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It is increasingly acknowledged that stressors can resonate across the boundaries between ecosystems. Salt marshes, vast areas shaped by ocean-shore interactions, constitute prime examples of ecosystems where multiple stress factors arising from one ecosystem act on the local community of another ecosystem. Although it is generally recognized that zonation of plant communities on salt marshes is strongly affected by marine stress factors associated with frequent flooding (salinity, anoxia), it is largely unknown what the isolated and interacting effect are of these different stressors. This calls for experiments to disentangle the relative effects of these single and interacting multiple stressors. In this study, we determined the single and interacting effects of two main abiotic stress factors on salt marshes: salinity and anoxia (as a result of flooding) and one biotic stress factor: soil compaction (as a result of livestock grazing) on the growth of the twelve dominant salt marsh plant species, using a full-factorial experiment. To link the experimental work to distributions of natural plant communities along a natural stress gradient, we related our experimental results to observed plant species distributions on a salt marsh that is exposed to all these three stressors. Salinity strongly affected ten species with two high-marsh species not surviving the highest salinity levels whereas anoxia only consistently affected growth of four species. Interestingly, we observed no synergistic effect of anoxia and salinity in salt marsh plants. Moreover, we observed a trade-off between the amount of aerenchyma and mechanical strength, indicating that species vary in their resistance to soil compaction. Overall, our results suggest that salinity is a major determinant of plant species composition on the salt marsh, followed by anoxia. The importance of soil compaction depends on salt marsh elevation: on the low marsh, increased oxygen supply by aerenchyma seems to outweigh resistance against mechanical stress whereas on the anaerobe low marsh, the reverse applies. Using the experimental data to predict cover of plant species in the field, our results suggest that the combination of plant responses to the various stressors may be a powerful predictor for explaining the plant composition on the salt marsh.
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INTRODUCTION

Coastal salt marshes represent a series of important habitats for a unique and highly specific assemblage of plants and animals. Almost all species in these habitats possess particular adaptations to deal with the stressful abiotic conditions that are associated with frequent flooding with seawater and a water-saturated, compacted clay soil with limited gas exchange (Justin and Armstrong, 1987; Jackson and Armstrong, 1999). The plant species composition follows a typical zonation pattern along the elevation gradient (Eleuterius and Eleuterius, 1979; Roozen and Westhoff, 1985; Olff et al., 1988; Brewer et al., 1997). Elevation determines the duration and frequency of inundations: the lower parts of the salt marsh are flooded daily whereas the higher parts flood only a few times per year (Bockelmann et al., 2002). Periodic flooding with seawater results in environmental gradients in salinity, redox potential, soil N content, soil clay content and soil organic matter, all of which strongly covary (Davy et al., 2011; Janousek and Folger, 2014). Anoxia and elevation (Davy et al., 2011) or salinity and elevation (Janousek and Folger, 2014) have previously been proposed to explain most variation in plant species composition. However, these conclusions were not based on experiments designed to quantify the relative contribution of the different stressor and therefore, hierarchical partitioning models were used to address these. As such, the possible interactions, causality and relative contribution of each of these stress factors has, to date, not been determined experimentally. Understanding the abiotic drivers of plant species distribution and of vegetation composition patterning thus requires experiments to determine the relative effect of each individual stress factor on each plant species. The aim of this study is therefore to disentangle the effects of the different stress factors on plant performance investigate to what extent they interact and correlate these effects with the relative species abundance on the salt marsh.

Oxygen availability is lowest on the low marsh, since it is inundated most often, and gradually increases toward the high marsh. Root apical meristems always suffer from oxygen deficiency (Ober and Sharp, 1996; Geigenberger, 2003) and especially in anoxic environments this will negatively affect plant performance (Bailey-Serres and Voesenek, 2008; Elzenga and Veen, 2010). A common adaptation to anoxia is the formation of aerenchyma (Armstrong, 1980), a system of connected intercellular air-filled spaces in plants, which facilitates internal ventilation and enhances oxygen supply to the roots and prevents accumulation of carbon dioxide, ethylene and methane (ButterbachBahl et al., 1997; Colmer, 2003; Evans, 2004; Pedersen et al., 2010). Despite these benefits, in many species aerenchyma is only formed under special conditions, for example during waterlogging (Visser et al., 2000). Since aerenchyma is absent in many plant species and underdeveloped in most conditions, it is likely that there may be costs associated with aerenchyma or its formation. To date, there is a lack of quantitative information on such possible disadvantages (Ryser et al., 2011; Huber and Linder, 2012).

Salinity is highest on the low marsh and decreases toward the high marsh (Olff et al., 1997). Plants have developed several adaptations to deal with high salinities (see Yan et al., 2013; Zhang and Shi, 2013), but most of these adaptations are rather energy-expensive (Flowers and Colmer, 2008). Since oxygen depletion decreases ATP production and thus the energy availability, a synergic effect of salinity and anoxia can be expected, which can be lethal for glycophytic plant species (Barrett-Lennard, 2003; Colmer and Flowers, 2008). Although there is a lack of quantitative information, the effects of salinity and anoxia do not seem to be synergic in halophytes (Colmer and Flowers, 2008).

The effects of oxygen deficiency and salinity can be expected to be exacerbated by herbivore-induced soil compaction. Well-known effects of large herbivores on vegetation composition operate via selective grazing (Olff and Ritchie, 1998) and nutrient cycling (Bardgett and Wardle, 2003). However, soil compaction, as a result of herbivore trampling (Hamza and Anderson, 2005), can be an important additional factor explaining plant species distributions (Schrama et al., 2013a; Veldhuis et al., 2014). Particularly on wet, fine textured soils like in salt marshes, compaction (through crushing) could affect root survival specifically in species with a fragile root structure due to aerenchyma formation. Herbivore-induced soil compaction can increase soil water saturation, and thereby reduce the amount of oxygen and the rate of nitrogen cycling in the soil (Schrama et al., 2013b), and increase soil salinity (Srivastava and Jefferies, 1996). These effects could depend on the elevation gradient, since on the one hand densities of large herbivores are higher around the fresh water sources on the high marsh (Nolte et al., 2014) and on the other hand, anoxia effects of compaction are more pronounced on the low marsh (Schrama et al., 2013a).

Here, we examine the separate impact of three stress factors, namely anoxia, salinity, and mechanical pressure, on the performance of a range of different salt marsh plant species to better understand plant distributions on a salt marsh. We expected that plants respond to salt, anoxia, and compaction pressure according to their place on the gradient: plant species from the low end of the elevation gradient are expected to be most capable of dealing with these stressors. In addition, we examined possible trade-offs between the various stress factors. The trade-offs between different acclimations to distinct, but simultaneously occurring stress factors, potentially reflect the observed vegetation distribution on a salt marsh. To this end, we collected twelve dominant plant species from the salt marsh and cultured them under different concentrations of salt and oxygen while we measured their relative growth rate (RGR). As a proxy for the effect of mechanical stress caused by trampling, the compression as a result of increasing lateral force was measured. The root diameter as well as type and volume of aerenchyma were determined. These parameters were linked to the strength of the root, i.e., the resistance to compression by a laterally applied force. Finally we compared the results with the species abundance of the grazed and ungrazed, high and low salt marsh to determine which stress factors shape plant species composition in the field.

MATERIALS AND METHODS

Plant Material

For this study, twelve dominant salt marsh species were selected from a total species pool of 20 species (Esselink et al., 2015). Specimens of each of the twelve dominant or characteristic plant species selected for this study were collected on March 17th, 2013 on a mainland salt marsh at the Dutch Wadden sea coast (Noord Friesland Buitendijks, 53°20′N; 05°43′E) and taken to the glasshouse facility of the University of Groningen. General species information (main plant association and location on the salt marsh) is given in Table 1. After removing most of the soil from the roots, the plants were potted on a mixture of sand and loam and allowed to recover for two to four weeks. Plants were grown in a glasshouse at a day/night temperature of 22/18°C with a 14-h photoperiod at a minimum of PPFD of 150 μmol m-2 s-1 at plant level supplied by Philips HPI-T (400 W) lamps.

TABLE 1. Overview of the ecological position on the salt marsh of the species used.
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At least 20 plants of each species were removed from the soil mixture and transferred to 30 l tanks (dimensions 60 cm × 25 cm × 20 cm) filled with a 50% Hoagland solution (Hoagland and Arnon, 1938) supplemented with 10 mM NaCl and continuously bubbled with air. In the solution used to culture Salicornia europaea the NaCl concentration was raised to 50 mM, as this species did not survive on 10 mM NaCl. Aster tripolium, Potentilla anserina, and Glaux maritima were cultivated on 25% Hoagland solution until day 7 (day 13 for A. tripolium) of the oxygen experiment (see section “Aerobic and anoxic treatment”) after which the culturing was continued on a 50% Hoagland solution (doubling the available nutrients) to prevent nutrient deficiency development.

Aerobic and Anoxic Treatments

From the container with Hoagland solution the plants were transferred, at least eleven plants per species each, to two tanks containing a 50% Hoagland, 10 mM NaCl and 0.05% (w:v) agar solution. The agar was added to decrease convection in the tank (Wiengweera et al., 1997). After one day one tank was flushed with air, creating aerobe conditions and the other was flushed with nitrogen gas, creating anoxic conditions. Due to low germination success of S. europaea, we transferred 4 and 7 individuals to aerobe and anoxic conditions, respectively. By doing so the plants with the anoxic treatment were exposed for one day to mild hypoxia and after flushing with nitrogen gas to anoxia (Colmer and Greenway, 2011). This two-step approach is used to avoid cell death and simulate the gradually changing field conditions after flooding (Drew, 1997; Evans, 2004; Bailey-Serres and Voesenek, 2008). The aerobic and anoxic tanks were flushed for 5 min every other day with air and nitrogen gas, respectively. The flushing with N2 resulted in a 0% O2 level in the tank. After the flushing with air the oxygen concentration in the nutrient solution of the aerobic treatment was 21%, but this slowly decreased in the course of 2 days to 2–5%, due to respiratory activity of the roots and microbes. Although the aerobic treatment thereby became hypoxic, the regular elevation of the oxygen concentration does increase the oxygen availability to the roots as is evidenced by the growth stimulatory effect that was observed earlier (Colmer and Greenway, 2011). The plant growth measurements were started after 5 days of acclimation of the plants to the new conditions. The RGR (g g-1 d-1) was determined on the basis of FW measurements every second day during a 6-day period.

Salt Treatment

For the salt experiment 4–9 plants of eleven species from the aerobic treatment were transferred to a container with 50% Hoagland and 0.05% (w:v) agar supplemented with 10 mM NaCl and 4–9 plants were transferred to an identical solution, but with an NaCl concentration of 300 mM. The flushing of these tanks with air for 5 min every other day was maintained for these plant treatments. The plants from the anoxic treatment were identically distributed over two new containers containing 10 and 300 mM NaCl, respectively. These tanks were flushed with nitrogen gas for 5 min every other day. Since too few individuals of S. europaea survived the oxygen experiment this species was excluded from the salt experiment. For both the oxygen and salt experiment the plants were allowed to acclimate to the new conditions for 5 days before the growth measurements were started. The RGR (g g-1 d-1) was determined on the basis of FW measurements every second day during a 6-day period. To avoid algal growth the solutions in both the oxygen and the salt experiment were replaced every week.

Root Cross Sections

The effect of oxic and anoxic treatments on aerenchyma development was measured by making thin (25 μm) slices of roots at 2 cm behind the root tip with a MT.5503 hand microtome (Euromex Microtome, Arnhem, Netherlands). The slices were examined under an Olympus CX-41 microscope and photographed using a Euromex CMEX 5000 camera with ImageFocus v3.0 software. The photographs of microscopic cross sections were analyzed with Photoshop (version 11.0.2), determining percentage area occupied by air cavities (root porosity) and root diameter. The type of aerenchyma was determined using the classification following Jung et al. (2008).

Mechanical Strength

To determine the effect of porosity of the root cortex on the resistance to deformation of the root by lateral force, five plants from the anoxia treatment were randomly selected for each species. For Elytrigia atherica, Festuca rubra, and Tripleurospermum maritima plants were also selected from the oxic treatment to increase the variation in root porosity for these species and study the relation between root mechanical strength and percentage aerenchyma in more detail. Of each individual plant, three roots were used to measure the mechanical strength with a Linkam TST350 tensile stag. This device contains two measuring blocks (20 mm × 20 mm × 8 mm) between which the root is placed, after which the blocks are slowly moved toward each other at a rate of 20 μm s-1. It then measures the force that acts on the blocks while the gap between the two measuring blocks is closed and lateral pressure is exerted on the root. Since aerenchyma is fully developed from 2 cm from the root tip onward (Visser et al., 2000; Striker et al., 2007), root samples 2–4 cm from the root tip were placed between the blocks of the TST350. For a few experiments the lateral distortion of the root was recorded on video visualize the different stages of the force-compression: compression without visual damage at low force, until crushing at the final force applied. The slope of root diameter (in μm) vs. applied compression force at 1.3N (see Figure 1) was used as a proxy for root strength. This force was chosen, as the compression of the root was only a few percent in all species and by visual observation it was confirmed that only the epidermis and cortex were involved in the deformation. Graphs were analyzed using GraphPad Prism 6. Roots of S. europaea and Atriplex maritima were too small to determine mechanical strength and were therefore not investigated. The effect of oxygen availability on aerenchyma formation and mechanical strength was determined in detail for A. tripolium (n = 5 and 4 for the aerobe and anaerobe treatment, respectively) and E. atherica (n = 8 and 10 for the aerobe and anaerobe treatment, respectively).
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FIGURE 1. Raw data of the compression (%) of one root under an increasing mechanical pressure (N). The dotted lines show that a force of 1.3N corresponds with a 22% change in root diameter.



Plant Abundance on Salt Marsh vs. Laboratory Experiment

To examine whether salt, oxygen and mechanical strength can explain plant species abundance in the field, our data were compared with the species abundance on the high and low salt marsh (Nolte et al., 2014). Nolte et al. (2014) determined the plant cover (%) of 40 plant species, including our species between 2010 and 2013. They used 56 plots, which differed in elevation (high and low salt marsh) and grazing regime (cattle, horses, and control). Each treatment contained at least 4 replicates per year. The mean plant cover per species (%, averaged over 4 years period for all replicates of the control treatment) at the low and high marsh, respectively, was compared to the mean RGR’s of our oxygen experiment and the saline treatments of our salt experiment. We expected that species with a high RGR would outcompete other species by means of light competition and therefore would be more abundant than species with a lower RGR. Furthermore, we expected that species cover on the high marsh would be explained best by the RGR’s of plants from the non-saline, aerobe treatment, whereas species composition on the low marsh would be explained best by the saline, anaerobe treatment.

Statistical Analysis

The statistical analyses were performed using R 3.2.3. The effect of species and oxygen availability on the RGR in our oxygen experiment was tested with a two factor generalized least squares model, where the effect of oxygen availability on each species specific RGR was tested using student’s t-tests. To test the assumptions of homogeneity of variance, we used a Bartlett’s test; to meet the assumption of normality of residuals, we inspected the standardized residuals and tested those on normality using a Shapiro-Wilk test. When residuals were not normally distributed or variances were non-homogenous we used a Wilcoxon signed rank test and a t-test for unequal variances, respectively. The effects of anoxia and salinity on RGR in our salt experiment were tested with two factor general linear models for each of the eleven species. Because we expected that species with a higher RGR in our experiment would grow faster and thus outcompete other species in the field, we tested whether the observed RGRs in our experiments correlated with plant abundance in the field using a Pearson product-moment correlation. We compared the plant species RGR of our four treatments with the plant abundance on the ungrazed non-saline aerobe high marsh and the ungrazed saline anaerobe low marsh [data from Nolte et al. (2014)]. We used plant abundance to the power of 0.15 to meet assumptions of normality. A linear regression was used to test the effect of aerenchyma on root compaction. Student’s t-tests were used to test the effect of the oxygen treatment on root compaction and aerenchyma in A. tripolium and E. atherica. Pearson product-moment correlations were used to test the correlations between aerenchyma, root compaction and herbivore induced changes, the relative abundance of a plant species in presence of herbivores (cattle or horses) compared to its abundance in absence of herbivores. In order to meet assumptions on normal distribution and homogeneous variances root compaction and herbivore induced changes were always log-transformed. We used the square root of aerenchyma only when it was compared to herbivore induced changes.

RESULTS

Tolerance to Abiotic Stress

Tolerance of plants to the three different stress factors: anoxia, high salinity and mechanical compression was determined for 12, 11, and 10 dominant salt marsh species, respectively.

Salt marsh species reacted differently to the hypoxia treatment (F1,11 = 14.57, P < 0.001; see Table 2 for the effect per species). Hypoxia inhibited the growth in Atriplex portulacoides, Atriplex prostrata, F. rubra, and Plantago maritima but not in other species. Surprisingly, hypoxic conditions significantly increased the growth in A. tripolium, G. maritima, and T. maritima.

TABLE 2. Summary of the effects of oxygen and salt on FW relative growth rate (g g-1 d-1) from the oxygen (n = 11–17) and salt experiment (n = 4–9).
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We observed four different types of aerenchyma in the roots of salt marsh plants (Table 3). We hypothesized that aerenchyma would improve the hypoxia tolerance – defined as the difference between the average growth under hypoxia treatment and under oxia treatment per species. However, root porosity did not correlate with hypoxia tolerance (r = -0.14, P = 0.68).

TABLE 3. Structure and mean percentage of aerenchyma of plants that grew under anoxic conditions per species (n = 5–14).

[image: image]

Plant species responded differently to both salt and oxygen (Figure 2 and Table 2). Salt decreased the growth significantly in 10 out of 11 species. Only the RGR of A. portulacoides, a low-marsh species, was not significantly affected by our salt treatment (Figure 2C). All individuals of Agrostis stolonifera and P. anserina, typical high marsh species, had died at the end of the experiment when exposed to the highest salt concentration (300 mM NaCl) (Figures 2A,I).
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FIGURE 2. FW Relative growth rates (g g-1 d-1; RGR) under different treatments of the glasshouse experiment. Each panel (A–K) represents one species. The RGR of 0 is marked with a black line. Treatments oxia and anoxia represent RGR from the oxygen experiment, n = 11–17except for Salicornia europaea (oxia n = 4, anoxia n = 7). Treatments salt and anoxia salt represent RGR from the salt experiment, n = 4–9. The error bars denote 1SD. ∗P < 0.05; ∗∗∗P < 0.001; ns, not significant.



Comparison Glasshouse Experiment and Field Plant Abundance

We compared the RGR data of each treatment of our glasshouse experiment with the species plant cover on an ungrazed high and low salt marsh.

The relative cover of plant species on the high marsh, an area that can be considered relatively aerated and non-saline, correlates well with plant species RGR of our non-saline (both aerobe and anaerobe) treatments (aerobe r = 0.51, P = 0.11; anaerobe r = 0.54, P = 0.08; Figures 3A,C). When E. atherica and Puccinellia maritima were excluded, the correlation became very strong (aerobe r = 0.84, P = 0.005; anaerobe r = 0.79, P = 0.01) (see section “Discussion” for an explanation for excluding E. atherica and Pu. maritima). The RGR’s of the species in the other treatments did not correlate with the plant abundance on the high marsh (Figures 3E,G and Table 4).


[image: image]

FIGURE 3. Plant cover per species(%) of the high (A,C,E,G) and low (B,D,F,H) salt marsh as a function of the mean FW relative growth rate (g g-1 d-1) for different treatments of the oxygen (A–D) and salt (E–H) experiment. The dotted lines in A,G show the correlation when Puccinellia maritima and Elytrigia atherica are not taken into account (A,C,E,G, n = 11; B,D,F,H, n = 10). Festuca rubra and Potentilla anserina were not present on the low marsh and not displayed in graphs B,D,F,H. The error bars denote 1SD. Outcomes of the Pearson product-moment correlation tests are listed in Table 4.



TABLE 4. Summary of the Pearson product-moment correlation tests showing the correlation coefficient between the mean FW relative growth rate (g g-1 d-1) per treatment of the glasshouse experiments and the plant cover on the high and low marsh in the field (n = 11 and n = 10 for the non-saline and saline correlations, respectively).
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Plant abundance on the low marsh, which is relatively water-logged and saline, correlated best with the RGR’s of our aerobe, saline treatment (Table 4 and Figure 3F; r = 0.64, P = 0.046).

Oxygen only explained a small part of the correlations of the high marsh (compare a, b, e, f with c, d, g, h, respectively). Salinity on the other hand strongly affected the correlations (compare Figures 3A–D with Figures 3E–H respectively).

Mechanical Strength

Mechanical strength of roots differed between species (F9,116 = 21.7,P < 0.001). We found no significant correlation between root compression – a measure for mechanical strength – and amount of aerenchyma between species (F1,8 = 1.81,P = 0.21) (Figure 4A). The observed lack of relationship between aerenchyma and mechanical strength could be due to large interspecific differences in resistance to lateral compression, as different plants appear to have different aerenchyma architectures (Table 3; i.e., the highly structured, spoke-and-wheel-structure of Pu. maritima vs. the diffuse, sponge-like aerenchyma structure of E. atherica). Within species, however, we did observe a relationship between root porosity and the mechanical strength, and this relationship was influenced by the oxygen treatment. For both A. tripolium and E. atherica, the low oxygen treatment increased root porosity (t = 3.23, df = 7, P = 0.014, and t = 2.05, df = 16, P = 0.057, respectively) and decreased mechanical strength (t = 2.91, df = 7, P = 0.023, and t = 2.95, df = 16, P = 0.009, respectively). We used the range in aerenchyma to test whether the formation of air cavities influenced the mechanical strength. Root porosity correlated negatively with mechanical strength in A. tripolium (Figure 4B; r = 0.90, P = 0.001) and in E. atherica (Figure 4C; r = 0.48, P = 0.045).
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FIGURE 4. The root compression (%) during a force of 1.3N is plotted against the amount of aerenchyma (%) for: (A) all species except Atriplex portulacoides and Salicornia europaea (n = 10), (B) Aster tripolium (n = 9), and (C) Elytrigia atherica (n = 18). The closed and open circles represent roots with an oxic ([image: image]) and anoxic ([image: image]) treatment, respectively. The dotted lines show confidence intervals of 95%. ∗P < 0.05; ∗∗∗P < 0.001; ns, not significant.



Root Porosity Compared to Trampling

Herbivore-induced changes in plant cover (Figure 5A) is strongly correlated with the root porosity (%) on the high marsh (r = -0.76, cattle P = 0.010; r = -0.60, horse P = 0.068). This indicates that species with a high root porosity performed worse in the grazed high marsh compared to the ungrazed high marsh. Species with low root porosity performed better in the grazed high marsh compared to the ungrazed high marsh. Herbivore-induced changes on the low marsh did not correlate with root porosity (cattle, P = 0.55, horses, P = 0.15; Figure 5B). When T. maritima, a species that is restricted to the organic debris-rich flood mark, is discarded the correlation between root porosity and herbivore-induced changes increased strongly (dotted lines in Figure 5B; cattle, r = -0.66, P = 0.077; horses, r = -0.81, P = 0.015). None of the herbivore-induced changes correlated with the mechanical strength of plant roots of our glasshouse experiment.
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FIGURE 5. Proportional grazing-induced plant cover change per species on the high marsh (A) and low marsh (B) is plotted against the amount of aerenchyma (%). Proportional grazing-induced change is defined as plant cover (%) in presence of large herbivores [cattle ([image: image]) and horse ([image: image]) divided by plant cover (%) in absence of large herbivores]. The dotted lines in (B) show thecorrelations when Tripleurospermum maritima is not taken into account. ns, not significant.



DISCUSSION

It is generally accepted that plant species distributions on coastal salt marshes follows gradients of abiotic stress factors (Olff et al., 1988; Bockelmann et al., 2002; Davy et al., 2011). Previous studies examined the isolated effects of salinity, anoxia and herbivores (Olff et al., 1988; Ryser et al., 2011; Veeneklaas et al., 2011), or a combined effect of two factors related to herbivory (van Klink et al., 2015), compaction and leaf clipping, showing differential survival rates under these treatments between plant species. This study aimed at separating the effects of salinity, anoxia and mechanical stress on plant distribution.

Some Clear Exceptions

A single plant trait like RGR was not sufficient to explain the abundance of E. atherica and Pu. maritima on the high marsh. E. atherica was more abundant than predicted by its RGR, which may be the result of a specific competitive advantage such as the ability to produce tall growing, clonal patches which out-shade other plants. Pu. maritima was under-represented in the field when compared to predictions based on RGR. This is likely the result of the intense grazing pressure of hare, geese and cattle on this species, which has been linked to its very high soluble sugar concentration (Fokkema et al., 2016).

Plants React Differently to the Various Stress Factors

Plant species varied strongly in their response to different stress factors, but in general showed the strongest response to salt stress. Some species did not survive the high salt treatment, whereas A. portulacoides was not affected by the high salinity levels. Anoxia, on the other hand, only resulted in growth inhibition for some species, like A. portulacoides, which was in accordance with earlier reports [e.g., Cott et al. (2013)]. In general, the effect of anoxia alone on RGR was small, 1% on average per species, compared to the effect of salinity (78%) and could be far less important in explaining salt marsh plant distributions than suggested by field studies (Davy et al., 2011; Janousek and Folger, 2014). In glycophytes the combination of anoxia and salt has a synergistic effect. Colmer and Flowers (2008) suggested that there is no synergistic detrimental effect of anoxia and salinity in halophytes, although there was a lack of quantitative data to support this hypothesis. Here we provide quantitative data that confirms this hypothesis.

Contrary to our expectations, we found no relation between the absolute amount of aerenchyma in the roots and the effect of anoxia. It is important to note that in our glasshouse growth experiment only the direct effect of oxygen depletion was investigated, whereas in the field, plants are exposed to both direct and indirect effects of anoxia. For example, anoxia can indirectly influence plant productivity by increasing the levels of CO2, ethylene, Mn2+, Fe2+, S2- and carboxylic acids (Ingold and Havill, 1984; Colmer and Flowers, 2008). The formation of aerenchyma could be instrumental in removing these toxic compounds (Evans, 2004). Another explanation for the absence of a correlation between root porosity and the effect of the anoxia treatment is that nutrient availability in our laboratory experiment may have been much higher than observed in the field (Kiehl et al., 2001). Plants with little aerenchyma that grow under anoxic conditions may suffer from nutrient limitation because oxygen depletion generally results in decreased nutrient uptake and root functioning (Drew, 1997; Elzenga and Veen, 2010). High nutrient availability in our experiment might therefore have obscured reduced root function caused by anoxia. Hence, the indirect effects of anoxia may be more important than previously thought and could explain the difference between results from our experiments and previous field studies.

Trade-Offs Between Anoxia and Mechanical Stress Explain Observed Vegetation Distributions

Our results indicate a trade-off between aerenchyma and mechanical strength (Figures 4B,C). Mechanical root strength appears relatively important in explaining the difference in plant composition on the grazed and ungrazed high marsh (Figure 5A), but did not improve the model on the low marsh (Figure 5B). We suggest that the trade-off between aerenchyma and mechanical strength is key to understand this finding. Soils on the Dutch high marsh are relatively non-saline and well oxygenated and as such, the benefits of aerenchyma may be low. The reduced mechanical strength caused by aerenchyma can therefore be costly on a high, grazed salt marsh, whereas in an anoxic, highly saline, low marsh soil aerenchyma formation is essential for survival. On the low marsh the reduced mechanical strength is probably greatly outweighed by the benefits of aerenchyma.

CONCLUSION

Elevation and inundation frequency are often used to explain plant composition on salt marshes but an experimental discrimination investigating the underlying abiotic gradients that could elucidate the mechanisms that determine plant species composition was lacking until now. In this study, we experimentally separated the effects of three important stress factors that can shape plant communities in the field. Our results show that the response of plants to salt stress, anoxia and mechanical stress differs markedly between salt marsh plant species. Moreover, the high correlations between plant performance in the laboratory and plant abundance in the field suggest that RGR s under different oxygen and salt conditions are important predictors for plant species abundance in the field. The observed trade-off between mechanical strength and aerenchyma formation likely explain why salinity and anoxia are most important in determining plant composition on the low marsh whereas mechanical strength becomes more important on the grazed high marsh. Our study thus illustrates that inclusion of a number of plant physiological responses to a multitude of stress factors can improve understanding of the composition of plants in natural communities.
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