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Abstract

Understanding of salt marsh plant zonation caused by abiotic and biotic factors is essential for successful conservation
plans in the face of ongoing environmental change. The frequency of flooding is more important than elevation in
predicting marsh plant zones. Tidal marsh plants are distributed across a wide gradient of soil–water salinities. Studies
done to date indicate that redox potential, ionic composition of soil, moisture content of soil, latitude, topographical, and
climatic factors may play some role in forming vegetation zones. Competition and facilitation are important in mediating
zonation, and the importance of facilitation of plant growth increases with increasing physical stress within the abiotic
range limits. A refined understanding of facilitation along stress gradients would help inform successful restoration and
management of vegetation. In the salt marsh plant community, a trade-off between belowground competitive ability and
the ability to tolerate physical stressors appears to drive plant growth patterns across the landscape. Understanding and
predicting shifts between bare flats and vegetated marshes is of great importance, because it provides a useful scientific
basis for understanding vegetation zonation. A bimodal distribution of intertidal elevations, positive feedbacks, and
alternative stable states and abrupt shifts in elevation from bare flats to vegetated states are present in salt marsh
ecosystems. Strategies to assess whether alternative stable states are present are now converging in fields as disparate
as desertification, limnology, oceanography, ecology and climatology. Further research should therefore focus on the
conditions for and the specific mechanisms behind alternative stable states in salt marsh ecosystems.
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Introduction

Coastal salt marshes are unusual amongst wetland ecosystems around the world (Vince and Snow 1984; Armstrong et
al. 1985; Kim and Ryu1985; Kim et al. 1986; Bertness and Ellison 1987; Liet al. 2008; Ko 2001; Moffett et al. 2012;
D’Odorico et al. 2013). Their surfaces are regularly flooded with salt water; all salt marsh plant communities are
submerged at some time to varying extents and topographical features lead to a greater than normal extent of flooding
and drainage. Salt marsh plant communities are discrete, simple systems dominated by only a handful of plant species
and consist of recurrent zonation patterns along environmental gradients(Pomeroy and Wiegert 1981; Bertness and
Ellison 1987; Kim and Ihm 1988; Serag 1999; Ihm et al. 2007; Kim et al. 2010; Lee et al. 2016).

Fig 1. Global distribution of mangroves and salt marshes (D’Odorico et al. 2012).

Upper salt marshes are dominated byhigh salt marsh species such as Juncus roemerianus (Pennings et al. 2005), Iva
frutescens (Bertness and Hacker 1994; Emery et al. 2001), Phragmites australis (P. communis) (Min and Kim 1983;
Roman et al. 1984; Kim and Ihm 1988; Ihm and Lee 1998), Scirpoides nodosa and Phormium tenax (Partridge and Wilson
1988), Suaeda vera and Lygeum spartum (Rogel et al. 2000, 2001), Frankenia palmeri and Salicornia subterminalis (Zedler
et al. 1999), Artemisia maritima (Olff et al. 1988), and Arthrocnemum subterminale (Pennings and Callaway 1996). Lower
salt marshes are dominated bylow salt marsh species including Spartina alterni�ora (Roman et al. 1984; Pennings et al.
2005), Juncus gerardi (Bertness and Hacker 1994), Sarcocornia quinque�ora and Samolus repens (Partridge and Wilson
1988), Sarcocornia fruticosa and Juncus maritimus (Rogel et al. 2000, 2001), Spartina foliosa (Zedler et al. 1999),
Trifolium repens (Olff et al. 1988), Salicornia virginica (Pennings and Callaway 1996), and Suaeda japonica and S.
maritima (Kim and Ihm 1988; Ihm and Lee 1998).

Physiologically and morphologically, salt marsh plants have developed a number of mechanisms to avoid and resist
saline stress; these include salt hairs and salt glands, succulence, dilution of salinity by increased growth, osmotic
adjustment, compatible osmotica, root excretion of salts and root molecular sieves,and selective ion uptake (Ungar
1998; Flowers et al. 1977, 1986)
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Early work on zonation focused on the apparent correlation of vegetative patterns with variations in the physical
environment (Lee 1990; Woerner and Hackney 1997). Most studies on zonation have been done in middle to high
latitudes of the northern hemisphere, in euhaline or periodically hypersaline marshes with regular tides (Costa et al.
2003). Later work focused on salt marsh plant zonation determined by both abiotic and biotic factors. Although abiotic
factors may play a significant role in determining which species become established and survive in zonal plant
communities in salt marshes, it is also necessary to consider the effect of biotic factors on the formation of plant
communities (Table 1). These two elements play a significant part in determining whether or not a species can
successfully establish itself in a salt marsh. Comparative studies of the arrangements of the upper and lower zone
boundaries might shed light onthe interplay of these factors in determining zonation patterns (Pielou and Routledge
1976; Lee et al. 2016).

Table 1. Upper and lower borders set by biotic and abiotic factors on salt marshes.

Lower borders by abiotic factors Upper borders by biotic factors

Elevation
Flooding frequency
Salinity
Redox potential
Soil ionic composition or pH
Soil moisture
Latitude
Topographical factor

Debris or wrack
Deposit soil
Sediment shear-strength

Climatic factor
Alternating periods of rainfall
Wind and storm
El Niño and La Niña
Sea level rise

Competition
Facilitation
Trade-off between competition and facilitation
Physiological adjustment
Seedling recruitment
Emergence and growth strategy
Invasion
Grazing
Herbivory

First, there are abiotic factors related to salt marsh plant zonation:

1. Elevation (Sánchez et al. 1996; Bockelmann et al. 2002),
2. Frequency of flooding (Lee 1990; Allison 1996; Pennings et al. 2005),
3. Salinity (Mahall and Park 1976; Kim and Ihm 1988),
4. Redox potential (Howes et al. 1981; Davy et al. 2011),
5. Ionic composition and pH of soil (Rogel et al. 2000; Angiolini et al. 2013),
6. Moisture content of soil (González-Alcaraz et al. 2014; Ihm et al. 2007),
7. Topographical factors (Morzaria-Luna et al. 2004; Collin et al. 2010),
8. Latitude (Pielou and Routledge 1976; Isacch et al. 2006), and
9. Climatic factors (Rogel et al. 2000; Costa et al. 2003).

Second, there are biotic factors related to salt marsh plant zonation.

1. Competition (Pidwirny 1990; Morris 2006). As in tidal marshes of the northern hemisphere, competition is
important in structuring salt marsh plant communities (Silander and Antonovics 1982; Costa et al. 2003).
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2. Facilitation (positive interactions, e.g. plant cover alleviating saline stress) (Bertness and Shumway 1993; He et al.
2011). Facilitation is important in mediating the zonation of T. chinensis. Within its physiological stress tolerance
range, it is limited by plant competition in low-salinity areas, and facilitated by neighbours in habitats where there
is high salt stress.

3. Trade-off between competition and facilitation (Levine et al. 1998; Pennings et al. 2005). If nutrient supply
dictates competitive dominance across gradients given physical factors, it may control any trade-off between
competitive ability and stress tolerance underlying plant zonation (Levine et al. 1998).

4. Physiological adjustment (Cooper 1982; Callaway 1995),
5. Seedling recruitment (Espinar et al. 2005; Engels et al. 2011),
6. Invasion (Beare and Zedler 1987; Castillo et al. 2008),
7. Grazing (Silliman and Zieman 2001; Jutila 1999), and
8. Herbivory (Wolcott and O'Connor 1992; Lenssen et al. 2004).

Finally, positive feedback structures the dynamics of salt marsh plant communities as well as other ecosystems (Wilson
and Agnew 1992; van Wesenbeeck 2008; Scheffer 2009; Murphy and Bowman 2012; Wood and Bowman 2012; Wang and
Temmerman 2013). Bare and vegetated states are potentially alternative stable landscape states with abrupt shifts
between them (Wang and Temmerman 2013). Intermediate elevations with pioneer vegetation patches consist of
potentially unstable transient states between the alternative attractors, i.e. lower-elevation bare flats or densely
vegetated marshes found at higher elevations. Understanding and predicting transient shifts between bare flats and
vegetated marshes is of major importance, because it provides a useful scientific basis for protecting and restoring
intertidal flats and marshes and their valuable ecosystem services, in the face of increasing environmental pressures
such as the accelerating rise in sea levels.

Abiotic factors

Determining the mechanisms underlying the growth of organisms has long been a goal of ecological research (Adams
1963; Cui et al. 2011; Guo and Pennings 2012) and it is widely accepted that both abiotic and biotic factors are important
in affecting the distribution of different species, but there is no consensus on how the relative role of biotic factors varies
given abiotic factors. In salt marsh habitats, most research has centered on the ways in which abiotic factors affect
plant zonation (Bertness and Ellison 1987;Kim and Ihm 1988; Sánchez et al. 1996; Ihm and Lee 1998; Zedler et al. 1999;
Ko 2001; Silvestri et al. 2005; Alvarez-Rogel et al. 2007; Hladik and Alber 2014): topographical and climatic factors such
as elevation, frequency and duration of tidal flooding, the influence of fresh water, distance from the water source (tidal
effect), periods of rainfall and drought, disturbance by debris, and physical and chemical factors of soil such as salinity,
moisture, type, texture, drainage, nutrient toxicity, organic content, depth of the water table, redox potential, peat
accumulation, aeration, and sulfide concentration (Table 1).

Elevation of the tidal range is a primary determinant of the environmental factors that affect plant distribution and is the
physical basis of the distinctive zonation often reported for the distribution of salt marsh plantspecies and
communities(Adams 1963; Sánchez et al. 1996; Bockelmann et al. 2002; Silvestri et al. 2005; Min 2015). Very small
differences in elevation are sufficient to alter the intertidal environment (Brereton 1971; Zedler et al. 1999; Davy et al.
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2011). Salt marsh plantshelp to bind sediments and root systems promote sediment stabilization and environmental
conditions that allow other species to invade the raised surface (Caçador et al. 2007). An increase in marsh elevation
causes a decrease in the number of flooding events, which results in increases in redox potential and soil salinity.

Flooding is the primary factor controlling the distribution of salt marsh species. Flooding establishes a strong non-
resource stress gradient across salt marshes, with soil anoxia and waterlogging decreasing from the seaward edge to
the terrestrial border (Mendelssohn et al. 1981; Woerner and Hackney 1997; Zedler et al. 1999; Cui et al. 2011).

The fact that most positive correlations between flooding frequency and change in species cover occur in the higher
regions of salt marshes suggests that this effect occurs mainly when the of flooding-related disturbance is relatively low
(Adams 1963; Snow and Vince 1984; Armstrong et al. 1985; Olff et al. 1988). Flooding generally reduces the amount of
vegetation cover and may limit plants’ distribution ranges by inducing anaerobiosis of the substrate, via deposition of
sand and clay, or by the toxic effects of salt. Sedges perform best in water-saturated soil, while other species often
prefer half-flooded or well-drained substrata. Instead, optimal growth occurs in half- and fully-flooded soil. Flooding
frequency and elevation have a higher value in predicting the occurrence of dominant plant species than does elevation
(Snow and Vince 1984; Armstrong et al. 1985; Bertness and Ellison 1987; Sánchez et al. 1996; Rogel et al. 2001;
Bockelmann et al. 2002; Cui et al. 2011). The close relationship between flooding frequency and elevation particularly
applies to lower elevations, where minor changes in elevation lead to major changes in flooding frequency.

At very high soil elevations, above mean high sea level (MHSL), soil salinity tends to decrease because of less frequent
flooding and associated reduced salt input (Phleger 1971; Mahall and Park; 1976; Sánchez et al. 1996; Ihm and Lee 1998;
Rogel et al. 2000; 2001; Pennings et al. 2005; Silvestri et al. 2005; Ihm et al. 2007; Angiolini et al. 2013; Cho 2015). This
observation, which provides a link between the presence of halophytes and topographic elevation, may be explained by
noting that evaporation periods (occurring when the marsh is not flooded) are longer at higher elevations and, thus, salts
in surface soils may become very concentrated. Thus, salt marshes exhibit distinct plant growth patterns along salinity
gradients (Sánchez et al. 1996; Emery et al. 2001; Pennings et al. 2005; Caçador et al. 2007; Engels et al. 2011).

Redox potential generally increases with increasing tidal height and decreasing tidal flooding. Low redox potential is
characteristic of flooded soils and has been shown to inhibit plant growth (Howes et a1. 1981; Mendelssohn et al. 1981;
Armstrong et al. 1985; Bertness and Ellison 1987; Davy et al. 2011). Thus, differences in redox potential are important
determinants of zonation patterns in salt marshes (Caçador et al. 2007). Salt marsh halophytes differ considerably in
their ability to oxygenate rhizospheres (e.g. by the production of aerenchyma) and to tolerate reducing conditions
(Colmer and Flowers 2008). Salicornia europaea, an annual halophyte that is regarded as a rapid primary colonist of low
marshes in many parts of the northern hemisphere (Ihm and Lee 1998; Davy et al. 2011), can be found over the full range
of redox potentials. In contrast, the abundance of Suaeda maritima is low at low redox potentials, regardless of elevation.

Differences between vegetation zones caused by the pH of surface sediment are less common, but indirect factors such
as organic content accumulation in older marshes and salt deposition/leaching in depressions can produce differences
of 1–4 pH units (Vince and Snow 1984; Bertness and Ellison 1987; Costa et al. 2003; Angiolini et al. 2013). Similar
ranges of pH were found in the Pólvora Island marsh and different ranges were found in south-western salt marshes in
South Korea, but because of the flat landscape and the large amplitude of daily and seasonal fluctuations in seawater
levels, differences between vegetation zones did not persist through time and it is unlikely that they impose distribution
limits for the dominant perennials (Ihm and Lee 1998).
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The ratios of Ca /Na , Ca /Mg  and K /Na are decisive in plant zonation in salt marshes,at least in a semiarid

Mediterranean climate (Reimann and Breckle 1995; Rogel et al. 2000, 2001). The lowest areas, which are subject to
increased flooding, do not coincide with those in which the concentration of salts is highest because the soils in these
areas remain wet enough throughout the year to bring about the dilution of salts (Rogel et al. 2001). The habitats
occupied by the two most abundant species seem to be very well defined in Mediterranean salt marshes. Juncus
maritimus occupies soils with a higher Ca /Na ratio and a lower K /Na ratio than Schoenus nigricans.

Numerous studies have reported relationships between coastal plant communities and moisture content of the soil
(Omer 2004; Ihm et al. 2007; Lee et al. 2007; González-Alcaraz et al. 2014). The distribution of plant species responds to
changes in soil moisture and, hence, monitoring of vegetation has been proposed as an effective tool to detect important
species in wetlands (Hong 2015). The soil moisture gradient traditionally has been considered one of the most important
abiotic factors that affect the plant zonation of salt marshes (Ihm and Lee 1998; Rogel et al. 2000; Ihm et al. 2007).
Salicornia herbacea communities are found in areas with low soil water content. The environmental variables that have
the greatest influence on the distribution of the dominant salt marsh species S. pillansii include soil moisture, distance
from the estuary, elevation above mean sea level, and depth of the water table (Bornman et al. 2008). The most
important ecological driver for salt marsh vegetation, especially along the arid west coast of southern Africa, is moisture.

It has been suggested that ecohydrological zones, which reflect the combined influences of topographical, sediment, and
vegetation heterogeneity, are the fundamental spatial habitat units comprising salt marsh ecosystems (Moffett et al.
2012; Xin et al. 2013).

Vegetation distribution patterns suggest that channel size and distance to the bank are fundamental factors in
determining species distribution (Adams 1963; Sanderson et al. 2001; Collin et al. 2010). Tidal creeks control tidal flow
into the marsh and, thereby influencing flooding and drainage. Tidal channel networks strongly structure salt marsh plant
distributions in Petaluma Marsh in California (Sanderson et al. 2000; Morzaria-Luna et al. 2004). The factors that
influence seedling establishment are more favorable along creek edges, and seedling numbers decline with distance
from creeks (Hopkins and Parker 1984; Rand 2000).

Ihm et al. (2007) explained a shift in the seaward limit of Suaeda maritima and Halimione portulacoides on the basis of
soil texture. Suaeda maritima was independently influenced by sediment shear-strength, exhibiting low abundance on
softer sediments, which accords with the tendency of its seedlings to be washed away by tides (Davy et al. 2011).
Floating debris is frequently stranded at high elevations, killing underlying vegetation and leaving discrete bare patches
(Bertness and Ellison 1987; Bertness et al. 1992). These bare patches are initially colonized by fugitivemarsh plants
(pioneer plants) that are displaced by competitively superior perennial turfs (Bertness and Ellison 1987).

Geographic variations in climate may induce different salinity patterns at different marsh elevations (Pennings et al.
2005; Wang et al. 2007; Cui et al. 2011). In high-latitude marshes on both US coasts, salinity levels in undisturbed
vegetation tend to decline from the low to the high marsh (Pennings and Bertness 1999; Pennings and Bertness 2005).
In contrast, in low-latitude marshes on both coasts, salinity levels often increase to a peak in the middle or high marsh
because of increased evaporation. In low-latitude salt marshes, a hot climate leads to elevated salinities at upper/middle
elevations; in high-latitude salt marshes, the climate is much cooler and salinity is relatively low. The difference in salinity
between low- and high-latitude salt marshes may generate variations in plant organization and zonation. The most
extreme evidence of geographical variation on the role of salinity in mediating salt marsh plant patterns lies in the
occurrence of ‘salt pans’ in low-latitude marshes (Pielou and Routledge 1976; Pennings and Bertness 1999; Pennings et

2+ + 2+ 2+ + +
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al. 2005). Salt pans, unvegetated expanses of the marsh that occur where soil salinities exceed levels that plants can
tolerate, are a common feature of low-latitude marshes.

The mean deviation of the high tide level and yearly amplitude, caused by winds and storms, shows an irregular pattern
with a tendency towards clustering in deviations from the normal 18-year nodal tidal cycle of the moon. These clustered
yearly deviations can cause fluctuations in the cover or zonation of salt marsh species (Cramer and Hytteborn 1987; Olff
et al. 1988). Meanwhile, alternating periods of rainfall, during which salt leaches into the deepest parts of the soil, and
periods of drought, when salt is brought to the surface of the soil, bring about an important variation in salinity and plant
zonation, both in regards to the quantity and type of salt (Rogel et al. 2000).

Episodes of warming (El Niño) and cooling (La Niña) of surface waters in the eastern tropical Pacific are highly
correlated with excessive rainfall and drought, respectively, over the southwestern Atlantic (Coelho et al. 2002; Costa et
al. 2003). These events are responsible for a large part of the interannual variability in both the salinity pattern and the
flooding frequency of intertidal zones of the Patos Lagoon estuary. Large and small freshwater discharges into the Patos
Lagoon estuary are associated with periods of strong El Niño and La Niña events in the Pacific Ocean. Interannual
differences in estuarine water level can cause the physical stress gradient to move up and down in elevation, particularly
in low- and mid-marsh zones, and a subsequent variation in salt marsh plant zonation.

As sea levels rise, the frequency and duration of high marsh disturbances are expected to increase (Warren and Niering
1993; Reed 1995; Feagin et al. 2010; Hong 2015). The Instituto Geográfico Português reported a mean sea level rise of
1.3 mm y  between 1882 and 2000 in Cascais, near Lisbon. Coastal salt marsh plants are expected to respond to global

sea level rise by migrating toward higher elevations (Caçador et al. 2007). Housing, infrastructure, and other
anthropogenic modifications are expected to limit the space available for this potential migration.

Biotic factors

Biotic factors, such as competition, facilitation, etc., may be of particular importance in salt marsh plant zonation (Table
1) (Sánchez et al. 1996). Competition is the struggle to pre-empt limiting resources such as light, water, and nutrients
that determine rates of carbon acquisition. Facilitation is the interaction between plants that improves the uptake of
limited resources. Up until the last few decades, plant zonation was believed to result primarily from variations in
physical and chemical parameters. More recent studies, however, have illustrated the importance of biotic interactions in
plant zonation (Pielou and Routledge 1976; Pennings and Callaway 1992; Levine et al. 1998; Castillo et al. 2000; Costa et
al. 2003). Snow and Vince (1984) were the first to provide experimental evidence that the distribution and zonation of
salt marsh species along the tidal flooding gradient was not solely due to physiological restrictions but was also affected
by interspecies competition.

Competition and facilitation: Early studies of coastal plant communities demonstrated that competition between species
mediates salt marsh plant zonation (Bertness and Ellison 1987; Callaway et al. 1990; Pennings and Callaway 1992;
Engels and Jensen 2010; He et al. 2011) and that facilitation is important in mediating plant performance and diversity in
marshes with high salinity/flooding stress (Bertness and Hacker 1994). More recent studies on facilitative and
competitive interactions in salt marshes (Pennings et al. 2003) have focused on latitudinal patterns. The Stress-Gradient

-1
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Hypothesis (SGH) (Bertness and Callaway 1994; Hackney et al. 2010) is one of the most well known and widely tested
facilitation hypotheses. The SGH predicts that the importance or intensity of competition and facilitation will change
along abiotic stress gradients, with facilitation being more important in high abiotic stress conditions. At lower levels of
abiotic stress, competition and consumer pressure become increasingly important determinants of species distribution.
The ability of the SGH to predict latitudinal patterns of facilitation, however, is limited by selection-driven differences in
intraspecies and interspecies salt tolerance between low- and high-latitude plants (Pennings et al. 2003).

While extremely stressful environments may lie outside of the physiological stress tolerance range (Bruno et al. 2003),
Holmgren and Scheffer (2010) recently suggested that the occurrence of strong facilitative effects in mild conditions
may be the rule rather than the exception, since in extremely harsh environments facilitative amelioration of conditions
could entirely prevent growth.

Stress tolerance influences plant zonation in several ways (Rabinowitz 1978; Snow and Vince 1984; Marcum and
Murdoch 1992). Three models based on the interaction of physiological characteristics and interspecies competition
have been developed. Zonation of species along an environmental gradient may arise if: (i) each species is
physiologically restricted to a different portion of the gradient; (ii) each species performs best in a different portion of the
gradient, but tolerance ranges are sufficiently broad that species could grow in other habitats were it not for inadequate
dispersal, the presence of competitively superior species, the presence of herbivores, or a combination of these factors;
and (iii) all species prefer the same portion of the gradient such that species are displaced along the gradient according
to their breadth of tolerance, dispersal, competitive abilities, and susceptibility to herbivory.

The competition-to-stress hypothesis (Guo and Pennings 2012) states that, across estuarine landscapes, plants are
excluded from regions of higher salinity by abiotic stress, and plants are excluded from regions of lower salinity by
competition (Crain et al. 2004; Engels and Jensen 2010). Brackish marsh plants die when transplanted into higher
salinity habitats. In contrast, salt marsh plants performed well in brackish marshes if neighbors were absent, but were
suppressed by competition in these habitats.

Salt marsh plants in Korea can be divided into three groups by seasonal growth patterns (Table 1; Lee and Ihm 2004).
The first group, represented by Suaeda japonica, is characterized by fast growth in the early stage and slow growth in the
later stage. The second group, comprised of Atriplex gmelini and Aster tripolium, shows slow growth in the beginning and
then fast growth from the middle to the later part of the cycle. The third group, which includes S. asparagoides, shows
consistent growth in the early stage and then faster growth later. The fast root growth exhibited by the first group may be
an adaptation to unstable environments where floods occurs frequently and inconsistently. The second group is better
suited to a relatively stable environment, and the third group thrives in dry and low-salt conditions. Both seasonal growth
patterns and growth strategies such as growth rate and root/shoot allocation appear to be important determinants of
the distribution and zonation of salt marsh plants.

Grime’s competitor/stress tolerator/ruderal theory (CSR theory), which concerns the nature of competition under
different levels of resource availability, has received considerable attention from plant community ecologists (Emery et
al. 2001). The CSR theory of plant life histories classifies plant strategies as competitive, salt stress-tolerant, or ruderal
(Grime 1974, 1977; Emery et al. 2001; Lee and Ihm 2004). It predicts that the intensity of competition, or the degree to
which the presence of neighbors reduces a population, increases with productivity because of a trade-off between salt
stress tolerance and competitive ability. This model further predicts that productive habitats are dominated by
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competitive species that can grow rapidly and have high resource capture rates, while the slow growth rates and low
resource requirements of salt-tolerant plants allow them to persist in stressful, unproductive habitats.

Tilman’s resource-ratio hypothesis predicts that competition for nutrients occurs belowground when nutrients are
limited, but as productivity increases aboveground competition for light becomes more important (Tilman 1984, 1988;
Wilson and Tilman 1993; Wilson and Keddy 1985). Competitive success varies with productivity owing to a tradeoff
between belowground and aboveground competitive abilities. Thus, the competitive ability of a species is determined by
its relative biomass allocation to roots, stems, and leaves and the ratio of resources available at any given point along a
productivity gradient.

Trade-offs between stress tolerance and nutrient competition are a major driving force in zonation of salt-marsh plant
communities (Bertness and Ellison 1987; Daleo et al. 2008). Competitive dominants are typically unable to survive in
physically harsh environmental conditions (e.g., high salinity, frequent flooding, and low productivity), while stress-
tolerant but competitively subordinate plants grow in more stressful habitats because they are displaced from benign
habitats by dominant competitors (Snow and Vince 1984; Bertness et al. 1992; Levine et al. 1998; Pennings et al. 2005;
Guo and Pennings 2012). It has been suggested that nutrient competition controls the dynamics of many plant
communities (Tilman 1988; Levine et al. 1998), since nutrient supply has been shown to influence both species
composition and competitive dominance. If nutrient supply also dictates competitive dominance across gradients of
physical factors, it may control any trade-off between competitive ability and stress tolerance underlying plant zonation.

In areas with limited water availability, physiological adjustments often involve avoidance and tolerance, with most
plants using some combination of the two (Touchette et al. 2009). Avoidance responses may include increases in
stomatal and cuticular resistance, changes in leaf morphology, and/or changes in leaf orientation. In contrast, tolerance
to water stress involves maintaining adequate cell turgor while minimizing metabolic disruptions. Two of the primary
mechanisms that contribute to tolerance are changes in tissue elasticity (i.e., bulk elastic modulus, ε) and osmotic
adjustment involving inorganic ions, carbohydrates, and organic acids (including compatible solutes) (Touchette et al.
2009; Munns and Tester 2008). Field experiments corroborated the assumption that coast-ward distribution of estuarine
vegetation is limited by tolerance to physiological stressors in high-salinity marshes (Snow and Vince 1984; van Wijnen
et al. 1999; Crain et al. 2004; Naidoo and Kift 2006). Plant performance in salt marsh treatments was not influenced by
neighboring vegetation, because transplants died regardless of neighboring vegetation. Therefore, physiological
tolerance rather than biotic interactions is responsible for limiting the seaward limits of these species. The perennial
forbs Solidago sempervirens and Potentilla anserina were least able to tolerate salt; even when transplanted to brackish
marshes, these two species performed poorly regardless of the treatment of their neighbors, indicating that
physiological stress limited their viability in intermediate-salinity marshes.

In estuarine marshes, the majority of species are perennials that predominantly rely on clonal reproduction (Kim and Ihm
1988, Shumway and Bertness 1992; Lee and Ihm 2004; Engels et al. 2011). However, seedling recruitment is particularly
important during secondary succession after large-scale disturbances, when bare patches serve as competitor-free
refuges for seedlings and other fugitive plants(pioneer plants)(Bertness et al. 1992). Bare patches in salt marshes often
become hypersalinic, thereby limiting seedling recruitment (Bertness and Shumway 1992; Crain et al. 2008). Since
disturbance (e.g. by tidal currents, wrack deposition, or ice abrasion) is a common feature of estuarine marshes, it is
likely that seedling recruitment also plays an important role in generating plant zonation patterns along larger-scale
gradients in estuaries. Germination is generally triggered by abiotic factors (Ungar 1978; Engels et al.2011). In salt
marshes, seedling emergence may be impeded by high salinity or flooding. Since leaves of small seedlings do not
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emerge above the water, O and CO  exchange may be hampered,leading to reductions in photosynthesis and respiration.

Differences in germination success as well as seedling tolerance and biotic interactions during the emergence and
establishment stage may therefore be crucial for generating plant zonation patterns along salt marsh gradients (Noe and
Zedler 2000; Lee and Ihm 2004).

Fugitive species (pioneer species) are often restricted to ephemeral habitats that result from disturbance events
(Bertness et al. 1992). In New England salt marshes the intertidal landscape is dominated by dense monospecific stands
of clonally propagating perennial turfs that form conspicuous zones at different tidal heights. The zonation of perennial
turfs in these habitats is primarily driven by competitive processes where competitive subordinates are displaced to
lower elevations or to disturbed habitats where they have a refuge from superior competitors (Bertness and Ellison 1987;
Bertness 1991a, b).Scirpus maritimus and Spartina densi�ora are capable of acting as salt marsh pioneers and persisting
in more mature communities (Costa et al. 2003). These two species are certainly generalists and aggressive invaders
that, together with Spartina alterni�ora, can monopolize habitats, whether the habitats are physically stressful or more
benign.

Invasive aliens alter salt marsh spatial zonation (Castillo et al. 2000; Castillo et al. 2008), which is determined by
differences in physiological tolerance to abiotic tidal environments among interacting species (Pennings and Callaway
1992; Ungar 1998). Thus, salt marsh invasion by alien plants with high competitive potential poses interesting questions
concerning effects on vegetational zonation.

Salt marshes in northwestern Europe are commonly grazed by sheep and cattle (Jensen 1985; Andresen et al. 1990;
Tessier et al. 2003). Intensive grazing often results in plant domination by Puccinellia maritima in the lower parts of the
salt marshes and by Festuca rubra in the upper parts of the salt marshes. Grazing promotes the establishment of not
only perennials like P. maritima, but also annuals like Saliconia europaea, although trampling by livestock damages S.
europaea seedlings.

Several herbivores (grazers, leaf suckers, seed eaters, etc.) utilize Spartina species in salt marshes around the world
(Costa et al. 2003). Herbivory by crabs and sheep(Snow and Vince 1984; Wolcott and O’Connor 1992; Crain 2008)
frequently limits the growth of grazed plants, and reduces biomass and/or tiller height. Recent findings indicate that
herbivores may play a larger role in marsh plant community structure than is generally recognized (Costa et al. 2003).

2 2
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Positive feedbacks in salt marsh ecosystems

Low-energy inter-tidal environments around the world are usually dominated either by salt marshes or bare flats. Salt
marshes are typically found at mid to high latitudes (D’Odorico et al. 2012). Shallow coastal environments are dynamic
systems that are impacted by the combined effects of global (e.g., climate) and local (e.g., land-use) drivers of change
(Mcglathery 2013). Studies of individual subsystems in the landscape (i.e., vegetated marshes, bare flats, oyster reefs
and subtidal seagrass meadows) show that biotic feedbacks lead to nonlinear responses to changing conditions (e.g.,
sea level rise, storms, sedimentation, and nutrient delivery) and to the emergence of bimodal distributions in elevation,
threshold, hysteresis, and alternative stable states (van Wesenbeeck 2008; Murphy and Bowman 2012; Mcglathery
2013).

Salt marsh pioneer zones share a number of common features that give them the potential for alternative stable states
and abrupt shifts (van Wesenbeeck 2008). They are characterized by a patchy distribution of either dense stands of the
cordgrass Spartina anglica or the common reed Phragmites communis, or to existing as un-vegetated intertidal flats
inhabited by benthic invertebrates (Min and Kim 1983; Kim et al. 1986; Choung and Kim 1989; Ihm et al. 2007; van
Wesenbeeck 2008; Wang and Temmerman 2013; Kim and Lee 2015; Min 2015). Halophytic vegetation is a key stabilizing
factor during wave dissipation, rather than a major trapping agent, because the total inorganic deposition flux is largely
independent of standing biomass under common supply‐limited conditions (Omer 2004; Marani et al. 2010). The organic
sediment production associated with halophytic vegetation represents a major contributor to overall deposition changes,
thus critically affecting the ability of salt marshes to keep up with high rates of sea level rise. Understanding and
predicting shifts between bare flats and vegetated marshes is of the utmost importance, because doing so provides a
useful scientific basis for protecting and restoring salt marshes and their valuable ecosystem services in the face of
increasing environmental pressures such as accelerating sea level rise (Warren and Niering 1993; Wang and
Temmerman 2013).

The following have been reviewed in salt marsh ecosystems: (1) a bimodal distribution of intertidal elevations, (2)
positive feedbacks and alternative stable states, (3) abrupt shifts in elevation from bare to vegetated states, (4) a
threshold elevation from bare to vegetated states, and (5) hysteresis (Scheffer et al. 2001; Scheffer 2009; Wang and
Temmerman 2013).

A bimodal distribution may indicate the existence of alternative stable states in salt marsh zones (Scheffer 2009; van
Wesenbeeck 2008; Wang and Temmerman 2013). This means that tidal flats and marshes lie within a different range of
elevations, whereas they are less frequent at intermediate elevations. In the salt marsh pioneer zone, a bimodal
distribution of both high and low Normalized Difference Vegetation Index (NDVI)-values can be seen, confirming that
vegetation mostly occurs with high biomass or not at all. The lack of intermediate NDVI values, corresponding to
intermediate amounts of vegetation, implies that the transition between vegetation and bare soil is sharp instead of
gradual.

The distribution of alternative stable states of salt marshes is controlled by positive feedbacks between salt marsh
plants that modify their environment to their own advantage and by sediment deposition (Scheffer et al. 2001; van
Wesenbeeck 2008; Wang and Temmerman 2013; Kim and Lee 2015). Five possible outcomes of positive feedback
switches were reported (Wilson and Agnew 1992; Adema et al. 2002), all resulting from the bimodal distribution: (1)
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occurrence of a stable vegetational mosaic, (2) intensification of a vegetational gradient leading to sharp boundaries, (3)
delay, or (4) acceleration of succession by displacement or sharpening of temporal boundaries, and (5) a lack of
intermediate states because of the impossibility of coexistence of different species. Wang and Temmerman (2013)
found that bare and vegetated states are alternative stable landscape states which shift abruptly. Intermediate
elevations with pioneer vegetation patches are an unstable transient state between the alternative attractors, i.e. lower-
elevation bare flats or densely vegetated marshes found at higher elevations. The positive feedbacks between
vegetation and sedimentation is important because it causes threshold behavior, which means that a small interference
may result in a huge shift in the state of the ecosystem. The concept of alternative stable states can be used to
approximate ecosystem dynamics on short temporal and spatial scales, but it is unable to predict the long-term
dynamics of heterogeneous salt-marsh ecosystems because of spatial feedback processes that occur on a much
broader scale (van Wesenbeeck 2008). Increased sediment deposition increases surface elevation, thereby lowering
inundation frequency and increasing nutrient availability. These changes improve conditions for plant growth,
constituting a positive feedbacks between the density or biomass of Spartina and its growth potential (Wilson and
Agnew 1992; van Wesenbeeck 2008).

Although ecosystems generally respond smoothly to gradual changes in environmental conditions, abrupt shifts may
occur when a critical threshold condition is exceeded (Scheffer et al. 2001; Wang and Temmerman 2013). The
identification of alternative stable states in a specific ecosystem has important implications for the functioning and
management of that ecosystem.

Hysteretic behavior arises in the Spartina‐dominated case and in other plant communities (in which biomass production
is maximum at mean sea level and decreases to zero at mean high water level) (Marani et al. 2010; Scheffer et al. 2001).
Wang and Temmerman (2013) provided evidence of bimodality, abrupt shifts, positive feedback, and threshold behavior,
which indicate the existence of alternative stable states. More conclusive evidence would require study of the transition
from a vegetated to a bare state and further demonstration of the existence of hysteresis, i.e., that the forward and
backward shifts between ecosystem states happen in different critical conditions (Scheffer 2009; Scheffer et al. 2001;
Wang and Temmerman 2013). The concept of alternative stable states may be applicable to the salt marsh pioneer
zone, but is only relevant on short temporal and spatial scales. It is unable to predict the long-term dynamics of
heterogeneous salt marsh pioneer zones (van Wesenbeeck 2008).

The occurrence of thresholds, brought about by positive feedbacks, indicates the potential for abrupt shifts, where a
slight change in environmental parameters or a slight disturbance brings about a very large change (van Wesenbeeck
2008). Transplanting Spartina anglica plants into three geographically different marshes illustrated that a biomass
threshold limits the establishment of Spartina patches, potentially explaining their patchy distribution. The presence of
biomass thresholds is evidence for the presence of alternative stable states in small, within-patch scales and short time
scales. Criteria for detecting alternative stable states can provide useful tools for detecting the presence of thresholds in
ecosystem development.
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Fig 2. Model of the combined effects of resource availability and stress factors (e.g. salinity, flooding, sediment supply, tidal range, sea
level rise rate, wave, and climate) on plant cover in salt marshes. There are two representations of the same model: (a) plant cover is

shown as a function of resource availability; (b) plant cover is shown as a function of stress factors (soil water potential, etc.). Alternative
stable states of highly vegetated and bare flats exist under the same external environmental conditions (zone of tension) depending on the
frequency and intensity of stress factors. Abrupt transitions from highly vegetated salt marshes to bare flats or vice versa can occur under

threshold resource conditions or because of disturbance by stress factors.

Conclusions

Abiotic factors

The general mechanisms producing plant zonation patterns in coastal salt marshes may be universal, as suggested by
many studies, but the importance of particular factors is likely to vary geographically because of variations in the
physical environment (Pennings et al. 2005). To determine if (i) each species performs best in a different portion of the
gradient or (ii) all species prefer the same portion of the gradient, experimental work in the field and in the laboratory
must be carried out (Benito et al. 1990). Understanding of salt marsh plant zonation is essential for successful
conservation and restoration plans in the face of ongoing environmental change (Min and Kim 1999; Engels and Jensen
2010; Cui et al. 2011). Our study results indicate that salt marsh plants tend to cluster into various vegetation groups
because of the combination of 14 abiotic and 9 biotic factors, and positive feedback.

Flooding frequency and time are more important than shore height in predicting marsh plant zonation; using more flood
meters and calculating flooding duration instead of frequency might decrease the uncertainty in the ability to predict
flooding within a single plant community (Hinde 1954; Bockelmann et al. 2002).

Second, in addition to the pronounced roles of flooding and salinity in mediating vegetation zonation, this study indicates
that soil moisture content may play some role in producing plant zonation in the Yellow River estuary (Cui et al. 2011).

Third, salt marsh plants are distributed across a gradient of soil moisture and salinity (e.g., tidal variations) (Pennings et
al. 2005; Touchette 2006; Cho 2015). Plants found in lower marshes, which are exposed to the greatest salinities, must

Journal of Marine and Island Cultures, v7n1 — Lee & Kim

96
2212-6821 © 2018 Institution for Marine and Island Cultures, Mokpo National University.

 10.21463/jmic.2018.07.1.06 — https://jmic.online/issues/v7n1/6/

http://jmic.online/issues/v7n1/6-fig2.png


generate lower tissue ψ (water potential) if they are to effectively uptake water from the environment. To accomplish
this, lower-marsh plants have modified stomatal architectures (larger and more numerous stomates), more ridged
tissues (as indicated by higher bulk elastic modulus values, ϵ), and increased compatible solute concentrations (as
indicated by decreases in ψ ).

Fourth, geographical variations in the physical environment must be taken into account in order to successfully
generalize the results of field studies across geographical areas (Pennings et al. 2005).

Fifth, the various zonation patterns are related to spatial heterogeneities in soil properties and to the interplay between
evapotranspiration patterns and subsurface water flow (Silvestri et al. 2005).

Biotic factors

First, competition and facilitation are important in mediating plant zonation, and that the importance of facilitation
increases with increasing physical stress within abiotic range limits (He et al. 2011). A refined understanding of
facilitation along stress gradients would help inform successful restoration and management of vegetation.

Second, in the salt marsh plant community, a trade-off between belowground competitive ability and the ability to
tolerate the physical stressors of the marsh appears to drive plant zonation patterns across the salt marsh landscape
(Emery et al. 2001). Comparing studies of salt marsh plant communities conducted at low and high latitudes suggests
that the basic trade-off between competition and stress tolerance that creates zonation patterns is universal (Pennings
et al. 2005).

Third, while the response of Spartina alterni�orato high salinity is related tosalt tolerance and thereby allows the plants to
reside in prevailing conditions indefinitely, the response of Juncus roemerianus was primarily salt-avoidant which, in the
absence of any further physiological adjustment, would likely limit the amount of time an individual plant could survive
under stressful conditions (Silvestri 2005). The physiological responses are consistent with observed zonation patterns
in these plants.

Fourth, the mechanisms leading to the development of marsh zonation patterns along estuarine salinity gradients begin
taking effect during a very early stage of plant development, i.e. the early seedling establishment phase (Engels et al.
2011).

Fifth, grazing causes significant disturbances in salt marsh plant zonation which greatly influence the demography of
Salicornia europaea seedlings and result in the dominance of the perennial Puccinellia maritima in low-elevation marshes
(Marc et al. 2003).

Sixth, Spartina densi�ora alters native zonation patterns via invasion of Spartina maritima tussocks into areas that should
be occupied by native species (Castillo et al. 2008). However, S. densi�ora invasion seems to be limited by the presence
of indigenous cordgrass at lower elevations. These observations support the general theory of salt marsh zonation:
competitive dominants, such as S. densi�ora, colonize higher elevations, displacing competitive subordinates, such as S.
maritima, to more stressful environments with long submergence periods or higher salinities.

π
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We suggest seven strategies to aid researchers in monitoring, conserving, and restoring salt marsh ecosystems.

First, despite the evidence pointing to the importance of soil ionic composition in salt marsh plant zonation, reciprocal
transplant, laboratory, and greenhouse experiments are needed to demonstrate a cause and effect relationship
(Pennings and Callaway 1992; Rogel et al. 2000; Pennings and Bertness 2005; Cho 2015; Hong 2015). Because of the
high number of variables, the number of species and geographic locations will be limited.

Second, further studies on aeration conditions at soil depths affected by multiple constituent tides is needed to better
understand vegetation zonation (Xin et al. 2010).

Third, some species can be used as bioindicators of the type of salts found in soil (Rogel et al. 2000; Crooks et al. 2002).
Knowing the preferences/limitations of native halophyte species may prove advantageous when attempting to restore
degraded areas or when introducing resistant species as a source of fodder or forage.

Fourth, reclaimed land is tentatively being opened to the sea via breaching or suppression of dykes, in an effort to restore
salt marshes (Daiber 1986; Dausse 2008). The establishment of a target community in a restoration site depends on the
presence of seeds at the site as a seed bank or their dispersal to the site. The presence of a target community nearby
has been shown to facilitate the restoration process in salt marshes.

Fifth,the presence of Spartina is a major problem faced by managers of coastal habitats, as Spartina colonizes estuarine
mud flats and accelerates the process of salt marsh development through increased sediment accretion (Huckle et al.
2000). Recently, expansion by natural mechanisms has been exacerbated by anthropogenic introduction of Spartina
anglica and S. alterni�ora to the extent that Spartina spp. are present in salt marshes across the globe; their expansion
should be prevented.

Sixth, planting recommendations should be based on data from the elevational distributions of marsh plants (Zedler et
al. 1999;Laegdsgaard2006; Myeong et al. 2011; Cho 2015). It is recommend that species are planted based on their
natural elevation of occurrence, rather than in the full range of elevations where the plants can be found. Transplantation
is often a costly process, because many sites have limited resources or limitations on establishment.

Positive feedbacks

In order to predict, conserve, and restore the dynamics of salt marsh communities via positive feedbacks, the following
conclusions and suggestions should receive particular attention in the future:

First, it is suggested that abrupt shifts can be attributed to alternative stable states (Beisner et al. 2003; Scheffer 2009;
Murphy and Bowman 2012). Verifying the diagnosis of abrupt shifts is important because it implies a radically different
view on management options and on the potential effects of global climate change on salt marsh ecosystems. It implies
that gradual changes in temperature or other factors might have little effect until a threshold is reached, at which point
abrupt shift occur that might be difficult to reverse. While early warning indicators of thresholds for abrupt state change
may exist, for most coastal systems it is difficult to know what the leading indicators are or how to quantify them
(Mcglathery 2013). Forecasting the resilience of coastal ecosystems and the landscape-scale response to environmental
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change in the next century requires an understanding of nonlinear dynamics, coupled evolution, and early warning signs
of tipping points for abrupt state changes.

Second, experiments can be a powerful way to show that salt marsh ecosystems have alternative stable states. There
are obvious limitations to researching large spatial scales and long time spans. However, small and quickly-changing
systems, which are more experimentally tractable, can help researchers to infer what might happen in larger and more
slowly-changing ones (Scheffer 2009). Exploration of small-scale processes, and especially the presence of small-scale
thresholds, is helpful in adequate conservation and restoration of salt marsh ecosystems (van Wesenbeeck 2008). In a
system that is clearly in flux when viewed on larger spatial and temporal scales, typical characteristics of alternative
stable states can be revealed on smaller scales.

Third, given the difficulty of observing positive feedbacks in space and time with field data, simulations can be used to
try to understand the effects of feedbacks between spatial patterns and dynamics (Wilson and Agnew 1992; Malanson
et al. 2011; Malanson et al. 2001).

Fourth, strategies to assess whether alternative stable states are present are now converging in fields as disparate as
limnology, oceanography, ecology, and climatology (Scheffer 2009), and their results can be applied in the future.

In a world experiencing dramatic anthropogenic changes in environmental conditions and severe climatic perturbations,
the presence of alternative stable states may have serious and unexpected consequences (Schröder et al. 2005). Further
research should therefore focus on the specific mechanisms behind alternative stable states in salt marsh ecosystems.
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