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Abstract: Human use and management have a marked effect on wetland from different scales;
it is necessary to develop a multi-scale integrated method to assess wetland conditions. So, this
research aids the development of the wetland condition index (WCI) for humid regions of China by
combining two main sub-indices: (i) the landscape development intensity index (LDI), which assesses
human-dominated impacts; and (ii) the water environment index (WEI), which assesses changes in
water quality and phytoplankton. We measured terrain and land use in the watersheds of wetlands
using remote imaging data with geographic information systems (GIS) software. Also, we monitored
the physical and chemical variables of the water bodies of 27 wetlands in urbanized and moderately
urbanized areas in Nanjing City of China for this study. There were significant inconsistencies
between the city’s level of development and the values of the WCI and its sub-indices. The WCI of
urbanized areas was better than that for moderately urbanized areas, and the sub-indices LDI and
WEI were only slightly correlated. In other words, wetlands with a low LDI value did not necessarily
have a low water environment index value. Due to wetland restoration and human management
activities, integrating the LDI and WEIL is increasingly necessary for wetlands in urbanized areas than
for moderately urbanized areas. This method could guide the design of wetlands to optimize their
qualities and benefits to residents and reinforce wetland conservation.

Keywords: water quality; landscape development intensity index; artificial wetland; wetland
condition assessment

1. Introduction

Wetlands are known to be essential providers of valuable ecosystem services and functions,
including the provision of habitat and biodiversity, water quality improvement, flood abatement,
carbon sequestration, the source of food, and support of recreational activities [1-4]. Unfortunately,
due to various natural and human factors, such as climate change, water pollution, and reclamation,
wetlands have suffered severe losses and degradation around the world [5-8]. In order to protect
wetlands, a large number of wetland condition assessment studies have been conducted to obtain
wetland quality information [9-12].
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Current wetland condition assessment methods can be classified into two main types according to
different scales: the landscape scale (Scale-1) and the field scale (Scale-2) [13,14]. Scale-1 relies mostly
on remote sensing data and geographic information systems (GIS) to obtain information about the
land surface in wetland watersheds. The landscape development intensity index (LDI) [15-17] and
watershed sustainability index [18] are commonly used for Scale-1 assessments. Such assessments are
based on characterizing human disturbance gradients to predict wetland conditions. The advantages of
the Scale-1 method are its cost efficiency and rapid assessment [19]. However, the Scale-1 method has
obvious defects. The Scale-1 method presupposes that land surface in wetland watersheds can predict
water quality or diatoms in wetlands [19-21]. Especially in artificial wetlands or urban wetlands,
which are greatly affected by human interaction, use of the Scale-1 method has difficulty predicting
wetland condition. For example, there are ditches in wetland watersheds that can change the natural
patterns of runoff; therefore, runoff from the wetland watersheds will frequently not enter receiving
wetlands [22]. Thus, the Scale-1 method has difficulty predicting wetland conditions for specific cases.

The Scale-2 method is the field-based method for which physicochemical and biochemical
assessment procedures are employed to collect rigorous data about wetlands. The index of biotic
integrity (IBI) [22] and the water quality index [23] require extensive fieldwork to complete a Scale-2
assessment. This method can directly assess wetland condition, but it ignores the influence of runoff
from wetland watersheds for wetlands with poor water quality in high-density population watersheds.
In order to quickly improve water quality, wetland restoration activities, such as mechanical dredging,
water exchange, and the introduction of aquatic plants are used to improve water quality and ecosystem
structure. If the Scale-2 method is used to assess wetland conditions, a higher index (good condition)
will be included in the result. Many studies concluded that wetland restoration could change the
wetland condition within a short period, but suitable wetland conditions may not persist because
of poor watershed conditions [24,25]. Thus, the Scale-2 method may not accurately predict the
wetland condition.

The use of Scale-1 or Scale-2 methods individually cannot accurately assess wetland conditions.
Integration of both Scale-1 and Scale-2 methods may be a suitable approach under these conditions.
Several studies have suggested that it is essential to develop an integrated index based on Scale-1
and Scale-2 for wetland condition assessments [26,27], but few methods of integration are available.
Martinez-Lépez et al. [28] used indices that combine wetland plant indicators and landscape
characteristics to assess wetland conditions, but their method applied only to semiarid wetlands
under agricultural hydrological regimes, because its watershed hydrological condition index was
developed under the characteristics of infrequent rains, low groundwater tables, and hydrological
change by anthropic stress on irrigation.

The need for the integration of both Scale-1 and Scale-2 methods for artificial wetland condition
assessment is now especially urgent in China. Although several wetland evaluation indicator systems
have been developed [29,30], these methods can be difficult to meet the needs of wetland condition
assessment and management, ignoring the coupling of two scales. As a result, at present, governmental
environmental agencies still focus on monitoring and evaluating wetland water quality parameters.
The main aim of this study was to develop a new wetland condition index based on integrating the
Scale-1 and Scale-2 methods for comprehensively and accurately assessing the wetland condition in
the humid regions of China, which can help to promote wetland sustainability.

2. Methodology

2.1. Basic Idea

It is important to consider the relationship between the parts and the whole when evaluating
wetland condition [31]. If the quality of the whole is not good, then the quality of the part will
be impacted [32]. Given that a wetland is a part of the watershed, e.g., the wetland condition
depends critically on human activities that affect land use throughout the watershed [33], neither
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measurement of human activities in the watershed area nor the monitoring of wetland ecological
factors can comprehensively and accurately assess the status of the wetland-watershed ecosystem. we
developed the wetland condition index (WCI) to evaluate wetland condition combining the landscape
development intensity index (LDI) and the water environment index (WEI). The procedure established
for WCl is shown in Figure 1.

The integrated of wetland condition index (WCI)
Step 3
. Identify the ™
Step 2 "~ _relationships "
Landscape development intensity index Water ecological index (WEI)
Step 1 | | | |
Landscape classification || LDI coefficient for landscape category Water quality Aquatic biology

Figure 1. Methodological schema for forming the wetland condition index.

2.2. The Landscape Development Intensity Index (LDI)

The condition of a wetland is strongly related to the levels of human activity that occur within the
surrounding watershed. Land-use data and a development-intensity measure that is derived from
the energy use per unit area are included in the LDI, which is capable of quantifying the potential
effects of a significant number of human activities that impact ecological systems within watersheds of
varying sizes [15,34]. The LDI is calculated as shown in Equation (1) [15,26]:

LDI = ) " %LU; * LDI, 1)

where %LUj is the percent of the total area in land use/land cover i, and LD]; is the LDI coefficient for
land-use/land-cover category i (Appendix 1in [17]). The LDI coefficient is calculated as the normalized
natural log of the empower densities. Referred to as “empower density”, energy use per area per time
is calculated as average values for land-use categories from previous studies [15]. The LDI coefficient
is normalized on a scale from 1 to 10, with the LDI coefficient for natural lands equal to 1.0, and an
LDI coefficient of 10.0 for the highest intensity land use. Detailed methods on LDI are provided in
Chen and Lin [17].

2.3. The Water Environment Index (WEI)

The water environment is characterized by chemical and biological parameters [35], and the WEI
is developed from these two factors to identify the quality of surface water in wetlands. The water
quality index and aquatic biological index were identified as a suite of key indicators that can be
further evaluated for long-term water monitoring and wetland assessments [36].

Based on the “wetland ecological monitoring technology regulations” formulated by the Chinese
wetland ecosystem research station alliance (SFBSS 2013), total nitrogen (TN, mg/L), total phosphorus
(TP, mg/L), and phytoplankton biomass (PB, g/m?) are considered indicators of nutrient enrichment,
and are the metrics comprising the WEIL. The monitoring period for the wetland assessment is
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designated at least for one year, and wetland sampling was conducted once per month [37,38]. The WEI
can be written as follows [39,40]:

WEI = wry * WEI(IN) + wrp*xWEI(TP) + wpp * WEI(PB), @)

WEI(TN), WEI(TP), and WEI(PB) can be calculated by Equation (3); wry, wrp, and wpp can be
calculated using Equation (4):

WEI(X) = 10 * M’ (3)
CXmax - CXmin
2 2
Wi =05x [ -4+ 2, )
' < 1 riZTN T i2TP

where X represents TN (Total Nitrogen), TP (Total Phosphorus), and PB (Phytoplankton Biomass);
WEI(X) represent the partial indices of X; Cx is the value of X for the wetland; Cxmax and Cxmin are the
maximum and minimum values of X for the wetland during the monitoring period; wj is the weighting
factor of the ith WEI index (e.g., WEI(TN), WEI(TP), and WEI(PB)); rry is the correlation coefficient
between the ith indicator concentration and the TN concentration; and rjtp is the correlation coefficient
between the ith indicator concentration and the TN concentration. In most wetlands, TN and TP are the
most essential elements for the wetland ecosystem, and they have a close relationship with ecosystem
health status [41,42]. For example, elevated concentrations of TN and TP trigger eutrophication, the
known consequences of which include blooms of noxious phytoplankton, hypoxia, and the degradation
of recreational opportunities [43]. As the most important nutrient-related indicator in the Chinese
Surface Water Quality Standard (GB3838-2002), concentrations of TN and TP are divided into five
levels (Class I-Class VI), in which the lower TN and TP values indicate higher water quality [44].
Thus, TN and TP were selected as the basic indicators to calculate the correlation coefficient. The WEI
ranges from 0 to 10, and lower values of WEI correspond to better ecological conditions in the wetland.
Detailed methods on WEI are provided in Xu et al. [40].

2.4. Construction of the Wetland Condition Index (WCI)

There are two main steps involved in calculating the WCL. The first step is to calculate the LDI*
and WET". The second step is to identify the relationship between the LDI* and WEI". After that, the
WCI can be calculated according to the requirements about the LDI* paired with WEI* in Table 1.

Table 1. The equations of the wetland condition index (WCI) for different conditions. LDI: landscape
development intensity index, WEI: water environment index.

Requirements about LDI*

Equations Paired with WEI* Illustration
L1IW2
WCI = LDI* L1IW3
L1W1 and LDI* < WEI*
Wi1L2 Li and Wi represent the
WCI = WET* Wi1L3 ranges of LDI* and WEI*
W1L1 and WET* < LDI* respectively, as described
LoW2 in Figure 2.
WCI = (1 —0.5«) * (LDI* + WEI*) L2W3
L3W2
WCI = (1-0.5a+ B) * (LDI* + WEI") L3W3

In Table 1, where the LDI* and WEI* are determined by subtracting the LDI and WEI from 10
(Equations (5) and (6)), considering that the LDI and WEI are inversely proportional to the wetland
conditions (i.e., higher values of the LDI and WEI correspond to lower WCI); « is the Pearson
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correlation coefficient between the LDI* and WEI*, which is used for elimination of the impact of
collinearity between them [45]; 3 is the cumulative function (Equation (7)).

LDI* = 10 — LDI, (5)

WEI* = 10 — WEI, (6)

5 LDI" ~ LDLon  WEI" — WEL, -
LDI,,, — LDI,,, = WEL,, — WEL.,

In Equation (7), the restriction (LDI},, and WEI}, ) and compensation threshold (LDI} and
WEI;,,) have special meanings, which can identify wetlands in poor and good conditions (Figure 2).
Especially, the compensation threshold emphasizes an ecological concept that high-quality wetlands
can mitigate the loss of ecological functions caused by the decline of other wetland conditions.
This concept is supported by numbers of ecological theories (including but not limited to landscape
ecology, metapopulation, source-sink dynamics, and river continuum concept) and wetland ecological
restoration practice [46—48]. For example, water diversion from high-quality wetland might decrease
the contents of nutrients and organic pollutants in a low-quality wetland, thereby improving the
ecological function [49]. The threshold values applied to the LDI*, TN, TP, and PB parameters in this
study and their sources are summarized in Table 2. It should be noted that given the requirements of
government wetland management, we determined the TN, TP, and PB parameters’ threshold according
to GB3838-2002, which is the guidance manual for wetland water quality management by Chinese
governmental environmental agencies. The standard value of Class IV is selected as the restriction
threshold because it is the red line of water quality management, and the standard value of Class I
is selected as the compensation threshold due to the requirement of wetland ecological protection in
China [44]. In the end, the WEI*_ . and WEL;

com res

are 8.8 and 5.6, respectively, using Equation (2).

Lll LIZ Ll3

[ 1o Vol 1

Minimum (0) Restriction threshold (LDI,) Compensation threshold (LDI"com) Maximum (10)
LDI"
WEI"
Minimum (0) Restriction threshold (WEI" ;) Compensation threshold (WET¢or) Maximum (10)
\ ) )\ ]
Y Y Y
Wi w2 W3

Figure 2. The nine situations (connecting line) about LDI* paired with WEI* (the red line represents
L1W1, L1IW2, L1IW3, W1L2, and W1L3; the yellow line represents L2W2, L2W3, and L3W2, and the
green line represents L3W3). L1 (red rectangle above), L2 (yellow rectangle above), and L3 (green
rectangle above) represent the value of LDI* ranged from 0 to LDI*es, LDI*1es to LDI*com, and LDI*com
to 10, respectively, while W1 (red rectangle below), W2 (yellow rectangle below), and W3 (green
rectangle below) are the same. The WCI calculated formulas from different pairs of LDI* and WEI* are
listed in Table 1.

Table 2. Summary of threshold limits for constituents.

WCI Constituent Good Condition Poor Condition Source
(Compensation Threshold) (Restriction Threshold)
LDI* 8 5 [15]
TN (mg/L) 0.2 1.5 [44]
WEI* TP (mg/L) 0.02 0.3 [44]

PB (g/m3) 0.04 4.10 [44]
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We assumed the value of the LDI* has three ranges (0-LDI*e5, LDI*tes—LDI*com, and LDI*¢om—10),
while the value of WEI* also had three ranges (0-WEI*es, WEI*res—WEI*om, and WEI*.om—10). So, in
the end, the LDI* and WEI* have nine paired relationships (Figure 2). The corresponding equations
were listed in when they met the following conditions:

e  When the LDI* is less than the restriction threshold, the LDI* is the restricting factor of the WCI
regardless of the value of the WEI*, and the WCI will be equal to the LDI*.

o  If the WEI* is less than the restriction threshold, the WEI* is the restricting factor of WCI regardless
of the value of the LDI*; then, the WCI will be equal to the WEI*. For example, if a wetland is
downstream of livestock farms, the landscape in the wetland watershed is in a natural state with
no buildings or agriculture, but the water quality of the wetland is poor because of the livestock
wastewater, not the landscape structure or quality. In this situation, the WCl is determined by the
water quality, and is equal to WEI*.

o If the LDI* is between the restriction and compensation thresholds, the WEI* is between the
restriction and compensation threshold, and the WCI will be equal to the sum of the LDI* and
WEI* with the same weights.

e If the LDI* and WEI* are both higher than the compensation threshold, then the WCI will be
higher than the sum of the LDI* and WEI*. In this case, the quality of the wetland is high enough
to provide compensatory ecological functions.

3. Case Study

3.1. Xianlin Sub-City

The Xianlin sub-city covers an area of 75 km? and is located east of the city of Nanjing in China’s
Jiangsu Province (Figure 3). The sub-city has a current population of 300,000, although the population
is expected to double to 600,000 by 2030. Nanjing is the capital city of Jiangsu Province, and is a typical
developing city in the Yangtze River Delta (YRD). A northern subtropical monsoon climate prevails in
the area with a mean annual rainfall of 1100 mm. The Xianlin region is one of the three sub-cities of
Nanjing, and has been divided into four sub-regions: Xianhe, Baixiang, Qinglong, and Qilin. Xianhe
and Baixiang are urbanized regions, whereas Qinglong and Qilin are moderately urbanized regions [50]
(Table 3).

China

1 humidjregion ¢

» sample wetland
[ watershed

I forestry
/M wetland

[ agriculture

UL" > B community
7o [ public land
£ (7] transportation
Naujing Cily [ miscellaneous

Figure 3. Location of the study area, land-use categories, and sample locations in the Xianlin sub-city.
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Table 3. Area of total wetlands and selected sampling points in the four sub-regions.

Total Total Area  Sampled Average Areaof  Average Area of
Sub-Region Development Stage Wetland (km?) Wetland the Sampled Sampled
Rate (%) Watershed (km?)  Wetland (km?)
Xianhe urbanization 4.08 21.2 9 0.19 0.05
Baixiang urbanization 3.35 15.0 4 0.20 0.05
Qinglong moderate urbanization 4.41 24.7 10 0.16 0.01
Qilin Moderate urbanization 3.86 13.9 4 0.40 0.04

3.2. Data Collection and Analysis

A land-cover/use map was derived from our previous work [51], in which remotely sensed
QuickBird data were used to obtain land-cover/use information in 2009 (Figure 4), and the accuracy
approached 96%. Seven major land-cover/use categories are considered in this study, namely, forestry,
wetland, agriculture, community, public land, transportation, and miscellaneous. It is based on the
land-use classification of China (GBT 21010-2007) (China’s national standard, 2007), but differs slightly.
Community use includes residential and commercial use, and public land is composed of government,
institutions, and schools. Especially, we distinguish the wetland from the others. A high-quality digital
elevation map (DEM) with a resolution of 5 m and a map of the municipal pipe networks were used to
extract the watersheds for the wetlands.

Qilin Qinﬁlong Xithe Baixiang
I I

3 | \f \ \
, L]

6 |

1 3 5 7 9 11 13 1517 19 21 23 25 27
Wetland

Figure 4. LDI of different wetland watersheds.

Water quality data were collected from 27 wetlands (Figure 3) at the end of each month from
2009 to 2010, and the sampled wetland was randomly selected. Water samples were analyzed for TN,
TP, and PB after collection in 1000-mL low-density polyethylene sample containers. Each sampling
collection event was repeated three times. The TN, TP, and PB were measured three times in the
laboratory according to procedures for the monitoring and analysis of water and wastewater [44].

3.3. Landscape Development Intensity of the Xianlin Sub-City

The LDI of each wetland was calculated to identify the human disturbance gradient in the wetland
watershed. Figure 4 shows the LDI values of 27 sampled wetlands in the Xianlin sub-city. The resulting
values range from 1.52 to 7.46. Of the 27 wetlands, only three (11% of the total number of wetlands)
had LDI values <2. More than 48% of the area of these wetlands was covered with forest and/or
grassland, which indicates relatively low anthropogenic disturbance. Three wetlands were completely
human-made, and each had LDI values >5. These constructed wetlands were surrounded by roads,
houses, and schools, which suggests significant anthropogenic disturbance. The remaining watersheds
had LDI values between two and five, which are typically associated with mixed landscapes (i.e.,
natural, agricultural, and urban). Also, the averages of the LDI in the urbanized area (Xianhe and
Baixiang) and moderately urbanized areas (Qilin and Qinglong) are 3.12 and 3.51, respectively.
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3.4. Water Environment Index of the Xianlin Sub-City

Table 3 shows the overall water quality and the WEI for different seasons. The average wetland
depth was 992 mm. As expected, the summer values were significantly higher than the winter values
because of the large amount of rainfall during the summer. The average seasonal values showed a
decrease in TP from summer to winter. The TN ranged from 1.01 to 2.65 mg/L, with lower values
during the spring and higher values during the summer. The average seasonal concentrations of TN
increased from spring to summer, and subsequently decreased gradually to autumn. An analysis of
variance (ANOVA) showed that the TP and TN were significantly higher in the summer than in the
other seasons (lowercase letters in the rows in Table 4). The PB ranged from 4.50 to 11.73 g/ m3 with
the lowest values in the winter and highest in the summer. The WEI was calculated based on the water
quality index, and it was lower during the winter and higher during the summer, with values ranging
from 2.53 to 4.51.

Table 4. Seasonal variation in water quality and the WEIL in the Xianlin sub-city (average & SD).

Water Index Spring (n =27) Summer (n=27) Autumn (z=27) Winter (n =27) Average

D (Depth) (mm) 953 b + 346 1158 a £ 336 1039 ab + 381 817 b + 405 992 + 362
TP (mg/L) 0.26 ab £ 0.24 0.39a+037 0.27 ab £ 0.22 0.13b +0.15 0.26 £0.27
TN (mg/L) 1.01b +£1.42 2.65a+198 1.30b £ 0.12 1.86ab +2.14 1.71 £1.80
PB (g/m?) 8.76 ab + 8.02 11.73a +9.43 890a+6.80 4.50b + 3.60 8.47 £+ 6.96

WEI 3.05a+0.85 451b £0.79 3.75a £ 0.81 252a=+1.11 3.56 £+ 0.87

Note: An analysis of variance (ANOVA) showed mean values (lowercase letters) in rows that are significantly
different (p < 0.05).

Figure 5 shows the variation of the WEI in the four regions. The average values and standard
deviations of the WEI in Qilin, Qinglong, Xianhe, and Baixiang were 4.19 £ 3.08, 4.04 £ 0.98, 3.61 £ 2.56,
and 1.62 £ 1.16, respectively. The values for Qilin and Qinglong showed more considerable seasonal
variation than Xianhe and Baixiang (Figure 5), which indicates that the ecological conditions of
wetlands in urbanized areas fluctuate less than wetlands in moderately urbanized areas. The averages
of the WEI in urbanized areas (Xianhe and Baixiang) and moderately urbanized areas (Qilin and
Qinglong) were 3.00 and 4.08, respectively.

Qilin Qinglong Xignhe Bailxiang
10 T i \ [ nlg 1 al \f !
—&— spring
8 4 —&— summer
—A— autumn
_6 1 —%— winter
23] :
z
4 4
2 4
0 11 | N I Y N T T Y N S S N | 1 1 1 11

1 3 5 7 9 11 13 15 17 19 21 23 25 27
Wetland

Figure 5. WEI seasonal values in different watersheds in different seasons.
3.5. Wetland Condition Index of the Xianlin Sub-City

The Pearson correlation coefficient (0.31) showed that the LDI* and WEI* were not correlated
with each other. Thus, it was necessary to remove the overlap in the equation. The integrated values
of the LDI* and WEI* and the WCI in 27 wetlands are shown in Figure 6. The resulting values of the
WClI ranged from 0.53 to 13.64, and the average value of the 27 wetlands was 9.17. The wetlands in
the best condition were located in Baixiang, where the WCI values were higher than 10. Qilin had the
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lowest WCI values in the study area. The WCI values indicated that 17 of the 27 wetlands, including
those located in Qilin (2/7), Qinglong (6/10), Xianhe (5/9), and Baixiang (4/4), had WCI values >10.
The remaining 10 wetlands had WCI values less than 10. The average WCI values in Qilin, Qinglong,
Xianlin, and Baixiang were 8.04, 8.63, 8.73, and 12.65, respectively. The WCI value of the urbanized
regions (9.93) was higher than that of moderately urbanized areas (8.46), which indicates that the
nutrient levels in urbanized regions were better than in moderately urbanized areas. The reason may
be that the moderately urbanized areas face more serious agricultural non-point source pollution and
less capital investment for water environmental protection [52,53].

Qilin Qinﬁlong Xiailhe Baixiang
|

16 | \

14 -
12

_10
O
MM

1 3 5 7 9 11131517 19 21 23 25 27
Wetland

N A

(=]

Figure 6. WCI of different wetland watersheds.

4. Discussion

4.1. Comparison of the WEI, LDI, and WCI

Assessments of the ecological conditions of wetlands are frequently required for purposes such
as ecological reserve determinations, wetland management, and restoration planning. Indices of the
ecological conditions of wetlands must be tested and validated to increase the reliability and reduce
the uncertainty of such methods [54]. In this study, the LDI and WEI were integrated into the WCI.
The relationships between these indices and the reasons that the LDI or WEI cannot be used alone to
assess wetland conditions in areas with significant human management need explanation. Besides, the
appropriate times and conditions for applying the LDI or WEI alone should be considered.

The Xianlin sub-city was used as a case study to apply the integrated method for determining
wetland conditions. The differences between the WCI, LDI, and WEI were revealed in an urbanized
region and a moderately urbanized region. The urbanized region is a recently designed urban
area in which the balance between wetland conditions and human disturbance was considered
during the design process. To maintain the wetland conditions, wetland restoration efforts, such as
water exchange, silt clearance, and aquatic plant cultivation, were frequently applied. Therefore, a
relationship between the LDI and WEI was not observed (Figure 7a, R2 =0.035, p = 0.543), and using
only the LDI or the WEI (Figure 7b,c), and especially the LDI alone (Figure 7b), is not suitable for
determining wetland conditions in this case. The moderately urbanized region in the Xianlin sub-city is
mainly composed of farmland. The function of wetlands in moderately urbanized regions is to provide
irrigated water and collect drainage from farmlands; thus, wetland restoration was not observed in the
moderately urbanized regions, and the WEI and LDI values of these wetland watersheds were more
significantly correlated (Figure 8a) than those in the urbanized regions. The proposed WCI showed
a robust relationship with the WEI values (Figure 8c). The R? value in Figure 8c is higher than that
in Figure 8b. In such cases, using the WEI alone can more accurately predict the WCI than using the
LDI alone.

The uncertainty that is introduced by various wetland restoration and land management limits
the usefulness of rapid assessments at the landscape scale (Scale-1), such as the LDI. Thus, detailed
assessments at the ecosystem scale (Scale-2), such as the WEI, must be included to attain accurate
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results. In wetlands with lower levels of restoration or management effects, the LDI can be used
to forecast wetland conditions with fewer deviations. However, to more accurately represent the
conditions, the LDI and WEI should be integrated because it reduces uncertainty and increases the
reliability when assessing wetland conditions.

10 16 16
¢ 14 14
8 o <
R> = 0.0345 12 o & R2=03491 12
6 10 10
3, o o
=4 2"/ =6 =
*

* 4 4

2 *
NGRS 2 2

-
0 0 ® 0

0 5 10 0 5 10 0 5 10
LDI LDI WEI

(@) (b) (o)

Figure 7. Linear regressions between the wetland condition index (WCI) and the values of the
sub-indices in urbanized regions (Xianhe and Baixiang). Panel A shows the relationship between the
LDI and WEI (n = 13). Panels (a—c) show the relationships between the WEI and LDI, the WCI and LDI,
and the WCI and WEI (n = 13), respectively.

8 - 16 - 16 1
(@) ’ ©
¢ 14 - 14 -
'S R2=0.731
6 1 d 12 4 12 P<0.001
. 10 - 10
= C O
by * =8 58 -
= & * _
* ¢ 6 6
2 1 ¢ R2=0337 41 .
* P<0.05 2 - 2
0 . . 0 : . 0 ‘ :
0 5 10 0 5 10 0 5 10
LDI DI WEI

Figure 8. Linear regressions between the wetland condition index (WCI) and the values of the
sub-indices in moderately urbanized regions (Qinglong and Qilin). Panel (a) shows the relationship
between the LDI and WEI (1 = 14). Panels (b,c) show the relationships between the WCI and LDI and
the WCI and WEI (n = 14), respectively.

4.2. Comparing WCI to IBI and HGM

Current wetland condition assessment methods such as the IBI or hydrogeomorphic method HGM
generally focus on either the biotic or abiotic components of wetlands [55]. The IBI was developed
to use biological indicators to detect wetland conditions, coupled with ongoing use of this approach
to assess water quality in streams, lakes, estuaries, etc. The HGM functional assessment method
is predicated on the ability of hydrogeomorphic wetland classification and the visual assessment
of alteration to provide reference standards against which functions in individual wetlands can be
evaluated [56]. The IBI focuses on the wetland ecosystem itself, while the HGM mainly focuses on the
characteristic hydrological and geomorphology in wetlands. These two methods emphasize different
attributes and scales. WCI is a comparative method that combines both the water processes and
landscape characteristics of wetland watersheds.
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The HGM [57] and the index of biologic integrity (IBI) [58], which have gained the most notoriety
and acceptance, utilize reference systems in their analysis. Biotic and abiotic parameters in the IBI
or HGM are compared to those of reference communities. However, in the HGM, hydrological
alterations, resulting in consistently low or high water table levels, were not correlated with a
priori designations as reference and non-reference sites. Current practices for designating reference
standard sites to assess wetland functions, at least in urbanized regions, are ineffective and potentially
misleading [56]. Inherent to these comparisons is the assumption that functions change linearly
through time. If 10 hydrophytic herbaceous plant species occur in the reference wetland and the
assessed wetland has five species, an index of 0.5 would be calculated, signifying that the assessed
wetland has 50% for that index. However, if the natural dispersion of hydrophytic herbaceous plant
species follows a logarithmic relationship over time, we may only observe 10% for that index [55].
The key point is that the changing relationship (linear, logarithmic, or other relationship) of hydrophytic
herbaceous plant species (or other biotic or abiotic parameters) is uncertain and difficult to define.
Finally, most methods ultimately develop indices so that scores across functions can be accumulated
with no reference, such as the WCI.

Wetland assessment in the Xianlin sub-city was also conducted by using the hydrogeomorphic
method (HGM) [50]. Eight wetlands are appearing in this study, and also appear in [50] (Figure 9).
The number of wetlands is three, 15, 16, 17, 20, 24, 25, and 27. The results of the HGM and WCI
seem to indicate low significant relationships, according to Figure 9. This result may be connected
to more variables being considered by the HGM than the WCI, and fewer wetland samples (only
eight wetlands).

0.8 - - 16
0.7 - 14
0.6 - 12
S 05 S 10 5
2 04 -8 B
I o
0.3 4 -6
02 - —a— HGM L4
0.1 - —o— WCI )
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wetland number

Figure 9. The values of WCI compared with the HGM in the wetland in Xianlin sub-city.

4.3. Evaluation of the WCI

There has been a large increase in interest in studying the impact of human activity on wetlands
and their watersheds. Human impacts may be positive (e.g., wetland restoration) or negative
(e.g., discharge sewage into a wetland) [59]. The uncertain nature of human impacts requires a
comprehensive method of wetland assessment. The WCI is an integrated method that combines
the LDI and the WEI, which express human disturbance in wetland watersheds and the ecological
characteristics of wetlands, respectively. Although the WCI method is accurate and feasible, it needs
to be refined further. First, the WEI sub-index is based on the wetlands where water samples can be
collected (such as ponds and reservoirs near roads); however, other wetlands where water samples
cannot be collected easily are common. Second, to integrate the LDI and WEI, the relationship between
them must be identified. The Pearson correlation coefficient (PCC) was used to remove the overlap
between the LDI and WEIL. A population of LDI and WEI values is needed to determine the Pearson
correlation, because it is not possible to correlate the LDI and WEI values for one watershed. Thus,
the WCl is suitable for assessing several wetlands at a time. The WCI could be used for one wetland
if the PCC of the LDI and WEI of its wetland type could be confirmed by establishing PCC reference
standards. Third, the WEI is based on the total nitrogen, total phosphorus, and phytoplankton biomass,
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and does not include a broad range of toxicants, including xenobiotic chemicals, hydrocarbons, and
heavy metals, the incidences of which are probably higher in urban areas [60,61]. Thus, the WEI can be
improved for use in urban wetland assessments.

5. Conclusions

The WClI indicator offers a new perspective on assessing wetland conditions by combining two
indicator scales. The following conclusions referring to the new indicator can be provided:

e  Tomore accurately represent the conditions, the LDI and WEI should be integrated. Combining the
WEI and LDI should consider the relationship between them. We developed a threshold weighting
method to reduce the uncertainty and increase the reliability when assessing wetland conditions.

e  The LDI is not suitable for artificial wetland conditions, especially in the urbanized regions in
China. The WCI can identify and assess the wetland conditions, regarding the restoration and
management of wetland.

e  Asthe WCI has some advantages, we recommend the WCI as an alternative or complementary
tool to assess the wetland conditions in the humid regions of China. However, there are several
limitations of the WCI. First, the WEI is more about wetland water quality than ecological
attributes. Thus, more ecological variables, such as aquatic vegetative and habitat variables,
should be considered to calculate the WCI in the future. Second, more comparative studies, such
as the IBI and HGM, should be conducted to improve the performance of the WCIL.
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