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Abstract We investigated compositions of plant commu-
nities and their abiotic determinants in the Yellow River
estuary, China. Along a topographic gradient, we quantified
plant compositions and abiotic factors in different vegeta-
tion zones, and examined the relationships between plant
communities and abiotic factors using canonical correspon-
dence analysis and the effects of vegetation shading using a
removal experiment. The relationships between plant
communities and abiotic factors differed between high
elevations and low elevations. Salinity and flooding
oppositely related with distributions of plant communities
at low elevations, but they appeared to operate synergically
at high elevations. The effects of vegetation shading were
found to vary across the topographic gradient, indicating
spatial variations in potential positive interactions among
plants. These results suggest that spatial variations in
determinants of community structure should be addressed
in future studies in estuarine and coastal systems, as well as
in other natural habitats.
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Introduction

Coastal habitats worldwide are distinguished for vegetation
zones across steep environmental gradients (Chapman
1974). These conspicuous vegetation zones are generally
considered to be products of mediation of both physical
stress and plant competition (reviewed by Bertness and
Pennings 2000). Trade-offs in plants between stress
tolerance and competitive ability lead to competitively
superior species monopolizing benign habitats and displac-
ing competitively inferior species to stressful habitats.
Despite of applicability in several coastal sites, this rule of
salt marsh plant zonation has been criticized for generality
across geographical regions (Bertness and Pennings 2000;
Pennings et al. 2005; Farina et al. 2009). Established rules
of salt marsh community organization may not be directly
applicable to unstudied systems (Kunza and Pennings 2008;
Farifia et al. 2009).

An important hypothesis being tested currently is that
rules of salt marsh community organizations vary among
geographical sites on coasts (Bertness and Pennings 2000;
Pennings et al. 2003; Pennings and Silliman 2005;
Pennings et al. 2009). Geographic variations in climate
may induce different salinity patterns across marsh eleva-
tions (Bertness and Pennings 2000; Wang et al. 2007).
Taking latitude gradients in climate (which are currently
repeatedly used to examine variations in patterns and
processes of salt marshes) for example, in low-latitude salt
marshes, the hot climate leads to elevated salinities at
upper/middle elevations of the marshes compared with
high-latitude salt marshes where the climate is much cooler
and salinity is relatively low (Bertness and Pennings 2000).
This difference in salinities between low- and high-latitude
salt marshes was suggested to generate variations in
mechanisms of salt marsh plant organizations (Pennings
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and Bertness 2000; Pennings et al. 2003). Saintilan (2009)
also attributed latitudinal patterns of salt marsh plant
diversity to climate-induced differences in salinity patterns
between low and high latitudes in Australia. Besides
differences in salinity patterns, Kunza and Pennings
(2008) suggested differences in flooding regime to be the
most plausible hypothesis accounting for differences in
plant diversity between Georgia and Texas salt marshes.

At finer scales, mechanisms of salt marsh plant organi-
zation are suggested to vary with marsh elevation (Pennings
and Callaway 1992; Lenssen et al. 1999; Farifia et al.
2009). In a Californian salt marsh, Pennings and Callaway
(1992) indicated that although flooding, soil salinity, and
competition all interacted to determine plant zonation
patterns, the relative importance of these factors differed
at different elevations. Moreover, the precise roles of the
two main physical stressors, salinity and flooding, in
mediating plant zonation were also suggested to vary with
elevation in a Chinese salt marsh (He et al. 2009a).

Compared with salt marshes on the Atlantic coast of
North America where most influential salt marsh plant
zonation studies were conducted and in several other
geographical regions, such as Australia (reviewed in
Saintilan 2009), Western Europe (e.g., Bockelmann and
Neuhaus 1999; van Wijnen and Bakker 1999; Huckle et al.
2002) and South America (e.g., Costa et al. 2003; Alberti et
al. 2008), salt marshes on the western Pacific coast of Asia
have been much less investigated. Chapman (1977) has
classified salt marshes on the western Pacific coast of Asia
as a Sino-Japanese group based on floristic and vegetation
criteria. However, when Adam (1990) was doing a global
review of salt marsh vegetation, he could found little
information on the flora and vegetation of salt marshes in
this geographic region (except for salt marshes in Japan). A
few studies on Chinese salt marshes have risen in recent
years (e.g., Wang et al. 2006; Wu et al. 2008; Ji et al. 2009).
However, most of these studies focused on Spartina
invasions rather than structures and organizations of native
and characteristic species in Chinese salt marshes. Never-
theless, studies investigating structures and organizations of
native and characteristic species in Chinese salt marshes are
imperative facing the rapid invasion of Spartina from
southern to northern salt marshes on the Chinese coast.

In this article, we investigate compositions and abiotic
determinants of plant communities along a topographic
gradient in the Yellow River estuary on the western Pacific
coast of northern China, where most plant communities are still
native but facing the invasion of Spartina alterniflora
(hereafter, Spartina; He et al. 2009b). The marshes in the
estuary are recently formed due to high sediment deposit and
rapid land accretion (Li et al. 2009a). In such rapidly
developing marshes, vegetation zonation has been suggested
to be mainly controlled by abiotic factors either directly or
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indirectly via the alteration of competitive relationships (Wang
et al. 2010). Here, we first describe the compositions of plant
communities and abiotic conditions in different vegetation
zones along the topographic gradient, and then test the
following hypotheses specially: along the topographic gradi-
ent, (1) the relationships between plant communities and
abiotic factors differ between low elevations and high
elevations; (2) the effects of vegetation shading (and hence
potential positive interactions) vary with elevation. Our study
from a previously little-studied coastal geographic region
provides new information on the hypothesis that mechanisms
of coastal plant community organization vary geographically
and within site.

Materials and Methods
Study Site

Field work was conducted at a site (Fig. 1; 37°46' N, 119°
09" E) in the Yellow River estuary, northern China. Salt
marshes and mudflats in the estuary are 1-6 km in width
and are still accruing rapidly. Tides in the estuary are
irregularly semidiurnal. The study site has a typical
temperate monsoon climate, being dry and cool all the
year round, except hot, rainy summers. Refer to Li et al.
(2009a) for a detailed description of the climate condition.

The flora of the estuary is relatively simple. Dominant
vascular plant species include Suaeda salsa (dominating
low and high marshes; hereafter, Suaeda), Tamarix chinen-
sis (dominating terrestrial borders of the salt marshes;
hereafter, Tamarix), and Phragmites australis (dominating
uplands near the river course, see Fig. 1; hereafter,
Phragmites). In recent years, smooth cordgrass native to
North America, Spartina, has invaded the mudflats in the

E119°11° E119°15°

Pacific Ocean

N37°48"

Yellow River estuary T N N37°46™

0 2 km
L |

Fig. 1 Map of the study site and the topographic gradient. The arrow-
headed line indicates the topographic gradient. Lines a—e, divisions
between mudflat and Spartina low marsh, Spartina low marsh and
Suaeda low marsh, Suaeda low marsh and high marsh, high marsh
and terrestrial border, and terrestrial border and upland, respectively.
Refer to He et al. (2009a) for the location of the study site on the
western Pacific coast
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estuary, becoming a dominant species in these habitats and
is moving up rapidly. Other plant species including
Salicornia europaea, Scripus spp., and Juncus spp. occur
only sparsely or in small patches in the marsh habitats.
Plant species in the uplands are much more diverse,
including Calamagrostis pseudophragmites, Triarrhena
sacchariflora, Imperata cylindrical, etc.

Parallel Transect Sampling

To quantify compositions of plant communities and their
relationships with abiotic factors across topographic gradients
from the lower limits of vascular plants to uplands, five zones
(habitats) along the topographic gradient were delimitated
based on elevation and vegetation: (1) the upland dominated
by Phragmites; (2) the terrestrial border dominated by
Suaeda and Tamarix; (3) the high marsh dominated by
Suaeda; (4) the low marsh dominated by Suaeda (hereafter,
Suaeda low marsh) with a few other species, such as
Phragmites and S. europaea; and (5) the low marsh newly
formed by Spartina invasions (hereafter, Spartina low
marsh) (Fig. 1). In August 2009, we located two to five
parallel transects of 80 m in length in each zone. The number
of transects in each zone was approximately proportional to
the width of that zone. We set a 2x2 m quadrat every 20 m
along each transect (five quadrats in total for each transect)
and recorded all herbaceous species and their cover values
(visually estimated) in each quadrat. Cover values of shrubby
and arboreal species were estimated in a 5x5 m quadrat
concentrical with the corresponding 2x2 m quadrat. Most
plant species including rare species were recorded. We used
cover values (rather than other species variables) for analyses
of vegetation compositions, since (1) species compositions in
our study site were relatively simple and cover values could
well describe structures of the plant communities; (2) cover
values were one of the variables used frequently by previous
studies in similar habitats (e.g. Vince and Snow 1984;
Bertness and Ellison 1987; Traut 2005; Kunza and Pennings
2008). A soil core of topsoil (5.05 cm in diameterx5 cm in
depth) was collected at the center of each quadrat to
determine soil pore water salinity, moisture content, bulk
density and pH. Soil organic matter and total nitrogen were
not determined, since our previous studies in the estuary
suggested these factors had only minor relationships with
variations in vegetation (He et al. 2009b).

Permanent Plot Sampling and Quantification of Abiotic
Factors

To quantify among-zone and seasonal variations in abiotic
conditions across the topographic gradient, we randomly
established 8 1x1 m plots in each zone delimitated above
and a soil core of topsoil (5.05 cm in diameterx5 cm in

depth) was collected in each plot monthly from June
through August 2009 to determine soil pore water salinity,
moisture content, bulk density and pH.

Soil cores were weighed, then dried at 60°C for 48 h in
an oven and reweighed to determine moisture content and
bulk density. Dried soil was mixed with a known volume of
deionized water (5:1 aqueous suspension, 1-min vibration).
The pH of the supernatant was measured after 30 min. The
salinity of the supernatant was measured after 24 h using an
electronic meter, and the original soil pore water salinity
was calculated based on the initial moisture content of the
core (Pennings et al. 2005).

Due to the harsh working conditions in the newly
formed estuarine marsh (the marsh was very extensive
and had many tidal creeks), daily observations of flooding
at permanent locations were logistically difficult. Thus, we
estimated the flooding frequency in each zone according to
our field experience working in the estuary (>3 years). The
estimated flooding frequencies were also verified by
experienced local fishers.

Removal Experiment

As vegetation feedbacks may play an important role in
mediating edaphic conditions, which meant both abiotic and
biotic factors were important in determining patterns in these
marshes, we further conducted a removal experiment to
quantify the potential feedbacks of vegetation shading on
edaphic conditions (other probable feedback effects, such as
substrate stabilization and wave buffering as reviewed in
Pennings and Bertness 2000, were not considered in the
present paper). In early June 2009, we established 12 1x1 m
plots (>20 m distances between plots) in each zone of the
upland, the terrestrial border and the high marsh where
vegetation shading was suggested to play a role in generating
positive interactions in plants (Bertness and Pennings 2000).
We clipped all the aboveground vegetation in half of these
plots (randomly selected). The left plots (control) were
maintained without treatments. Clipping treatments were
repeated biweekly as needed. We did not establish shaded
neighbor-removal treatments to mimic vegetation shading,
since (1) such treatments were found to have similar effects
on soil salinity as control treatments (although not for redox
potential; see Bertness and Hacker 1994; Bertness and Yeh
1994) and (2) previous studies suggested that comparisons
between control and neighbor-removal treatments should be
an effective way to investigate the effects of vegetation
shading on edaphic factors (Bertness and Hacker 1994;
Bertness and Yeh 1994; Hacker and Bertness 1999; Pennings
et al. 2003). In middle September 2009, soil cores were
collected in all plots and six additional soil cores were
collected in bare patches (typical in the terrestrial border but
rare in other zones) which were naturally generated by
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disturbances and could often be permanent for years, and
then edaphic factors were determined as described above.

Statistical Analysis

One-way analyses of variance (ANOVAs; followed by post
hoc multiple comparisons, LSD test) were generally used to
test differences in abiotic factors among zones along the
topographic gradient, among months and among treatments in
the removal experiment. Data were log;o(x+ 1) transformed if
necessary to increase normality and homogeneity of vari-
ance. Those data that did not meet the assumptions of
ANOVA after usual transformations were analyzed using
nonparametric multiple comparisons (Steel test) or nonpara-
metric Kruskal-Wallis tests. ANOVAs and nonparametric
Kruskal-Wallis tests were performed using SAS Version 9.1
(SAS Institute, Cary, North Carolina, USA). Nonparametric
multiple comparisons were performed using R Version 2.7
(R Development Core Team 2008).

The relationships between plant communities and abiotic
factors were analyzed using canonical correspondence analysis
(CCA). CCA is one of the most widely used gradient analyses
by which species composition can be directly related to
measured environmental variables (Palmer 1993). In order to
investigate differences in the plant community-abiotic factor
relationships between low-elevation habitats (Sparitna low
marsh, Suaeda low marsh and high marsh) and high-
elevation habitats (high marsh, terrestrial border and upland),
two CCAs were performed for low-elevation habitats and

high-elevation habitats, respectively. High marsh was consid-
ered as a transitional zone between the low-elevation and the
high-elevation habitats (Traut 2005), and it was included in
both low-elevation habitats and high-elevation habitats for the
CCAs. An additional CCA was performed to detect the
relationship between plant communities and abiotic factors
across the entire topographic gradient. Species percentage
cover values in all quadrats were log;o(x+1) transformed and
used for CCA species matrices, and abiotic data including
flooding frequency (medium values of the estimated ranges
for each zone, see “Results”) were also logjo(x+1) trans-
formed (Palmer 1993) and used for CCA environment
matrices. CCA was performed using Canoco for Windows
4.5 (ter Braak and Smilauer 2002).

Results
Plant Communities Across Topographic Gradients

Across the topographic gradient in the Yellow River estuary,
compositions of plant communities differed among different
zones (Table 1). In the low marsh, there were mainly two
distinguishing vegetation zones: the Spartina zone seaward
and the Suaeda zone landward. No other vascular plant species
were found in the Spartina zone while several other species,
such as Phragmites and S. europaea, occurred in relatively low
coverage in the Suaeda zone (Table 1). On the lower border of
the Suaeda zone, Spartina also formed some patches. In the

Table 1 Compositions of plant communities in different zones along the topographic gradient

Species Upland Terrestrial border High marsh Suaeda low marsh Spartina low marsh
(n=15) (n=20) (n=25) (n=25) (n=10)

TBypha spp. 2+4 0 0 0 0
Salix matsudana 24+19 0 0 0 0
Cynanchum chinense 9+11 0 0 0 0
Sonchus arvensis 18£12 0 0 0 0
Tripolium vulgare 2+4 0 0 0 0
Cirsium setosum 2+4 0 0 0 0
Apocynum venetum 1313 0 0 0 0
Triarrhena sacchariflora 22420 0 0 0 0
Imperata cylindrica 7+10 0 0 0 0
Equisetum arvense 2+4 0 0 0 0
Glycine soja 3+7 0 0 0 0
Calamagrostis pseudophragmites 7+10 0 0 0 0
Phragmites australis 55425 3+5 1+4 12424 0
Tamarix chinensis 5£9 19+16 0 0 0
Suaeda salsa 0 71+£29 64+24 68+25 0
Salicornia europaea 0 0 0 1+2 0
Spartina alterniflora 0 0 0 4+8 85+14

Data are percentage cover values (shown as means+SE)
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high marsh, Suaeda was the only dominant plant species.
Although there were some small patches of Phragmites, the
mean coverage of Phragmites in the high marsh was much
lower than in the Suaeda low marsh (Table 1). In the terrestrial
border at higher elevations, a shrubby species, Tamarix,
formed a conspicuous zone of shrubs, despite that Suaeda
was still dense. In the upland, Phragmites replaced Suaeda and
Tamarix and became the dominant species in this zone. Other
main plant species that occurred in the upland included T
sacchariflora, C. pseudophragmites, and an arboreal species,
Salix matsudana (Table 1).

Abiotic Factors Across Topographic Gradients

Among-zone variations Flooding frequency generally de-
creased from the lowest Spartina zone to the upland. The
Spartina and the Suaeda low marshes were flooded frequently
while the terrestrial border and the upland were little flooded
(Fig. 2a). The high marsh, as a transitional zone between low
and high elevations, was flooded with a medium frequency of
5-20%. All the four edaphic factors determined differed
significantly among different zones along the topographic
gradient. Soil salinity reached a conspicuous peak in the high
marsh, and it was much lower in the other zones both landward
and seaward; in contrast, soil moisture content and pH were
lowest in the high marsh but were highest in the upland and the
Spartina low marsh (Fig. 2). Soil bulk density was relatively
low in the upland and high in other zones (Fig. 2¢).

Seasonal variations Soil salinity varied seasonally in each of
the five zones while soil bulk density showed a strong seasonal
variation only in the Sparitna low marsh (Fig. 2). Significant
seasonal variations in soil moisture content were detected only
in the terrestrial border, the high marsh and the Sparitna low
marsh. Soil pH differed among months in each of the zones
except the Suaeda low marsh. Despite of these seasonal
variations, the patterns of among-zone variations along the
topographic gradient for each factor were generally similar
when determined in different months. For example, soil
salinity was constantly highest in the high marsh zone and
lowest in the upland and the Sparitna low marsh (Fig. 2b).

Relationships Between Plant Communities and Abiotic
Factors

For the three zones at low elevations, i.c., the Spartina low
marsh, the Suaeda low marsh, and the high marsh: The first
axis of the CCA ordination explained most of the total
variance of the species-environment relation (Table 2). All
the five abiotic factors significantly correlated with the first
axis but showed no relationship with the second axis
(Table 2). Flooding, moisture content, and pH positively
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correlated while salinity and bulk density negatively
correlated with the first axis (Table 2). Plant communities
in the Sparitna low marsh, the Suaeda low marsh and the
high marsh were mainly distributed on the right, the middle
and the left along the first axis, respectively (Fig. 3a).

For the three zones at high elevations, i.e., the high marsh,
the terrestrial border, and the upland: the first axis of the
CCA ordination also explained most of the total variance of
the species-environment relation (Table 2). All the five
abiotic factors significantly correlated with the first axis,
and only flooding and moisture content showed significant

@ Springer



464

Estuaries and Coasts (2011) 34:459-469

Table 2 Summary of the CCA ordinations

Low-elevation habitats High-elevation habitats All habitats

Axis 1 Axis 2 Axis 1 Axis 2 Axis 1 Axis 2
Statistics
Eigenvalue 0.390 0.038 0.771 0.168 0.775 0.391
Species-environment correlations 0.747 0.376 0.957 0.819 0.961 0.757
% variance® 88.2 8.5 77.0 16.8 58.2 29.3
Correlations
Salinity —0.693%* 0.023 0.951%* 0.097 —0.899%*%* —0.262*
Flooding 0.681%* 0.036 0.827%* —0.404%** —0.805%* 0.386**
Moisture content 0.642%* 0.045 —0.645%* 0.275%* 0.256* 0.510%*
pH 0.567** -0.136 —0.797** —0.163 0.698%* 0.340%*
Bulk density —0.275% —0.163 0.616%* 0.210 —0.626** —0.158

Correlations indicate intra-set correlations of abiotic factors with the first two ordination axes

*P<0.05; **P<0.01

# Percentage variance of species-environment relations explained by the first two ordination axes

relationships with the second axis (Table 2). Salinity,
flooding and bulk density positively correlated while the
others negatively correlated with the first axis. Plant
communities in the upland were distributed on the left of
the CCA biplot (Fig. 3b). In contrast, plant communities in
the high marsh were mainly distributed at the lower right of
the biplot. Plant communities in the terrestrial border were
distributed on the upper right of the biplot (Fig. 3b).

For all the zones along the topographic gradient The first
axis and the second axis of the CCA ordination
explained 58.2% and 29.3% of the total variance of the
species-environment relation, respectively. All the abiotic
factors significantly correlated with the first and the
second axis, except bulk density which correlated only
with the first axis (Table 2). Salinity, flooding and bulk
density negatively correlated while pH and moisture
content positively correlated with the first axis (Table 2).
Flooding, moisture content, and pH positively correlated
while salinity negatively correlated with the second axis
(Table 2). Plant communities in the upland were distrib-
uted on the right of the CCA biplot (Fig. 3c). Plant
communities in the terrestrial border and the high marsh
were mainly distributed on the lower left of the biplot
(Fig. 3¢). The Suaeda and the Spartina low marshes were
distributed on the upper left of the biplot (Fig. 3c¢).

Vegetation Feedbacks by Shading
Results from the removal experiment showed that vegeta-

tion removal significantly elevated soil salinities in the
upland and in the terrestrial border rather than in the high
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marsh (Fig. 4a). Significant effects of shading on soil
moisture content and bulk density were only detected in the
upland (Fig. 4b, d). Significant effects of shading on soil
pH were not detected in any zone (Fig. 4c).

Compared with vegetation-removal plots in the terrestrial
border, natural bare patches had a significantly higher level of
soil salinity and bulk density (Fig. 4a, d). Differences in soil
moisture content and pH between vegetation-removal plots
and natural bare patches were not detected (Fig. 4b, c).

Discussion
Zonation Pattern in the Yellow River Estuary

In the Yellow River estuary, the most conspicuous
vegetation zones are Suaeda-dominated low marshes and
high marshes. Suaeda has wide tolerance to salt and
flooding stress (Song et al. 2008; He et al. 2009a), being
one of the main salt marsh plant species in salt marshes
across the temperate coast of China (Yang and Chen 1995;
Editorial Committee of Wetland Vegetation in China 1999).
Suaeda dominates extensive marshes in the Yellow River
estuary, extending from the low marsh frequently flooded to
the high marsh and the inland terrestrial border where are
little flooded and salinity are extremely high. In the
terrestrial border at upper elevations, the shrubby species
Tamarix grows relatively vigorous above Suaeda plants,
forming a striking zone of shrubby plants along the estuary.
Tamarix is also one of the main salt marsh plant species
across the temperate coast of China (Editorial Committee of
Wetland Vegetation in China 1999). Despite of the wide
stress tolerance, Suaeda and Tamarix are replaced by dense
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Fig. 3 CCA biplots showing relationships between plant communities
and abiotic factors at low elevations (a), at high elevations (b), and
across all elevations (c)

Phragmites plants and patches of several other plant species
in the upland.

Besides the native vegetation zones, we would like to
address the emerging zone formed by Spartina invasions in
the Yellow River estuary, due to the potential effects of
Spartina invasions on patterns and processes of the marsh
ecosystem in the estuary. The effects of Spartina invasions
on the Yangtze estuarine marshes in southern China have
already proved to be significant (Wang et al. 2006; Wu et
al. 2008; Li et al. 2009b). In the Yellow River estuary in
northern China, Spartina was only distributed in a few
patches of commonly less than 10 m” in size in the
mudflat before 2007; Amazingly, in 2009, a Spartina
marsh zone of several hundred meters in width was
formed in the mudflat, and Spartina now is tending to
spread rapidly seaward to newly formed mudflats in the
estuary and landward to the native Suaeda low marshes
(Qiang He, personal observation).

Determinants of Vegetation Zonation Across Elevations

In general, our study shows that abiotic factors correlate
with the zonation of vegetation across the topographic
gradient in the Yellow River estuary. Moreover, our results
suggest that the relationships between plant communities
and abiotic factors differ between low- and high-elevation
habitats along the topographic gradient. Below, we would
argue that flooding and salinity, the two most pronounced
abiotic factors (Bertness and Ellison 1987; Bertness 1991a,
b; Bertness et al. 1992; Pennings et al. 2005), play different
roles in mediating vegetation zonation between low- and
high-elevation habitats along topographic gradients in the
estuary.

In the estuary, although flooding frequency generally
decreased with increasing elevation along the topographic
gradient, salinity reached a peak in the high marsh (Table 1
and Fig. 2b). At low elevations, flooding frequency
decreased while salinity increased from the Sparitna low
marsh through the high marsh. As revealed by the CCA
ordination, flooding and salinity oppositely related with
distributions of plant communities at the low elevations
(Fig. 3a). The lower limits of these plant species, such as
the low limit of Suaeda, at low elevations are most
probably mediated by flooding rather than salinity (see
experimental studies in He et al. 2009a), while their upper
limits are most probably mediated by salinity. Besides, as
the upper boundary of the current Spartina zone is still
below the lower limit of Suaeda, the role of competition by
Spartina in mediating the lower limit of Suaeda should be
limited. However, with Spartina rapidly moving up towards
the Suaeda low marsh, competition will be predicted to
play a role in mediating the low limit of Suaeda a few years
later.
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At high elevations, however, both flooding frequency
and salinity decreased with increasing elevation (Table 1
and Fig. 2b). Flooding and salinity appeared to synergically
mediate distributions of plant communities at high eleva-
tions (Fig. 3b). Even though, the role of salinity may be
more important in directly generating patterns of plant
communities at high elevations. At least, salinity alone
could well explain the segregation of plant communities
between in the terrestrial border and in the upland (Fig. 3b).
The extreme saline conditions of the terrestrial border (see
Table 1 and Fig. 2b) are apparently beyond the salt
tolerance of Phragmites who is only a pseudohalophyte
(Nikolaevskii and Smirnova 1968) and who has limited salt
tolerance (Adams and Bate 1999). However, combination
of salinity and flooding rather than salinity alone would
better explain the segregation of plant communities be-
tween in the high marsh and in the terrestrial border
(Fig. 3b). Tamarix has a wider salt tolerance than
Phragmites (He et al. 2008), yet we’d argue that the
vigorous growth of Tamarix in the terrestrial border is
probably mediated by positive interactions with Suaeda
who often forms dense canopies and can significantly
reduce soil salinities in the terrestrial border (see Fig. 4a).
Thin dwarfish Suaeda plants in the high marsh had little
effect on soil salinity (Fig. 4a), resulting in higher soil
salinity levels in the high marsh than in the terrestrial
border, despite of none statistical significance (see Table 1
and Fig. 3a). In contrast to the low limits of plants, the
upper limit of Suaeda at high elevations was suggested to
be controlled by competition (He et al. 2009a). Whether
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competition mediates the upper limits of Tamarix remains
uninvestigated.

In addition to the pronounced roles of flooding and
salinity in mediating the vegetation zonation, our study also
indicates that soil moisture content, pH, and bulk density
may play some role in mediating the vegetation zonation in
the Yellow River estuary. It has been suggested that soil
moisture content could affect seed germination of salt
marsh plants (Noe and Zedler 2000) and that soil pH can
affect performances of marsh plants by altering the form of
inorganic ions available to the plants and the plant-
mycorrhizal associations (Montemayor et al. 2008;
Gormally and Donovan 2010). However, in our study,
whether the statistically significant but limited variations in
these abiotic factors do matter to the plants has to be further
experimentally examined.

Taken together, our study supports the plant zonation
paradigm which suggests that abiotic factors play a role in
mediating coastal vegetation zonation (Bertness and
Ellison 1987; Bertness 1991a, b; Bertness et al. 1992;
Bertness and Pennings 2000; Pennings et al. 2005).
Moreover, our study supports the current hypothesis that
the precise controlling factors mediating vegetation zona-
tion vary across elevations on coasts (Pennings and
Callaway 1992; Lenssen et al. 1999; Farifia et al. 2009).
As determinants of vegetation pattern can vary with
elevation and differ due to the spatial scale used (see
Matthews et al. 2009), spatial variations in the determinants
of vegetation pattern should be more explicitly addressed in
future studies.
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Our study shows that the most significant effect of
vegetation shading on edaphic conditions in the three zones
at upper elevations is the effect of shading on soil salinity.
Shading significantly reduced soil salinity in the upland and
the terrestrial border but had little effect on soil salinity in
the high marsh. The effect of shading was most significant
in the terrestrial border where was flooded only during a
very few exceptional high tides in late autumn and storm
tides. In the terrestrial border, Suaeda often forms dense
canopies whereas disturbance-generated bare patches where
soil salinity is extremely high (see Fig. 4a) would be
permanent without vegetation cover (Qiang He, personal
observation). Although in the upland soils without vegeta-
tion shading still maintained a low level of salinities,
vegetation shading also reduced soil salinity. The elevated
soil salinity in the terrestrial border and the upland without
vegetation shading may relate with changes in evaporative
concentration of groundwater salts at the soil surface
(Salama et al. 1999; Jobbagy and Jackson 2004; Werner
and Lockington 2006). In contrast to the terrestrial border
and the upland, vegetation removal had little effect on soil
salinity in the high marsh where flooding frequency was
about 5~20%. This is probably a result from relatively thin
dwarfish Suaeda plants which have limited effects of
shading in the high marsh.

These results confirm previous studies which suggested
that the removal of vegetation would strongly elevate soil
salinity (Bertness and Yeh 1994; Hacker and Bertness
1999; Brewer et al. 1997; Pennings et al. 2003). Moreover,
our study indicates that vegetation shading can significantly
influence edaphic conditions at further upper elevations,
such as the upland and the terrestrial border besides the
high marsh along coastal topographic gradients, and that
vegetation shading may not play a role in high marshes
where salt stress is extremely severe restricting plants from
forming enough canopies to have a substantial feedback.
Since vegetation feedbacks can meliorate edaphic condi-
tions even in terrestrial borders and uplands where are little
flooded but not in high marshes at middle tidal heights,
positive interactions among plants are predictable to play a
role in mediating organizations of plants at the landward
end of and vary across coastal topographic gradients.

In conclusion, along the topographic gradient in the
Yellow River estuary on the Pacific coast of northern
China, different plant communities dominated different
zones of varying abiotic conditions. The relationships
between plant communities and abiotic factors differed
between low- and high-elevation habitats along the topo-
graphic gradient. Salinity and flooding oppositely related
with distributions of plant communities at the low eleva-
tions, but they appeared to operate synergically at the high

elevations. The role of vegetation feedbacks can vary across
the topographic gradients; at upper elevations beyond the
high marsh, vegetation feedbacks (and hence potential
positive interactions) can still play a role in mediating
organization of plant communities. Spatial variations in
determinants of community structure should be therefore
addressed in future studies in estuarine and coastal systems,
as well as in other natural habitats.
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