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Abstract 
The Stress Gradient Hypothesis states that a negative or competitive neighbor interaction between 

species will switch to a positive or facilitative one, with increasing environmental stress. In a field 

experiment on the Dutch barrier island of Schiermonnikoog we made an attempt to isolate and 

define the influence of biotic and abiotic stress, in the form of grazing cattle and inundation 

respectively, on the neighbor interaction between two salt marsh plants: Juncus maritimus, a 
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unpalatable rush largely avoided by grazing cattle, and Elytrigia atherica, a grass which is strongly 

associated with patches of Juncus under the presence of grazing cattle, but omnipresent without 

grazing pressure. Cuttings of two different ecotypes of Elytrigia (low and high marsh) were planted in 

and out of the patches and within the borders of the patch with vegetation removed at ground level. 

The cuttings were planted on the high and low marsh and either with or without exclosures, to 

determine the effect of both abiotic stress in the form of high salinity and low oxygen levels in the 

soil, because of inundation and biotic stress in the form of grazing. We found a strong positive 

association of Elytrigia with Juncus patches under high local abiotic levels, regardless of grazing 

pressure, but no conclusive evidence for a negative association under low local abiotic stress. 

Additionally we found evidence for some level of local adaptation to local abiotic stress levels.  

Introduction 

 

The spatial distribution of any community of species can be explained by the patterns that take 

shape through the interactions of living species with themselves (Sheley & James, 2014), other 

species in the area (Adler et al. 2001; Rossingnol et al. 2011; Sheley & James, 2014) or the abiotic 

components of their habitat (Batriu et al. 2011). Often these patterns are shared between 

communities that otherwise have no relation to one another. Finding and describing the patterns 

that shape simple and basic communities, with few shaping factors, is an important step towards 

understanding interactions across all communities (Lawton et al. 2006). 

The effects of stress on plant communities are well studied. Often it is stress, either abiotic (Coyle et 

al. 2014; Xu et al. 2014) or biotic (Smit et al. 2007) that prevents a species from colonizing a 

community. It is however possible for one species to locally alleviate the stress and allow the 

presence of another species in a stressful environment. It is theorized that neighbor facilitation can 

emerge under various types of stress, from abiotic types such as drought (Sheley & James, 2014) and 

salinity (Bertness, 1992), to biotic types such as grazing (Smit et al. 2007; Soliveres et al. 2010; 

Hughes, 2012). For example, a hardy bush that can withstand the withering heat of the desert could 

cast a shade on the ground that would allow a less heat-tolerant shrub to grow in acceptable 

temperatures.  This shrub species could so colonize a hostile environment within the presence of 

their facilitator. However, the facilitator would simultaneously be a competitor for resources 

(Olofsson et al. 1999).  

The Stress Gradient Hypothesis states that the net relationship between two interacting species can 

shift from negative or neutral to positive when exposed to increasing levels of stress (Bertness & 

Callaway, 1994). Under high levels stress, facilitation of one species by another, more stress-resistant 

species will be the dominating relationship, whereas under low stress levels the same two species 

would be competing for resources. Some recent models of stress relief predict a shift back to neutral 

or negative when stress levels continue to rise (Verwijmeren et al. 2013). When stress levels become 

too high for the benefactor their stress resistance will falter and with it the local alleviating effect for 

neighbors (Smit et al. 2007).  

Since its conception in the 1990s many studies have been done to test the validity of the Stress 

Gradient Hypothesis in nature. While some of these studies found supportive evidence (Bertness & 

Ewanchuk, 2002), others found evidence to the contrary (Maestre & Cortina, 2004). Because of this 

disparity in results it is argued (Maestre et al. 2009; Smit et al. 2009; Crain, 2008) that refinement of 

the predictions of the Stress Gradient Hypothesis is necessary. Smit et al. (2009) argue that one way 

to do this, is to take both biotic and abiotic stressors into account; something which few previous 

studies have done, usually featuring one abiotic stressor along a gradient consisting of two extremes. 
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Our experiment, designed to specifically disentangle the effects of abiotic and biotic stress on the 

facilitative system of Juncus maritimus on Elytrigia atherica, could be another step towards a more 

ubiquitous and nuanced hypothesis. 

Salt marshes are located along coast lines and regularly subjected to tidal floodings. They are 

relatively simple environments with few species (Bertness and Ewanchuk, 2002), which makes them 

ideal for field experiments towards the influence of biotic and abiotic stress. Abiotic stress is caused 

primarily through tidal floodings, which results in a high soil salinity and oxygen deprivation through 

water logging (Armstrong et al. 1985). The area closer to the coastline, the low marsh, is subject to 

tidal flooding more often than the high marsh area further upland, varying from submersion twice 

daily at its lowest point to once-monthly or less at its highest. This results in an uneven distribution of 

abiotic stress, along a gradient from high marsh to low marsh and the typical zonation of the plant 

communities (Pennings & Callaway, 1992; Olff et al. 1997; Bakker et al. 1997). Additionally, grazing 

by herbivores, such as hares, geese, snails or crabs is a source of biotic stress on plant communities 

on the salt marsh (Bos et al. 2002; Silliman & Zieman, 2001; Bortolus & Iribane, 1999).  

In many Dutch salt marshes cattle are the primary grazers and their presence has a direct noticeable 

influence on the spatial distribution of plant communities. Without cattle presence the salt marsh is, 

after ca. 40 years, almost completely covered with tall grass, predominantly Elytrigia atherica, a 

common and highly competitive grass on the salt marsh (Bakker et al. 1997; Andresen et al. 1990; 

Olff et al. 1997). The plants on the “ungrazed” salt marsh are grazed upon by herbivores other than 

cattle, primarily hares and geese, but these herbivores seem to limit grazing on Elytrigia mostly to 

young plants. Older plants only form approximately 5% of the diet of hares and geese, because of its 

high cellulose content and hence lower palatability (Olff et al. 1997; van der Wal et al. 2000). Since 

cattle is less specific in their grazing than hares or geese, they eat Elytrigia and other palatable plants 

wherever they can find it (Olff et al. 1997) Because of this most grasses on the grazed salt marsh are 

low to the ground with few plants reaching higher than a few centimeters, as opposed to the 

ungrazed salt marsh (Olff et al. 1997). One exception is the rush Juncus maritimus, another common 

plant on the salt marsh, which has spiny, hard to digest leaves and as such is unpalatable to cattle 

(Abdemajeed et al. 2013). Juncus’ distribution on the salt marsh takes the form of locally placed 

dense patches in an area otherwise covered by short grazed grasses, predominantly Festuca rubra 

(Olff et al. 1997).  

Another way grazing cattle is a source of stress for plants, is through soil compaction (Howison et al. 

2014). When walking over the salt marsh the soil is compacted under the weight of the heavy 

animals. Because of this the soil becomes deprived of air as well as harder to penetrate for the roots 

of plants (Schrama et al. 2013; Howison et al. 2014). Because the Juncus patches are generally 

avoided by cattle the rate of compaction is lower there as well (Howison et al. 2014). Through its 

unpalatability for cattle Juncus patches serve as refuges for other grazed plants such as Elytrigia 

(Howison et al. 2014). Because of this the Juncus patches are one of the only places on the grazed 

salt marsh where Elytrigia grows tall and produce seeds in any significant numbers (Howison et al. 

2014).  

Additionally there is a possibility that Juncus can alleviate abiotic stress in its direct environment as 

well (Howison et al. 2014; Schat, 1984).  Juncus is moderately resistant to the abiotic stressors of the 

salt marsh, primarily salinity (Batriu et al. 2011; Adam 1993) and other species of Juncus, such as 

Juncus effusus L. (Ervin, 2005; Ervin, 2007) and Juncus gerardi L. (Hacker & Bertness, 1995; Hacker & 

Bertness, 1999) have been shown to improve local oxygen conditions in the soil and J. maritimus 

itself (Schat, 1984) as well as both aforementioned species (Ervin, 2007; Hacker & Bertness, 1995) 
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have been shown to locally facilitate colonization by other species. Because of this Juncus can 

potentially facilitate Elytrigia for several different kinds of stress, both biotic and abiotic.  

A different, but related question is whether Elytrigia has in any way adapted to being facilitated by 

Juncus. Elytrigia plants growing in an ungrazed salt marsh grow in a significantly different habitat 

from plants in a Juncus patch, with different stress factors and degrees of stress. On the grazed 

marsh Elytrigia is restrained to growing in the neighborhood of a competitor for resources and is 

sometimes grazed on. On an abiotic level, the compaction of the soil by the cattle’s hooves makes 

that oxygen levels are low and salinity levels high. Given enough time for consecutive generations to 

adapt to local circumstances, this could result in differences in physiology between Elytrigia plants on 

the grazed and ungrazed salt marsh. A superficial analysis of the phenotypes of plants on the high 

and low ungrazed salt marsh reveals a difference in ecotype; plants on the high marsh have thin 

straw-like blades and a long system of thin, fibered roots at the highest levels of the soil, while plants 

located on the low marsh have broad blades and thick deep roots. Bockelmann et al. (2011) found in 

a transplantation experiment, between the high and the low ungrazed salt marsh, that seedlings of 

Elytrigia performed better when planted in an area with similar circumstances as their parents. This 

suggests that some intrinsic genetic or epigenetic difference already exist between Elytrigia plants on 

the high and the low marsh.  

In our study we try to disentangle the effects of abiotic stress and biotic stress on the facilitative 

effect of Juncus maritimus on Elytrigia atherica to answer the following question:  

What is the relative effect of abiotic and biotic stress on the relationship between Juncus 

maritimus and Elytrigia atherica? 

In addition we aimed to answer the question: 

What is the effect of the presence of Juncus and the position on the salt marsh on different 

ecotypes of Elytrigia atherica?  

To answer these questions we set up a field-experiment with cuttings of two ecotypes of Elytrigia 

(low and high marsh) transplanted inside and outside patches of Juncus on the high and low marsh. 

Exclosures were used to exclude influence from grazers and the cuttings were collected from both 

high and low marsh. 

We expected that the relationship between Elytrigia atherica and Juncus maritimus would be akin to 

the prediction of the Stress Gradient Hypothesis within the exclosed areas. This means that under 

low abiotic stress levels and when not grazed on by cattle, Elytrigia atherica performs better outside 

of the Juncus patches, where competition for nutrients and light are lower. With higher levels of 

stress this net competitive effect will shift towards a net benefit, as Juncus alleviates the local abiotic 

stress. In the unexclosed treatment we expect there to be a net benefit from a position within a 

Juncus patch, regardless of position on the salt marsh, since Juncus provides protection from grazing 

cattle. We expect there to be a positive relation between origin of ecotype and position on the salt 

marsh as small differences in physiology between ecotypes are likely the result of adaptation to local 

stress factors.  
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Material & Methods 

Location 
The experiment was performed on the salt marsh of Schiermonnikoog, a back-barrier island in the 

Dutch Wadden Sea at 53°30’N, 6°10’E. The northern part of the island borders the North Sea and 

contains sand dunes, while the southern part borders the Wadden Sea and consists of salt marshes 

on which the focus lies in this experiment.  

The salt marsh is divided into several sectors through fencing and gullies, which prevent cattle from 

moving between them. Only some of these sectors have historically ever been grazed on by cattle 

and not all of these have had cattle present for the same amount of time. The marsh on which the 

experiment took place has been annually grazed during the summer period (April/May-September) 

since 1980 (Van Wijnen et al, 1997; Bakker, 1989). Grazing intensity is similar within each of the 

grazed salt marshes (0.5 cow/ha) (Bakker et al. 2003). The ungrazed salt marsh has never been 

grazed by cattle since it originated. It is however accessible to both geese and hares.  

In a pilot study a total number of 72 Juncus patches with a diameter of 2-5 meter were selected. 49 

of these patches were located in the high marsh and 23 in the low marsh, based on surrounding 

vegetation. A typical high marsh species was Armeria maritima, typical low marsh species were 

Limonium vulgare, Artiplex portulacoides and Artemisia maritime (Leendertse et al. 1997). Finally a 

selection of 12 low marsh and 12 high marsh Juncus patches was made through the use of a random 

number generator (See Appendix).  

Plant material 
Elytrigia plants were collected in entire sods from the nearby ungrazed salt marsh on May 14th, 2013. 

Since Elytrigia reproduces clonally through rhizomes, large portions of sods are genetically identical 

(Veeneklaas et al. 2011), though this was not tested for the plants used in this experiment. To 

account for any differences in performance between locations because of adaptive physiology of the 

samples used, we collected the plants from two locations; one on the high marsh (N: 53.48904°, E: 

006.22612°) and one on the low marsh (N: 53.47939°, E: 006.62366°, See also Appendix) defined as 

high and low ecotype, respectively.  

After collecting, the sods were divided in individual cuttings. Cuttings were normalized by cutting off  

grass blades at 5 cm., roots at 3 cm. while any rhizomes were removed. The cuttings were planted in 

a soil mix of previously collected sea clay (90%) and commercial loam (10%) in individual pots with a 

capacity of 80 g. After one week in the open air during which the plants acclimatized to their new 

conditions, the cuttings were transported to the salt marsh on May 23rd. A small deep hole (width c. 

2 cm, depth c. 7 cm.),  was dug using a soil core sampler, and the cuttings were buried with a little 

soil mix up to the shaft. Dead or wilted cuttings were not planted. During a check-up May 30th dead 

or wilted individuals were replaced with healthier individuals for the only time during the 

experiment.  

 

Treatments 
The cuttings were transplanted in the 24 selected patches (12 high marsh, 12 low marsh) on May 

23rd, 2013. Each patch received 12 cuttings (6 low ecotype, 6 high ecotype) and contained 6 different 

possible treatments; 3 treatments based on the position in regards to the patch (out/in/cut), all 3 

with both an exclosed and unexclosed variant.  4 cuttings were planted outside of the Juncus patch at 

a distance of 0,5-1,5 m., mostly in short-grazed, Festuca rubra-dominated lawns: the out-treatment. 

4 cuttings were planted in the middle of the Juncus patch, the in-treatment, and 4 cuttings were 
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planted within the former borders of the Juncus patch after all vegetation above-ground had been 

removed: the cut-treatment. Two out of the four plants within each treatment (1 low ecotype, 1 high 

ecotype) was covered with a small exclosure, designed to protect the cuttings from grazing by cattle, 

geese and hares. The other two (1 low ecotype, 1 high ecotype) were not covered and open to 

grazing. The distance between the unexclosed and the exclosed pair within each of the position-

based treatments was 1 meter along an axis from north to south. Whether the covered or the 

uncovered pair was facing north was randomized. The cuttings were marked using yellow numbered 

stickers, which would not draw the attention of colorblind cattle. The origin of the individual samples 

could be devised through the same stickers.  

The exclosures were created by creating a pyramid shape, c. 1 m. high; c. 30 cm width, using three 

metal meadow poles stuck into the ground at an angle and enwrapping them with chickenwire. The 

tops of the poles were fastened together with wire. Finally the chickenwire was fastened to the 

ground using metal tent pegs (See Figure 1).  

Fig 1: A Juncus patch with the different treatments marked. The circles form the approximate 

locations of the cuttings and contain two cuttings each: one of each ecotype. This same treatment 

was done on each of the 24 patches (12 on the low marsh, 12 on the high marsh). 

 

After planting, the height, survival and condition of the individual cuttings was noted at a biweekly to 

monthly interval, from the period from June till September, the duration of the growth and grazing 

season. Height was denominated as the distance between the ground and the highest green point of 

the shoot. Condition was ranked from 0 to 3, with 3 meaning an entirely or mostly green blade, 2 

meaning a mostly wilted blade with green still present, 1 meaning an entirely wilted yellow blade and 

0 meaning a dead or disappeared blade or a disappeared plant. If a plant, previously scored dead, 

was found alive at a later scoring, its previous score was retroactively changed to ‘alive’.  

The growth of the various cuttings was measured by taking the highest green point on the sprout and 

subtracting 5 cm, the height of the normalized cuttings when they were planted. An exception was 

made during the first measurement in June when some of the sprouts had died off and the plant had 
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started growing a new one from the root base up. In these cases the highest green point on the 

sprout was measured without subtracting 5 cm. During later surveys new sprouts, shorter than 5 cm., 

appeared as well, but the death of the ‘main’ sprout was judged by then to be a result of local stress 

factors and not as a result of transfer shock. The growth of these plants was calculated with the same 

subtraction formula as the plants that still managed the first ‘main’ sprout, eg. a 2 cm sprout was 

noted as having a growth rate of -3 cm.  

Soil measurements 
On August 22nd the oxygen contents of the soil was determined by using a GL200 DataLogger 

(Graphtech GB) to measure the redox potential (mV) in the soil (Howison et al. 2014). Measurements 

were taken thrice at every one of the 24 patches, once in every patch treatment (out/in/cut). 

The salt contents of the soil were measured using the method of Davy et al. (2011). On August 22nd 

2013, 3 soil cores (10 cm deep, 5 cm wide) were collected at every one of the 24 patches, 1 for each 

patch treatment (out/in/cut). Before analysis the cores were kept in sealed plastic bags at a 

temperature of 4°C. In a lab the salinity of the soil was determined by extracting salt from the soil 

with distilled water (1:5 soil:water). The salinity of these extracts was determined from their 

electrical conductivity (mS/cm³).  

Statistics 
All tests were done in the free statistics program R, version 3.1.0. The soil measurements, redox and 

salinity, were tested using a nested Analysis of Variance (ANOVA), with the location on the salt marsh 

(high or low) and the patch treatment (within, outside, cut vegetation) as potential factors. Since the 

plots directly correspond with a position on the salt marsh, high or low, the plot factor was nested in 

the marsh factor.  

For both survival and growth models the lme4 package was used to create linear mixed models with 

the individual plots as random factor. The absolute growth of the various sprouts was compared for 

each survey, using a nested ANOVA, with the individual plot numbers as Error term. For September 

the log values of the relative growth were used, because the original values were not normally 

distributed. Factors taken into account were patch treatment (out, in or cut), location on the salt 

marsh (low or high marsh), ecotype of the sprout (high marsh or low marsh), and whether or not an 

exclosure was present. From July onwards, after exclosures started being demolished a third factor 

was included to denote a previous presence of an exclosures that had since disappeared. It was 

decided the experience of the sprouts beneath a demolished exclosure would correspond with 

neither the sprouts with or without an exclosure. To find the best fit model a linear mixed model was 

created using the lmer() function after which non-significant factors were dropped using the drop1() 

and the update() function.  

Survival was measured for each survey using a generalized mixed effect model analysis. Factors taken 

into account were patch treatment, location on the salt marsh, ecotype of the sprout and whether or 

not an exclosure was present, once again with the added factor for demolished exclosures from July 

forward. Plot numbers were included as a random factor. The model was made using the “glmer()” 

function in R, with the results described as a binomial family. Both single factors and two-way 

interactions were taken into account. To make the resulting model the best possible fit, the model 

was updated using the update() function to remove the two-way interaction with the lowest p-value 

as an explaining factor. This was done repeatedly until the AIC no longer got significantly smaller 

after each consecutive update. The final model would be the best possible fit.  
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Results 

Soil  
No differences in redox levels were found between either position on the salt marsh or treatment of 

the patches or a combination factor of both (p= 0.7). Redox levels varied from 0,1896 mV to 0,000 

mV (Average: 0,040385; SD: 0,073786). 

Salinity levels did vary significantly between treatments (F= 3.9, p= 0.02). The Tukey test revealed 

that “inside patch” treatment showed a significantly lower salinity level than “outside patch” 

treatment (p= 0.04, TukeyHSD)(See Figure 2). The salinity level in the “cut” treatment was lower than 

the outside treatment and higher than the inside patch treatment, but neither was significant. 

Neither the position on the salt marsh nor the interaction between position and treatment showed a 

significant influence on the salinity levels. 

 

Fig 2: The salinity levels between the different treatments, inside patch, outside patch and cut.  

 

Survival 
Overall survival was low with only 19.8% of the cuttings still alive at the last survey. Few patches had 

even half of the cuttings alive by the time of September, while others had no survivors. Some 

cuttings were still present when the death was noted, but had withered away, while others had 

disappeared entirely. During the last survey the death rate was gradual overall, with no surveys 

showing a disproportionally high death rate across all treatments compared to the previous survey. 

However some specific treatments did see large drop-offs between two periods of time.  
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p-value 13-06 27-06 11-07 21-08 12-09 

Marsh 0.04135 >0.1 >0.1 >0.1 >0.1 

Patch treatment 0.00939 >0.1 0.0569 0.010452 0.08793 

Origin 0.07641 >0.1 >0.1 0.018308 0.0236 

Exclosure treatment >0.1 >0.1 >0.1 0.013427 0.05619 

Marsh: Patch tr. >0.1 >0.1 >0.1 0.00064 0.00558 

Marsh: Ex. tr. >0.1 0.066 0.0739 0.002557 0.0315 

Marsh: Or 0.05379 >0.1 >0.1 0.000368 0.00217 

Ex. tr: Patch tr. 0.0155 0.0539 >0.1 >0.1 >0.1 

Table 1: All significant factors in the Survival model for the five sampling dates; a nested generalized 

linear mixed model of a binomial family.   

Explaining factors for different rates of survival between the various groups was not consistent 

between the 5 sampling dates. The first measurement in June (13-06-13) showed significant 

differences in survival levels between position on the salt marsh (p= 0,04) and treatment (p= 0,009), 

with a lower survival rate for the high marsh and the “outside patch” treatment respectively. 

Similarly, survival was significantly lower with cuttings outside of the patch with no exclosure (p= 

0,016) and while not significant, it showed a trend towards a higher survival rate when the cutting 

was situated in its original habitat (low ecotype in low marsh, high ecotype in high marsh)  (p= 0,054). 

In contrast, the second measurement in June at the 27th, showed no significant difference between 

survival rates of the different treatments, with only trends suggesting a higher survival rate of 

exclosed cuttings on the low marsh than unexclosed (p=0,066) and a lower survival rate outside of 

patches than inside or in the cut vegetation treatment (p= 0,054). Similarly the results of July showed 

only trends suggesting a higher survival rate in the cut vegetation treatment (p= 0,057) and a joint 

result of position and exclosure status with a higher survival in exclosures on the low marsh (p= 

0,074), but not significantly so in either case. 

In August survival rates had vastly dwindled across all treatments and positions, when compared to 

July. However some treatments showed a significantly higher survival among their cuttings than 

others. Exclosure treatment had a significant effect on cutting survival (p=0.013). Cuttings without an 

exclosure had a significantly lower chance of survival than those that still had an intact exclosure, or 

those that were planted with an exclosure that had since been demolished. Patch treatment had a 

significant effect on the cutting survival as well: cuttings planted within Juncus plots (in) had a higher 

survival than either cuttings planted outside of the patches (out) or those in the cut treatment 

(p=0.01). Additionally, both plot treatments and exclosure treatments showed differences in survival 

rates in regards to their positions on the salt marsh (See Table 1).  
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Fig 3: The survival rate of the exclosed cuttings for the different patch treatments on the high and low 

salt marsh, across time. Cut treatment was omitted for clarity.  

Place of origin of the cuttings, also had a significant effect on their survival rates (p= 0,018), with the 

high marsh ecotype doing significantly better than the low marsh ecotype. The placement of the 

cuttings on the salt marsh mattered as well; cuttings planted in their original environment had a 

higher survival than cuttings transplanted in a novel environment (p < 0.001).  

 

Fig 4: Survivalrates in September across all plots, for both low and high marsh.  

Augusts’ fierce downwards trend in survival only continued in September, with some plots losing 

every single one of their twelve sprouts. As a result of this, some factors that were significant in 

August lost this status in September, though general trends remained the same. The interaction of 

marsh position and exclosure state, and that of position and plot treatment were significant as they 
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were in August (p= 0.031, p= 0.006 resp.) as were the origin (p= 0.024) and the interaction of both 

origin and position (p=0.002). The direction of the differences in survival rates was the same across 

all factors in August and September (See Figs 4 & 7).   

Growth 
By the last survey in September the surviving cuttings had grown 13,4 cm on average (SD: 6.69) in 

106 days. The tallest sprout measured was 45.8 cm long in August, though this particular cutting was 

not alive come September. In September the tallest surviving cutting stood 28.5 cm. while the 

shortest stood 4.1 cm.  

Overall it seemed that both the patch treatment and the exclosure treatment were the most 

important factors in regards to growth rate, with the former being significant in June  and July and 

the latter in June, August and September. Further the first measurement in June showed a general 

trend in the combination factor of position on the salt marsh and exclosure treatment (see Table 2).  

p-values June.1 June.2 July August September 

Exclosure 0.00414 0.00037 0.01821 >0.1 >0.1 

Patch treatment 0.00088 0.02393 >0.1 0.0397 0.02714 

Marsh: Excl. 0.07857 >0.1 >0.1 >0.1 >0.1 

Table 2: All significant factors in the Growth model for all measurements; a nested generalized linear 

mixed model.  

All significant factors showed a similar trend: a lower growth rate outside of the patches and a higher 

growth rate when exclosed from grazing (See figs 5 and 6). 

 

Fig 5: Growth rate of Elytrigia by patch treatment over time (±SE).  
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Fig 6: Growth rate of Elytrigia by exclosure treatment over time (±SE). 

Discussion 

In this study we investigated the effects of both abiotic and biotic stress on the relationship between 

Juncus maritimus and Elytrigia atherica as well as the effect of position on the salt marsh and 

proximity to Juncus on two different ecotypes of Elytrigia atherica. The results of this study hold 

several implications about the relationship between Juncus, Elytrigia and the grazing cattle. Overall 

the results show a higher survival rate on the high marsh as well as within exclosures, showing that 

the cattle as wells as the abiotic conditions of the low marsh are significant stressors. Curiously 

sprouts on the high marsh performed better outside patches while sprouts on the low marsh 

performed better inside. This could be interpreted as a result of the Stress Gradient Hypothesis, 

although the growth rate was higher inside patches across the entire marsh. The two ecotypes 

performed better on their respective marshes of origin, showing some degree of adaptation to local 

conditions. 

Soil 
The fact that salinity levels were higher outside than inside Juncus patches, has some implications for 

the relation between Juncus and Elytrigia on the grazed salt marsh and the exact manner of stress 

relief. It is likely that the lower salinity levels are the result of the local shading provided by the 

vegetation (Howison et al. 2014). Because less sunlight reaches the soil of the patches, less water 

evaporates and the relative salinity of the soil decreases. This would entail that it is the presence of 

vegetation at all, and not specifically Juncus that results in the lowered salinity and that patches of 

any other thick covering plant would have the same result, including Elytrigia. Another explanation 

for the higher salinity in patches, possibly in joint effect with the shading theory, is the effect of 

trampling by cattle (Schrama et al. 2013). This would compact the soil and prevent water from 

descending past shallow levels. In more aerated soil, namely the patches which the cattle avoid, the 

water would wash down and take the saline along. What’s more, it is possible that the root structure 

of Juncus helps to aerate the soil and speed this process along (Hacker & Bertness, 1995). However, 

since the redox-tests performed found no evidence for higher oxygen levels within Juncus patches, 

this can’t be concluded.  

It should be noted that the distinction between high and low marsh was based on surrounding 

vegetation, rather than quantifiable levels of abiotic stress. While not exactly arbitrary it does 
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simplify variation in levels of stress from a gradient between extremes to simply two levels. Done out 

of simplicity’s sake, it has the added effect that the amount of variation within levels or possible 

overlap in stress-levels in the intermediate area is largely ignored in the setup. Overall it seems that 

the results of the study, particularly those of ecotype and survival, support the assumptions made of 

lower stress in the high marsh and higher stress in the low marsh, because of the more frequent 

inundations on the low marsh, causing higher salinity levels and lower oxygen levels in the soil.  

 

Fig 7: Rate of survival of the cuttings for September, per Patch Treatment (out, in & cut), Exclosure 

Treatment (Open, Exclosure), Ecotype (High and Low) and Location (High or Low Marsh). Colors 

denote Exclosure treatment and Ecotype. 

Patch Treatment 
Overall it seems that the most beneficiary placement for Elytrigia in regards to the Juncus patch 

depends on the position on the marsh. On the low marsh the survival was higher for sprouts placed 

inside of the patch than those outside, whereas for the high marsh it was the other way around, 

though the difference in survival rate in the latter was only slight and only when both exclosed and 

open treatments were considered (See Fig 4 & 7). When only exclosed treatments were considered 

and as such only abiotic stressors were a factor, both inside and outside treatment performed 

equally well on the high marsh, whereas the outside treatment still underperformed on the low 

marsh (Fig 3). As such it seems that while facilitation from abiotic stressors does happen under high 

stress, under low stress facilitation is not needed, but neither is the presence of Juncus nearby a 

problem.  
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Fig 8: The survival rate of the open treatment cuttings for the different patch treatments on the high 

and low salt marsh, across time. Cut treatment omitted for clarity.  

The fact that survival on the high marsh is higher outside of the patch when there is no exclosure 

protecting the sprout is unexpected. While the difference is slight and not significant, one would 

expect survival to be significantly lower outside of the patch because of grazing by cattle (See Fig 7 & 

8). Data from Howison et al. (2014) shows that overall cattle presence is higher on the low marsh, 

but for the specific marsh on which this experiment was performed, results were not conclusive. In 

any case a lower grazing presence on the high marsh would not explain why survival rates on the 

high marsh are higher in the Out treatment than the In treatment when unexclosed. It’s possible that 

the sprouts can survive occasionally being grazed upon in low stress areas, only perishing after it 

subsists, or abiotic stress levels rise, such as on the low marsh. It could also mean that the 

competition with Juncus inside of the patch is fatal when combined with another source of biotic 

stress, since it only happens when there is no exclosure. 

The consistently higher growth within patches suggests that Elytrigia still profits from the local 

facilitation by Juncus regardless of position on the marsh. This despite the fact that survival was 

slightly lower in patches than out on the high marsh, though not significantly so. Perhaps, while 

Juncus outcompeted the cuttings at the start of the experiment, when they were weak from the 

transferal shock and the normalizing, the hardier survivors managed to survive anyway. Later, when 

they had gotten used to their new conditions they would thrive in comparison to the cuttings outside 

of the patch, although the survival rate was higher with the latter. This would mean that it is only 

during periods of high vulnerability, such as when settling as a seedling or repeated grazing and low 

local abiotic stress, that Elytrigia suffers from Juncus as neighbor. During low vulnerability or high 

local abiotic stress the benefits outweigh the costs. Considering Elytrigia’s asexual way of 

reproduction this could mean that even when the survivor of a settling attempt is only a single hardy 

sprout it could manage to, after some generations, thrive anyway (Bockelmann et al. 2011).  

Curiously, the cuttings in the Cut treatment, overall show a trend of higher survival than both the 

Inside and Outside treatment on the low marsh, but a lower survival than either the Inside or Outside 

treatment on the high marsh (Fig 4). The Growth rate is similar to that of the Out treatment at the 

start of the experiment but then takes off and is comparable to that of cuttings inside of patches in 

September. The rate of survival on the high marsh is presumably the result of drought. Because of 

the removal of vegetation, more water evaporates from the soil, which increases stress conditions 

for the cutting. Because of the more frequent inundation, this is less of a problem on the low marsh. 
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The fact that the Cut treatment has a higher survival rate than within the patch on the low marsh 

could suggest that Elytrigia benefits from the effects of Juncus on local soil but suffers from 

competition for light with Juncus above ground. Simultaneously the growth rate suggests that grazing 

pressure from cattle is as low within the Cut treatment as it is inside of the patch. Considering the 

removal of vegetation was not complete and stubs of Juncus at ground level still existed after, this 

may not  be surprising.  

Exclosure Treatment 
In general the demolishment of the exclosures did not seem to have a large negative effect on the 

survival of its protectorate sprouts; survival rates are similar to those of intact exclosures and higher 

than sprouts in the open. Most of the time, some remnants of the exclosure would remain after it 

was demolished, even if it was only a heap of chicken wire or a bare pyramid structure. It is probable 

these remnants still offered some degree of protection from grazers. Alternatively the absence of 

protection is a larger hurdle in the first stages of the experiment than in the later stages, because of 

the shock of both the transferal from the original site and the normalization of the sprouts, during 

which both the blade and the root were cut off at set lengths. During this stressful early period the 

added stress of grazing or trampling could prove fatal for sprouts without protection from exclosures, 

whereas those with protection could adjust and survive even when they lost this protection later on 

(Soliveres et al. 2010).  

Exclosures seem to have had a beneficial effect on the growth rate of the sprouts. In the earlier 

measurements sprouts grown beneath exclosures are consistently larger than those that are not. In 

the later measurements this difference disappears; however this is likely the result of the high loss of 

both exclosures and sprouts during the later measurements. Curiously the position of the sprout in 

the patch does not seem to matter in regards to the exclosure status: the difference between 

exclosed and unexclosed sprouts is not significantly different between sprouts within the patch and 

those outside of it. There does exist a significant difference between growth rates of the different 

patch treatments, just not in relation to exclosures. This could mean that, apart from grazing, 

another, abiotic factor influences the growth rate of Elytrigia within the Juncus patch, allowing it to 

grow taller than those outside of it. It also means that, unless exclosures can manipulate abiotic 

stress levels as well, the lack of grazing within the Juncus patch is not absolute.  This could entail 

occasional grazing by cattle and/or by other more specific grazers, such as hares. During the surveys 

cattle were occasionally seen entering the patches and cattle dung was found in several of the 

patches (pers. obs). Another possibility is that cows entered the patches because of their attraction 

to the exclosures. This could be a reason to use lower exclosures in a follow-up experiment.  

Because of the repeated destruction of the exclosures by the cattle, it is difficult to interpret the 

results and differences between exclosure treatments. While at first the exclosures were restored 

whenever possible, eventually it was decided that this would not be worth the effort, since the 

repeated destruction of a single exclosure most likely already changed the treatment factors 

significantly from the exclosures that were spared. Because of this it was decided to introduce a new 

treatment ‘demolished’ alongside ‘exclosed’ and ‘open’. Since this decision was only made halfway 

into the experiment, the first two measurements lack data on the status of the exclosures. Any 

possible follow-up study should device a different way of exclosing the sprouts from grazers, possibly 

by designing the exclosures to be lower to the ground, since the cattle primarily seemed to use them 

as scratching poles. 

Interestingly, the significant difference between survival rates in exclosure treatments between low 

and high marsh as well as a similar trend in growth rate, suggest a difference in grazing intensity 

between high and low marsh. Whether the cows graze more on the low marsh, or whether the stress 
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felt by grazing is intensified by position on the salt marsh is not known. Data from another study by 

Howison et al. (2014) gave no conclusive evidence either way. While it was determined that cattle 

overall grazed more on the low marsh, this was not conclusively shown to be the case for the marsh 

on which this study took place. 

Origin 
No difference in survival or growth rates was found as a result of either patch or exclosure treatment 

between the two different origins of the sprouts. Apparently, whether or not Elytrigia benefits from 

nearby presence of Juncus is not dependent on the ecotype of the plant in question, nor does either 

type have a higher growth rate. 

As expected, the survival of the sprouts on either high or low marsh, directly correlate with the origin 

of the sprout. This means that even though no difference in soil salinity or oxygen levels was found, 

there is a difference between conditions on the high and low marsh for which Elytrigia has locally 

adapted (Petit & Thompson, 1998; Al Hayek et al. 2014) , as reflected in the difference in shape of 

the blades and roots of plants of the high and low marsh. Elytrigia on the low marsh forms sprouts, 

evenly divided from thick rhizomes, with usually only a single or two roots, short, but deep and thick, 

whereas Elytrigia on the high marsh forms in clumps with rhizomes between them and the roots are 

long, shallow and wiry (pers. obs.). Similarly the blades of the low marsh-grass are broad, while those 

of the high marsh-grass are thin.  

It also means that, whatever the difference between low and high marsh that resulted in the 

different ecotypes, the pattern is largely the same on the grazed salt marsh and the ungrazed one, 

from which the sprouts originated, suggesting adaptation to one or more abiotic stressors. 

Considering the system it is possible, but unlikely that this stressor is one that was overlooked in 

favor of low oxygen levels and high salinity levels in the soil. It is plausible that the difference in 

conditions between the low and high marsh is less severe on the grazed marsh than it is on the 

ungrazed marsh, but still enough to give an edge to the better adapted ecotype. Alternatively, the 

abiotic conditions of the salt marsh change over time and the single snapshot of the conditions that 

was made during this study were not an accurate representation of the year-round differences 

between the high and low marsh. 

For simplicity’s sake only two ecotypes were defined during the study, that would easily correspond 

with the different stress-levels of the grazed salt marsh: high and low. Considering the system it 

seems likely there are no two ecotypes on the salt marsh, but instead a gradual variation in traits 

between two (or more) extremes.  

Interesting to consider is the difference in conditions between Elytrigia on the ungrazed and the 

grazed salt marsh. While apparently the two areas are similar enough for the benefits resulting from 

adaptation to local conditions within the ungrazed marsh to carry over to its equivalent sites on the 

grazed marsh, being limited to growing within a patch of an otherwise competing plant, is a big 

constraint for Elytrigia. An Elytrigia sprout in a Juncus patch would need to make sure it gets the 

nutrients and light needed to survive. Similarly using nutrients to produce seeds and rhizomes to 

create offspring that would grow outside of a patch would be a waste, as they would immediately die 

due to grazing. Considering this magnitude of selective pressure and the amount of variation shown 

between the plants on the low and high marsh, a similar situation might be the case for the 

difference between the grazed and the ungrazed salt marsh, with plants on the grazed salt marsh 

showing physiological adaptations to handle their constraint to the patches. Another transferal 

experiment between plants on the grazed and the ungrazed salt marsh could be done to confirm this.  



18 
 

Transfer Shock 
Between the earlier stages of the experiment and the later ones, there seems to be a shift in 

significant stress factors. The analyses of the results of the first survival measurements in June 

suggest a significant difference in survival between low and high marsh and between combinations 

of patch and exclosure treatments. Later results in August and September don’t show this effect.  

This is likely the result of transfer shock, supported by the fact that there was no difference in 

survival between exclosure treatments in these earlier measurements. Later in the season, these 

differences disappear; the difference in survival between high and low marsh disappeared by the 

second measurement. This means that surviving sprouts from the first measurements have since 

died in such numbers that no difference between position exists. This supports that earlier results 

were simply the result of transfer shock.  

Synthesis 
Overall it seems that the influence of the grazing cattle defines the relationship of Juncus maritimus 

and Elytrigia atherica on the salt marsh leading to the typical patchiness and Elytrigia being confined 

to refuges. Despite this, Elytrigia does profit from association with Juncus in situations with high local 

abiotic stress, with or without grazing. However little evidence has been found to suggest that 

Elytrigia suffers from competition with Juncus when local stress levels are low. Only when in a 

vulnerable state because of or along with added biotic stress, does competition by Juncus 

significantly impair Elytrigia in low stress situations. However after enduring and overcoming this 

vulnerable state it seems that it is either beneficial  or at the very least non-detrimental for Elytrigia 

to be inside the patch, regardless of local abiotic stress levels. This is likely the result of the patch 

both locally preventing water from evaporating and decreasing the salinity level of the soil. However 

this form of stress relief is not necessarily only limited to Juncus plants; patches of most other plants, 

including of Elytrigia, would probably be capable of alleviating stress in a similar way. It is only 

because of the grazing cattle that Elytrigia is confined to the patches of the unpalatable Juncus. 

During non-vulnerable periods facilitation is the norm; more so against biotic stress in the form of 

grazing then any form of biotic stress.  

It seems that Elytrigia has strongly adapted to local stress conditions, with physiological differences 

between plants growing on the low and high marsh. Since the benefits of this adaptation carry over 

somewhat when transplanted from the ungrazed salt marsh to the grazed salt marsh, this suggests 

that the abiotic stress-gradient of the two marshes is shaped in a similar way. It could also suggest 

that local adaptation of Elytrigia to abiotic stress levels might exist on the grazed salt marsh as well, 

but whether or not this is actually the case has not been tested.  

It’s clear that a follow-up study would need some design changes. The tendency of the cattle to 

demolish the exclosures is sure to have affected the results in some way, even though the survival of 

the cuttings didn’t seem in jeopardy. Exclosures of the follow-up would preferably be low to the 

ground to avoid attracting cattle. It would also be interesting to repeat soil measurements multiple 

times throughout the experiment to better determine the differences in local abiotic stress levels 

between high and low marsh and the way they change over time and when positioned in- or outside 

a patch. It seems unlikely there are no differences in abiotic soil conditions between high and low 

marsh as the single measurement of this study suggests.  

To conclude: performance of Elytrigia on the salt marsh is higher inside of Juncus patches. No 

evidence has been found to suggest competition with Juncus could impair Elytrigia when local stress 

levels are low and when local stress levels are high facilitation is the norm. A switch from neutral to 

positive, rather than negative to positive as the Stress Gradient Hypothesis predicts. Elytrigia doesn’t 
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grow outside of Juncus patches in low stress areas, because as long as there are grazing cattle 

present over the entire salt marsh, there are no low stress areas outside of Juncus patches.  
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Appendices 

 

Fig 9: The Shortly Grazed Salt Marsh (SGS) along with the Juncus patches. 3-44 are located on the 

High Marsh, 50-72 on the Low Marsh. Red star marks the point of origin of the low ecotype Elytrigia 

used in this study. Point of origin of the high ecotype (N: 53.47939°, E: 006.22612°) not on this map. 
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Side Experiment 
Along with the transplantation experiment a small side experiment was performed in the greenhouse 

of the RUG Biology Building. As neither the question nor the results of this side experiment are 

directly correlated to those of the field experiment it is described here.  

November 22nd 2012 ears of Elytrigia atherica were collected from the salt marsh of 

Schiermonnikoog. All plants grew in or around earlier defined Juncus maritimus patches on the 

ungrazed salt marsh and the Shortly Grazed Salt Marsh (SGS). In March 2013 the ears were inspected 

and, when possible, 20 seeds were collected for every patch. The seeds were collectively weighted 

and the lengths were measured. It should be noted that while some ears produced multiple seeds it 

was not noted down which and how many seeds had the same progenitor. 

Afterwards the seeds were set to germinate in a greenhouse. The seeds were placed in carton cups, 

with seeds from the same patch of origin all within the same two or three cups. Every cup contained 

150 mL tap water with a 2-3 cm layer of floating plastic pellets for use in hydroculture on which the 

seeds were placed. The timing and amount of seeds that developed roots and/or shoots were 

counted as were the respective lengths.  

In the end the side experiment ended prematurely after a great percentage of the plants died after a 

warm, dry period and while data was collected, no analysis was performed. See appendix online for 

data.  
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