation (Zedler, Covin, Nordby, Williams, &
Boland, 1986; Zedler & Nordby, 1987). Given that interannual climatic variations resulting in
droughts and floodings are likely to become more frequent (Salinger, 2005; Jongejans, De Kroon,
Tuljapurkar, & Shea, 2010), and as these extreme climatic events have shown negative impacts on

plants across habitat types including coastal habitats (Ciais et al., 2005; Maxwell et al., 2019), it is
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important to know how the shielded salt marsh respond to climatic variation in precipitation and
temperature. While multiple studies have described how salt marsh vegetation cover and biomass
is affected by drought (McKee et al., 2004; Alber et al., 2008; Wetz & Yoskowitz, 2013; Paudel et
al., 2018), the effects of precipitation and temperature variation on the shielded salt marsh plant
communities are not yet explained. It is therefore important to determine whether shielded salt
marshes respond equally to tidal salt marshes in response to precipitation and temperature
variations; information, that will be of special interest to salt marsh managers. Here, we studied
the effect of precipitation and temperature variation on a plant community of a shielded salt marsh
in a wetter than average year in 2017 followed by a year drier and warmer than average in 2018
which created an optimal study setting, with the aim of quantifying changes in the vegetation

(Cappelen, 2018a; Cappelen, 2019).

By taking advantage of the between-year climatic fluctuations, we wish to investigate how the
plant community responds to variations in temperature and precipitation. We aimed at answering
the following questions: 1) Can precipitation and temperature variations between years change the
edaphic conditions (moisture, salinity, nutrient levels) of a salt marsh? We expected a change in
the abiotic environment following the drought towards more saline conditions (Chapple &
Dronova, 2017; Forbes & Dunton, 2006; Palomo et al., 2013). As increased precipitation on salt
marsh habitats influence plant species composition (Dunton et al., 2001), we expect species
composition during a year of drought to be different from that of a wet year, leading to the
questions: 2) Does species composition respond to extremes in precipitation and temperature on a
year-to-year basis during current climatic conditions? We expected the species composition to
change towards being adapted to drier and more saline condition during the dry year compared to
the wet year. 3) Is species turnover linked to environmental dissimilarity? As both salt and drought
stress impact plant ability to utilize nutrients (Bista et al., 2018; Hu & Schmidhalter, 2005), we

expect plants to react differently to edaphic gradient during wet and dry years.
2 Methods
2.1 Study area

This study took place on the salt marsh Bygholmengen (728 ha), in De Ostlige Vejler, Denmark,
that is protected under the European Habitats Directive as a Natura 2000 site (H1330) (Appendix
S1A) (Miljestyrelsen, 2005a; Miljestyrelsen, 2005b; Miljestyrelsen, 2011). Bygholmengen was
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created in 1868 in a land reclamation project but due to repeated problems with flooding and
drainage, the idea of using the land in agriculture was quickly abandoned (Riis, 2009). Today, the
salt marsh is a scientific reserve (area with no access to the general public) shielded by a dam and
exempt from regular tidal intrusion. The dam construction together with pump enables water level
management to some extent in the salt marsh. Though dams may shield salt marshes from sea
level rise and erosion (Van Loon-Steensma & Slim, 2013), shielded salt marshes may be

increasingly susceptible to drought events as they do not experience the regular tidal inundations.

In 2017, 590 cattle grazed the meadow resulting in a grazing pressure of 0.81 cattle ha™! while the

number of cattle in 2018 was decreased to 525 corresponding to 0.72 cattle ha-!.
2.2 Climate data

To quantify the climatic differences between 2017 and 2018, data on the climate of Northern
Jutland from 2017 and 2018 was obtained through reports from the Danish Meteorological
Institute (DMI).

2.3 Botanical surveys

Botanical surveys were conducted in order to determine the vegetation cover, vegetation density,
species richness and biodiversity. A total of 40 non-permanent sampling plots were randomly
distributed on the marsh, ensuring a distance of at least 200 m between plots and located using a
GPS (Garmin etrex 10). These sampling plots were examined in both August 2017 and August
2018. Given the flat terrain, we believe that the plots were relocated with a high accuracy; in a

different study, the GPS relocated pit fall traps dug into the ground with great accuracy.

Each sampling plot consisted of a circle with a radius of 5 meters (Nygaard, Damgaard, Nielsen,
Bladt, & Ejrnaes, 2016) in which all plants were determined at the species level to create a
comprehensive species list using Frederiksen, Rasmussen and Seberg (2006) assisted by
graminoid literature (Schou, 2006; Schou, Wind, & Lagaard, 2010; Schou, Wind, & Legaard,
2014). We determined total species richness as the number of species within the 5 m circle and
counted the number of salt marsh species within each circular plot to obtain the salt marsh species
richness. We define salt marsh species as species specific for habitat type 1330 in the NATURA
2000 framework as well as species listed as characteristic for Danish salt marshes (European

Commission, 2013; Miljestyrelsen, 2016) (Appendix S2).
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At the center of each plot we positioned a pinpoint frame. Within the pinpoint frame of 0.5x0.5 m
with 16 intersection points (Levy & Madden, 1933) we determined vegetation cover, height and

density and registered the frequency of plant species.
2.4 Edaphic factors

To determine whether the abiotic environment changed between years, we tested the soil in both
2017 and 2018. At the circumference of each 5 m circle, four soil samples were collected. They
were analyzed for content of total phosphorus (P) by extraction in HNO; using the ICP-OES
method (Danish Standards Association, 2003) and available phosphorous (P) using the molybdate
method after extraction in 1 N KCI (ISO 6878, 2004). Total nitrogen (N) was determined using a
LECO model 628 (ISO 16948, 2015). Content of ammonium (NH;") (Danish Standards
Association, 1975), nitrite (NO;") (Danish Standards Association, 1991) and nitrate (NO;5") (Danish
Standards Association, 1991) were determined by spectrometric detection after extraction in 0.001
M H,SO,. Moisture content was determined by placing a soil sample at 105°C until constant
weight following the Danish Standard (1980) and organic matter content was determined by
adding dry samples to a muffle furnace for 4 hours (Dansk Standardiseringsrad, 1980). Soil
salinity levels were determined in a 1:5 distilled water:soil solution (Hardie & Doyle, 2012). For
all edaphic factors but total P, the four samples were analyzed separately and the mean was

calculated, whereas for total P the four soil samples were mixed prior to analysis.
2.5 Data analysis
2.5.1 Edaphic factors

T-tests were conducted to test for between-year differences in the edaphic variables. To avoid type

1 errors, we further did a Bonferroni correction of the p-values to account for multiple testing.
2.5.2 Vegetation cover, species richness, species composition and turnover rates

The cover was calculated as the percentage number of pins touched by any vegetation within the
pinpoint frame, thereby distinguishing between ground covered in vegetation or other (incl. water,
bare ground and decomposing organic materials). The vegetation density was calculated as the

number of times the pinpoint pin was touched by the vegetation.

We calculated Simpson’s diversity (Simpson, 1949), Shannon’s diversity (Shannon, 1948) and

Pielou’s evenness (Pielou, 1966) as measures of biodiversity for each pinpoint frame using R
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package vegan (Oksanen et al., 2017). In vegan, Simpson’s diversity is defined as 1- Yp?,
Shannon’s diversity (H) is defined as 1- Xp;log (p;) and Pielou’s evenness is defined as H/log(S).

Here, p; is the proportional abundance of species i and S is the total species count.

For all plant species present in the 5 m circle, Ellenberg values on moisture (F), salinity (S) and
nutrients (N) were used to calculate average Ellenberg values for each sampling plot (Ellenberg,

Weber, Diill, Wirth, & Werner, 2001).

We divided the species lists for each circular sampling plot into three groups. First, we counted
how many species were present in 2017 only but had disappeared in 2018 (species lost). Second,
we counted how many species appeared in 2018 that were not present in 2017 (species gained).
Third, we counted the number of species present on a given sampling plot in both 2017 and 2018
(the species overlap.) We calculated the recurrence rate as the percentage of plots in which a
species occurred in 2018, given it had been found in 2017; further, we determined whether the
plant was annual or perennial using Frederiksen et al. (2006). This was done for the most common

species (more than 10 occurrences across 2017 and 2018) as well as all species.

Aiming to determine whether species composition in the 5 m circle (presence absence) had
changed significantly between 2017 and 2018 on both a larger, salt marsh scale and on a plot level
scale, we followed the approach presented by Finderup Nielsen, Sand-Jensen, Dornelas, & Bruun
(2019). First, a turnover matrix based on the binary Jaccard dissimilarity was created using
betadisper (Oksanen et al., 2017). Next, we used a Principal Coordinate Analysis (PCoA)
approach to visualize the data with a polygon symbolizing each of the years 2017 and 2018. In
order to test for differences in species composition between years, we computed a PERMANOVA
based on the Jaccard metric using Adonis2 in R with 999 permutations (McArdle & Anderson,
2001; Oksanen et al., 2017). Next, to determine the identity of the species that contributed most to
the potential difference between years, we did an indicator species analysis using the indicspecies

package in R with 999 permutations and a significance level of 0.05 (Caceres & Legendre, 2009).

We further calculated the temporal species turnover to quantify whether the species composition
had changed as (species gained + species lost)/(total number of species observed on a given
sampling plot during both years) (Cleland et al., 2013; Diamond, 1969). Linear models were made

between the species turnover and the total species richness on each sampling plot across years.
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The environmental dissimilarity is a measure of the variability across all edaphic factors between
plots (Lloyd, Mac Nally, & Lake, 2005; Qian & Ricklefs, 2012). We calculated the environmental
dissimilarity between individual plots of 2017 and 2018 using the Canberra distance (Lance &
Williams, 1967) on a matrix containing information on all edaphic variables. The Canberra
distance internally standardizes the contributions of each variable thereby accounting for large
differences in numerical values of the individual variables (Lloyd et al., 2005). We made linear

models between the environmental dissimilarity and the species turnover.
2.5.4 Correlations between the edaphic factors and species richness and salt marsh richness

To test for correlations between species richness and salt marsh richness of the circular plots and
the edaphic factors within and between the two years, linear mixed effects models with random
slope and intercept for year was used. A model was created for each of total species richness and
salt marsh species richness, each including all edaphic variables. Year was a fixed factor in the
model. Plot was a random factor to account for the repeated measures. A parameter was

considered significant at a 0.05 level given the t value exceeded +1.96.

All statistical analyses described above were performed in R 3.4.1 (R Core Team, 2017). Graphs
were created using ggplot2 (Wickham, 2016).

3 Results
3.1 Climate data

Since 1874, only 10 summers have been wetter than that of 2017, while the spring rainfall was
among the three highest rainfalls during the past 10 years (Cappelen, 2019; Cappelen, 2018a;
DMI, 2011). Meanwhile, 2018 had the most hours of sun since 1920, with spring temperatures
being amongst the top ten measured since 1953 and the mean summer temperature being the

highest since 1953 (Cappelen, 2019; Cappelen, 2018a).

All climatic comparisons presented below are in comparison to the 10-year average (referred to as
the ‘average’). In 2017, Northern Jutland experienced 7% higher rainfall than average and 12%
fewer hours of sun (Cappelen, 2018a). In contrast, both spring and summer of 2018 was
significantly warmer and drier than average (Cappelen, 2018b; Cappelen, 2018c), and overall,
2018 experienced 11% more hours of sun and 25% less rainfall compared to the average

(Cappelen, 2019). Comparing spring-summer rainfall of Northern Jutland it was 468 mm vs. 255
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mm in 2017 and 2018, respectively (Cappelen 2018a, Cappelen 2019). These differences caused
visible alterations to the landscape with more bare sand being present in the dry 2018 than in 2017

(Appendix S1B-E).
3.2 Edaphic factors

Soil moisture levels were significantly lower in 2018 compared to 2017 (Table 1). The soil
nutrient levels were significantly higher in 2018 compared to 2017 for available P and NH4*
(Table 1). Soil salinity did not change significantly between years, neither did the organic matter

content, total P or total N.
3.3 Vegetation cover, species richness, species composition and turnover

Both vegetation cover, height and density decreased significantly from 2017 to 2018 (Table 1).
The vegetation height was almost halved. Across all 40 plots, total species richness was
significantly higher in 2017 compared to 2018 (Table 1). In contrast, a significantly higher salt
marsh species richness was found per plot in 2018 compared to 2017 and a significantly larger

percentage of species were salt marsh species in the dry compared to the wet year (Fig. 1).

The total species richness was 73 in 2017 of which 46 were not seen in 2018. The total species
richness in 2018 was 66 species and 39 of these species had not been found in 2017 (Fig. 2A). On
average, 45.7% of the species on a given sampling plot were found in both 2017 and 2018,
corresponding to 7.6 species reoccurring on any given plot. An average of 6.3 species found in
2017 had disappeared from the plot in 2018 while an average of 3.7 new species occurred on any
given plot in 2018 in which it was not found in 2017 (Fig. 2B). The overall most abundant species
across years were the perennial species Juncus gerardii (recurrence rate 96.2%), Agrostis
stolonifera (recurrence rate 90.0%), Glaux maritima (recurrence rate 93.8%), Phragmites australis
(recurrence rate 83.3%) and Potentilla anserina (recurrence rate 94.1%). Of all species found at
least 10 times across 2017 and 2018, the perennials recurred in 65.0% (SE 8.8%) instances while
annuals recurred on 50.6% (SE 15.9%) of sampling plots. However, there was no significant
difference in the recurrence rate of annuals and perennials neither when considering the species
occurring at least 10 times nor when considering the entire species pool (Mann Whitney U-test, p

>0.05).
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The biodiversity did not change significantly from the wet to dry year (Table 1), but there were
changes in plant community composition. The plant community had a significantly higher
Ellenberg S and Ellenberg N value in 2018 than in 2017, while the Ellenberg F value remained
similar between years (Table 1). Change in species composition was significant on both the small
sampling plot scale (Fig. 2C, PERMANOVA, p <0.01) and on the large salt marsh scale (Fig. 2C,
PERMANOVA, p <0.01). The indicator species analysis selected six species that were associated
to either 2017 or 2018. Three were associated with wet 2017: Juncus bufonius (annual),
Centaurium pulchellum (annual) and Trifolium pratense (perennial) and three with dry 2018: Poa
annua (annual), Atriplex glabriuscula (annual) and Carex nigra (perennial). This means that J.
bufonius 1s more likely to be found in 2017 and that if located on a given site, there is a greater

probability that the site was surveyed in 2017.

The temporal species turnover ranged from 0.25-1.00 with a mean turnover of 0.54. The turnover
rate and species richness had a significant positive correlation (Fig. 3, p < 0.001, R’ = 0.316). The
temporal environmental dissimilarity ranged from 0.02-0.50 and was significantly negatively
correlated with the species overlap (p < 0.01, R’ = 0.38) (Fig. 4A) while we found no significant

correlation between the environmental dissimilarity and the turnover rate (p > 0.05) (Fig. 4B).
3.5 Correlations between the edaphic factors and species richness and salt marsh richness

From the linear mixed model, we found species richness to correlate significantly with salinity,
available P and available N across years as indicated by ¢ > + 1.96 (Table 2). The response to all
nutrients were stronger in the wet year compared to the dry year (Table 2). The salt marsh richness
was not explained well across years by the edaphic factors (Table 2). We did, however, find that
salt marsh species responded positively to moisture in the wet year and negatively to moisture in
the dry year (Table 2). Further, the salt marsh species reacted stronger to available N and total P in
the wet 2017 compared to dry 2018.

4 Discussion

As drought and high rainfall are likely to become more frequent in many regions under future
climate changes, it is important to know if and how these affect the vegetation in salt marsh areas.
Here, we found that the climatic variations between wet and dry conditions affected the shielded
salt marsh vegetation by decreasing the vegetation cover and height in dry as opposed to wet

conditions as well as altering the species composition. As the study was limited to two years,
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however, we do not know if the trends observed here will apply in a long-term perspective and as
such, are limited to make conclusions regarding how current variations in precipitation and

temperature can affect the plant community within the current climate.
4.1 Edaphic factors

Following a drought, increased soil oxygen penetration may result in changes in soil chemistry
(Palomo et al., 2013). Indeed, the shielded salt marsh in our study was drier and with a higher
nutrient availability in low-precipitation 2018 compared to high-precipitation 2017 (Table 1).
Where we found NH," levels to increase and NO,-NOjs- levels to decrease, Palomo et al. (2013)
found the opposite response in an experimental salt marsh experiencing drought. The increased
soil available N and available P might, however, partly be a result of the plants’ decreased ability
to acquire nutrients during a drought (Bista et al., 2018). Soil salinity levels are known to increase
during a drought (Chapple & Dronova, 2017; Forbes & Dunton, 2006), as was also the case in this
study, although not significantly (Table 1).

4.2 Vegetation cover, species richness, species composition and turnover

A decrease in biomass and vegetation height is a common vegetation response to drought (Zedler
et al., 1986; Tilman & El Haddi, 1992; McKee et al., 2004; Forbes & Dunton, 2006; Paudel et al.,
2018) corresponding to the decrease in plant cover, height and density we found during dry
conditions (Table 1). Despite the increased nutrient content of the salt marsh, which commonly
result in an increase in the above-ground biomass (Crain, 2007; Darby & Turner, 2008), the
vegetation height and cover decreased in connection with the drought indicating that the drought
stress was stronger than the increased nutrient availability. Further, as grazing pressure was lower
during the dry year compared to the wet, the decreased cover, density and height cannot be
ascribed to the altered grazing pressure; if anything, the lowered grazing pressure could even have

confounded the effect of the drought on the vegetation cover, density and height.

Salt marsh species are adapted to coping with stressors including salt stress (Veldhuis, Schrama,
Staal, & Elzenga, 2018), and the distribution of salt marsh vegetation is primarily limited by
competition (Veldkornet, Adams, & Potts, 2015). At increasingly extreme edaphic conditions,
abiotic stressors, such as an increased salinity, will limit the distribution of non-salt marsh
vegetation due to their decreased competitive advantage compared to salt marsh species

(Veldkornet et al., 2015). This could explain the increase in the number of salt marsh species
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during the dry conditions despite the general decrease in species richness. Further, salinity is
generally known to limit species richness (Garcia, Marafion, Moreno, & Clemente, 1993; Li et al.,

2013); thus, the drop in species richness could also be caused by an increased salinity.

Salt marsh plant communities can shift in response to drought (Wetzel & Kitchens, 2007), as seen
in our results by a shift towards more salt marsh species. The change in species composition and
identity across the two years (Figs. 1, 2) as well as the change in Ellenberg values of the plant
community (Table 1) indicate that the decline in species richness could not simply be explained by
the species of 2018 being a subset of those found in 2017. Indicator species analysis found that
most of the species that were linked only to one year were annuals rather than perennials. The
perennial Carex nigra appeared more frequently during the dry year. As C. nigra has a seed
longevity of 15-20 year, often delay germination and exploit gaps in the vegetation (Schiitz, 2000),
seeds in the ground were likely able to grow the altered conditions altered conditions hindered the
growth of other plants. However, we did not find perennials to have a higher recurrence rate
compared to annuals. Meeks (1969) found that the earlier during the spring season a marsh
community was drained of water, the more rapidly perennial species would be replaced by
annuals; further, that multiple years of early water drawdown would result in a plant community
dominated by annuals. Therefore, the lack of water during spring might have propagated more

annuals to germinate.

As individual species frequently disappear and reappear locally, the annual species turnover can be
high (van der Maarel & Sykes, 1993) and several studies have found correlations of varying
degrees between overall species turnover and climatic variations between years (Letten, Ashcroft,
Keith, Gollan, & Ramp, 2013; Hallett et al., 2014; Noto & Shurin, 2017). Regardless of climatic
conditions, the species retention is generally lower and species gain higher on salt marshes
compared to other habitats (Pakeman & Lewis, 2017). The increasingly dry and saline conditions
might further have made competition between species on the salt marsh harsher (Pennings &
Callaway, 1992). We found temperature and precipitation variation to coincide with a significant
change in species composition and a high species turnover (0.54), in accordance to Noto and
Shurin (2017) who also linked the species turnover of salt marshes to precipitation. Though we did
not find a significant correlation between the species turnover rate and the environmental
dissimilarity, results point towards climatic variations in precipitation and temperature leading to

high species turnover as more species were retained where the environment changed the least.
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While a higher species richness has been associated with a higher community stability in
grasslands (Tilman, 1996), the same might not apply for salt marshes (Noto & Shurin, 2017) in
agreement with our results. Here, a high species richness did not increase the stability on the salt
marsh given as we found no evidence that areas with more species were less prone to species loss

under extreme circumstances (Figs. 3 and 4).

4.4 Correlations between the edaphic factors and respectively species richness and salt marsh

richness

Both salt and drought stress alter plant ability to utilize nutrients (Bista et al., 2018; Hu &
Schmidhalter, 2005). Nitrogen is a main limiting factor for salt marsh vegetation (Kiehl, Esselink,
& Bakker, 1997; van Wijnen & Bakker, 1999) and in agreement with results by Morgan and
Adams (2018), total species richness in our study was limited by the availability of nitrogen. Our
results also showed that N availability has less influence on total species richness during dry and
more saline conditions, which could be explained by results of Ryan and Boyer (2012) who found
that overall species richness decrease while the dominance of a few salt marsh species increased
when salinity and nitrogen levels increased simultaneously. Soil moisture affect the salt marsh
plant community (Alvarez-Rogel, Ariza, & Silla, 2000) and Theodose and Roth (1999) found that

species richness was highest in the most moist areas of a salt marsh.
4.5 Conclusions

As expected, the climate variations resulted in significant differences in several edaphic factors on
the shielded salt marsh; often, but not always, responding in the same direction as edaphic factors
on tidal influenced salt marshes in relation to drought. Equivalently to tidal influenced salt
marshes, the drought event on the shielded salt marsh decreased vegetation cover and density
compared to wet conditions and changed the overall species composition. While total species
richness decreased when going from wet to the dry extreme, the salt marsh species richness
increased. Perennials did not recur significantly more often than annuals. We saw a high temporal
species turnover in connection with the climatic variations and found that more species recurred
when the edaphic conditions changed the least. Finally, we found species richness to be better able
to respond to increased nutrient availability during wet conditions. These results show that
shielded salt marsh plant communities are likely to respond swiftly to a change in the edaphic

conditions due to variation in precipitation and temperature; further, that extreme drought on
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shielded salt marshes might actually promote salt marsh species and cause a setback in the

distribution of non-salt marsh adapted species.
Acknowledgements

We would like to thank the manager of De Ostlige Vejler Niels Dahlin and his employees for
support in the field. Thanks to laboratory technicians Helle Blendstrup, Rasmus S. Nielsen and
Lotte Trillingsgaard for assisting with the laboratory analysis. Further, we would like to thank
Torben Linding Lauridsen for useful comments to the manuscript. We would also like to thank

Kristian Trejelsgaard for his help with generating ideas and assistance with statistics.
Author contributions

LHA, DB, CP and SB conceived the idea of the research. LHA, ASKS, JSK and TBS collected the
data and assisted in the laboratory work. LHA did the statistical analysis with contributions from
CP. LHA, with contributions from DB, wrote the first draft to the paper. All authors commented

on the results and manuscript.

Data accessibility

All data used in this publication are stored in Zenodo, doi 10.5281/zenodo.3608523.

References

Alber, M., Swenson, E. M., Adamowicz, S. C., & Mendelssohn, I. A. (2008). Salt marsh dieback:

An overview of recent events in the US. Estuarine, Coastal and Shelf Science, 80(1), 1-11.

Alvarez-Rogel, J., Ariza, F. A., & Silla, R. O. (2000). Soil salinity and moisture gradients and
plant zonation in Mediterranean salt marshes of southeast Spain. Wetlands, 20(2), 357-372.

Bista, D., Heckathorn, S., Jayawardena, D., Mishra, S., & Boldt, J. (2018). Effects of drought on
nutrient uptake and the levels of nutrient-uptake proteins in roots of drought-sensitive and-

tolerant grasses. Plants, 7(2), 28.

This article is protected by copyright. All rights reserved



Blankespoor, B., Dasgupta, S., & Laplante, B. (2014). Sea-level rise and coastal wetlands. Ambio,
43(8), 996-1005. doi:10.1007/s13280-014-0500-4

Caceres, M. D., & Legendre, P. (2009). Associations between species and groups of sites: Indices

and statistical inference. Ecology, 90(12), 3566-3574.

Cappelen, J. (2018a). Efterdr 2018. DMI. Retrieved from
https://www.dmi.dk/fileadmin/user upload/Saesonopgoerelser/Sammendrag 2018 _efteraar.pdf

Cappelen, J. (2018b). Vejret i danmark — sommer 2018. DMI. Retrieved from

https://www.dmi.dk/fileadmin/user upload/Saesonopgoerelser/sommer18.pdf

Cappelen, J. (2018c). Danmarks klima — with English summary. DMI rapport 18-01. Kebenhavn:
Retrieved from http://www.dmi.dk/fileadmin/user upload/Rapporter/TR/2018/DMIRep18-01.pdf

Cappelen, J. (2019). Aret 2018. Danish Meteorological Institute - DMI. Retrieved from
https://www.dmi.dk/fileadmin/user_upload/Afrapportering/Aarssammendrag/Sammendrag 2
018.pdf

Chapple, D., & Dronova, I. (2017). Vegetation development in a tidal marsh restoration project
during a historic drought: A remote sensing approach. Frontiers in Marine Science, 4, UNSP

243. doi:10.3389/fmars.2017.00243

Ciais, P., Reichstein, M., Viovy, N., Granier, A., Ogée, J., Allard, V., . . . Carrara, A. (2005).
Europe-wide reduction in primary productivity caused by the heat and drought in 2003.
Nature, 437(7058), 529.

Cleland, E. E., Collins, S. L., Dickson, T. L., Farrer, E. C., Gross, K. L., Gherardi, L. A., . ..
Suding, K. N. (2013). Sensitivity of grassland plant community composition to spatial vs.

temporal variation in precipitation. Ecology, 94(8), 1687-1696. doi:10.1890/12-1006.1

Council of the European Commission. (1992). Council directive 92/43/EEC of 21 may 1992 on
the conservation of natural habitats and of wild fauna and flora. Official Journal of the

European Communities.Series L, 206, 7-49.

Craft, C., Clough, J., Ehman, J., Joye, S., Park, R., Pennings, S., . . . Machmuller, M. (2009).
Forecasting the effects of accelerated sea-level rise on tidal marsh ecosystem services.

Frontiers in Ecology and the Environment, 7(2), 73-78.

This article is protected by copyright. All rights reserved


https://www.dmi.dk/fileadmin/user_upload/Saesonopgoerelser/Sammendrag_2018_efteraar.pdf
https://www.dmi.dk/fileadmin/user_upload/Saesonopgoerelser/sommer18.pdf
http://www.dmi.dk/fileadmin/user_upload/Rapporter/TR/2018/DMIRep18-01.pdf
https://www.dmi.dk/fileadmin/user_upload/Afrapportering/Aarssammendrag/Sammendrag_2018.pdf
https://www.dmi.dk/fileadmin/user_upload/Afrapportering/Aarssammendrag/Sammendrag_2018.pdf

Crain, C. M. (2007). Shifting Nutrient Limitation and Eutrophication Effects in Marsh Vegetation

Across Estuarine Salinity Gradients. Estuaries and Coasts, 30, 26-34.

Crosby, S. C., Sax, D. F., Palmer, M. E., Booth, H. S., Deegan, L. A., Bertness, M. D., & Leslie,
H. M. (2016). Salt marsh persistence is threatened by predicted sea-level rise. Estuarine,
Coastal and Shelf Science, 181, 93-99. doi:10.1016/j.ecss.2016.08.018

Danish Standards Association. (1975). DS 224:1975 water analysis - determination of ammonia-

nitrogen.

Danish Standards Association. (1980). DS 204:1980 determination of total residue and total fixed

residue in water, sludge and sediment.

Danish Standards Association. (1991). DS 223:1991 water analysis - determination of the sum of

nitrite- and nitrate-nitrogen.

Danish Standards Association. (2003). DS 259:2003 determination of metals in water, sludge and
sediments - general guidelines for determination by atomic absorption spectrophotometry in

flame.
Dansk Standardiseringsrad. (1980). DS 204:1980: Torstof og gloderest

Darby, F. A. & Turner, R. E. (2008). Below-and aboveground biomass of Spartina alterniflora: Response to

nutrient addition in a Louisiana salt marsh. Estuaries and Coasts, 31(2), 326-334

Diamond, J. M. (1969). Avifaunal Equilibriua and Species Turnover Rates on the Channel Islands of
California. Proceedings of the National Academy of Sciences of the United States of America 64(1),
57-63. doi: 10.1073/pnas.64.1.57

DMI. (2011). Vejret i Danmark — Sommer 2011. DMI raport.

Dunton, K. H., Hardegree, B., & Whitledge, T. E. (2001). Response of estuarine marsh vegetation to
interannual variations in precipitation. Estuaries, 24(6), 851-861. doi:10.2307/1353176

Ellenberg, H., Weber, H. W., Diill, R., Wirth, V., & Werner, W. (2001). Zeigerwerte von pflanzen
in Mitteleuropa (3., durchges. Aufl. ed.). Gottingen: Goltze.

European Commission. (2013). Interpretation manual of European Union habitats. EUR 28, 146.
Retrieved from

http://ec.europa.eu/environment/nature/legislation/habitatsdirective/docs/Int_ Manual EU28.pdf

This article is protected by copyright. All rights reserved


http://ec.europa.eu/environment/nature/legislation/habitatsdirective/docs/Int_Manual_EU28.pdf

Finderup Nielsen, T., Sand-Jensen, K., Dornelas, M., & Bruun, H. H. (2019). More is less: Net gain in
species richness, but biotic homogenization over 140 years. Ecology Letters, 22(10), 1650-
1657.

Forbes, M. G., & Dunton, K. H. (2006). Response of a subtropical estuarine marsh to local
climatic change in the southwestern gulf of Mexico. Estuaries and Coasts, 29(6), 1242-1254.
doi:10.1007/BF02781824

Frederiksen, S., Rasmussen, F. N., & Seberg, O. (2006). Dansk flora (1.th ed.). Copenhagen:
Gyldendal.

Garcia, L. V., Maranion, T., Moreno, A., & Clemente, L. (1993). Above-ground biomass and

species richness in a Mediterranean salt marsh. Journal of Vegetation Science, 4(3), 417-424.

Gedan, K. B., & Bertness, M. D. (2009). Experimental warming causes rapid loss of plant
diversity in New England salt marshes. Ecology Letters, 12(8), 842-848. doi:10.1111/5.1461-
0248.2009.01337.x

Hallett, L. M., Hsu, J. S., Cleland, E. E., Collins, S. L., Dickson, T. L., Farrer, E. C., . . . Suding,
K. N. (2014). Biotic mechanisms of community stability shift along a precipitation gradient.

Ecology, 95(6), 1693-1700. doi:10.1890/13-0895.1

Hanson, A., Johnson, R., Wigand, C., Oczkowski, A., Davey, E., & Markham, E. (2016).
Responses of Spartina alterniflora to multiple stressors: Changing precipitation patterns,

accelerated sea level rise, and nutrient enrichment. Estuaries and Coasts, 39(5), 1376-1385.

doi:10.1007/s12237-016-0090-4

Hardie, M., & Doyle, R. (2012). Measuring soil salinity. Methods in Molecular Biology (Clifton,
N.J.), 913,415-425. d0i:10.1007/978-1-61779-986-0 28

Hook, D. D., Buford, M. A., & Williams, T. M. (1991). Impact of hurricane Hugo on the South

Carolina coastal plain forest. Journal of Coastal Research, 291-300.

Hu, Y., & Schmidhalter, U. (2005). Drought and salinity: A comparison of their effects on mineral
nutrition of plants. Journal of Plant Nutrition and Soil Science, 168(4), 541-549.

ISO 16948. (2015). Solid biofuels - determination of total content of carbon, hydrogen and
nitrogen (ISO 16948:2015). Geneva: International Organization for Standardization.

This article is protected by copyright. All rights reserved



ISO 6878. (2004). Water quality - determination of phosphorus - ammonium molybdate

spectrometric method. Geneva: International Organization for Standardization.

Jongejans, E., De Kroon, H., Tuljapurkar, S., & Shea, K. (2010). Plant populations track rather than
buffer climate fluctuations. Ecology Letters, 13(6), 736-743.

Kiehl, K., Esselink, P., & Bakker, J. P. (1997). Nutrient limitation and plant species composition in
temperate salt marshes. Oecologia, 111(3), 325-330.

Lance, G. N., & Williams, W. T. (1967). Mixed-data classificatory programs I - agglomerative
systems. Australian Computer Journal, 1(1), 15-20.

Letten, A. D., Ashcroft, M. B., Keith, D. A., Gollan, J. R., & Ramp, D. (2013). The importance of
temporal climate variability for spatial patterns in plant diversity. Ecography, 36(12), 1341-
1349. doi:10.1111/5.1600-0587.2013.00346.x

Levy, E. B., & Madden, E. A. (1933). The point method for pasture analysis. NZJ Agri, 46, 267-
279.

Li, F.,, Xie, Y., Chen, X., Hou, Z., Li, X., Deng, Z., . . . Liu, N. (2013). Succession of aquatic
macrophytes in the modern Yellow River delta after 150 years of alluviation. Wetlands

Ecology and Management, 21(3), 219-228. doi:10.1007/s11273-013-9297-3

Lloyd, N. J., Mac Nally, R., & Lake, P. S. (2005). Spatial autocorrelation of assemblages of
benthic invertebrates and its relationship to environmental factors in two upland rivers in

southeastern Australia. Diversity and Distributions, 11(5), 375-386.

Maxwell, S. L., Butt, N., Maron, M., McAlpine, C. A., Chapman, S., Ullmann, A., . . . Watson, J.
(2019). Conservation implications of ecological responses to extreme weather and climate

events. Diversity and Distributions, 25(4), 613-625.

McArdle, B. H., & Anderson, M. J. (2001). Fitting multivariate models to community data: A
comment on distance-based redundancy analysis. Ecology, 82(1), 290-297.

McKee, K. L., Mendelssohn, I. A., & Materne, M. D. (2004). Acute salt marsh dieback in the
Mississippi River deltaic plain: A drought-induced phenomenon? Global Ecology and
Biogeography, 13(1), 65-73.

This article is protected by copyright. All rights reserved



Meeks, R. L. (1969). The effect of drawdown date on wetland plant succession. The Journal of
Wildlife Management, 33(4), 817-821. doi:10.2307/3799312

Miljestyrelsen. (2005a). Danmarks miljeportal, lysdbne naturtyper (aktivitet ID 434435). Retrieved from
http://maturereport.miljoeportal.dk/434435?format=pdf

Miljestyrelsen. (2005b). Danmarks miljeportal, lysébne naturtyper (aktivitet ID 436800). Retrieved from
http://naturereport.miljoeportal.dk/436800?format=pdf

Miljestyrelsen. (2011). Danmarks miljeportal, terrestriske habitatnaturtyper (2011-2015) (aktivitet ID
562175). Retrieved from http://naturereport.miljoeportal.dk/562175?format=pdf

Miljestyrelsen. (2016). Habitatbeskrivelser, drgang 2016. Beskrivelse af danske naturtyper omfattet af
habitatdirektivet (NATURA 2000 typer).

Morgan, P. A., & Adams, M. D. O. (2018). Tidal marshes in the Saco River Estuary, Maine: A
study of plant diversity and possible effects of shoreline development. Rhodora, 119(980),
304-331. doi:10.3119/16-19

Noto, A. E., & Shurin, J. B. (2017). Mean conditions predict salt marsh plant community diversity
and stability better than environmental variability. Oikos, 126(9), 1308-1318.

Nygaard, B., Damgaard, C., Nielsen, K. E., Bladt, J., & Ejmas, R. (2016). Terrestriske naturtyper 2004-
2015, NOVANA. Aarhus Universitet, DCE — Nationalt Center for Milje og Energi. Retrieved from

http://novana.au.dk/fileadmin/novana au dk/pic_upload/TerrestriskeNaturtyper2015.pdf

Oksanen, J., Guillaume Blanchet, F., Friendly, M., Kindt, R., Legendre, P., McGlinn, D., . . .
Wagner, H. (2017). Vegan: Community ecology package [computer software]

Osland, M. J., Enwright, N. M., Day, R. H., Gabler, C. A., Stagg, C. L., & Grace, J. B. (2016).
Beyond just sea-level rise: Considering macroclimatic drivers within coastal wetland

vulnerability assessments to climate change. Global Change Biology, 22(1), 1-11.

Pakeman, R. J., & Lewis, R. J. (2017). Functional similarity analysis highlights ecosystem impacts
and restoration needs. Applied Vegetation Science, 21(2), 258-266. doi:10.1111/avsc.12353

Palomo, L., Meile, C., & Joye, S. B. (2013). Drought impacts on biogeochemistry and microbial
processes in salt marsh sediments: A flow-through reactor approach. Biogeochemistry, 112(1-

3), 389-407.

This article is protected by copyright. All rights reserved


http://naturereport.miljoeportal.dk/434435?format=pdf
http://naturereport.miljoeportal.dk/436800?format=pdf
http://naturereport.miljoeportal.dk/562175?format=pdf
http://novana.au.dk/fileadmin/novana_au_dk/pic_upload/TerrestriskeNaturtyper2015.pdf

Paudel, S., Milleville, A., & Battaglia, L. (2018). Responses of native and invasive floating
aquatic plant communities to salinity and desiccation stress in the southeastern US coastal

floodplain forests. Estuaries and Coasts, 41(8), 2331-2339. doi:10.1007/s12237-018-0419-2

Pennings, S. C., & Callaway, R. M. (1992). Salt marsh plant zonation: The relative importance of
competition and physical factors. Ecology, 73(2), 681-690. doi:10.2307/1940774

Pielou, E. C. (1966). The measurement of diversity in different types of biological collections.

Journal of Theoretical Biology, 13, 131-144. doi:10.1016/0022-5193(66)90013-0

Qian, H., & Ricklefs, R. E. (2012). Disentangling the effects of geographic distance and
environmental dissimilarity on global patterns of species turnover. Global Ecology and

Biogeography, 21(3), 341-351. doi:10.1111/j.1466-8238.2011.00672.x

R Core Team (2017). R: A language and environment for statistical computing. R Foundation for
Statistical Computing, Vienna, Austria. URL https://www.R-project.org/.Riis, N. (2009).
Driftsplan for vejlerne, hovedrapport. COWI for Aage V. Jensens Naturfond. Retrieved from
http://www.avjf.dk/avjnf/files/2012/10/Vejlerne Driftplan Hovedrapport 2009.pdf

Ryan, A. B., & Boyer, K. E. (2012). Nitrogen further promotes a dominant salt marsh plant in an
increasingly saline environment. Journal of Plant Ecology, 5(4), 429-441. doi:
10.1093/jpe/rts001

Salinger, M. J. (2005). Climate variability and change: Past, present and future—an overview.

Increasing climate variability and change (pp. 9-29) Springer.

Schou, J. C. (2006). De danske halvgreesser: En vejledning til de danske halvgreesarter (2nd ed.).
Klitmeller: BFN.

Schou, J. C., Wind, P., & Lagaard, S. (2010). Danmarks siv og frytler (1st ed.). Thisted: BFN.
Schou, J. C., Wind, P., & Laegaard, S. (2014). Danmarks greesser (2nd ed.). Klitmegller: BFN.

Schiitz, W. (2000). Ecology of seed dormancy and germination in sedges (Carex). Perspectives in

Plant Ecology, Evolution and Systematics, 3(1), 67-89. doi: 10.1078/1433-8319-00005

Shannon, C. E. (1948). A mathematical theory of communication. Bell System Technical Journal,

27(3), 379-423.

This article is protected by copyright. All rights reserved


http://www.avjf.dk/avjnf/files/2012/10/Vejlerne_Driftplan_Hovedrapport_2009.pdf

Simpson, E. H. (1949). Measurement of diversity. Nature, 163, 688. doi:10.1038/163688a0

Spencer, T., Schuerch, M., Nicholls, R. J., Hinkel, J., Lincke, D., Vafeidis, A. T., . .. Brown, S.
(2016). Global coastal wetland change under sea-level rise and related stresses: The DIVA
wetland change model. Global and Planetary Change, 139, 15-30. doi:
10.1016/j.gloplacha.2015.12.018

St. Omer, L. (1994). Soil and plant characteristics in a dyked and a tidal marsh in San Francisco

Bay. The American Midland Naturalist, 132(1), 32-43. d0i:10.2307/2426198

Theodose, T. A., & Roths, J. B. (1999). Variation in nutrient availability and plant species
diversity across forb and graminoid zones of a northern New England high salt marsh. Plant

Ecology, 143(2), 219-228. doi:1009887727465

Tilman, D. (1996). Biodiversity: Population versus ecosystem stability. Ecology, 77(2), 350-363.
doi:10.2307/2265614

Tilman, D., & El Haddi, A. (1992). Drought and biodiversity in grasslands. Oecologia, 89(2), 257-
264.

Van der Maarel, E., & Sykes, M. T. (1993). Small-scale plant species turnover in a limestone
grassland: the carousel model and some comments on the niche concept. Journal of

Vegetation Science, 4(2), 179-188. doi: https://doi.org/10.2307/3236103

Van Loon-Steensma, J. M., & Slim, P. A. (2013). The impact of erosion protection by stone dams
on salt-marsh vegetation on two Wadden Sea barrier islands. Journal of Coastal Research,

29(4), 783-796. doi:10.2112/JCOASTRES-D-12-00123.1

van Wijnen, H. J., & Bakker, J. P. (1999). Nitrogen and phosphorus limitation in a coastal barrier
salt marsh: The implications for vegetation succession. Journal of Ecology, 87(2), 265-272.
doi:10.1046/j.1365-2745.1999.00349.x

Veldhuis, R., Schrama, M., Staal, M., & Elzenga, T. (2018). Plant stress-tolerance traits predict

salt marsh vegetation patterning. Frontiers in Marine Science, 5, 501.

Veldkornet, D. A., Adams, J. B., & Potts, A. J. (2015). Where do you draw the line? determining
the transition thresholds between estuarine salt marshes and terrestrial vegetation. South

African Journal of Botany, 101, 153-159. doi:10.1016/j.sajb.2015.05.003

This article is protected by copyright. All rights reserved



Weis, J. S., & Butler, C. A. (2009). Salt marshes: A natural and unnatural history. New

Brunswick, New Jersey ; London: Rutgers University Press.

Wetz, M. S., & Yoskowitz, D. W. (2013). An ‘extreme’ future for estuaries? Effects of extreme

climatic events on estuarine water quality and ecology. Marine Pollution Bulletin, 69(1-2), 7-

18.

Wetzel, P. R., & Kitchens, W. M. (2007). Vegetation change from chronic stress events: Detection

of the effects of tide gate removal and long-term drought on a tidal marsh. Journal of

Vegetation Science, 18(3), 431-442. doi:VCFCSE]2.0.CO;2

Wickham, H. (2016). Ggplot2: Elegant graphics for data analysis [computer software]. Springer-
Verlag New York:

Zedler, J. B., Covin, J., Nordby, C., Williams, P., & Boland, J. (1986). Catastrophic events reveal

the dynamic nature of salt-marsh vegetation in Southern California. Estuaries, 9(1), 75-80.

Zedler, J. B., & Nordby, C. S. (1987). The ecology of Tijuana Estuary, California: An estuarine
profile. Fish and Wildlife Service, US Department of the Interior. United States.

This article is protected by copyright. All rights reserved



List of Appendices
Appendix S1: A map of the study site along with images of the area in 2017 and 2018

Appendix S2: List of salt marsh species

This article is protected by copyright. All rights reserved



Table 1. The mean, standard error (SE) and range for each edaphic and biotic factor measured in 2017 and

2018 on Bygholmengen. A t-test with Bonferroni correction was conducted to test for significant

differences between the two years and the p-values for the test are provided. P > 0.1; n.s. (not significant),

P <0.01; m.s. (marginally insignificant), P < 0.05; *, P <0.01; ** P <0.001; ***

mean + SE [min ; max] mean + SE [min ; max]  p-value

Moisture (%) 757+ 1.7 [38.5;89.9] 593+2.1 [27.8 ; 84.0] HHE
Organic matter (%) 413+2.8 [2.7 ; 83.5] 31.7+2.8 [1 1;68.8] m.s.
Salinity 1.34+0.13 [0.17 ; 4.40] 1.42£0.15 [0.1;4.83] n.s
Available P (mg/100g) 0.92+0.10 [0.10 ; 2.94] 1.30+0.10 [0.35;3.51] *
NH," (mg/kg) 33.19+ 1.67 [17.45;73.3] 61.58 +5.80 [23.55;289.4] **
NO,-NOs5™ (mg/kg) 1.24 +0.06 [0.80;2.73] 1.02 +£0.07 [0;2.5] 1n.s.
Total P (mg/kg) 742 + 47 [150; 1700] 543+ 42 [100 ; 1400] n.s.
Total N (g/kg) 14.34 £ 0.92 [1.3;26.7] 12.40 +0.99 [0.83;25.98] ns.
Ellenberg N 4.83+£0.04 [4.14 ; 5.64] 5.41+£0.05 [4.5;6.11] *
Ellenberg F 7.07 £0.09 [5.86; 8.29] 7.17 £0.08 [6.25 ; 8.57] n.s
Ellenberg S 2.18+0.08 [1.07 ;4] 3.05+0.13 [0.17 ; 5.40] *x
Species richness 14+0.74 [6;33] 11.69 £ 0.66 [0; 23] *
Salt marsh species richness  5.76 + 0.20 [2;9] 7.05+£0.30 [0;11] *
Cover (%) 0.81 +0.04 [0;1] 0.63 £ 0.05 [0;1] *
Vegetation density 73.8+5.9 [0; 163] 42.5+£4.8 [0; 150] *
Vegetation height (cm) 6.5+0.9 [0.1;35.5] 35+0.5 [0;21.0] *
Simpson’s diversity 0.44 +0.04 [0.02 ;1] 0.54 +0.04 [0;1] n.s
Shannon’s diversity 0.63+£0.03 [0.00; 1.38] 0.70 £ 0.04 [0;1.85] n.s
Pielou’s evenness 0.48 £0.02 [0.08 ; 0.84] 0.61 £0.03 [0;1] n.s
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Table 2. The results of the linear mixed model with random slope and intercept for year.
Regression coefficients are provided for each year for the correlations between species richness
and salt marsh species richness and all edaphic factors, accordingly. Further, #-values are provided;
a value above +1.96 indicate a significant correlation. The significance level is noted with n.s.

being not significant and * corresponding to a significant correlation.

Species richness Salt marsh species richness

2017 2018 t-value 2017 2018 t-value
Intercept 8.87 7.11 2.87 (*) 3.98 5.71 2.82 (%)
Moisture -0.029  0.0035 -0.25 (n.s.) 0.0015 -0.0018  -0.009 (n.s.)
Organic matter 0.098 0.089 1.30 (n.s.) 0.043 0.081 1.57 (n.s.)
Salinity -2.019  -2.007 -3.75 (%) 0.26 0.26 0.98 (n.s.)
Available P -2.079 -1.54 -2.00 (*) -0.30 -0.29 -0.70 (n.s.)
Available N 0.20 0.048 1.97 (%) 0.016 0.0067 0.93 (n.s.)
Total P -0.0040  0.0026 -0.19 (n.s.) 0.0015 0.00044 0.79 (n.s.)
Total N 0.27 0.16 0.96 (n.s.) -0.13 -0.14 -1.35 (n.s.)
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Figure 1. Box-plot of the ratio between the number of salt marsh species (Appendix S2) and the
total species richness in 2017 (green) and 2018 (grey), respectively. A value of 1 indicate that all
species were salt marsh adapted species while 0 indicate that none were salt marsh adapted
species. The medians are plotted together with the 25 and 75 % quantiles while the whiskers show

the maximum and minimum. **** = p-value < 0.0001.
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Figure 2. The species composition of Bygholmengen across 40 plots sampled in both 2017 and 2018. In A
and B, the species overlap (species occurring in both 2017 and 2018) is depicted in black, the species
present in 2017 only in green (species lost), those of 2018 only in grey(species gained). In A, the total
number of species found across all plots on Bygholmengen is shown including both all occurrences and
when excluding species that only occurred once (more than once). In B, the species distribution is shown

per sampling plot, where the boxplot depict the median and the 25 and 75 % quantiles, minimum,

maximum and outliers. Here, all occurrences are included. In C, species compositional change between
years 2017 (green, squares) and 2018 (grey, triangles) is illustrated based on the PCoA using the Jaccard
dissimilarity on binary data for 40 plots. When a line connects a green square and a grey triangle, they
represent the same sampling plot in 2017 and 2018. Eigenvalues for PCoA axis 1 and 2 are 3.89 and 2.36,

with 16.71% of variance explained on axis 1 and 9.49% on axis 2.
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Figure 3. The temporal turnover rate plotted against total species richness. R?=0.31.
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Figure 4. The environmental dissimilarity between years was significantly negatively correlated with the
species overlap (p < 0.01, R? = 0.38) (A). No significant correlation was found between the species

turnover and the environmental dissimilarity (B).
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eTOC

Fluctuations in temperature and precipitation between two years resulted in a change in the edaphic
environment as well as a significant change in species composition of a salt marsh flora. We linked the
change in species composition to change in the edaphic environment as areas with the least edaphic

change retained more species between years.
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