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Abstract: Wetland ecology monitoring is an important technical guarantee for the protection and res- 14

toration of the fragile ecosystem of wetland. In view of the degradation of the functional vegetation 15

Suaeda heteroptera (S. heteroptera) in the Liao River Estuary wetland, the Wetland Image Monitoring 16

System (WIMS) was established to obtain real-time, continuous, high spatiotemporal resolution data 17

about the area and height of S. heteroptera. Based on the monitoring data, we confirmed the best model 18

to describe the change process of the area and height for S. heteroptera. The results showed that the 19

growth of S. heteroptera could be divided into three stages: rapid growth stage (April-May), slow growth 20

stage (June-August) and stable stage (after September). The modeling results showed that the Bertalanffy 21

model had the best performance on the simulation of the area, and the segment model composed of the 22

linear and Gompertz models could effectively reduce the relative error compared with the single model 23

for the height simulation of S. heteroptera. In addition, the WIMS has the potential to capture other 24

important ecological factors in small regions, such as benthic animals, birds, waterlogging condition, etc. 25

This observing method can provide high-resolution and abundant data for further exploration of the 26

degradation of typical ecosystems under climate change and human activities. 27

Keywords: Suaeda heteroptera; Image monitoring; Growth model; Ecological restoration; Liao River 28

Estuary wetland 29

Introduction 30

Coastal wetlands provide high productivity and other valuable ecological and economic services to 31

humans, such as climate regulation, coastal protection, pollution degradation, carbon sequestration and 32

cultural services(Costanza et al. 1997; Cui et al. 2016; Valiela et al. 2018; Woodward and Wui 2001). 33

However, wetlands are also one of the most vulnerable ecosystems because of their high sensitivity to 34

both human activities and global climate change(Lotze et al. 2006; Murray et al. 2019). Degradation of 35
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coastal wetlands is observed worldwide, with approximately 50 % of global salt marshes, ~35 % of 36

mangroves, ~29 % of seagrass beds, and ~30 % of coral reefs having been lost or degraded(Barbier et al. 37

2008; Waycott et al. 2009). Given the alarming condition of coastal ecosystems, an increasing number of 38

coastal countries are implementing actions to reverse the degradation of coastal wetlands and enhance 39

their persistence and function(Bayraktarov et al. 2016; Liu et al. 2016; Temmerman et al. 2013), in- 40

cluding ecological restoration planning, researching and monitoring. The construction of monitoring 41

capacity is the basis of ecological restoration and evaluation. Despite the large body of theory that 42

supports the development and design of restoration projects, it has been pointed out(Jones and Schmitz 43

2009) that monitoring efforts have often proven inadequate to quantify physical and biological responses 44

within the ecosystems being modified. 45

Sparrow(Sparrow et al. 2020) identified three types of ecological monitoring, namely, targeted 46

monitoring, surveillance monitoring, and landscape monitoring, which were recommended to use sim- 47

ultaneously in ecological monitoring. Traditionally, field surveys belonging to targeted monitoring are 48

used to obtain ecological parameters in coastal wetlands, which are very laborious and time-consuming 49

processes that have low resolutions both in time and space for effective coastal zone manage- 50

ment(Davidson et al. 2007). The use of aircraft-mounted remote sensing systems and satellites, which are 51

involved in the field of landscape monitoring, has improved spatial coverage while maintaining rea- 52

sonable resolution, but the manufacturing costs are relatively high(Dale et al. 2020). During the last two 53

decades, the online video coastal observation system, a method of surveillance monitoring, has been used 54

to discover new insights into ocean variability, which increasese our understanding of coastal and 55

nearshore processes and contributes to more science-based and sustainable management of coastal are- 56

as(Aarninkhof et al. 2005; Alexander and Holman 2004). 57

Suaeda heteroptera (S. heteroptera) is an extremely crucial ecological resource in salt marshes, 58

which largely contributes to the appearance of beautiful red beach landscapes(Wang et al. 2003) and 59

plays a key role in reducing soil salinity, increasing soil organic matter and degrading soil pollu- 60

tants(Mao et al. 2014; Song et al. 2008; Wu et al. 2012). However, since the 1990s, S. heteroptera 61

communities in the Liao River Delta of China have greatly shrunk, which has a serious impact on the 62

functions of wetlands and the value of ecotourism in the Liao River Estuary(Zhang et al. 2021). Both 63

traditional field surveys and remote sensing have been widely used to observe areal dynamics and further 64

explore the influencing factors of S. heteroptera. However, these data are expensive, and the temporal 65

resolution required for effective coastal zone management is suboptimal. Coastal managers and resto- 66

ration scientists are facing two significant problems with the monitoring of S. heteroptera. First, the 67

monitoring data provided to coastal zone managers typically have suboptimal spatial or temporal reso- 68

lutions. Second, insufficient modeling and prediction of the system can support ecological restoration 69

and protection. 70

Fixed video monitoring systems show the potential to partially ameliorate these problems. These 71

static systems provide daylight data continuously for periods extending to decades and are relatively low 72

cost compared to airborne or satellite remote sensing options(Davidson et al. 2007). From the angle of 73

monitoring range, the fixed video monitoring systems which can obtain the information of mi- 74

cro-wetlands are very complementary to other monitoring methods. Otherwise, fixed video monitoring 75
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systems can obtain detailed information on both aspects of the vegetation populations and the individual 76

plants, such as shrubs, herbs and other dwarf plants. The area and height of wetland vegetation are not 77

only important indicators to measure vegetation growth status but also important references for habitat 78

evaluation of many wetland animals, such as birds and other benthic animals(Connelly et al. 2000). 79

In this paper, the potential use of coastal video systems in ecological monitoring was explored and 80

extended. We constructed a wetland image monitoring system (WIMS) applied in Liao River Estuary 81

wetlands to record the growth of S. heteroptera. The area and height information of S. heteroptera in 82

monitoring area were extracted from real-time images. Growth models were also developed based on 83

sufficient spatial or temporal resolution data obtained from WIMS. The results of our study can provide 84

a theoretical basis and technical guidance for the population reconstruction and ecological recovery of S. 85

heteroptera. 86

Materials and methods 87

Study area 88

The Liao River is one of China's seven major rivers, originating from Guangtou Mountain in Hebei 89

Province, China. The river flows through Hebei, Inner Mongolia, Jilin and Liaoning Provinces and 90

injects into Liaodong Bay in the Bohai Sea, as shown in Fig. 1. The total length of the Liao River is 91

approximately 512 km, and the basin area reaches 4.5×104 km2(Yang et al. 2020). The Liao River has a 92

continental monsoon climate, with an average annual temperature of 4-9 ℃ and precipitation of 500-650 93

mm concentrated in July and August(Jia et al. 2015). The Liao River Estuary wetlands are huge bio- 94

logical gene banks, where approximately 172 species of birds stay every year, including the national key 95

protection of birds (Grus japonensis, Grus leucogeranus, Anthropoides virgo, Ciconia boyciana) and 96

more than 20 other species. The main vegetation types of the wetlands include Zygophyllaceae, A. lit- 97

toralis var. Sinensis Debeaux, Herba Suaedae Glaucae Suaeda glauca, Ph. australis Trin, Typha ori- 98

entalis presl and so on(Wang et al. 2010; Yu et al. 2020). 99

100

Fig. 1 The position of the Liao River Estuary and the observed site. The red box in (a) represents the Liao River 101

Estuary, and the red asterisk in (b) represents the observed site. 102

S. heteroptera is widely distributed around the Liao River Estuary. According to statistics, the 103
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carbon burial capacity of coastal wetlands in Liaoning Province is largest among coastal provinces in 104

China(Wang et al. 2021). The quantity of wetland vegetation is an important indicator to evaluate the 105

carbon sequestration ability. In the past two decades, due to the intervention of human activities and the 106

change in environmental factors, the distribution of S. heteroptera in the Liao River Estuary has fluctu- 107

ated greatly, evolving from a dense distribution along both sides of the estuary to a plaque-like distri- 108

bution, which leads to the fragmentation of wetland landscapes(Tian et al. 2017; Zhang et al. 2021). 109

The monitoring site is located at the "Lang Qiao Ai Meng" attraction on the east bank of the Liao 110

River Estuary (121°52'49.26'E, 40°48'39.17''N), which is shown as the red asterisk in Fig. 1b. Hydro- 111

dynamics in Liaodong Bay are dominated by tidal currents, particularly by irregular semi-diurnal con- 112

stituents(Li et al. 2021). The observed area belongs to the monthly tide inundation zone, where S. het- 113

eroptera will be completely submerged by seawater only at the flood tide moment of a day during spring 114

tide periods. The optimum growing area of S. heteroptera is the daily tide inundation zone(Colmer and 115

Flowers 2008; Hou et al. 2020), while the soil salinity of the monthly tide inundation zone is relatively 116

high, which may cause the S. heteroptera community here to be sparsely distributed and the ecosystem to 117

be very fragile. Therefore, it is of great significance to carry out monitoring and researching work on S. 118

heteroptera in this area. 119

Wetland image monitoring system (WIMS) 120

The wetland image monitoring system (WIMS) was composed of three parts: data collecting 121

module, data transmitting module, and data processing module (Fig. 2). The data collecting module 122

mainly consisted of two sets of high-definition cameras with resolutions of 5472×3648 pixels set up 123

beside the bridge fence, with the cameras approximately 4.5 m off the ground and an angle of 22° be- 124

tween the two sets of lenses, as shown in Fig. 3. The real-time image data were transmitted to a micro- 125

computer installed at the observed site via cable and sent over a 4G network to the upper computer for 126

data processing. Image monitoring lasted from 17 April 2021 to 10 November 2021, which was in the 127

yearly growth cycles of S. heteroptera. The cameras operated from 8 to 18 o’clock every day, capturing 128

10 shore images per hour. The images were processed into hourly format based on image RGB infor- 129

mation. 130

131

Fig. 2 Structure of the wetland image monitoring system (WIMS). 132
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133

Fig. 3 Layout of the wetland image monitoring system (WIMS) at the observed site. 134

The data processing module mainly referred to the extraction process based on the neural network 135

algorithm. The extraction process was divided into two parts: ground object identification and infor- 136

mation extraction (Fig. 4a). The purpose of ground object identification was to distinguish the waters, 137

grounds and plants in the observed area, while information extraction was the process of statistics and 138

calculations of the specific values of the elements obtained by the classification. Ecological information 139

in this paper mainly included the area and height of S. heteroptera which are also the most basic and 140

intuitive indicators to evaluate the growth status of vegetation. The distinguished results of S. heteroptera 141

are shown in Fig. 4b and c, which clearly show the distributions of water, ground and S. heteroptera, 142

proving the reliability of the extraction process. 143

144

Fig. 4 Information extraction process (a), original image (b) and processed image (c). The red pixels in (c) represent 145

S. heteroptera, the white pixels represent grounds, and the blue pixels represent waters. 146
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The field survey data provided by Panjin Forestry and Wetland Conservation Service Center were 147

used to evaluate the image extraction accuracy of S. heteroptera, which will be introduced in results and 148

discussion. 149

Growth simulation 150

Scholars have summarized a number of models in the long-term research of vegetation growth, 151

such as linear model, exponential model, Logistic model, Gompertz model, Bertalanffy model, 152

etc.(Erickson 1976) These models can not only explain the development of plant populations but also 153

simulate the growth process of organs of an individual plant. Exponential models are often used to 154

simulate the growth of vegetation populations without space and resource constraints, which is inexistent 155

in nature, while linear and exponential models may be used to simulate vegetation in the early phase of 156

growth or under less stressful scenarios(Blackman 1919). As vegetation individuals and populations 157

grow, the trend of simple linear or exponential models will deviate from the growth process. The Logistic 158

model and its derived Gompertz and Bertalanffy models are always used to describe vegetation popula- 159

tion growth patterns constrained by the environment and density(Erickson 1976; Zwietering et al. 1990). 160

In this study, Logistic, Gompertz and Bertalanffy models were fitted to the changes of area and 161

height of S. heteroptera. The coefficient of determination 𝑅2, the mean square root error 𝑅𝑀𝑆𝐸 and the 162

Akaike information criterion 𝐴𝐼𝐶 were used to compare the fitting results of the three models. The 163

larger 𝑅2 value, the smaller 𝑅𝑀𝑆𝐸 and 𝐴𝐼𝐶 values stand for the higher explanation and the better 164

fitness of the model. The calculations are as follows. 165

Logistic model 166

𝑌 =
𝑌∞1+ 𝑒−𝑘(𝑡−𝑡0), (1)

Gompertz model 167

𝑌 = 𝑌∞𝑒−𝑒𝑘(𝑡−𝑡0), (2)

Bertalanffy model 168𝑌 = 𝑌∞(1 − 𝑒−𝑘(𝑡−𝑡0)), 
(3)

where 𝑌 indicates the area (m2) or height (mm) of S. heteroptera, 𝑌∞ indicates the approaching area or 169

height, and 𝑘 indicates the relative growth rate (d-1). In Formulas (1) and (2), 𝑡0 indicates the growth 170

inflection point (d), which is the moment of the fastest growth speed. In Formula (3), 𝑡0 indicates the 171

theoretical starting growth time (d). 172

Coefficient of determination 𝑅2 173

𝑅2 =
𝑇𝑆𝑆−𝑅𝑆𝑆𝑇𝑆𝑆 =

∑(𝑦𝑖−�̅�)2 −∑(𝑦𝑖−𝑦�̂�)2∑(𝑦𝑖−�̅�)2 , (4)

where 𝑅2 is the coefficient of determination, between 0 and 1. 𝑇𝑆𝑆 is the total change of the target 174

variable, i.e., the sum of squares of the difference between the actual value and its mean value. 𝑅𝑆𝑆 is 175
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the sum of the squares of the residual value, i.e., the sum of the squares of the difference between the 176

actual value and the predicted value. 𝑦𝑖 is the actual value. �̅� is the average of the actual value, and 𝑦�̂� 177

is the predicted value. 178

Mean square root error 𝑅𝑀𝑆𝐸 179

𝑅𝑀𝑆𝐸 = √ 1𝑚∑ (𝑦𝑖 − 𝑦�̂�)2𝑚𝑖=1 , (5)

where 𝑅𝑀𝑆𝐸 is the mean square root error, which represents the deviation between the actual value and 180

the predicted value. 𝑦𝑖  and 𝑦�̂� are the same as those in Formula (4). 𝑚 is the number of samples. 181

Akaike information criterion 𝐴𝐼𝐶 182

𝐴𝐼𝐶 = 2𝑘 +𝑚𝑙𝑛 (𝑅𝑆𝑆𝑚 ) = 2𝑘 +𝑚𝑙𝑛 (∑(𝑦𝑖−𝑦�̂�)2𝑚 ), (6)

where 𝐴𝐼𝐶 is the Akaike information criterion. 𝑘 is the number of parameters, and 𝑚 is the same as it 183

in Formula (5). 184

Results and discussion 185

Seasonal variations of area and height 186

Area variation 187

Previous studies have reported the interannual changes in the distribution of S. heteroptera in the 188

Liao River Estuary from remote sensing data, but little has focused on the seasonal variation of the plant 189

in the scope of small terrain. Images taken every 15 days at the monitoring site were employed to analyze 190

the area extension of S. heteroptera during the growth period. As shown in Fig. 5, S. heteroptera 191

sprouted from the soil, and some individual plants began to turn red on 17 April. After half a month, a 192

series of red individuals of S. heteroptera were visible, and the plants entered the rapid growth phase in 193

May. The growth rate slowed down during June-August, and the area of S. heteroptera remained stable 194

after September. 195
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196

Fig. 5 Image results of the growth cycle of S. heteroptera in the observed area in 2021. 197

A region of 4500 m2 was selected to analyze the area change of S. heteroptera, as shown in Fig. 6. 198

The results showed that the vegetation coverage of S. heteroptera increased rapidly during April and 199

May, increasing from 49 % on 21 April to 88 % on 31 May (Table 1). In the next three months, the 200

coverage increased slowly, with a growth rate of 3-4 % per month. After September, the area of S. het- 201

eroptera in the constituency gradually stabilized. 202

203

204

205

206

207

208

209

210
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Table 1 Statistics of the area (m2) of S. heteroptera from image extraction in the observed area in 2021. 211

Date 4.21 5.1 5.11 5.31 6.11 6.20 7.1 7.11 

Area 2211 2815 3911 3957 3996 4089 4129 4137 

Coverage (%) 49.1 62.6 86.9 87.9 88.8 90.9 91.8 91.9 

Date 7.21 7.31 8.12 8.21 8.31 9.10 9.21 9.30 

Area 4189 4255 4271 4332 4376 4394 4434 4466 

Coverage (%) 93.1 94.6 94.9 96.3 97.2 97.6 98.5 99.2 

212

Fig. 6 Regions of information extraction for area (the five green boxes) and height (the yellow box) of S. heterop- 213

tera. The red star is the position of cameras. 214

Height variation 215

The area change of S. heteroptera describes the growth process of the plant from the angle of 216

population, while the height change of S. heteroptera reflects the growth status of individual plants. 217

Height is one of the most easily measurable parameters in field surveys of wetlands. However, field 218

surveys inevitably destroy plants, and the time continuity of the obtained data is poor. The use of the 219

wetland image monitoring system (WIMS) can achieve contactless measurement of the plant and con- 220

tinuous collection of data. 221

Information extraction of the height of S. heteroptera was carried out near the observation equip- 222

ment (shown in the yellow box in Fig. 6). The height information of 6 individual plants was extracted at 223

the same time using the plant extraction processes. Each group of data was averaged after removing the 224

maximum and minimum data. The height information of S. heteroptera in 2021 obtained by field survey 225

was used to verify the results of our study. As shown in Table 2, the height data extracted in this study are 226



 10 / 10 

close to the measured data in 2021, which indicates that the height data of S. heteroptera obtained by the 227

processes designed in this study are reliable. Table 2 shows that the height increment of S. heteroptera 228

exceeded 120 mm in May, and the height growth rate during June to July decreased significantly com- 229

pared to May. The height variation of S. heteroptera gradually stabilized after September, which was in 230

the range of 350-360 mm. 231

Table 2 The height (mm) of S. heteroptera obtained from image extraction and field survey in the observed area in 232

2021. 233

Date 
The extracted data The survey data 

4.21 5.1 5.11 5.23 6.1 6.11 6.20 7.1 7.11 7.10 7.29 

Height 25.8 72.6 141.7 196.5 229.0 239.9 259.8 276.5 319.2 

304.0 373.9 Date 7.21 7.31 8.11 8.21 8.31 9.11 9.21 9.30 10.10 

Height 307.4 350.8 348.7 275.5 307.1 306.5 354.7 363.0 352.2 

Growth simulation 234

Area simulation  235

Based on least-squares theory, the Logistic, Gompertz and Bertalanffy models were used to fit the 236

variation of S. heteroptera area at the observed site. The simulation results of the three models suggested 237

the same growth trend of the S. heteroptera area, which increased rapidly at first, then slowly, and finally 238

tended to be stable (Fig. 7). In this paper, the fitting results of different models are judged by the com- 239

parison of fitting parameters and growth occasion of S. heteroptera derived from the models. The ex- 240

pressions of the three models and fitted parameters are shown in Table 3. The relative growth rates 𝑘 of 241

the three curves are close, between 0.03 and 0.04 d-1. While the Bertalanffy model has the largest value of 242𝑅2(0.095) and the lowest values of 𝑅𝑀𝑆𝐸(195.4) and 𝐴𝐼𝐶(172.8) among the three models, indicating 243

that the Bertalanffy model has the smallest fitting error.  244

245

Fig. 7 Comparison of three models for the area of S. heteroptera. 246

247
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Table 3 Expressions and parameters of three models for the area of S. heteroptera. 248

Models 𝑹𝟐 𝑹𝑴𝑺𝑬 𝑨𝑰𝑪 𝒀∞(m2)** 𝒌(d-1) 𝒕𝟎(d)* 

Logistic model 𝑌 = 4500

1 + 𝑒−0.04(𝑡−(−6.4)) 0.872 226.8 178.5 4500 0.04 -6.4 

Gompertz model 𝑌 = 4500𝑒−𝑒−0.03(𝑡−(−14.8)) 0.888 212.1 186.0 4500 0.03 -14.8 

Bertalanffy model 𝑌 = 4500(1− 𝑒−0.03(𝑡−(−25.2))) 0.905 195.4 172.8 4500 0.03 -25.2 

(*Negative values represent the days before the fitting start date 21 April, 2021, and positive values represent the 249

days after 21 April, 2021. **𝑌∞(4500 m2) is the approaching area of S. heteroptera, e.g., the area of constituency.) 250

The parameter 𝑡0 which a represents particular growth occasion of S. heteroptera can be used to 251

evaluate the three models. In the Logistic and Gompertz curves, 𝑡0 represents the moment with the 252

fastest growth rate. As seen from the area change of S. heteroptera in Fig. 5 and Table 1, the growth rate 253

of S. heteroptera is greatest in mid-May. However, the dates of maximum growth rates obtained by the 254

Logistic and Gompertz models are 14 April and 6 April, which are ahead of the actual time, i.e., 255

mid-May. In the Bertalanffy model, 𝑡0 represents the theoretical starting date of growth which was 26 256

March in this model. The green buds and some red individuals of S. heteroptera can be easily found on 257

the ground on 17 April (Fig. 5), which can be speculated that the actual germination period of S. het- 258

eroptera should be at the end of March or early April. The theoretical start date calculated by the Ber- 259

talanffy curve is 26 March, which conforms to the actual situation. Overall, the Bertalanffy model has 260

better fitness for S. heteroptera area changes at the observed site than Logistic and Gompertz models. 261

Height simulation  262

Three growth models were also used to explain the height changes of S. heteroptera at the observed 263

site, as shown in Fig. 8. Expressions of the three models and fitted parameters are shown in Table 4. The 264𝑅2 values of three models all exceed 0.93, and the Bertalanffy curve has the highest 𝑅2 of 0.951. The 265

relative growth rate 𝑘 is greatest (0.05 d-1) in the Logistic model and lowest (0.02 d-1) in the Bertalanffy 266

model. The approaching heights of the Logistic, Gompertz and Bertalanffy models are 330.6 mm, 335.0 267

mm and 348.0 mm, respectively. 268

269

270
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271

Fig. 8 Comparison of three models for the height of S. heteroptera. 272

Table 4 Expression and parameters of three models for the height of S. heteroptera. 273

Models 𝑹𝟐 𝑹𝑴𝑺𝑬 𝑨𝑰𝑪 𝒀∞(mm)** 𝒌(d-1) 𝒕𝟎(d)* 

Logistic model 𝑌 = 330.6

1 + 𝑒−0.05(𝑡−29.6) 0.937 26.2 123.6 
330.6 

(310.4-350.8) 
0.05 29.6 

Gompertz model 𝑌 = 335.0 ∙ 𝑒−𝑒−0.04(𝑡−19.1) 0.947 24.1 120.5 
335.0 

(314.2-355.8) 
0.04 19.1 

Bertalanffy model 𝑌 = 348.0 ∙ (1− 𝑒−0.02(𝑡−(−2.3))) 0.951 23.1 119.0 
348.0 

(321.0-375.0) 
0.02 -2.3 

(*Negative values represent the days before the fitting start date 21 April, 2021, and positive values represent the 274

days after 21 April, 2021. **Data in () represent the 95 % confidence interval of 𝑌∞.) 275

The 𝑡0 value of the Bertalanffy model is -2.3 d, representing that the theoretical start growing time 276

calculated by the Bertalanffy model is 18 April, which differ greatly from the actual situation, so the 277

Bertalanffy model is not proper to describe the height variation of S. heteroptera in the region. The 𝑡0 278

values of the Logistic and Gompertz models are 29.6 d and 19.1 d, respectively, representing 21 May and 279

11 May. As shown in Table 2, the height of S. heteroptera increased by 156.4 mm and 47.5 mm in May 280

and June, respectively, and May was clearly the fastest growing period of S. heteroptera in the observed 281

region. Therefore the growth inflection points (21 May and 11 May) of the Logistic and Gompertz 282

models are close to the actual situation. On the whole, both the Logistic and Gompertz models can better 283

simulate the height change of S. heteroptera in this area, but the performance of the 𝑅2, 𝑅𝑀𝑆𝐸 and 𝐴𝐼𝐶 284

values from the Gompertz model (0.947, 26.2, 120.5) is slightly better than those of the Logistic model 285

(0.937, 24.1, 123.6). Therefore, the Gompertz model is the best method to delineate the height variation 286

of S. heteroptera in the observed site. 287

Model calibration 288

Error analysis  289

In addition to the overall evaluations which were concluded above, the relative errors of each 290

growth stage of the two models which have been selected (Bertalanffy model and Gompertz model) were 291

calculated in this section. The relative errors of the area and height of S. heteroptera between the image 292
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extracting results and modeling results were shown in Fig. 9, and the horizontal axis still represents the 293

number of days since 21 April, 2021. The calculation of the relative error is shown in equation (7). 294𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑒𝑟𝑟𝑜𝑟 = 𝑦𝑡−𝑦𝑛𝑦𝑡 × 100 %, 
(7)

where 𝑦𝑡  is the extracted area or height data, and 𝑦𝑛 is the modeling result. 295

296

Fig. 9 The distribution of relative errors from the area and height models. 297

The relative errors of the S. heteroptera area are in the range of -10 %-20 %. While for height, the 298

relative errors are -60 %-20 %, which indicates that the fitness of the area is better than the height of S. 299

heteroptera. As shown in Fig. 9, the relative errors of each curve in the early stages of plant growth are 300

very large, even exceeding 50 % for the height simulation by the Gompertz model, indicating the poor 301

simulation in this stage. Therefore, it is difficult to grasp the plant growth features in the early stage by 302

using a single model. To reduce the fitting error in the early stage of growth, we considered a segment 303

function for growth simulation of S. heteroptera(Jonsson and Eklundh 2002). 304

Segment simulation  305

Linear or exponential models are often used to simulate plant growth changes in the early phase of 306

growth or under less stressful scenarios, so in this study, they were used to simulate the growth of S. 307

heteroptera from April to May, when S. heteroptera was in the germination period and the rapid growth 308

phase. The expressions of the two models are as follows: 309

linear model 310𝑌 = 𝑌0 + 𝑘𝑡, (8)

exponential model 311𝑌 = 𝑌∞𝑒−𝑘𝑡, (9)

where 𝑌 indicates the area (m2) or height (mm) of S. heteroptera. 𝑌0 indicates the initial area or height, 312



 14 / 14 

and 𝑌∞ indicates the approaching area or height. 𝑘 indicates the growth rate (m2/d, mm/d) and the 313

relative growth rate (d-1) in Formulas (8) and (9), respectively. 314

Utilizing the exponential and linear model to describe the early stage of growth of S. heteroptera 315

with the area and height data from April to May in Table 1 and Table 2, the expressions and parameters of 316

exponential and linear models are shown in Table 5. It can be seen that the simulation of exponential or 317

linear models for the change of S. heteroptera area in the early growth stage is not ideal, and the 𝑅2 318

value is less than 0.8. However, the linear model greatly improves the fitness for S. heteroptera height in 319

the early growth stage with a relatively high 𝑅2 value (0.99), and low 𝑅𝑀𝑆𝐸 value (9.6). 320

Table 5 Expressions and parameters of the exponential and linear models 321

Parameters for 

Simulation 
Models 𝑹𝟐 𝑹𝑴𝑺𝑬 𝑨𝑰𝑪

Area 

Exponential model 𝑌 = 2554.8𝑒0.01𝑡 0.734 541.7 54.4 

Linear model 𝑌 = 2443.4 + 44.6𝑡 0.789 481.7 53.4 

Height 

Exponential model 𝑌 = 56.7𝑒0.04𝑡 0.919 27.7 37.2 

Linear model 𝑌 = 28.0 + 5.1𝑡 0.990 9.6 26.6 

The comparison of the relative errors of S. heteroptera growth from April to May is shown in Fig. 322

10. The results showed that the fitting error of the exponential and linear models (Fig. 10b-c) is not 323

obviously reduced compared to the Bertalanffy models (Fig. 10a) for the area simulation of S. heterop- 324

tera at the primary stage of growth, indicating that it is optimal to simulate the whole variation process of 325

the S. heteroptera area using the Bertalanffy model, the relative error of which is still the smallest among 326

all models. However, for the S. heteroptera height simulation, the relative error of the linear model (Fig. 327

10f) was significantly smaller than that of the other models (Fig. 10d-e), which was between -10 % and 328

10 %. Therefore, a segment function was recommended to be used to simulate the height change of the 329

plant, which was divided into two periods, i.e., linear model simulation in April-May of the primary 330

growth stage, and the growth after June could be simulated using the Gompertz model, as shown in 331

Formula (10). 332

Height segment model 333

𝑌(𝑡) = {28.0 + 5.1𝑡, 𝑡 𝑖𝑠 𝑡ℎ𝑒 𝑑𝑎𝑦 𝑏𝑒𝑓𝑜𝑟𝑒 1 𝐽𝑢𝑛𝑒
335.0 ∙ 𝑒−𝑒−0.04(𝑡−19.1) , 𝑡 𝑖𝑠 𝑡ℎ𝑒 𝑑𝑎𝑦 𝑎𝑓𝑡𝑒𝑟 1 𝐽𝑢𝑛𝑒 , (10)

where 𝑌 indicates the height (mm) of S. heteroptera, and 𝑡 is the number of days since 21 April, 2021. 334



 15 / 15 

335

Fig. 10 The distribution of relative errors from the area and height models for the simulation of the early growth 336

stage. 337

The 𝑅𝑀𝑆𝐸 value obtained by the segment model of the S. heteroptera height is 21.6, which is 10.4 338

% lower than the 𝑅𝑀𝑆𝐸 value from the single Gompertz model in Table 4, and the 𝑅2 value is 0.946, 339

which is little changed from 0.947 of the single Gompertz model. Therefore, the linear model is used in 340

the early stage of S. heteroptera height change, and the Gompertz model is used in the middle and late 341

stages of height change. Segment functions significantly improved the simulation goodness of S. het- 342

eroptera height variation in the early growth period compared with the single model. 343

Conclusion and expectation 344

In view of the degradation of S. heteroptera in the Liao River Estuary wetlands, a wetland image 345

monitoring system (WIMS) was constructed, which could carry out long-term and stable monitoring of 346

the growth status of S. heteroptera in the observed area. This ecological monitoring method can meet the 347

needs of small ranges, long periods, high-sample frequency for both population and individual moni- 348

toring of wetland vegetation. Through the continuous monitoring data from the WIMS, the growth cycle 349

of S. heteroptera could be divided into three stages: rapid growth stage (April-May), slow growth stage 350

(June-August) and stable stage (after September). Based on the monitoring data, the changes of the area 351

and height of S. heteroptera in the observed area were fitted with different models. The performance of 352

Bertalanffy model was the best for the simulation of the S. heteroptera area in the whole growth period, 353

and the germination period was near 26 March which was calculated by the model. The segment function 354

composed of the linear model and Gompertz model could better depict the height change of S. heter- 355

optera, and the growth inflection point was 11 May, which was consistent with the actual situation. The 356

WIMS can be used to analyze the growth trend of S. heteroptera in a small and targeted range by the 357

information extraction process and growth models, which not only provides rich data for wetland veg- 358

etation research but is also of great significance to improve the precision of wetland ecological restora- 359

tion arrangements. 360
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There are numerous video-based nearshore systems used by scientists or coast managers who want 361

to collect more continuous parameters about the coast(Pearre and Puleo 2009). Researchers can even 362

extract some hydrodynamic variables, such as surface current velocity, wave height, and bathymetry, 363

from images or videos(Archetti et al. 2016; Chickadel et al. 2003). In addition to applying to the physical 364

oceanographic field, the idea of video monitoring also helps to observe and protect ecosystems(Mallet 365

and Pelletier 2014; Verstraeten et al. 2010; Wartenberg and Booth 2014). The WIMS laid on the Liao 366

River Estuary could not only monitor the growth of wetland vegetation but also capture the waterlogging 367

conditions and the distribution of benthic organisms in the observed area. Through the beach images of 368

high temporal resolution, we calculated the number of days that the S. heteroptera in the observed area 369

was completely submerged by the seawater was only approximately 14, which means that the low fre- 370

quency of tide flushing resulted in the accumulation of a large amount of salt on the soil and plant sur- 371

face, limiting S. heteroptera growth(Song et al. 2008). The benthic animal Helice tientsinensis also has a 372

certain impact on S. heteroptera growth(He et al. 2015; Liu et al. 2020; Lu et al. 2018). For the research 373

of H. tientsinensis, scholars usually conduct field sampling and laboratory culture, which can only ex- 374

plore the habits of individual crabs but cannot obtain population changes under the actual survival en- 375

vironment. We have carried out the extraction work on the population of benthic organisms and gained 376

some research results. 377

At present, there are too few image monitoring stations in the Liao River Estuary wetland, and in- 378

sufficient data are available. In the future, more monitoring stations will be set up based on environ- 379

mental characteristics, such as different terrains, hydrodynamics, and soil nutrient contents, to form an 380

image monitoring network of wetlands. Our research team will try to construct an ecological model with 381

the mutual feedback and interaction of wetland hydrodynamics, water quality and vegetation growth in 382

the Liao River Estuary to simulate the spatiotemporal distribution of wetland vegetation and environ- 383

mental parameters. We also plan to set up scenario simulation experiments to provide scientific guidance 384

for the artificial restoration of S. heteroptera. 385

386
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