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Abstract: Water level fluctuations resulting from natural and anthropogenic factors have been
projected to affect the functions and structures of wetland vegetation communities. Therefore, it is
important to assess the impact of the hydrological gradient on wetland vegetation. This paper
presents a case study on the Honghe National Nature Reserve (HNNR) in the Sanjiang Plain, located
in Northeast China. In this study, 210 plots from 18 sampling line transects were sampled in 2011, 2012,
and 2014 along the hydrological gradient. Using a Gaussian logistic regression model, we determined
a relationship between three wetland plant species and a hydrologic indicator—a combination of
the water level and soil moisture—and then applied that relationship to simulate the distribution of
plants across a larger landscape by the geographic information system (GIS). The results show that
the optimum ecological amplitude of Calamagrostis angustifolia to the hydrological gradient based on
the probability of occurrence model was [0.09, 0.41], that of Carex lasiocarpa was [0.35, 0.57], and that of
Carex pseudocuraica was [0.49, 0.77]. The optimum of Calamagrostis angustifolia was 0.25, Carex lasiocarpa
was 0.46, and Carex pseudocuraica was 0.63. Spatial distribution probability maps were generated,
as were maps detailing the distribution of the most suitable habitats for wetland vegetation species.
Finally, the model simulation results were verified, showing that this approach can be employed to
provide an accurate simulation of the spatial distribution pattern of wetland vegetation communities.
Importantly, this study suggests that it may be possible to predict the spatial distribution of different
species from the hydrological gradient.

Keywords: Calamagrostis angustifolia; Carex lasiocarpa; Carex pseudocuraica; probability of occurrence
model; hydrological gradient; distribution probability

1. Introduction

The hydrological regime is the primary factor in the formation of wetland landscapes and the most
fundamental element for the composition and distribution of wetland vegetation. Wetland hydrology
is one of the important driving forces shaping the structure and function of wetland ecosystems [1–3].
The magnitude, frequency, duration, and timing of water level fluctuations influence the water depth
and duration of flooding, which are key factors that shape the composition and extent of wetlands
and, more specifically, influence the species diversity, community structure, and abundance and
spatial distribution of vegetation communities [4–8]. The water level is an important ecological factor
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affecting the growth of wetland plants (plant height, density, stem diameter, and aboveground biomass),
and different species will have different ranges of acceptable conditions [9,10].

It is well-known that plant communities of freshwater marshes are characterized by striking
zonation patterns across the hydrology gradient [11–14]. It has previously been discussed that the
water level is the most important factor that can substantially influence plant spatial patterns [7,15,16].
However, how the zonation patterns in marsh species respond to specific hydrology gradient change
remains unclear [17]. The mechanism responsible for the formation of plant spatial patterns has been
the subject of numerous studies and remains a burning issue [12,18]. Some studies have explored
the positive or negative relationships between the flooding depth and species richness, aboveground
biomass, or plant height [19–21]. The Gaussian logistic regression model [22] has been suggested
as an approach that allows explicit and rigorous analysis. However, fieldwork is time-consuming,
labor-intensive, and can only be used to map small areas [23]. In the past, spatial wetland models
were developed in a geographic information system (GIS) to simulate the wetland vegetation response
to water level fluctuations to improve species distribution models [24–26]. To date, related studies
have mainly focused on studying the spatial distribution of wetland plant species based only on
intensive fieldwork [27–29] or have modeled the spatial distribution of wetland vegetation responses
to environmental gradients only using remote sensing data [25,26,30]. However, few studies in the
literature have developed a model to simulate the distribution of plants across a larger landscape and
to predict future plant distributions in the case that the hydrological conditions become drier or wetter
over the next decade or two.

The Sanjiang Plain, located in Heilongjiang Province, Northeast China, is the largest distribution
area of freshwater marshes in China [31]. The vegetation composition and structure generally show a
spatial differentiation pattern along a hydrological gradient in these freshwater marshes. Specifically,
the zonation of the vegetation, comprising wet meadows and permanently inundated marshes,
is generally dominated by high-elevation species Calamagrostis angustifolia and low-elevation species
Carex pseudocuraica, respectively, whereas the mid-marsh zones (the seasonally inundated marshes)
are co-dominated by mid-elevation species Carex lasiocarpa and Glyceria spiculosa[31–33]. The main
environmental factors affecting the distribution of vegetation are the water level and the soil moisture
contents. It is therefore an excellent place for studying the response of vegetation zonation patterns
to hydrological gradients and for testing various ecological hypotheses. Considering this, our aim
was to model how the distribution of three typical wetland vegetation species' zones responds to the
hydrology gradient in these freshwater marshes in the Sanjiang Plain by integrating field data with
GIS data. This study involves three main components, as follows: (1) the generation of ecological
response (probability of occurrence) curves and modeling of the optimum ecological amplitude for
dominant species along the hydrological gradient; (2) the development of spatial distribution maps
and the best suitable habitat maps of three typical wetland vegetation species in response to changes in
the hydrological gradient across a larger landscape; and (3) verification of the model simulation results,
which demonstrate robust simulation of the spatial distribution zonation patterns.

2. Materials and Methods

2.1. Study Area

Honghe National Nature Reserve (HNNR; 47◦42′18′′–47◦52′07′′ N and 133◦34′38′′–133◦46′29′′ E)
is an alluvial plain in the Sanjiang Plain, located between Fujin and Tongjiang of Heilongjiang Province,
with an area of 250.9 km2. HNNR was designated as a wetland of international importance by the
Ramsar Wetland Convention Organization in 2002, and became one of 36 internationally important
wetlands in China. The reserve is situated in the temperate humid climate region, with an annual mean
temperature of around 1.9 ◦C, and an annual precipitation of approximately 585 mm, with 50–70%
falling between July and September [34]. Two rivers enter the reserve. The Nongjiang River flows
through the nature reserve near the northern boundary and the Wolan River originates from the central
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core area and flows into the Nongjiang River in the northern part of the reserve, both of which are
primarily fed by rain water (Figure 1). Low-elevation areas are favorable for wetlands. Widespread
inundation by floods is facilitated by a network of cross channels on low-terrain slopes (average slope
is less than 1:10,000). Wetlands account for about 76.6% of the total area [35,36].
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Figure 1. Location of the study area and distribution map of field sampling sites in the Honghe National
Nature Reserve (HNNR).

The vegetation types in the reserve include marsh vegetation, meadow vegetation, and forest
vegetation. The zonation of vegetation, from wettest to driest, is characterized by the plant species
Carex pseudocuraica, Carex lasiocarpa, Carex meyeriana, Calamagrostis angustifolia, Populus davidiana,
and Betula platyphylla. In this study, the plant nomenclature is in accordance with Fu 1995 [37].
The distribution of vegetation zones frequently occurs along elevation gradients. One can find
large variations in the water table depth from a wet meadow to meadow marsh and emergent
marsh. Generally, permanently flooded emergent marshes (dominated by Carex pseudocuraica),
seasonally flooded marshes (dominated by Carex lasiocarpa), and occasionally flooded marsh meadows
(dominated by Calamagrostis angustifolia) are the key structural species in the vegetation of the typical
hydrological gradient variation zone, though other species are also associated with this zone [11,29].
Swamp vegetation accounts for 50% of the protected area and is widely distributed in various
low-lying areas and floodplains. The stable populations of Calamagrostis angustifolia, Carex lasiocarpa,
and Carex pseudocuraica were employed as subjects.

As an internationally important wetland, this reserve has experienced heavy disturbance from
regional agricultural development. In 1980, a canal was constructed in the west of HNNR, and the
runoff of the Nongjiang River was cut off; the Nongjiang River was once an important surface
water supply for HNNR. Therefore, the reserve suffered from a severe water shortage after the canal
construction, which caused a continuous drop in surface water and groundwater. For all wetland
vegetation types, marked decreases in the size of the area have been linked to a recorded lowering of
the water level [38,39].

2.2. Methods

2.2.1. Sampling Method

Field data were collected by foot along transects of the study zone from May to September.
With eighteen line transects (21 sample points (three line transects) in 2011, 21 sample points (three line
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transects) in 2012, and around six sample points along each transect and 168 sample points (12 line
transects) in 2014), about fourteen sample points were included along each transect. A total of
210 sampling sites were thus produced (Figure 2). Each of the transect lines was designed along
a moisture gradient from the stream bank to the floodplain terrace and passed through the plant
communities perpendicular to the stream bank. Carex lasiocarpa showed distinct vegetation zonation,
being typically situated along the streamside up to the Calamagrostis angustifolia community, which
occupied higher floodplain terraces. At each sample point, three quadrats (50 × 50 cm2) were laid out
randomly along transects and the plant species in each quadrat were collected with scissors. Records
were made of the plants naturally growing in each of these quadrats. The geographical information of
each sampling point was recorded using an E-survey E660 differential global positioning system (GPS).
Based on the frequency of dominant wetland vegetation species under different hydrological gradients,
the probability of wetland vegetation species appearing under different hydrological gradients was
calculated. The dataset of 15 line transects was used for analysis in this study, and the field data of
three line transects were used for validation (Figures 1 and 2).
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Figure 2. Location of the sampling spots.

2.2.2. Hydrological Data

At each sampling point, the water depth needed to be measured using a meter stick. The soil
moisture was measured by the Odyssey water level recording system from New Zealand, with a
non-inundated area in wetlands. The water level of Nongjiang River in 2014 was obtained from a
hydrological monitoring station.

The hydrological regime in wetlands is strongly correlated with the elevation of the ground
surface and the water depth [40]. If the water level exceeds a certain elevation, the vegetation at
this elevation is considered to be submerged. Therefore, the elevation and water depth were used to
represent the water regime in the HNNR wetlands. An accurate water depth in the HNNR wetlands
was acquired from a digital elevation model (DEM) of the study area, which was constructed by the
1:10,000 topographic map of the study area provided by the Heilongjiang Bureau of Surveying and
Mapping Geoinformation. A DEM with a 5 m grid cell size was generated (Figure 3a). Water depth
grids (and the elevation above water) (Figure 3b) were derived for each year of historical wetland data
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by subtracting the mean annual water level for that year from the DEM; average annual water levels
were derived from monthly mean coordinated water levels.Water 2020, 12, x FOR PEER REVIEW 5 of 15 
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2.2.3. Conversion of the Hydrological Gradient

To compare the different hydrological regimes from inundated and non-inundated areas
in wetlands (Figure 4), the value of the hydrological gradient was calculated according to the
following equations.

Wg1 =
Ss× 1 + Wl

100 × 1
2

, (1)

Wg2 =
Sm
100 × 1

2
, (2)

where Ss is the saturated soil moisture (%); Wl is the water level (cm); Sm is the soil moisture (%);
Wg1 is the inundated area; Wg2 is the non-inundated area; and Wg1 and Wg2 are dimensionless units.
Taking the water surface as the benchmark, the data are derived from a section corresponding to 1 cubic
meter above and below this surface.
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For the non-inundated area, hydrological gradients (Wg2) were calculated by using the actual
soil water content measured(Sm) during field sampling. The hydrological gradient for the inundated
area was calculated by using the saturated soil moisture (Ss) and water level (Wl). The saturated soil
moisture (Ss) corresponding to different vegetation was different, where the average value of the soil
saturated water content for the community of Calamagrostis angustifolia was 60%, that of Carex lasiocarpa
was 80%, and that of Carex pseudocuraica was 90%, according to the measured values of the saturated
soil moisture (Figure 4).

2.2.4. Gaussian Logistic Regression Model

The Gaussian model was adopted to describe the relationship between plant species and the
environment [22,41]. Studies on the response of the reed to the water depth based on the Gaussian
model have achieved good results [42,43]. The Gaussian model equation is as follows:

y = c exp[− 1
2 (x−u)2/t2], (3)

where y represents an indicator of the biological characteristics of plant species, including the
abundance, density, biomass, probability of occurrence, etc.; x is the value of environmental factors; c is
the maximum value of y; u is the optimum ecological amplitude of the species to environmental factors;
and t represents the tolerance of the plant species and is an indicator used to describe the ecological
range of the species. Generally, the optimum ecological amplitude of species to environmental factors
changes within the 2t range. In this study, First Optimization (1stOpt) software was used for curve
fitting. The term y represents the probability of occurrence of wetland vegetation, and x represents the
hydrological gradient of the wetland.

2.2.5. Nonlinear Regression and Correlation Test

Nonlinear regression by the F test was used to analyze the relationship between the probability
of occurrence and the hydrological gradient. A correlation test by the T test was applied to test
the correlation between the probability of occurrence and the hydrological gradient and simulated
and observed results. All of the statistical methods were carried out in First Optimization 1.5 and
Origin2018 software (data available upon request).

3. Results

3.1. Species Response to the Hydrological Gradient

3.1.1. Response of Calamagrostis angustifolia to the Hydrological Gradient

A total of 34 Calamagrostis angustifolia community sampling datasets (spots without Calamagrostis
angustifolia removed) were statistically analyzed. The probability of occurrence of Calamagrostis
angustifolia was strongly correlated to the hydrological gradient (Table 1). The probability of occurrence
and hydrological gradient were fit using First Optimization (1stOpt) software, and the empirical model
for the probability of occurrence and hydrological gradient were obtained. The obtained curve was fit
with the Gaussian model (Figure 5). Using regression analyses, the Gaussian regression equation and
regression curve were obtained, and can be expressed as the following equation:

y = 0.69 exp
[
−

1
2
(x− 0.25)2/(0.16)2

].
(4)

The optimum ecological amplitude of Calamagrostis angustifolia to the hydrological gradient based
on the probability of occurrence was [0.09, 0.41] and the optimum growing point was 0.25.
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Table 1. The coefficient obtained from the Gaussian regression model for each species, together with
the error indices.

Wetland Vegetation
Species

Coefficient Performance Evaluation Criteria (p < 0.05)

c u t F-Statistic R R2 RMSE SSE

Calamagrostis angustifolia 0.68 0.25 0.16 140.4 0.90 0.81 0.11 0.40
Carex lasiocarpa 0.65 0.46 0.11 241.9 0.91 0.83 0.09 0.41

Carex pseudocuraica 0.62 0.63 0.14 59.88 0.76 0.58 0.10 0.42

Abbreviations: root-mean-square error(RMSE); sum of squares for error (SSE).
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3.1.2. Response of Carex lasiocarpa to the Hydrological Gradient

A total of 51 Carex lasiocarpa community sampling datasets (spots without Carex lasiocarpa removed)
were statistically analyzed. The probability of occurrence of Carex lasiocarpa was strongly correlated to
the hydrological gradient (Table 1). The probability of occurrence and hydrological gradient were fit
by First Optimization (1stOpt) software, and the empirical model for the probability of occurrence and
hydrological gradient was obtained. The obtained curve was fit with the Gaussian model (Figure 5).
Employing regression analyses, the Gaussian regression equation and regression curve were obtained,
and can be expressed using the following equation:

y = 0.65 exp
[
−

1
2
(x− 0.46)2/(0.11)2

].
(5)

The optimum ecological amplitude of Carex lasiocarpa to the hydrological gradient based on the
probability of occurrence was [0.35, 0.57] and the optimum growing point was 0.46.

3.1.3. Response of Carex pseudocuraica to the Hydrological Gradient

A total of 46 Carex pseudocuraica community sampling datasets (spots without Carex pseudocuraica
removed) were statistically analyzed. The probability of occurrence for Carex pseudocuraica was strongly
correlated to the hydrological gradient (Table 1). The probability of occurrence and hydrological
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gradient were fit by First Optimization (1stOpt) software, and the empirical model for the probability
of occurrence and hydrological gradient was obtained. The obtained curve was fit with the Gaussian
model (Figure 5). Employing regression analyses, the Gaussian regression equation and regression
curve were obtained, and can be expressed as the following equation:

y = 0.64 exp
[
−

1
2
(x− 0.63)2/(0.14)2

].
(6)

The optimum ecological amplitude of Carex pseudocuraica to the hydrological gradient based on
the probability of occurrence was [0.49, 0.77] and the optimum growing point was 0.63.

3.2. Comparison of Probabilities of Occurrence Responses to the Hydrological Gradient

The change of hydrological gradient had a significant impact on the probability of occurrence
for three typical types of wetland vegetation (Figure 5). The probability of occurrence for the three
typical types of wetland vegetation increased first and then declined with the change in hydrological
conditions, showing a single peak curve. This probably followed a distinct order of Calamagrostis
angustifolia, Carex lasiocarpa, and Carex pseudocuraica with the hydrological gradient going from small to
large. The distribution range of Calamagrostis angustifolia was from no water surface area to 0.63, that of
Carex lasiocarpa was from 0.25 to 0.63, and that of Carex pseudocuraica was from 0.40 to 0.80. In the study
area, without a water surface (i.e., the hydrological gradient was less than 0.15), only the community
of Calamagrostis angustifolia appeared; when the hydrological gradient was 0.25, the community of
Carex lasiocarpa began to appear until the hydrological gradient was greater than 0.66; and when the
hydrological gradient was 0.40, the community of Carex pseudocuraica began to appear.

3.3. Simulation of the Spatial Distribution Probability

Using the relationship between the three wetland plant species and the hydrological gradient,
the spatial pattern of wetland vegetation communities under different hydrological gradients was
simulated and predicted across the whole study area using the spatial analysis tools of Arcgis10.5.
The results of the probability of occurrence model, when integrated with GIS techniques, provide a
means to predict and characterize the spatial distribution probability of the three types of wetland
vegetation under different hydrological gradients. The spatial distribution of three typical dominant
plants in grid format with a spatial resolution of 5 m was generated from our established model (Figure 6).
The maps show that with an increase in distance to the water body, the probability of occurrence
increased gradually for Calamagrostis angustifolia and decreased gradually for Carex pseudocuraica.
Additionally, there was a high probability of occurrence of Carex pseudocuraica close to the water body.
Moreover, a high probability of occurrence for Carex lasiocarpa was found between areas dominated
by Carex pseudocuraica and Calamagrostis angustifolia. The three typical dominant plant communities
displayed distinct vegetation zonation along a hydrological gradient in elevation, from the stream
bank to the floodplain terrace.

The vegetation types and distribution areas of wetlands in the future could be predicted. The result
of the spatial distribution probability reflected the community pattern (area and distribution) of
wetland vegetation. It can be seen that the distribution area of Calamagrostis angustifolia was 77.30 km2,
the distribution area of Carex lasiocarpa was 40.40 km2, and the distribution area of Carex pseudocuraica
was 39.50 km2 (Figure 6).

3.4. The Distribution of the Most Suitable Habitat

The corresponding spatial distribution probability interval of vegetation was obtained according
to the optimum ecological amplitude of wetland vegetation and the hydrological gradient based on
the results of the probability of occurrence model. The distribution probability interval of Calamagrostis
angustifolia was [0.42, 0.69], the distribution probability interval of Carex lasiocarpa was [0.39, 0.65],
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and the distribution probability interval of Carex pseudocuraica was [0.39, 0.64]. Finally, the distribution
map of the most suitable habitat for each type of vegetation was developed (Figure 7).

Water 2020, 12, x FOR PEER REVIEW 9 of 15 

 

of wetland vegetation. It can be seen that the distribution area of Calamagrostis angustifolia was 77.30 

km2, the distribution area of Carex lasiocarpa was 40.40 km2, and the distribution area of Carex 

pseudocuraica was 39.50 km2 (Figure 6). 

  

(a)                                  (b) 

 

 

(c) 

Figure 6. Spatial distribution probability maps of wetland vegetation (a): Calamagrostis angustifolia; 

(b): Carex lasiocarpa; (c): Carex pseudocuraica. 

3.4. The Distribution of the Most Suitable Habitat  

The corresponding spatial distribution probability interval of vegetation was obtained 

according to the optimum ecological amplitude of wetland vegetation and the hydrological gradient 

based on the results of the probability of occurrence model. The distribution probability interval of 

Calamagrostis angustifolia was [0.42, 0.69], the distribution probability interval of Carex lasiocarpa was 

[0.39, 0.65], and the distribution probability interval of Carex pseudocuraica was [0.39, 0.64]. Finally, 

Figure 6. Spatial distribution probability maps of wetland vegetation (a): Calamagrostis angustifolia;
(b): Carex lasiocarpa; (c): Carex pseudocuraica.

Calamagrostis angustifolia grows in seasonally flooded areas where the hydrological gradient drops;
Carex lasiocarpa is distributed in the transition zone between the marsh vegetation and the seasonally
flooded vegetation; and Carex pseudocuraica exists near the river where the hydrological gradient is
relatively large.
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angustifolia; (b): Carex lasiocarpa; (c): Carex pseudocuraica.

3.5. Validation Results

For this study, three line transects (transects1, 2, and 3 in Figure 1) were randomly selected
to validate the simulation results of the model. The observation and simulation results of the
vegetation distribution probability are presented as a tendency chart shown in Figure 8 (only transect 2).
A comparison of the observed and simulated vegetation distribution probability shows good agreement,
indicating that the model shows good representation of the vegetation distribution probability in
the Honghe wetland. Furthermore, the performance evaluation criteria were also calculated for the
vegetation distribution probability. Table 2 outlines the R2, standard error (SE) and standard error of the
mean (SEM) values for the simulation results. The R2, SE and SEM values of Calamagrostis angustifolia
were 0.62, 0.24, 0.11 and those of Carex lasiocarpa were 0.68, 0.27 and 0.17 for transect 1. The R2, SE
and SEM values of Calamagrostis angustifolia were 0.84, 0.14 and 0.13. The values for Carex lasiocarpa
were 0.93, 0.10 and 0.02, and for Carex pseudocuraica the values were 0.97, 0.09 and 0.02 for transect 2.
For transect 3, the R2, SE, and SEM values were 0.71, 0.19 and 0.07 for Carex lasiocarpa and 0.79, 0.22
and 0.09 for Carex pseudocuraica.Allvalues were above 0.5, suggesting satisfactory model performance.

Table 2. Statistical comparison of the observed and simulated vegetation distribution probability in the
HNNR. Abbreviations: standard error (SE); standard error of the mean (SEM).

Transect Wetland Vegetation Species Performance Evaluation Criteria (p < 0.05)

R2 SE SEM

Transect 1
Calamagrostis angustifolia 0.62 0.24 0.11

Carex lasiocarpa 0.68 0.27 0.17
Carex pseudocuraica

Transect 2
Calamagrostis angustifolia 0.84 0.14 0.03

Carex lasiocarpa 0.93 0.10 0.02
Carex pseudocuraica 0.97 0.09 0.02

Transect 3
Calamagrostis angustifolia

Carex lasiocarpa 0.71 0.19 0.07
Carex pseudocuraica 0.79 0.22 0.09

There were a few differences between the observed and simulated vegetation distribution
probabilities in transects 1 and 3 (Table 2). The major discrepancies between the simulated and
observed distribution probability were found for Carex pseudocuraica in transect 1 and Calamagrostis
angustifolia in transect 3.
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Figure 8. Comparison of observed and simulated vegetation probability of occurrence in transect 2:
(a): Calamagrostis angustifolia; (b): Carex lasiocarpa; (c): Carexpseudocuraica.

We obtained the simulation tendency charts for transect 2; they are presented in Figure 8. The results
show that the observed and simulated distribution probability values follow the hydrological gradient
of the studied areas. The method was validated in accordance with the line transects corresponding
to sampling points from the island to the river, that is, from a low to high hydrological gradient.
As shown by the simulation values and observation values in Figure 8, an increase in the hydrological
gradient results in a higher distribution probability for Calamagrostis angustifolia initially, followed by
Carex lasiocarpa and finally, Carex pseudocuraica. This further verifies the applicability of the simulation
results and reveals the response of the vegetation distribution to the hydrological gradient in the
Honghe wetland.

4. Discussion

4.1. Modeling the Spatial Distribution of Wetland Vegetation Species’ Response to the Hydrological Gradient

Hydrological conditions have been demonstrated to be the main factor controlling changes in
vegetation community composition in the Sanjiang Plain [11,34,44]. How the probability of occurrence
varies between different plant species in response to an increasing hydrological gradient may play
an important role in the distribution of vegetation zones in these freshwater marshes. At present,
most research in this study area is still mostly focused on distribution responses of individual species
to the water depth in the Sanjiang Plain [26,27], while little attention has been paid to research on
the vegetation zonation pattern distribution along hydrological gradients in wetlands, especially
the ecological spatial distribution pattern and the process of quantitative research across a larger
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landscape.It is highly relevant to combine large numbers of observations with species response
models to predict future vegetation changes dependent on water level changes. Therefore, based on
the GIS and results of the probability of occurrence model, the distribution probability of wetland
vegetation under the hydrological gradient was predicted, and further, the dominant species under
the hydrological gradient were predicted. Considering both the change in the hydrological regime
of the HNNR and the spatial probability distribution of dominant species, the future patterns of
vegetation types and distribution areas of the wetland can be predicted (Figures 6 and 7). Our results
show that the dominant wetland vegetation species had its own optimum ecological amplitude
(Figure 4); there were substantial optimum ecological amplitude overlaps, but a clear differentiation
of optima among the studied species. This may indicate that the spatial distribution of these species
is driven, in part, by a changing hydrological gradient. This finding is consistent with previous
research [11,28]. In the process of conducting the vegetation survey in the study area, it was found that
dominant species and associated species coexist in most cases and Carex lasiocarpa acts as a transitional
zone, representing the transition from a low-water-gradient Calamagrostis angustifolia community to a
high-water-gradient Carex pseudocuraica community. The simulation results are consistent with the
actual sampling, which verifies the rationality of the simulation results and reveals the horizontal
zonal law of typical wetland vegetation in HNNR.

A water level decrease was the factor most clearly related to the changes along the marsh zonation.
The temperature showed an increasing trend, while precipitation fluctuated without a trend; this would
result in a decline in humidity [44]. These findings indicate that if the drying of wetlands in this
region continues, then Carex lasiocarpa and Carex pseudocuraica marshes will gradually be replaced by
Calamagrostis angustifolia wet meadows in the near future. This will result in a reduction in biodiversity.
Our results can be applied in conservation management. For example, knowledge about the water
depth optimum ecological amplitude of wetland plants is a prerequisite for hydrological restoration.
This can be valuable for understanding the vulnerability of wetland ecosystems and informing resource
management decisions in the Sanjiang Plain, Northeast China.

4.2. Uncertaintyof the Modeling the Spatial Distribution of Wetland Vegetation Species’ Response to the
Hydrological Gradient

We found that in the validation results, there were major discrepancies between the simulated and
observed probability of occurrence for Carex pseudocuraica in transect 1 andCalamagrostis angustifolia
in transect 3 (Table 2). In field sampling, Carex pseudocuraica was found in the deepest parts of the
Honghe wetland, which are particularly inaccessible and are difficult places to work. Therefore,
there was no observed value for this area, only a simulated value, resulting in a poor simulation
effect. The final simulation results in the study area were based on a DEM of the study area for
obtaining the hydrological gradient, from which the distribution probability under hydrological
gradient change can be derived. Therefore, the simulation results were directly related to the accuracy
of topography and the DEM. Meanwhile, long-term field sampling datasets and high-resolution
remote sensing images must be considered and should be a focus of attention in future studies on
simulations of vegetation responses to hydrology in floodplain wetlands. In addition to this, species
interactions (correlations with other environmental factors, e.g., competition and soil nutrients) can also
influence the pattern of simulation [2,4,11,45]. Although our results show that the flooding depth works
reasonably well as a predictor in modeling, the nutrient availability should be included in future studies
on the ecological response of wetland plant species, since the soil properties together with draining can
also determine the species distribution in the Sanjiang wetlands. Therefore, there are many dominant
factors that affect the spatial distribution of vegetation in other study areas. The establishment of the
model should comprehensively consider the influence of dominant factors.
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5. Conclusions

This study investigated three wetland vegetation community distribution responses to the
hydrological gradient in the Sanjiang Plain, Northeast China. The main results of this study are as
follows: (1) ecological response curves were generated, and the optimum ecological amplitude was
modeled based on the probability of occurrence; (2) the wetland vegetation spatial distribution in
response to changes in the hydrological gradient was simulated across a larger landscape and the most
suitable habitats were determined; (3) the model simulation results were verified, showing that this
approach was able to simulate the spatial distribution pattern of the wetland vegetation community in
the Sanjiang Plain, Northeast China.
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