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Abstract
Rising sea levels threaten coastal safety by increasing the risk of flooding. Coastal 
dunes provide a natural form of coastal protection. Understanding drivers that con-
strain early development of dunes is necessary to assess whether dune development 
may keep pace with sea- level rise. In this study, we explored to what extent salt stress 
experienced by dune building plant species constrains their spatial distribution at the 
Dutch sandy coast. We conducted a field transplantation experiment and a glasshouse 
experiment with two dune building grasses Ammophila arenaria and Elytrigia juncea. In 
the field, we measured salinity and monitored growth of transplanted grasses in four 
vegetation zones: (I) nonvegetated beach, (II) E. juncea occurring, (III) both species co- 
occurring, and (IV) A. arenaria dominant. In the glasshouse, we subjected the two spe-
cies to six soil salinity treatments, with and without salt spray. We monitored biomass, 
photosynthesis, leaf sodium, and nutrient concentrations over a growing season. The 
vegetation zones were weakly associated with summer soil salinity; zone I and II were 
significantly more saline than zones III and IV. Ammophila arenaria performed equally 
(zone II) or better (zones III, IV) than E. juncea, suggesting soil salinity did not limit spe-
cies performance. Both species showed severe winter mortality. In the glasshouse, 
A. arenaria biomass decreased linearly with soil salinity, presumably as a result of os-
motic stress. Elytrigia juncea showed a nonlinear response to soil salinity with an opti-
mum at 0.75% soil salinity. Our findings suggest that soil salinity stress either takes 
place in winter, or that development of vegetated dunes is less sensitive to soil salinity 
than hitherto expected.
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1  | INTRODUCTION

Sea levels are predicted to rise with 26–82 cm in this century, due 
to climate change (IPCC, 2014). Rising sea levels may lead to higher 
frequency and intensity of flooding, emphasizing the need for flexible 

coastal protection (IPCC, 2014; KNMI & PBL, 2015). Coastal dunes 
provide such a flexible, natural form of coastal protection, while also 
providing other important ecosystem services such as freshwater 
supply, recreation, and biodiversity conservation (Everard, Jones, & 
Watts, 2010). Understanding the factors that constrain early dune 

www.ecolevol.org
http://orcid.org/0000-0003-1237-6403
http://creativecommons.org/licenses/by/4.0/
mailto:marinka.vanpuijenbroek@wur.nl


     |  7291van PUIJEnBROEK Et al.

development is essential to predict whether natural coastal protection 
can keep pace with the rising sea level.

Coastal dune formation is the result of vegetation growth and eo-
lian processes (Hesp, 2002). Nonvegetated dunes can form by eolian 
transport of sand, but these dunes are transient and will disappear 
when the wind direction changes. Once vegetation established on the 
beach, it captures wind- blown sand and forms an embryo dune (also 
known as an incipient dune; Hesp, 2002; Maun, 2009; Zarnetske et al., 
2012). These vegetated embryo dunes may grow into foredunes that 
are known for their coastal protection function (Maun, 2009). As veg-
etation plays a key role in capturing and retaining sand, the position 
and rate of dune development on the beach are constrained by vege-
tation establishment and growth (Keijsers, De Groot, & Riksen, 2015; 
Zarnetske et al., 2012).

Vegetation growth on the beach is limited by the harsh environ-
mental conditions (Maun, 2009), including high salinity (Maun, 1994). 
Plants experience the saline conditions both aboveground by salt 
spray and belowground by salt concentration (soil salinity). Both salt 
spray and soil salinity decrease from beach toward dunes (Gooding, 
1947). Salt spray on the beach strongly depends on wind speed and 
precipitation (Boyce, 1954), while soil salinity is influenced by inun-
dation by seawater, saline groundwater, salt spray, precipitation, 
moisture content, and soil texture (Martin, 1959). Salt spray and soil 
salinity can disrupt plant–water relations, promote tissue necrosis and 
leaf loss, reduce photosynthesis, and reduce growth in exposed plants 
(Boyce, 1954; Breckle, 2002; Munns & Termaat, 1986). Consequently, 
these factors can have a great impact on the distribution of plant spe-
cies, and thus potential dune formation, on the beach.

In western Europe, the main two dune building species are 
Ammophila arenaria (L.) Link and Elytrigia juncea (Simonet & Guin). 
Ammophila arenaria has been introduced in many countries, because of 
its excellent dune building capabilities (Konlechner, Hilton, & Orlovich, 
2013). Ammophila arenaria creates higher, more hummocky peaked 
dunes (Hesp, 2002), which can easily withstand flooding (Seabloom, 
Ruggiero, Hacker, Mull, & Zarnetske, 2013). Elytrigia juncea creates 
lower broader dunes, and the distribution is more restricted to Europe. 
Elytrigia juncea usually grows closer to the sea than A. arenaria (Bakker, 
1976). It is generally assumed that dune building starts with E. juncea 
and, once when a freshwater lens is formed, A. arenaria plants establish 
and over time outcompete E. juncea (Westhoff, Bakker, van Leeuwen, 
& van der Voo, 1970). The order in which the grass species occur on 
the beach corresponds with their salinity tolerance investigated under 
controlled conditions (Rozema, Bijwaard, Prast, & Broekman, 1985; 
Sykes & Wilson, 1988, 1989; Data S1), suggesting dune building is con-
strained by soil salinity. However, studies that actually measured both 
vegetation distribution and environmental conditions in the field (de 
Jong, 1979; Maun, 2009) conclude that soil salinity on the beach is 
lower than generally assumed and is unlikely to limit plant growth on 
the beach. It is yet unclear what explains the discrepancy between spa-
tial plant distribution on the beach, salinity- tolerance ranges measured 
in short- term physiological studies, and the actual salinity measured on 
the beach. Did the physiological studies (Rozema et al., 1985; Sykes & 
Wilson, 1988, 1989) underestimate the cumulative effect of salt stress 

(Munns, 2002) due to their short duration (4–10 weeks) or can it be 
that interactive effects of salt spray and soil salinity explain why plants 
did not occur under the relatively low soil salinity measured in the field?

In this study, we try to bridge the gap between field and glass-
house studies by conducting a field experiment with A. arenaria and 
E. juncea transplanted into different vegetation zones and by com-
paring the field response with a full factorial glasshouse experiment 
where we subjected the two species to different soil salinities with 
and without salt spray. Specifically, we attempted to answer the fol-
lowing research questions: (i) What are the interactive effects of salt 
spray and soil salinity stress on growth of E. juncea and A. arenaria? 
(ii) Which physiological mechanisms (osmotic stress, ionic stress, and 
nutrient limitation) can explain their biomass response? (iii) Does their 
response to salt spray and soil salinity explain the growth of A. arenaria 
and E. juncea in the field?

2  | METHODS

2.1 | Field transplantation experiment

We conducted a field experiment to assess the plant growth of A. are-
naria and Elytrigia juncea along five transects from beach to dune (Data 
S2) on the Hors on Texel, a barrier island in the Netherlands (coordi-
nates: 52°59′51.97″N, 4°44′04.83″E). The Hors is a wide dissipative 
beach with much hydrodynamic reworking of the sand, which results 
in a high transport potential and opportunity for dunes to develop. 
Due to relatively storm free periods, many dunes have been able to 
develop on the Hors in the last 20 years. Within each transect, we 
selected four locations representing different stages of dune develop-
ment, zone (I) the nonvegetated zone above the mean high water line, 
0.78–1.1 m NAP (NAP refers to Amsterdam Ordnance Datum, which 
is equal to mean sea level near Amsterdam); (II) zone with E. juncea oc-
curring, 1.17–1.19 m NAP; (III) zone with both species co- occurring, 
1.42–1.94 m NAP; and (IV) zone where A. arenaria is dominant, 2.06–
3.17 m NAP. At each location, we established six plots of 50 × 50 cm. 
The minimum distance between the plots was 2 m. Three treatments 
were randomly assigned to the plots: monoculture of A. arenaria, mon-
oculture of E. juncea, and mixed culture of A. arenaria and E. juncea. In 
each plot, we planted 20 plants; in the mixed culture, we planted 10 
plants of each species. The plants, consisting of one shoot, were col-
lected from the same site and stored outside in plastic bags with moist 
sand for a maximum of 2 weeks until planting.

After planting, we standardize the leaf height between species and 
plots by clipping the leaves until the leaves were 3 cm long. We estab-
lished the experiment in the end of March 2014. We measured the 
number of leaves for a fixed subplot of 30 × 30 cm within each plot in 
May–October 2014, and August 2015.

2.2 | Soil salinity measurements in the field

We measured the soil salinities at the locations where we established 
our field experiment. At each location, we took soil samples from five 
depths (5, 10, 25 and 50 cm). The samples were taken back to the 
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laboratory and dried at 105°C. The dried soil samples were diluted 
on a 1:5 mass basis with distilled water. The electrical conductivity of 
this solution was measured and multiplied with a factor 17 to derive 
the EC at saturated conditions (ECe) (Shaw, 1994). When there was 
groundwater at the sampling depth, we measured groundwater salin-
ity directly in the field with the same instrument as used in the labo-
ratory. The groundwater depth ranged between 44 cm and >75 cm 
below beach surface, depending on location and transect. The meas-
urements were performed on 12, 13, and 14 August 2015. While 12 
and 13 August were dry, there was precipitation (15 mm) in the early 
morning of the 14 August which slightly reduced the soil salinity of 
one of the five transects, increasing the error bars per location.

To explore whether the soil salinity on Texel is comparable to other 
beaches along the Dutch coast, we complemented our data with soil 
salinity measurements on two additional beaches: the Hondsbossche 
Duinen (HD), in North Holland (coordinates: 52°44′34.31″N, 
4°38′33.14″E; date: September 2015) and on Terschelling, another 
barrier island (coordinates: 53°24′30.31″N, 5°17′29.25″E, measured 
in June, August, and November 2015). Both beaches are dissipative 
beaches; however, they have a smaller beach compared to the Hors. 
The HD is an artificial created mega- nourishment and has the small-
est beach width, whereas the beach on Terschelling has a much wider 
beach width. On HD, we measured soil salinity at the upper beach and 
dune foot, 1.9–2.5 m NAP, and on Terschelling, we measured at the 
upper beach, 1.9–2.3 m NAP.

The summer of 2014 was warmer and wetter compared to previ-
ous years, ideal conditions for plant growth (van Puijenbroek, Limpens, 
et al., 2017). The average temperature in June and July was 17.40°C, 
and the precipitation over the growing season was 361 mm (KNMI, 
2015). Over the winter, there were two major storms and highest water 
level was 248 cm NAP, and this water level occurs once every 2 years. 
This water level is higher than most of our plot locations: only three plot 
locations in zone IV had a higher elevation. However, it is likely that also 
these locations became inundated due to wave run- up, as suggested by 
the position of the tidemark. The storm eroded part of the beach, the 
beach width decreased, but beach elevation did not change.

2.3 | Glasshouse experiment

2.3.1 | Plant material

We collected 600 rhizomes equally divided over both A. arenaria and 
E. juncea, from the vicinity of our field transplantation experiment on 
the Hors, Texel. The rhizomes were stored in plastic bags with moist 
sand in a fridge (c. 4°C) for 3 weeks until planting. Just before planting, 
we standardized the rhizomes by cutting all of them to similar length 
(20 cm), and it was not possible to standardize the number of nodes 
on each rhizome. The range in node number was for A. arenaria 6–11 
and for E. juncea 8–24. The rhizomes were planted in 196 experimen-
tal pots (10 L volume) filled with 14 kg soil, which consisted of a mix-
ture of (calcareous) sandy river soil and organic matter (3:1 volume 
mixture) and one liter of water. Three rhizomes of one species were 
planted in each experimental pot, about 5 cm below the soil surface. 

All pots were watered every week to keep the soil moisture content 
constant, and no additional nutrients were provided during this initial 
phase. Shoots emerged from the rhizomes 1–4 weeks after the plant-
ing. Four weeks after the planting of the rhizomes, treatments were 
randomly assigned to all pots where tillers had developed. We ended 
up with 192 pots for the main experiment (see experimental design 
below), leaving four pots with living tillers to verify the experimental 
treatments. The glasshouse climate for both preparation phase and 
experiment was set to 20°C at day and 15°C at night, standard hu-
midity (about 50%). Natural light was supplemented by SON- T 400W 
lamps to guarantee 16 hr day length.

2.3.2 | Experimental design

A total of 192 experimental pots were used in this experiment with 
a full factorial design of two factors: soil salinity (six different levels) 
and salt spray (with/without). For each treatment, we had eight rep-
licates, which were distributed over eight replicate blocks. Within 
each block, the treatments were repeated for each species: A. are-
naria and E. juncea. The position of the experimental blocks was ran-
domized three times during the experiment to control for potential 
variation in light conditions within the glasshouse. For the salt spray 
treatment, the plants were initially sprayed five times from all sides 
at 70 cm distance with either distilled water or water with 3.5% NaCl 
concentration (Sykes & Wilson, 1988). After 14 weeks, we increased 
the spraying treatment by spraying ten times from all sides, to ensure 
that all leaves were sprayed. While spraying, waterproof cardboard 
was used to shield the other pots from the spraying. For the soil salin-
ity treatment, six different saline solutions were prepared with 0%, 
0.25%, 0.5%, 0.75%, 1.0%, and 1.5% salt concentration (correspond-
ing to 0, 42.8, 85.6, 128, 171, 214 mmol/L NaCl, and 0.28, 6.0, 11.1, 
16.2, 20.2, 33.90 mS/cm EC). The soil salinity treatments were based 
on the range of soil salinities we found in the field. To ensure, there 
was no effect of salt spray on the soil salinity we applied once every 
week first the salt spray treatment and then the soil salinity treatment. 
As the provided salt can accumulate in the soil, excess saline solution 
was supplied to the experimental pots to a set weight (16 kg). At this 
pot weight, about one- third of the saline solution drained from the 
pots, preventing accumulation of salt at concentrations higher than 
the treatment (Poorter, Fiorani, Stitt, Schurr, & Finck, 2012; Sykes & 
Wilson, 1989). The saline solution was directly applied to the soil, to 
prevent a change in the salt spray on the leaves. Nutrients were added 
to the different saline solutions in the form of 2.5% Hoagland’s solu-
tion, to ensure sufficient nutrients for plant growth. This low amount 
of nutrients represents the field conditions, as dunes are very nutrient 
poor (Maun, 2009). The plants were harvested after 25 weeks of the 
start of the treatments, which is more or less similar to the length of 
the growing season of the two dune building species.

2.3.3 | Plant growth

Plant growth was measured by counting the number of shoots, leaves 
(alive, dead), and the height of longest leaf for each experimental pot. 
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Shoots were defined as an individual stem with leaves. Leaves were 
considered dead when they had no green tissue left. All variables were 
measured weekly during the first 12 weeks of the experiment and 
again during week 18 of the experiment. For nine of the 192 pots, all 
plants died during the experiment, all corresponding to A. arenaria. No 
pots with E. juncea experienced mortality; however, one experimental 
pot was planted erroneously with A. arenaria and was excluded from 
the analysis.

We harvested the experiment per block by collecting the whole 
plant after which we divided it into two fractions: the shoot (including 
both dead and alive leaves) and root biomass. The roots were carefully 
separated from the soil by gently rinsing them with flowing tap water. 
Biomass of both fractions was determined after drying the material at 
40°C for 3 days.

2.3.4 | Measurements of gas exchange and stomatal 
conductance

We measured CO2 gas exchange and stomatal conductance to ex-
plore the mechanisms behind the biomass response. From week 
21 to week 24 (May 1–21, 2015), we measured the leaf photosyn-
thesis (CO2 net exchange) with a cross- calibrated LI- 6400 portable 
photosynthesis system (LI- Cor, Inc, Lincoln, NE, USA) from single 
leaves of all plants in four randomly selected blocks. The CO2 net 
exchange (Asat) was measured under ambient CO2 concentrations of 
400 ppm and photosynthetically active radiation (PAR) flux density at 
or near 2,000 μmol m−2 s−1. Measurements were made from 08:30 to 
12:00 hr during the day (CET time) to minimize the risk of declines in 
gas exchange rate as a result of stomatal closure, source–sink inhibi-
tion, or other causes during the afternoon (Pérez- Harguindeguy et al. 
2013).

The CO2 net exchange (Asat) and stomatal conductance were 
calculated with the following equations from von Caemmerer and 
Farquhar (1981).

1. Asat = (F(Cr – Cs)/100S) – CsE
2. gsw = 1/((1/gtw)–(kƒ/gbw))

Asat is the photosynthesis in μmol m−2 s−1, F molar flow rate of air 
(μmol s−1), Cr and Cs are the sample and reference CO2 concentrations 
(μmol CO2 mol air−1), S is leaf area (cm−2), and E is the transpiration 
(mol H2O m−2 s−1). gsw is the stomatal conductance in mol H2O m−2 s−1, 
gtw is the total conductance (mol H2O m−2 s−1), gbw the boundary layer 
conductance (mol H2O m−2 s−1), and kƒ is calculated by kƒ = (K2 + 1)/
(K + 1)2, where K is the stomatal ratio (estimate of the ratio of stomatal 
conductance of one side to the leaf to the other side).

Water use efficiency (WUE) was calculated as the ratio between 
the net CO2 exchange and the stomatal conductance. During the 
harvest, we measured the specific leaf area (SLA), for the four blocks 
where we measured the single leaf gas exchange. The SLA was mea-
sured by scanning five fresh undamaged leaves with a leaf scanner 
(Li- 3100 Area Meter) and weighing the dried leaves (dried at 40°). For 
each of these five leaves, we measured the leaf thickness.

2.3.5 | Plant chemical analyses

We measured the concentrations of nitrogen, phosphor, potassium 
(K), and sodium (Na) in the harvested shoot biomass of all plants in a 
subset of four randomly selected blocks. The concentrations of plant 
nutrients N, P, and K were measured to explore whether nutrient limi-
tation could explain the plant biomass at higher soil salinity (Colmer 
& Flowers, 2008; Rozema, van Manen, Vugts, & Leusink, 1983). 
Concentrations of Na were measured to explore whether ionic stress 
played a role in explaining the treatment effect (Munns & Termaat, 
1986). The harvested shoot biomass, which includes dead and alive 
biomass, was first gently rinsed with distilled water to remove any 
residual salt spray. The dried shoot material (70°C) was pulverized and 
digested with H2SO4, salicylic acid, H2O2, and selenium. Subsequently 
N and P concentrations were measured colorimetrically using a con-
tinuous flow analyser (SKALAR SAN plus system, The Netherlands). K 
and Na were measured by flame atomic emission spectroscopy (AES) 
(Walinga, Vark, Houba, & van der Lee, 1989).

2.3.6 | Soil and leaf salinity in experimental pots

To verify that soil salinity at the end of the experiment still matched 
the treatments, we collected soil samples from the experimental pots 
of four randomly selected blocks and measured the electrical conduc-
tivity (EC) and calculated the electrical conductivity at saturated con-
ditions (ECe), using the same methods as for the field samples.

To test how the salt spray treatment affected leaf salinity, we used 
four planted test pots, which we once sprayed with water which con-
tained 3.5% NaCl. The plants in these test pots were harvested, and 
the leaves were washed with 500 ml distilled water. The difference 
between the EC of the distilled water before and after the plants were 
washed was used to calculate the EC on the leaves by correcting it for 
leaf area. The EC on the leaves after spraying once was 131.1 μS/cm. 
This value is higher than freshwater levels, and as we did not wash the 
leaves, the salinity did accumulate over time.

2.4 | Statistical analysis

2.4.1 | Field experiment

Data from the two subreplicates per location in the field were aver-
aged, to avoid pseudoreplication. We analyzed the number of living 
leaves with a linear mixed model, where we account for the repeated 
measure by using plot number as a random intercept, with culture 
(mono or mixed), species, zone, and month as explanatory variables. 
We calculated the Chi- squared values with an ANOVA type III SS 
(Fox & Weisberg, 2011), as it is robust for unequal sample sizes 
(Quinn & Keough, 2006). We corrected for the number of plants 
that were planted at the start of the experiment. The unequal sam-
ple sizes were a result of anthropogenic disturbance. All plants in 
the nonvegetated zone (zone I) were pulled out of the plots shortly 
after the start from the field experiment, preventing inclusion in our 
analyses. Two additional plots in the zone with only E. juncea (zone 
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II) were destroyed in September 2014. We excluded these plots 
from this time point onward.

2.4.2 | Glasshouse experiment

For the glasshouse experiment, the numbers of living leaves, till-
ers, and maximum plant height were analyzed with a generalized 
linear model with a negative binominal distribution, and a normal 
distribution for maximum plant height (Quinn & Keough, 2006). We 
used species, time, soil salinity, and salt spray treatment as explana-
tory variables. The total biomass, shoot biomass, root biomass, and 
shoot to root ratio were analyzed with an ANOVA and with spe-
cies, soil salinity, and salt spray treatments as explanatory variables. 
Between the different treatments, significant differences were 
calculated using the Tukey HSD test (Hothorn, Bretz, & Westfall, 
2008).

The net CO2 exchange and stomatal conductance were analyzed 
with an ANOVA type III. Sample sizes ranged between one and six per 
treatment because we discarded replicates with negative intercellular 
CO2 concentrations from the analyses. We used species, soil salinity, 
and salt spray treatments as explanatory variables. The N, P, Na, and 
K concentrations in the leaves were analyzed with an ANOVA, and 
species, salinity, and salt spray treatment were used as explanatory 
variables.

We did not find any significant difference between the different 
blocks of the glasshouse experiment. The normality of the data and 
homogeneity of variance were checked graphically. Variable deviating 
from normality was transformed with a natural logarithm (stomatal 
conductance, WUE, Na concentrations, number of living leaves in the 
field) or a square root (field soil salinity and the salinity in the pots) 
before analysis. To facilitate interpretation, the figures are based on 
nontransformed data. All statistical analyses were performed with the 
program R 3.1 (R Core Team, 2016).

3  | RESULTS

3.1 | Soil salinity in the field

On Texel, the salinity of both groundwater and soil increased with 
proximity to the sea (F89,5 = 339.75, p < .001), but was only weakly 
related to vegetation zones (Figure 1). Zones I and II were saltier than 
zones III and IV. The salinity of the groundwater was 32.74 ± 6.12 mS/
cm (means ± SE) in zone I and 5.63 ± 1.51 mS/cm in zone III 
(F11,5 = 19.96, p > .001). Soil salinity increased significantly with depth 
in zones I and II (F89,5 = 9.47, p < .001), whereas soil salinity was hardly 
affected by depth in zones III and IV (Figure 1). Soil salinity on Texel 
was significantly higher than on the narrower beaches of the HPZ or 
Terschelling, irrespective of vegetation zone.

3.2 | Plant growth in field experiment

Plant growth depended on time of year, species, and zone. The num-
ber of leaves increased linearly after planting, levelled off at the 

end of the 2014 growing season, and declined over 2015, irrespec-
tive of zone and species. Species did show a different growth pat-
tern over the zones (Figure 2), leading to a significant zone*species 
interaction(zone*species: F2,338=11.06, p < .004). Ammophila arenaria 
generally performed least in zone II, producing fewer leaves over sum-
mer and regrowing less after winter than in zones III and IV. Elytrigia 
juncea did not show a clear growth response to zonation: E. juncea 
performed equally well in all zones over summer, but only survived 
in zone III. There was no significant difference between the mixed 
and monoculture plots (mono vs. mixed A. arenaria: 1.87 ± 0.020 
vs. 1.60 ± 0.017 leaves/planted plant, E. juncea: 0.91 ± 0.0095 vs. 
0.60 ± 0.0064 leaves/planted plant, species * mono/mixed culture: 
F1,338=1.43, p = .23, Data S3).

3.3 | Glasshouse experiment

The treatments resulted in the desired soil salinity concentrations 
(Data S4), irrespective of salt spray (F77,1 = 0.12, p = .73) and species 

F IGURE  1 The ECe (Electrical conductivity at saturated soil) 
for different depths in the soil. Closed circles indicate the ECe at 
different zones at the Hors, Texel. Open circles indicate the ECe at 
beaches on the Hondsbossche Duinen (HD) and on Terschelling. 
Points show the mean and the error bars and the standard error. The 
arrows and the percentages show the ECe value of the specific soil 
salinity treatment. The EC of the seawater is 50 mS/cm. Zone I is 
the nonvegetated zone, zone II is the zone with only Elytrichia juncea 
occurring, zone III is the zone with both E. juncea and Ammophila 
arenaria, and in zone IV, A. arenaria is dominant
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(F77,1 = 0.25, p = .62). Soil salinity concentrations differed significantly 
between treatments, with soil salinity measured in the pots corre-
sponding to the soil salinity treatment (F77,5 = 91.19, p < .001). Soil sa-
linity in the treatments was within the same order of magnitude as the 
salinity measured in the field (Figure 1). The 0% salinity treatment cor-
responded to the soil salinity measured in zones III and IV (Figure 1), 
whereas the soil salinity for the 0.5%–1% soil salinity treatments cor-
responded to the salinity measured between 5 and 25 cm depth for 
zones I and II. The highest soil salinity treatment (1.5%) was found 
only deeper in the soil (>25 cm) in zones I and II.

3.4 | Impacts on plant growth and biomass

Salt spray had neutral to positive effects on species performance. 
Salt spray significantly increase the number of leaves and tillers and 
the maximum plant height for A. arenaria (Table 1), but did not af-
fect shoot, root, total biomass, and fraction of dead leaves of A. are-
naria and E. juncea (Table 2). The total biomass for A. arenaria was 

4.71 ± 0.42 g/pot without salt spray and 5.21 ± 0.45 g/pot with salt 
spray, whereas it was 8.28 ± 0.40 g/pot and 8.19 ± 0.41 for E. juncea. 
Salt spray interacted with soil salinity resulting in higher number of 
leaves for the lowest soil salinities (0%, 0.25%) for both species: In 
week 18, the number of leaves of A. arenaria for the 0% soil salin-
ity treatment was 2.38 ± 0.42 without salt spray and 3.25 ± 0.31 with 
salt spray. Salt spray did not affect plant mortality: Of the nine pots 
where all plants died, five received salt spray. We found no signifi-
cant interaction effect between salt spray treatment and soil salinity 
treatment for maximum height, total biomass, shoot biomass and root 
biomass (Tables 1 and 2).

Soil salinity significantly affected plant performance, with the ef-
fect strongly depending on species. For A. arenaria, we found a signifi-
cant negative effect of soil salinity on the shoot biomass, root biomass, 
and total biomass, number of living leaves (Figures 3 and 4), tillers, and 
maximum height (Tables 1 and 2). Treatment effects on living leaves 
became significant from 50 days onward (Figure 3). Plant biomass at 
harvest was negatively related to soil salinity. Biomass decreased by 

F IGURE  2 The number of living leaves 
for Ammophila arenaria and Elytrichia juncea 
per subplot of 30 × 30 cm within a plot 
at the different zones at the Hors, Texel, 
over a period of 15 months. The points 
are means, and the error bars are standard 
errors. Zone II is the zone with only 
E. juncea occurring, zone III is the zone with 
both E. juncea and A. arenaria, and in zone 
IV, A. arenaria is dominant
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Factor df Number of leaves Number of shoots
Maximum 
plant height

Species 1 3,130.82*** 717.35*** 9.55**

Salinity 5 24.82*** 24.05.29*** 9.07***

Salt Spray 1 35.30*** 18.85*** 4.77*

Days 1 1,015.39*** 66.25*** 535.21***

Species × Salinity 5 390.56*** 163.92*** 11.26***

Species × Salt Spray 1 29.81*** 15.14*** 5.02*

Species × Days 1 86.61*** 110.51*** 31.94***

Salinity × Salt Spray 5 132.20*** 74.05*** 1.11

Salinity × Days 5 22.28*** 19.09** 7.25***

Salt spray × Days 1 0.15 0.39 0.075

MSresiduals 2,074 – – 188

df, degrees of freedom.
The asterisk denotes the level of significance (*p < .05, **p < .005, ***p < .001).

TABLE  1 Statistical models for the 
plant growth during the glasshouse 
experiment, with as response variables 
number of leaves, number of shoots, and 
maximum plant height. The number of 
leaves and the number of tillers were 
analyzed with a generalized linear model 
with negative binomial distribution, and the 
deviance (Chi- squared test) is shown for 
the factors. Maximum plant height is 
analyzed with an ANOVA, and the F values 
are shown
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34% between the 0% and 0.25% treatments. The decrease in biomass 
was mainly due to the decrease in shoot biomass (Figure 4c). Although 
the root biomass clearly decreased between 0% and 0.25% salinity, 

the root biomass did not further decrease at higher soil salinity levels 
(Figure 4d). Consequently, the decrease in shoot biomass resulted into 
a lower shoot to root ratio at high soil salinity (1.0%, 1.5%) (Figure 4b). 

Factor df Total biomass S/R ratio Shoot biomass Root biomass

Species 1 96.73*** 109.00*** 174.39*** 15.23***

Salinity 5 36.47*** 0.81 7.87*** 11.85***

Salt Spray 1 0.39 0.00 0.14 0.48

Species × Salinity 5 35.91*** 44.58*** 10.89*** 9.79***

Species × Salt Spray 1 0.55 1.03 0.79 0.50

Salinity × Salt Spray 5 0.07 0.01 0.68 0.78

MSresiduals/SSresiduals 172 5.77 0.12 1.9 1.47

df, degrees of freedom.
The asterisk denotes the level of significance (***p < 0.001).

TABLE  2 ANOVA model for the total 
biomass, shoot/root ratio, shoot biomass, 
root biomass. The values shown are the F 
values

F IGURE  3 The number of living 
leaves per pot for Ammophila arenaria and 
Elytrichia juncea over the first 125 days of 
the experiment at the different soil salinity 
levels. The points are means, and the error 
bars are standard errors
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F IGURE  4 The effect of soil salinity 
(%) and species (Ammophila arenaria and 
Elytrichia juncea) on: (a) total biomass (g 
dry mass/pot); (b) shoot/root ratio (g/g 
dry mass); (c) shoot biomass (g dry mass/
pot); (d) root biomass (g dry mass/pot). The 
points are the means, and the error bars are 
the standard error. The letters denote the 
significance between the different salinity 
levels (Tukey’s HSD test)
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The fraction of dead leaves increased with soil salinity for A. arenaria 
(F1196,5 = 4.48, p < .001), the fraction of dead leaves from 0.17 ± 0.020 
alive/dead in the control treatment to 0.39 ± 0.043 alive/dead in the 
highest soil salinity treatment. Mortality of all A. arenaria plants oc-
curred in nine experimental pots (9.4%). Plant mortality for the highest 
soil salinity treatment was 43.8% (seven of nine pots that had been sub-
jected to the 1.5% soil salinity treatment). The other two experimental 
pots were with 0.75% soil salinity treatment and 0. 5% soil salinity 
treatment. Increased soil salinity resulted into smaller and thinner, yet 
denser leaves, significantly decreasing SLA (F77,5 = 6.54, p = <.001), 
from 39.58 ± 3.04 cm/g in the control treatment to 13.99 ± 5.70 cm/g 
in the highest soil salinity treatment. Leaf thickness ranged from 
0.41 ± 0.017 mm in the control treatment to 0.18 ± 0.063 mm in the 
highest salinity treatment (F37,5 = 5.72, p < 0.001). The ratio between 
dead and total shoot biomass was significantly affected by the soil sa-
linity treatment (F81,5 = 15.47, p = <.001), the ratio between dead and 
total shoot biomass was 0.08 ± 0.048 g/g for the control treatment 
and 0.50 ± 0.094 g/g for the highest soil salinity treatment. We found 
no significant relationship between the dead leaves biomass and Na 
concentration (F44 = 1.33, p = .25).

In contrast to A. arenaria, increasing soil salinity generally improved 
performance of E. juncea. The number of living leaves, tillers, and max-
imum plant height increased linearly with soil salinity (Table 1 and 
Figure 3), and the fraction of dead leaves was higher at low salinity 
(0.48 ± 0.022 alive/dead) than high salinity (0.26 ± 0.0011 alive/dead, 
F1227,5 = 18.01, p < .001). Plant biomass at harvest showed an opti-
mum at a soil salinity of 0.75%. At this salinity level, the total biomass 
was 37.7% higher than for to the 0% salinity treatment (Figure 5a). At 
the highest soil salinity level (1.5%), the total biomass was about equal 
to that of the control treatment with 0% soil salinity. The effect of soil 
salinity on the total biomass of E. juncea was mainly driven by the effect 
on shoot biomass (Figure 4c). The root biomass did not show a signif-
icant increase at the soil salinity levels of 0.25%–1.0%, but decreased 
at 1.5% soil salinity (Figure 4d). Consequently, the shoot to root ratio 
increased with increasing soil salinity for this species (Figure 4b), 

again a response opposite to that of A. arenaria. Increased soil salinity 
also resulted in smaller and denser leaves, decreasing the SLA from 
93.49 ± 6.56 cm/g in the control treatment to 64.26 ± 3.53 cm/g in 
the highest soil salinity treatment (F77,5 = 6.54, p = <.001). In contrast 
to A. arenaria, soil salinity did not affect leaf thickness for E. juncea 
(F35,5 = 2.11, p = .087, leaf thickness control treatment: 0.31 ± 0.016, 
highest salinity treatment: 0.29 ± 0.015). For E. juncea, no distinction 
has been made between the dead and alive biomass; however, from 
the data collected during the experiment, it seemed that the number 
of dead leaves was similar to that of A. arenaria.

3.5 | Impacts on photosynthesis

Photosynthesis (Asat) was affected by both soil salinity and spe-
cies, with salt spray having no effect (Table 3 and Figure 5a). 
Photosynthesis linearly decreased with soil salinity for both species 
(Table 3 and Figure 5a), with A. arenaria showing a stronger response 
than E. juncea. Photosynthesis of A. arenaria was completely sup-
pressed (i.e., there was respiration instead of CO2 accumulation, re-
flected by negative values) at soil salinity levels of 0.75% and higher, 
whereas of E. juncea kept photosynthetically active in all treatments. 
Stomatal conductance decreased with soil salinity, irrespective of 
species (Table 3 and Figure 5b). As a result, the WUE of both species 
decreased with increasing soil salinity, dropping below zero at soil sa-
linity levels of 0.75% or higher for A. arenaria, and at a soil salinity of 
1.5% for E. juncea (Figure 5c).

3.6 | Leaf nutrient concentrations

Leaf nutrient (N, P and K) concentrations were comparable between 
the two grass species and N and P concentrations increased with soil 
salinity, while K concentrations decreased with soil salinity (Table 4 
and Figure 6a–c). Leaf Na concentrations differed between species, 
with A. arenaria having significantly higher leaf Na concentration 
compared to E. juncea. This species effect was mainly caused by the 

F IGURE  5 The mean and standard error of (a) the photosynthesis (Asat) (μmol CO2 m−1 s−1), (b) the stomatal conductance (mol H2O m−2 s−1), 
and (c) the water use efficiency (μmol/mol) for Ammophila arenaria and Elytrichia juncea at different soil salinity levels. There were no significant 
differences between the different species and soil salinities
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effect of salt spray on leaf Na concentration: Salt spray increased the 
leaf Na concentration of A. arenaria but did not affect E. juncea. Leaf 
Na concentrations increased with soil salinity for both species at ap-
proximately the same rate (Table 4 and Figure 6d). The leaf Na and K 
concentrations were negatively correlated to each other (K = 0.75–
0.46*Na, p = .009, R2 = 0.06).

4  | DISCUSSION

In this study, we tried to explain the discrepancy in the current litera-
ture between spatial plant distribution on the beach, salinity- tolerance 
ranges measured in short- term physiological studies and the actual sa-
linity measured on the beach. We hypothesized that the discrepancy 

Factor df Photosynthesis Stomatal conductivity WUE

Species 1 0.017 0.032 0.00

Salinity 5 4.23** 2.81* 2.94*

Salt Spray 1 0.96 0.15 2.85

Species × Salinity 5 0.16 0.28 0.57

Species × Salt Spray 1 1.13 0.0091 0.57

Salinity × Salt Spray 5 0.50 0.38 0.94

SSresiduals 25 562.42 8.46 20.87

df, degrees of freedom; WUE, water use efficiency (μmol/mol).
The asterisk denotes the level of significance (*p < 0.05, **p < 0.005).

TABLE  3 An overview of the model 
outcome of the photosynthesis (NCE), 
stomatal conductivity and water use 
efficiency (WUE). The data were analyzed 
with an ANOVA type 3. The values shown 
are the F values

Factor df N P K Na

Species 1 0.97 2.78 0.039 8.66**

Salinity 5 19.83*** 2.92* 16.28*** 46.07***

Salt Spray 1 2.88† 0.059 0.79 5.04*

Species × Salinity 5 7.36*** 0.65 4.87*** 1.92

Species × Salt Spray 1 2.34 0.68 4.80* 3.73†

Salinity × Salt Spray 5 1.17 1.13 2.90* 1.94†

MSresiduals 74 0.041 0.0026 0.17 0.31

df, degrees of freedom.
The asterisk denotes the level of significance (†p < 0.1,*p < 0.05, **p < 0.005, ***p < 0.001).

TABLE  4 An overview of the model 
outcome of the N, P, K+, Na+ 
concentrations in the leaves. The data 
were analyzed with an ANOVA. The values 
shown are the F values

F IGURE  6 The mean and standard 
error of (a) N concentration (g/g dry mass), 
(b) P concentration (g/g dry mass), (c) K 
concentration (g/g dry mass), and (d) Na 
concentration (g/g dry mass) of Ammophila 
arenaria and Elytrichia juncea for different 
soil salinity levels. As there was a significant 
effect of the salt spray treatment on 
the Na concentration, for graph 6D, we 
only present data without the salt spray 
treatment. There were no significant 
differences between the different species 
and soil salinities
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was either related to (i) the interactive effects of aboveground salt 
spray stress and belowground salinity stress or (ii) the short experi-
mental duration of most glasshouse experiments. Contrary to our ex-
pectations, we found in our glasshouse experiment that salt spray did 
not interact with soil salinity. Moreover, despite species being up to 
three times more sensitive to soil salinity in our 176 day glasshouse 
experiment than in a similar 32 day glasshouse experiment (Sykes & 
Wilson, 1989), the concentrations found to limit species performance 
in the glasshouse were still several orders of magnitude higher than 
observed in the field. Below, we try to answer the questions to what 
extent soil salinity restricts the spatial distribution of dune building 
species, and thereby the development of vegetated dunes, on the 
beach.

4.1 | Salt spray

Salt spray did not affect growth of the main dune building species in 
our glasshouse experiment, also at high soil salinity concentrations. 
The absence of an effect is unlikely to be an artifact of the concentra-
tions used in our study. Although we did not control the droplet size 
in our study (Boyce, 1954), the leaf salt concentration that the plants 
were subjected to in our experiment is likely to exceed the concentra-
tions experienced by plants in the field, because of the absence of 
precipitation in the glasshouse. In the field, salt stress is often reduced 
by precipitation, as the rain removes buildup of salt from the leaves 
(Boyce, 1954). The tolerance for salt spray of species growing on the 
beach has also been found in other studies (Rozema et al., 1983; Sykes 
& Wilson, 1988) and has been mainly attributed to the structure of the 
epicuticular wax layer (Ahmad & Wainwright, 1976), which can reduce 
the uptake of Na+ and Cl− deposited by salt spray.

4.2 | Mechanisms explaining biomass response to 
saline conditions

We explored to what extent the species biomass responses to increas-
ing soil salinity in the glasshouse could be attributed to nutrient limita-
tion, osmotic stress, and ionic stress, as this could, perhaps, shed more 
light on species responses in the field. Of these three mechanisms, 
nutrient limitation is unlikely. Leaf N and P concentrations remained 
constant or increased with increasing soil salinity levels. Leaf K con-
centration did decrease with soil salinity, suggesting K limitation as a 
potential explanation for a negative biomass response to high salinity. 
However, as K concentration decreased irrespective of species, and 
leaf K concentrations remained within field ranges (1%), K deficiency 
as driver of the biomass response seems unlikely. The decline in K was 
positively related to the increase in leaf Na concentration, presumably 
due to the competition between K and N uptake at the root surface 
(Amtmann & Sanders, 1998; Colmer & Flowers, 2008). This leaves os-
motic stress and ionic stress as alternatives to explain the negative 
biomass responses. Soil salinity stress occurs in two stages for a plant 
(Munns & Tester, 2008): first, a rapid response to increase in external 
osmotic pressure (osmotic stress), and second, over time a response to 
the accumulation of Na+ in the leaves (ionic stress) (Munns & Termaat, 

1986). Osmotic stress characteristically results in the reduction in 
shoot growth (Weimberg, Lerner, & Poljakoff- Mayber, 1984), while 
ionic stress leads to leaf mortality. Very likely both processes played 
a role, with osmotic stress being important for both A. arenaria and 
E. juncea, while ionic stress may have contributed to the biomass re-
sponse of A. arenaria only.

For both species, stomatal conductance decreased with increasing 
soil salinity, the decrease being steeper for A. arenaria than for E. jun-
cea. The reduction in stomatal conductance, which indicates stomatal 
closure, is often associated with osmotic stress (Lovelock & Ball, 2002; 
Munns, 1993). For A. arenaria, the reduction in leaf stomatal conduc-
tance was accompanied by a steep decline in leaf photosynthesis for 
soil salinities until 0.75%. The decline in photosynthesis mirrored the 
pattern observed for shoot biomass, suggesting the species increasingly 
suffered from osmotic stress. For E. juncea, photosynthesis declined 
less steeply, remaining positive until the highest soil salinity treatment 
of 1.5%. Surprisingly, the physiological response did not mirror the 
response in shoot biomass, which showed an optimum at 0.75% soil 
salinity. The above suggests that E. juncea also experienced increasing 
osmotic stress with increasing soil salinity, but was better able to com-
pensate for it than A. arenaria. The reason for the discrepancy between 
the biomass and photosynthetic responses is as yet unclear and could 
perhaps be related to a time- lag effect between photosynthetic rates 
and biomass production suggesting cumulative stress.

Ionic stress is caused by the Na+ accumulation in the leaves until 
toxic levels are reached, causing senescence (Munns & Termaat, 1986; 
Munns & Tester, 2008). Both A. arenaria and E. juncea showed a simi-
lar increase in the Na concentration in the leaves, but only A. arenaria 
displayed increasing leaf mortality with increasing soil salinity. For 
E. juncea, however, the proportion of dead leaves was higher at low 
salinity levels. The above suggests that for the soil salinity range we 
studied, ionic stress may have been an issue for A. arenaria, but not 
for E. juncea. Perhaps E. juncea could be more tolerant to Na by storing 
it in different cell organs, for example, the vacuole (Flowers, Troke, & 
Yeo, 1977).

4.3 | Distribution and growth in the field

Vegetation distribution on the beach has often been hypothesized to 
depend on soil salinity (Westhoff et al., 1970), as the species zonation 
corresponds to different degrees in salinity tolerance of dune building 
species investigated under controlled conditions. Our results from the 
field transplantation experiment suggest that there is an abiotic factor 
restraining plant survival in winter, but not in summer. In summer, the 
growth of A. arenaria in zone II was limited by soil salinity, but not that 
of E. juncea. Elytrigia juncea showed no significant difference in plant 
growth in the field between the three different zones with different 
soil salinity. Unfortunately, we do not have any results on plant per-
formance of transplants in zone I due to anthropogenic disturbance. 
Nevertheless, as soil salinity in the unvegetated zone I was compara-
ble to E. juncea occupied zone II, it seems reasonable to assume that 
a factor other than salt stress prevented vegetation development in 
this zone. Perhaps more regular inundation by the sea in zone I and 
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associated mechanical stress or, alternatively, higher extremes in soil 
salinity could explain the pattern.

In our study, we measured salt concentrations at one moment in 
time, whereas soil salinity is known to vary extensively in the field, due 
to changes in sea level, salt spray, and precipitation (de Jong, 1979; 
Maun, 2009). Of course, it is possible that plant distributions reflect 
higher salt concentrations that are reached after periodic drought in 
summer (Ayyad, 1973), or perhaps, directly after storm inundation in 
winter (Barbour & DeJong, 1977). Furthermore our results are only 
based on the Hors, Texel, and the soil salinity could be different at other 
beaches. Yet, despite the limitation of our study described above, soil 
salinity at two other beaches differing in morphology was even lower 
than the level we found on the Hors, Texel. This is also consistent with 
the few other studies that measured soil salinity on the beach, which 
reported soil salinity levels between 0.0008% and 0.04% (Boyce, 1954; 
de Jong, 1979; Gooding, 1947; Kearney, 1904; Olsson- Seffer, 1909). 
At these beaches where soil salinity remains well below 0.25%, the 
dune development of A. arenaria is probably not limited by soil salinity. 
In general, beach soil salinity probably depends on beach morphology. 
Shorter beaches, with a steep slope, and a higher elevation might have 
lower soil salinity levels compared to wide beaches, with a gradual 
slope and a lower elevation. Further research should be conducted on 
the variation of soil salinity on the beach and its relationship to beach 
morphology and extreme events, such as drought and inundation.

Our field experiment suggests that the survival of dune building 
grasses is determined in the winter season. In zone II, no plants of 
either species survived the winter. The low survival of both species 
is most likely associated with the occurrence of a storm that winter, 
which resulted in high water levels. Storms can severely erode dunes 
(Claudino- Sales, Wang, & Horwitz, 2008; Haerens, Bolle, Trouw, & 
Houthuys, 2012; Keijsers, Poortinga, Riksen, & Maroulis, 2014) and 
have been found to be a limiting factor for embryo dune development 
(van Puijenbroek, Limpens, et al., 2017). The storm affected probably 
all experimental plots; however, the zones closer to the sea were prob-
ably longer and/or more deeply inundated by high water compared to 
zones further from the sea (Barbour & DeJong, 1977). Even though 
the transplanted plants did not survive the winter period in our field 
experiment, natural E. juncea dunes do occur in zone II. Why our trans-
planted plants did not survive while the natural plants did, we cannot 
say for sure. It is possible that the better developed root system, the 
higher cover, and/or bigger dune size of the natural plants increased 
their storm resistance.

4.4 | (Dis)similarities between field and glasshouse

The plant species differed in vigor between glasshouse and field: In 
the field, A. arenaria grew much better than E. juncea at the same soil 
salinity than in the glasshouse experiment.

This difference between the glasshouse and field experiment is 
most likely caused by factors that are important for species growing 
in the field, but were not included in the glasshouse experiment, such 
as sand burial, precipitation, and storm erosion. With sand burial, 
A. arenaria can escape soil pathogens, which promotes the growth 

of A. arenaria (Maun, 1998; van der Putten, 1989). Although we used 
sterile river sand for our glasshouse experiment, pathogens could have 
been introduced with the rhizomes which we collected in the field (de 
Rooij- van der Goes, Peters, & van der Putten, 1998). Furthermore sand 
accumulation might decrease the soil salinity by increasing elevation. 
Elytrigia juncea is not known to suffer from negative soil feedback in 
the field but can suffer from the high rates of sand burial during win-
ter, particularly in zones close to the dunes, such as zone IV (Sykes & 
Wilson, 1990). In the field, both species trapped sand; however, the 
amount was not much, between 10 and 20 cm in elevation change, 
and did not differ much between the species.

In the field, A. arenaria decreased in the number of leaves in response 
to increasing soil salinity over summer; however, the decrease was not 
so pronounced as in the glasshouse given equal salinity. Perhaps this 
difference can be explained by the temporary dilution of soil salinity, 
and thus alleviation of salt stress, by precipitation in the field (Greaver & 
Sternberg, 2007; Seeliger, Cordazzo, Oliveira, & Seeliger, 2000).

In the field, both species declined dramatically in performance over 
winter. This decrease was probably caused by a large storm that oc-
curred during our study period. Storms have two main effects, they 
cause mechanical erosion of the dunes and they increase the salin-
ity in the soil by seawater inundation (Charbonneau, Wootton, Wnek, 
Langley, & Posner, 2017; Feagin et al., 2015; Sigren, Figlus, & Armitage, 
2014). Seawater has a high salinity of 3.5% that could have a detrimen-
tal effect on the growth of both A. arenaria and E. juncea (Konlechner 
et al., 2013). However, the inundation of seawater by storms mainly 
occurs during the winter season, and it is not clear how detrimental 
this increased salinity is for plants when they are not growing. A worth-
while avenue for future research is to study the effect of inundation 
and resulting increase in soil salinity on the survival and growth of dune 
building grasses during the growing season and winter season. In zone 
III, E. juncea had a lower survival compared to A. arenaria, whereas the 
results from our glasshouse experiment suggest that E. juncea is more 
resistant to soil salinity than A. arenaria. Consequently, the low survival 
of E. juncea and A. arenaria is most likely caused by the mechanical 
erosion of the dunes and vegetation. The higher survival of A. arenaria 
compared to E. juncea in zone III is most likely due to the higher vege-
tation density of A. arenaria, which enables the species to better with-
stand mechanical erosion by storms. However, the higher vegetation 
density was partly the result of a lower productivity of E. juncea com-
pared to A. arenaria. From this study, it is difficult to predict whether 
the differences in winter survival of A. arenaria and E. juncea would be 
similar if they had equal number of leaves. However as E. juncea had a 
lower growth rate compared to A. arenaria in the field, our results still 
suggest that mechanical erosion by storms is more likely to limit the 
distribution of E. juncea than soil salinity; however, we cannot totally 
excluded the effect of episodic increase in soil salinity during storms.

4.5 | Implication for dune development

Although some research has been conducted on factors that deter-
mine plant succession in dunes, research on factors that determine the 
vegetation limit on the beach is scarce. Ammophila arenaria has been 
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introduced in many countries for its dune building capabilities; there-
fore, understanding the factors that determine its vegetation limits 
would be beneficial. Dune development starts with the establishment 
of vegetation on the beach making it dependent on establishment of 
dune building species from rhizome or seeds (Harris & Davy, 1986; 
Hilton & Konlechner, 2011; Maun, 1981). Although glasshouse results 
show clear differences in salt tolerance between both dune building 
species, beach salinity and performance of transplanted species on the 
beach suggest that salt stress is unlikely to drive species distribution 
or limit dune building on the beaches we studied. We cannot exclude 
however that on some beaches salt salinity does affect distribution of 
A. arenaria, provided soil salinity on the beach reaches concentrations 
above 0.25%. Especially, the high soil salinity could prevent the ger-
mination of A. arenaria seeds, as seedlings are more vulnerable to soil 
salinity (Sykes & Wilson, 1989). A limited germination of A. arenaria 
could explain why only E. juncea dunes occur in zone II. In contrast 
to A. arenaria, distribution of E. juncea is unlikely to be limited by salt 
stress as illustrated by its natural distribution that shows the species 
can establish and survive in zone II, which had equal salinity to zone I. 
As both species facilitate dune development, our results suggest that 
net dune building on the beach is not limited by soil salinity.

Instead of soil salinity, dune development seems more limited by 
the storms in the winter season. Storms during the winter season result 
in mechanical erosion, where vegetation can be completely removed by 
waves. The sensitivity to mechanical erosion could differ between dune 
building species, however, with denser vegetated species being less sen-
sitive to mechanical erosion, than species forming a more sparse vege-
tation (Charbonneau et al., 2017; van Puijenbroek, Nolet, et al., 2017). 
Sensitivity to mechanical erosion also depends on the root network, al-
though this has hitherto not been investigated for coastal dunes (Feagin 
et al., 2015). Both of the species studied expand with rhizomes, and as a 
result, most shoots are connected to each other. The rhizome network 
likely promotes stabilization of sediment and reduces storm erosion, 
potentially increasing survival over winter. In our field experiment, we 
planted individual plants which might have made them more sensi-
tive to mechanical erosion that vegetated dunes in the field. Rhizomes 
are also known to be quite resistant against high soil salinity, and rhi-
zomes have been found to be viable after floating 70 days in seawater 
(Konlechner & Hilton, 2013). Therefore, storm erosion could result in 
the mortality of the shoots, but next growing season vegetation growth 
might occur from the rhizomes. Taken together, our results suggest that 
there is no fixed vegetation limit on the beach, but rather a combination 
of continuous summer recruitment and stochastic winter mortality, with 
net expansion of dune building species and dunes depending on storm 
characteristics of the winter season. The limits for vegetation establish-
ment on the beach are important for modeling coastal dune develop-
ment (de Groot et al., 2012; Durán & Moore, 2013).

5  | CONCLUSION

The purpose of this study was to assess to what extent soil salinity 
restricts the spatial distribution of dune building species, and thereby 

lower the limit for development of vegetated dunes on the beach. 
Performance of dune building species did change with soil salinity in 
the glasshouse, confirming salt stress as a potential limit for vegeta-
tion growth, but field measurement on plant performance and sum-
mer soil salinity suggest that mortality of dune building grasses is 
rather a function of mechanical erosion in winter, rather than summer 
soil salinity. Consequently, our findings suggest that soil salinity stress 
either restricts recruitment from seeds, takes place in winter, or that 
development of vegetated dunes is less sensitive to soil salinity than 
hitherto expected.

ACKNOWLEDGMENTS

We would like to thank Maurits Gleichman and Frans Moller for the 
help with the experiments. We would like to thank Jan van Walsem 
for the nutrient analysis. We would like to thank the technology 
foundation STW for funding the project NatureCoast which made 
this research possible. Finally, the authors thank the two anonymous 
reviewers and editor for their useful and extensive comments on a 
previous draft of the manuscript.

CONFLICT OF INTEREST

None declared.

AUTHOR CONTRIBUTIONS

MvP, JL, CT, and NM conceived the idea; MvP, CT, and NM set up 
the experiment and collected the data; IO, MvP, and JL collected the 
physiological data; MvP, JL, and FB analyzed the data; All authors con-
tributed critically to the drafts and gave final approval for publication.

DATA ACCESSIBILITY

Data supporting the results are archived in the 4TU Datacentre 
https://data.4tu.nl/, under  https://doi.org/10.4121/uuid:01561d16- 
bc87-4614-8f4e-e17393d4d34d.

REFERENCES

Ahmad, I., & Wainwright, S. I. (1976). Ecotype differences in leaf sur-
face properties of Agrostis stolonifera from salt marsh, spray zone 
and inland habitats. New Phytologist, 76, 361–366. https://doi.
org/10.1111/j.1469-8137.1976.tb01471.x

Amtmann, A., & Sanders, D. (1998). Mechanisms of Na+ uptake by plant cells. 
Advances in Botanical Research, 29, 75–112. https;//doi.org/10.1016/ 
S0065-2296(08)60310-9

Ayyad, M. A. (1973). Vegetation and environment of the Western 
Mediterranean Coastal Land of Egypt: I. The habitat of sand dunes. 
Journal of Ecology, 61, 509–523. https://doi.org/10.2307/2259042

Bakker, J. P. (1976). Phytogeographical aspects of the vegetation of the 
outer dunes in the Atlantic province of Europe. Journal of Biogeography, 
3, 85–104.

Barbour, M. G., & DeJong, T. M. (1977). Response of west coast beach taxa 
to salt spray, seawater inundation, and soil salinity. Bulletin of the Torrey 
Botanical Club, 104, 29–34. https://doi.org/10.2307/2484662

https://data.4tu.nl/
https://doi.org/10.4121/uuid:01561d16-bc87-4614-8f4e-e17393d4d34d
https://doi.org/10.4121/uuid:01561d16-bc87-4614-8f4e-e17393d4d34d
https://doi.org/10.1111/j.1469-8137.1976.tb01471.x
https://doi.org/10.1111/j.1469-8137.1976.tb01471.x
https;//doi.org/10.1016/S0065-2296(08)60310-9
https;//doi.org/10.1016/S0065-2296(08)60310-9
https://doi.org/10.2307/2259042
https://doi.org/10.2307/2484662


7302  |     van PUIJEnBROEK Et al.

Boyce, S. G. (1954). The salt spray community. Ecological Monographs, 24, 
29–67.

Breckle, S.-W. (2002). Salinity, halophytes and salt affected natural eco-
systems. In A. Läuchli & U. Lüttge (Eds.), Salinity: Environment – plants 
– molecules (pp. 53–77). Dordrecht, The Netherlands: Springer. https://
doi.org/10.1007/0-306-48155-3_3

Charbonneau, B. R., Wootton, L. S., Wnek, J. P., Langley, J. A., & Posner, 
M. A. (2017). A species effect on storm erosion: Invasive sedge stabi-
lized dunes more than native grass during Hurricane Sandy. Journal of 
Applied Ecology, 1–10. https://doi.org/10.1111/1365-2664.12846

Claudino-Sales, V., Wang, P., & Horwitz, M. H. (2008). Factors controlling 
the survival of coastal dunes during multiple hurricane impacts in 2004 
and 2005: Santa Rosa barrier island, Florida. Geomorphology, 95, 295–
315. https://doi.org/10.1016/j.geomorph.2007.06.004

Colmer, T. D., & Flowers, T. J. (2008). Flooding tolerance in 
halophytes. New Phytologist, 179, 964–974. https://doi.
org/10.1111/j.1469-8137.2008.02483.x

de Groot, A. V., de Vries, S., Keijsers, J. G. S., Riksen, M. J. P. M., van Ye, Q., 
Poortinga, A., … van Thiel de Vries, J. S. M. (2012). Measuring and mod-
eling coastal dune development in the Netherlands. Jubilee Conference 
Proceedings, NCK- Days 2012: Crossing Borders in Coastal Research, 
Enschede, Nederland. https://doi.org/10.3990/2.178

de Jong, T. M. (1979). Water and salinity relations of Californian beach spe-
cies. Journal of Ecology, 67, 647–663. https://doi.org/10.2307/2259118

de Rooij-van der Goes, P. C. E. M., Peters, B. A. M., & van der Putten, 
W. H. (1998). Vertical migration of nematodes and soil- borne fungi 
to developing roots of Ammophila arenaria (L.) link after sand ac-
cretion. Applied Soil Ecology, 10, 1–10. https://doi.org/10.1016/
S0929-1393(98)00116-4

Durán, O., & Moore, L. J. (2013). Vegetation controls on the maximum size 
of coastal dunes. Proceedings of the National Academy of Sciences of the 
United States of America, 110, 17217–17222. https://doi.org/10.1073/
pnas.1307580110

Everard, M., Jones, L., & Watts, B. (2010). Have we neglected the societal 
importance of sand dunes? An ecosystem services perspective. Aquatic 
Conservation: Marine and Freshwater Ecosystems, 20, 476–487. https://
doi.org/10.1002/aqc.1114

Feagin, R. A., Figlus, J., Zinnert, J. C., Sigren, J., Martínez, M. L., Silva, R., … 
Carter, G. (2015). Going with the flow or against the grain? The promise 
of vegetation for protecting beaches, dunes, and barrier islands from 
erosion. Frontiers in Ecology and the Environment, 13, 203–210. https://
doi.org/10.1890/140218

Flowers, T. J., Troke, P. F., & Yeo, A. R. (1977). The mechanism of salt tol-
erance in halophytes. Annual Review of Plant Physiology, 28, 89–121.

Fox, J., & Weisberg, S. (2011). An {R} companion to applied regression, 2nd ed. 
Thousand Oaks, CA: Sage.

Gooding, E. G. B. (1947). Observations on the sand dunes of Barbados, 
British West Indies. Journal of Ecology, 34, 111–125. https://doi.
org/10.2307/2256763

Greaver, T. L., & Sternberg, L. S. L. (2007). Fluctuating deposition of ocean 
water drives plant function on coastal sand dunes. Global Change Biology, 
13, 216–223. https://doi.org/10.1111/j.1365-2486.2006.01287.x

Haerens, P., Bolle, A., Trouw, K., & Houthuys, R. (2012). Definition of storm 
thresholds for significant morphological change of the sandy beaches 
along the Belgian coastline. Geomorphology, 143–144, 104–117. 
https://doi.org/10.1016/j.geomorph.2011.09.015

Harris, D., & Davy, A. J. (1986). Regenerative potential of elymus 
farctus from rhizome fragments and seed. Journal of Ecology, 74, 
1057–1067.

Hesp, P. (2002). Foredunes and blowouts: Initiation, geomorphology and 
dynamics. Geomorphology, 48, 245–268. https://doi.org/10.1016/
S0169-555X(02)00184-8

Hilton, M., & Konlechner, T. (2011). Incipient foredunes developed from 
marine- dispersed rhizome of Ammophilia arenaria. Journal of Coastal 
Research, SI64, 288–292.

Hothorn, T., Bretz, F., & Westfall, P. (2008). Simultaneous inference in 
 general parametric models. Biometrical Journal, 50, 346–363.

IPCC (2014). Climate change 2014: Synthesis report. Contribution of working 
groups I, II and III to the fifth assessment report of the intergovernmental 
panel on climate change In Core Writing Team, R. K. Pachauri, & L. A. 
Meyer (Eds.), Geneva, Switzerland: IPCC.

Kearney, T. H. (1904). Are plants of sea beaches and dunes true halophytes? 
Botanical Gazette, 37, 424–436.

Keijsers, J. G. S., De Groot, A. V., & Riksen, M. J. P. M. (2015). Vegetation 
and sedimentation on coastal foredunes. Geomorphology, 228, 723–
734. https://doi.org/10.1016/j.geomorph.2014.10.027

Keijsers, J. G. S., Poortinga, A., Riksen, M. J. P. M., & Maroulis, J. (2014). 
Spatio- temporal variability in accretion and erosion of coastal fore-
dunes in the Netherlands: Regional climate and local topography. PLoS 
One, 9, e91115. https://doi.org/10.1371/journal.pone.0091115

KNMI, & PBL (2015). Klimaatverandering. Samenvatting van het vijfde IPCC-
assessment en een vertaling naar Nederland. Den Haag/De Bilt: KNMI/PBL.

KNMI (2015). Daily weather data of the Netherlands. Retrieved from http://
projects.knmi.nl/klimatologie/daggegevens/selectie.cgi (accessed 22 
December 15).

Konlechner, A. T. M., & Hilton, M. J. (2013). The potential for marine dis-
persal of Ammophila arenaria (Marram Grass) rhizome in New Zealand 
marine dispersal of Ammophila arenaria (marram the potential for grass) 
rhizome in New Zealand. Journal of Coastal Research, SI 56, 434–437.

Konlechner, T. M., Hilton, M. J., & Orlovich, D. A. (2013). Accommodation 
space limits plant invasion: Ammophila arenaria survival on New 
Zealand beaches. Journal of Coastal Conservation, 17, 463–472. https://
doi.org/10.1007/s11852-013-0244-5

Lovelock, C. E., & Ball, M. C. (2002). Influence of salinity on photosynthe-
sis of halophytes. In A. Läuchli & U. Lüttge (Eds.), Salinity: Environment 
– plants – molecules (pp. 315–339). Dordrecht, The Netherlands: 
Springer. https://doi.org/10.1007/0-306-48155-3_15

Martin, W. E. (1959). The vegetation of island beach state park, New Jersey. 
Ecological Monographs, 29, 2–46. https://doi.org/10.2307/1948540

Maun, M. A. (1981). Seed germination and seedling establishment of 
Calamovilfa longifolia on Lake Huron sand dunes. Canadian Journal of 
Botany, 59, 460–469. https://doi.org/10.1139/b81-064

Maun, M. A. (1994). Adaptations enhancing survival and establishment of 
seedlings on coastal dune systems. Vegetatio, 111, 59–70.

Maun, M. A. (1998). Adaptations of plants to burial in coastal sand dunes. 
Canadian Journal of Botany, 76, 713–738. https://doi.org/10.1139/
cjb-76-5-713

Maun, M. A. (2009). The biology of coastal sand dunes. New York, NY: Oxford 
University Press.

Munns, R. (1993). Physiological processes limiting plant growth in saline 
soils: Some dogmas and hypotheses. Plant, Cell and Environment, 16, 
15–24. https://doi.org/10.1111/j.1365-3040.1993.tb00840.x

Munns, R. (2002). Salinity, growth and phytohormones. In A. Läuchli 
& U. Lüttge (Eds.), Salinity: Environment – plants-->molecules (pp. 
271–290). Dordrecht, The Netherlands: Springer. https://doi.
org/10.1007/0-306-48155-3_13

Munns, R., & Termaat, A. (1986). Whole- plant responses to salinity. 
Functional Plant Biology, 13, 143–160.

Munns, R., & Tester, M. (2008). Mechanisms of salinity tolerance. Annual 
Review of Plant Biology, 59, 651–681. https://doi.org/10.1146/annurev.
arplant.59.032607.092911

Olsson-Seffer, P. (1909). Relation of soil and vegetation on sandy sea 
shores. Botanical Gazette, 47, 85–126.

Pérez-Harguindeguy, N., Díaz, S., Garnier, E., Lavorel, S., Poorter, H., 
Jaureguiberry, P., ... Cornelissen, J. H. C.. 2013. New handbook for stan-
dardised measurement of plant functional traits worldwide. Australian 
Journal of Botany, 61, 167–234.

Poorter, H., Fiorani, F., Stitt, M., Schurr, U., & Finck, A. (2012). The art of 
growing plants for experimental purposes: A practical guide for the 
plant biologist. Functional Plant Biology, 39, 821–838.

https://doi.org/10.1007/0-306-48155-3_3
https://doi.org/10.1007/0-306-48155-3_3
https://doi.org/10.1111/1365-2664.12846
https://doi.org/10.1016/j.geomorph.2007.06.004
https://doi.org/10.1111/j.1469-8137.2008.02483.x
https://doi.org/10.1111/j.1469-8137.2008.02483.x
https://doi.org/10.3990/2.178
https://doi.org/10.2307/2259118
https://doi.org/10.1016/S0929-1393(98)00116-4
https://doi.org/10.1016/S0929-1393(98)00116-4
https://doi.org/10.1073/pnas.1307580110
https://doi.org/10.1073/pnas.1307580110
https://doi.org/10.1002/aqc.1114
https://doi.org/10.1002/aqc.1114
https://doi.org/10.1890/140218
https://doi.org/10.1890/140218
https://doi.org/10.2307/2256763
https://doi.org/10.2307/2256763
https://doi.org/10.1111/j.1365-2486.2006.01287.x
https://doi.org/10.1016/j.geomorph.2011.09.015
https://doi.org/10.1016/S0169-555X(02)00184-8
https://doi.org/10.1016/S0169-555X(02)00184-8
https://doi.org/10.1016/j.geomorph.2014.10.027
https://doi.org/10.1371/journal.pone.0091115
http://projects.knmi.nl/klimatologie/daggegevens/selectie.cgi
http://projects.knmi.nl/klimatologie/daggegevens/selectie.cgi
https://doi.org/10.1007/s11852-013-0244-5
https://doi.org/10.1007/s11852-013-0244-5
https://doi.org/10.1007/0-306-48155-3_15
https://doi.org/10.2307/1948540
https://doi.org/10.1139/b81-064
https://doi.org/10.1139/cjb-76-5-713
https://doi.org/10.1139/cjb-76-5-713
https://doi.org/10.1111/j.1365-3040.1993.tb00840.x
https://doi.org/10.1007/0-306-48155-3_13
https://doi.org/10.1007/0-306-48155-3_13
https://doi.org/10.1146/annurev.arplant.59.032607.092911
https://doi.org/10.1146/annurev.arplant.59.032607.092911


     |  7303van PUIJEnBROEK Et al.

Quinn, G. P., & Keough, M. J. (2006). Experimental design and data analysis 
for biologists, 5th ed. Cambridge, UK: Cambridge University Press.

R Core Team (2016). R: A language and environment for statistical computing. 
Vienna, Austria: R Foundation for Statistical Computing.

Rozema, A. J., Bijwaard, P., Prast, G., & Broekman, R. (1985). Ecophysiological 
adaptations of coastal halophytes from foredunes and salt marshes. 
Vegetatio, 62, 499–521.

Rozema, J., van Manen, Y., Vugts, H., & Leusink, A. (1983). Airborne and 
soilborne salinity and the distribution of coastal and inland species of 
the genus Elytrigia. Acta Botanica Neerlandica, 32, 447–456.

Seabloom, E. W., Ruggiero, P., Hacker, S. D., Mull, J., & Zarnetske, P. (2013). 
Invasive grasses, climate change, and exposure to storm- wave overtop-
ping in coastal dune ecosystems. Global Change Biology, 19, 824–832. 
https://doi.org/10.1111/gcb.12078

Seeliger, U., Cordazzo, C. V., Oliveira, C. P. L., & Seeliger, M. (2000). Long- 
term changes of coastal foredunes in the southwest Atlantic. Journal of 
Coastal Research, 16, 1068–1072.

Shaw, R. J. (1994). Estimation of electrical conductivity of saturation extracts 
from the electrical conductivity of 1:5 soil:water suspensions and various 
soil properties (No. Project report QO94025). Department of Primary 
Industries, Queensland.

Sigren, J. M., Figlus, J., & Armitage, A. R. (2014). Coastal sand dunes and 
dune vegetation: Restoration, erosion and storm protection. Shore & 
Beach, 82, 5–12.

Sykes, M. T., & Wilson, J. B. (1988). An experimental investigation into the 
response of some New Zealand sand dune species to salt spray. Annals 
of Botany, 62, 159–166.

Sykes, M. T., & Wilson, J. B. (1989). The effect of salinity on the growth of 
some New Zealand sand dune species. Acta Botanica Neerlandica, 38, 
173–182.

Sykes, M. T., & Wilson, J. B. (1990). An experimental investigation into the 
response of New Zealand sand dune species to different depths of 
burial by sand. Acta Botanica Neerlandica, 39, 171–181.

van der Putten, W. H. (1989). Establishment, growth and degeneration of 
Ammophila arenaria in coastal sand dunes. Wageningen: Wageningen 
University.

van Puijenbroek, M. E. B., Limpens, J., De Groot, A. V., Riksen, M. J. P. M., 
Gleichman, M., Slim, P. A., … Berendse, F. (2017). Embryo dune de-
velopment drivers: Beach morphology, growing season precipitation, 

and storms. Earth Surface Processes and Landforms, 1–12. https://doi.
org/10.1002/esp.4144

van Puijenbroek, M. E. B., Nolet, C., De Groot, A. V., Suomalainen, J., Riksen, 
M. J. P. M., Berendse, F., & Limpens, J. (2017). Exploring the contribu-
tions of vegetation and dune morphology to early dune building with 
UAV- imaging. Biogeoscience, 1–44. Prep.

von Caemmerer, S., & Farquhar, G. D. (1981). Some relationships between 
the biochemistry of photosynthesis and the gas exchange of leaves. 
Planta, 153, 376–387. https://doi.org/10.1007/BF00384257

Walinga, I., Vark, W., Houba, V. J., & van der Lee, J. (1989). Plant analysis 
procedures. In Houba, V.J.G., van der Lee, J.J., Novzamsky, I., Walinga, I. 
(Ed.), Soil and plant analysis (pp. 1–263). Wageningen, the Netherlands: 
Wageningen.

Weimberg, R., Lerner, H. R., & Poljakoff-Mayber, A. (1984). Changes in 
growth and water- soluble solute concentrations in Sorghum bicolor 
stressed with sodium and potassium salts. Physiologia Plantarum, 62, 
472–480. https://doi.org/10.1111/j.1399-3054.1984.tb04605.x

Westhoff, V., Bakker, P. A., van Leeuwen, C. G., & van der Voo, E. E. 
(1970). Wilde planten, flora en vegetatie in onze natuurgebieden, 1st ed. 
Natuurmonumenten, Graveland: de Lange/van Leer n.v. Deveter

Zarnetske, P. L., Hacker, S. D., Seabloom, E. W., Ruggiero, P., Killian, J. R., 
Maddux, T. B., & Cox, D. (2012). Biophysical feedback mediates effects 
of invasive grasses on coastal dune shape. Ecology, 93, 1439–1450.

SUPPORTING INFORMATION

Additional Supporting Information may be found online in the sup-
porting information tab for this article. 

How to cite this article: van Puijenbroek MEB, Teichmann C, 
Meijdam N, Oliveras I, Berendse F, Limpens J. Does salt stress 
constrain spatial distribution of dune building grasses 
Ammophila arenaria and Elytrichia juncea on the beach? Ecol 
Evol. 2017;7:7290–7303. https://doi.org/10.1002/ece3.3244

https://doi.org/10.1111/gcb.12078
https://doi.org/10.1002/esp.4144
https://doi.org/10.1002/esp.4144
https://doi.org/10.1007/BF00384257
https://doi.org/10.1111/j.1399-3054.1984.tb04605.x
https://doi.org/10.1002/ece3.3244

