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Abstract: Freshwater lakes encounter a series of problems, such as a decline in lake water quality,
a sharp decrease in biodiversity, and ecological degradation. As such, lacustrine studies by highly
skilled professionals and managers with water resources at home and abroad have focused on
assessing the aquatic ecosystem health status of lakes. In this study, the health status of the aquatic
ecosystem in the largest freshwater lake in China (Poyang Lake) was assessed, and its temporal and
spatial characteristics were illustrated. The index contained three element layers, including hydro-
logic characteristics, trophic status, and aquatic organisms. The health status of the aquatic ecosystem
was classified into three categories: ‘good’, ‘moderate’ (subhealthy), and ‘bad’. It was examined
through extension evaluation method. Results showed ‘moderate” health status, whereas remarkable
seasonal and spatially variations. The annual changes in the health status were remarkably due to
the influence of complex hydrological and hydrodynamic conditions. This study provides an overall
understanding of the aquatic ecosystem evaluation in Poyang Lake. Such an understanding is vital
for environmental conservation and identification of causes of the aquatic ecosystem degradation in
Poyang Lake.

Keywords: aquatic ecosystem health assessment; indicators; thresholds; extension evaluation
method; Poyang Lake

1. Introduction

Lakes, one of the aquatic ecosystems, are critical elements of Earth’s dynamic pro-
cesses and essential to human economies and health [1]. However, because of human
activities (e.g., increased pollution) and climate change, freshwater lakes have encountered
a series of problems, such as decline of lake water quality and remarkable reduction in
biodiversity and ecological degradation in recent years [2]. Such ecological deterioration
poses a threat to the use of water resources, particularly drinking water supply and eco-
nomic development [3,4]. Thus, the lake aquatic ecosystem health evaluation has been a
focus of lacustrine studies among domestic and overseas researchers and water resource
managers [5-7]. Since the 1980s, the health status of lake aquatic ecosystems have been
explored through lacustrine studies by highly skilled professionals and managers with
water resources at home and abroad. Several attempts have been made to assess them,
such as in studies of Lake Chaohu [8], Baiyangdian Lake [9], Lake Erie [10], and Lake
Poyang [11,12]. The structure and function of a lake ecosystem are greatly controlled by
its hydrology, geology, land cover, and climate characteristics, but assessing its actual
health status is quite difficult; thus, the relative ecosystem health status has been evaluated
in some lake ecosystems, including Lake Chaohu [8] and Baiyangdian Lake [9]. In the
assessment of the health of lake aquatic ecosystems, complexities and uncertainties are
intrinsic problems [13]. This situation is especially true in large floodplain lakes, which are
unique systems with periodic hydrological connections and whose ecological status is
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influenced not only by local agriculture and industries but also by water-level alterations
with the seasons. Besides, large floodplain lakes might exhibit large temporal and spatial
heterogeneity of aquatic ecosystem status. An extension evaluation method combined with
fuzzy matter element theory and an extension set was used to solve contradictory problems
(e.g., health assessment of lake aquatic ecosystems) from qualitative and quantitative points
of view. With the development of the matter element concept [14], the extension evaluation
method based on extension set has gradually been developed and had an increasingly
wide use in many fields [15,16]. However, its application in the assessment of the health of
lake aquatic ecosystems is seldom reported. Such evaluation could be effective and helpful
for ecologists who handle the complexities and uncertainties of evaluating this parameter.
Thus, extension evaluation method and variable weights should be explored in order to
examine the health condition of lake aquatic ecological ecosystems.

Poyang Lake, the largest freshwater lake in China, is one of the two remaining lakes
freely connected to the middle of Yangtze River [4]. However, it has experienced drastic
hydrological changes, such as spring drought and lowest water level in winter, which both
have given rise to considerable damage hydrologically, biologically, and ecologically to
the region [17]. Spring drought has significant effects on fish, Poyang Lake waterbirds
and wetlands [18,19]. These problems have caused a great concern to local governments
and ecologists [4,20]. Various management strategies are being proposed and discussed
to resolve the dryness of Poyang Lake and minimize the impacts on local socioeconomic
development and ecological functions [21,22]. However, no systematic and comprehensive
aquatic ecosystem assessment of Poyang Lake based on biological elements and supporting
physicochemical and hydromorphological elements. Aquatic ecosystem health assessment
provides a theoretical foundation for identifying the causations of ecological degradation
and protecting the environment in Poyang Lake; it could help to the maintenance of a
virtuous cycle of lake ecosystems. Therefore, temporal and spatial variation of the aquatic
ecosystem health status in Poyang Lake should be assessed.

In this study, the aquatic ecosystem health status in Poyang Lake was assessed via an
extension evaluation method. Firstly, this study proposed an index system and determined
the assessment indicators thresholds for ecosystem health assessment on the basis of
previous studies and the major characteristics of Poyang Lake. Secondly, this study applied
the extension evaluation method to evaluate the health status of the aquatic ecosystem
in Poyang Lake. The results could provide a new theoretical and technical approach for
the assessment of the health status of the aquatic ecosystem in this Lake. The approach
also could help protect the aquatic ecology and maintain the wetland security and its
biodiversity. Overall, this study provided a theoretical foundation for understanding the
status of the aquatic ecosystem in Poyang Lake and identifying the causes of its health
degeneration, which is crucial for ecosystem health management in this lake. In addition,
it also enhances the knowledge base underlying aquatic ecosystem health assessments of
river-connected lakes worldwide.

2. Materials and Methods
2.1. Study Area

Poyang Lake (28°22'-29°45" N, 115°47'-116°45’ E), the largest natural freshwater
lake in China, is located downstream of the Yangtze River in Jiangxi Province and freely
connected to the longest river in China, the Yangtze River [23] (Figure 1). The lake has a
southeast monsoonal climate, with an annual mean air temperature of 16 °C-18 °C and an
average annual precipitation of 1340-1780 mm. Poyang Lake is considered to be a vital
resource not only for the local population but also the Yangtze valley and the whole world
ecology. However, the sustainability of Poyang Lake is threatened by pollution, dredging
and eutrophication according to reports. It has a watershed area of 162,000 km? [23].
Considering that this lake is naturally connected to the Yangtze River in China, it has
a series of complicated and unique hydrological and biochemical characteristics [24].
The surface area of Poyang Lake changes greatly with season. The lake surface area
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could be more than 4000 km? in the wet season (summer), while in the comparatively dry
season (winter), the lake surface elevation decreases and the lake area typically shrinks
to less than 1000 km? [25]. On average, Poyang Lake is 8 m deep and has significant
variation. With rapid development, urbanization and global climate change, large amounts
of pollutants are continuously discharged into the lake through rivers; thus, eutrophication
becomes the most important pressing problem in Poyang Lake [26]. This phenomenon
could seriously affect the ecological functioning and water quality of this lake, such as
the existence of algal blooms, thereby causing a significant decline in biodiversity and
ecological degradation [27].
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Figure 1. Location of Poyang Lake.
2.2. Data Sources

The obtained data are summarized in Table 1. The biological and physicochemical
data from October 2007 to October 2013 were gathered from the Lake Poyang Laboratory
for Wetland Ecosystem Research (PLWER), while the data from 1999 were acquired from
previous studies [28,29]. A total of 68 sites (Figure 1) only sites 1-15 were sampled in four
seasons, while the others were sampled in the wet season. For each site, eight parameters
were measured: total nitrogen (TN), Chlorophyll a (Chl-a), total phosphorus (TP), cyanobac-
terial biomass concentration (CB), chemical oxygen demand (CODMn), diatom biomass
concentration (DB), macrozoobenthic density and Secchi disk depth (SD). The hydrological
data from 1999, 2007, 2008, 2012, and 2013 were collected from Jiangxi Hydrological Bu-
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reau, including seven hydrological sites: Xingzi, Hukou, Duchang, Kangshan, Wucheng,
Tangyin, and Boyang (Figure 1).

Table 1. Summary of sampled variables and sites quantity in a specified month and year in Poyang Lake.

Years Months Sites Parameters

Biological parameters (such as

1999 More details seen in previous research [29] density of phytoplankton)
Physical, biological and
2007 and 2008 October and June 24 sites and 35 sites chemi};zf;aral;g’ilrcsa(;lr\ll TP,
CODyyp, Chl-a, CB, DB,
Quarterly (January, April, July . . macrozoobenthic density
2012 and 2013 and October) 15 sites, 68 sites (July) and SD)
1999, 2007, 2008, 2012 and From January to December, Seven sites Water level
2013 monthly

TN: Total nitrogen; CODpn: Chemical oxygen demand; TP: Total phosphorus; Chl-a: chlorophyll a; CB: The biomass concentration of
cyanobacteria; DB: The biomass concentration of diatom; SD: Secchi disk depth; Seven sites: Xingzi, Boyang, Wucheng, Hukou, Kangshan,
Tangyin and Duchang.

2.3. Aquatic Ecosystem Assessment Indicators and Thresholds

The aquatic ecosystem health of a lake should be assessed in terms of the status of bio-
logical elements and supporting physicochemical and hydromorphological elements [30].
Therefore, in accordance with references [7] and the major characteristics of Poyang lake,
the index system for the aquatic ecosystem health assessment in Poyang Lake was estab-
lished and the assessment indicator thresholds were determined. The index contained three
element layers, namely hydrologic characteristics, trophic status, and aquatic organisms.
The six indicators (Figure 2) were as follows: lowest water-level anomaly in the dry season
(LWLa-D), mean water-level anomaly during the rising season (MWLa-R), trophic state
index (TLI), ratio of CB to DB, diversity index of macrozoobenthos (DI) and biological index
(BI). The calculation method for BI, DI and TLI was according to references [7,31]. LWLa-D
was calculated by the lowest water level in the period of December—March, subtracting the
lowest water level mean over multiple years during the dry season. MWLa-R equals the
mean water level in April-May minus the mean water level over multiple years during the
rising season. In accordance with [7], the assessment indicators thresholds (Table 2) were
determined based on empirical method, frequency analysis, specification standards and so
on. Thus, the health status of the aquatic ecosystem in Poyang lake was divided into three
categories: ‘good’, ‘moderate (sub-healthy)” and ‘poor’.

2.4. Extension Evaluation Method
2.4.1. Matter Elements

The concept of matter elements was described in detail in a previous study [14]. For
conciseness and comprehensiveness, below presents simplified and relevant related nota-
tions.

Consider N as a site name and C as a character name related with a quantity V.

Then R = { } is called a matter element. This expression indicates that site N has n

\%4
C N
characters Cq, Cy, ..., Cn with the corresponding quantities V1, V, ..., V;, respectively.
Then, R is known as n-dimensional matter elements denoted by

N N Np - Ny
f [N NN N gl 511 “;12 ﬁm

Cn an VnZ Nnm
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Figure 2. The structure of the aquatic ecosystem health assessment index at Poyang Lake.
Table 2. Thresholds of indicators in Poyang Lake.
Health Sta-
. CB/DB DI MWLa-R BI LWLa-D TLI
tus/Indicators
Good <04 >2 From —1.03 m to 1.05 m 0-5.5 From —0.76 m to 0.76 m <40
From 1.05 m to 1.52 m and From 0.76 m to 1.18 m and
Moderate 0.4-0.6 1-2 5.5-6.5 40-50
from —1.50 m to —1.03 m from —0.76 m to 1.18 m
Poor 0-1 0-1 From < —1.50 m to > 1.52 m 6.5-10 From <—1.18 mto > 1.18 m >50

2.4.2. Assessment Steps of Extension Evaluation Method

(1) Verification of the assessed objects Rp, criterion Ry and maximum ranges of attributes
R
N Np Ny N
f [N N N Npl gl 2;111, Zui Ele, lei EZlmr Zlm;
o=l on W v, | T 2 21, .21 22/ .22 Zmr .2m
Cn <an11 bnl> <a}’12/ bn2> <aVlWH bnm>

For the health status of the aquatic ecosystem, the intervals are generally a representa-
tive of quantities. The symbol <ai]-, bij> should be used to denote the intervals, where a;;

and bl] (1 = 1,2, .
grade j, respectively. The maximum ranges of attributes are expressed as

P Cy (aip, bip)
U
Cn <anPr an>

nandj=12,... m) are the lower and upper bounds of the attribute i for
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This study aimed to classify Poyang Lake with V; for the attribute C; (i=1,2, ..., n)

with regard to the grade values of the health status of the ecosystem in terms of Ry defined
above. In view of matter element, the lake sampling site is written as

P C W
Rp — G 7
Ch Vi

where p could be the name of water body where the sample was taken.
@)

Computation of the extension weights with primary correlative function

The primary correlative function of point x to interval (a, b) is defined as

2((”:‘*“17‘)) v < (bff;“f/')

(0 V) = bij—ai | =

T'ij ('Uz/ Vz]) z(bij—vij> 0> (bij"‘ﬂij) 1 1,2, .
Ty ViZ T

bl] El,'j

wherev; € v, (i =1, 2, ..., n;) and

o =1,2,...m, €))

rijmax (Ui’ ‘/ijmax) = mﬂx]‘{ri]' (Ui’ ‘/l]) }

@)
If a larger value in C; corresponds to a higher grade, then

1= Jmax X (1 + rl]max (Ul' “/Z]max))' Zf rl]mux (vl’ W]nmx) — 0 5' . (3)
jmax X 0.5, if rijmux(vi/ Vii;m) < —-05

If a larger value in C; corresponds to a lower grade, then

{ (m - jmax + 1) >< (1 + rijmax (Ul’ ‘/inlR}C))’ lf rijmax (vl’ ‘/ijmax) Z _0'51
ri =

(m — jmax + 1) x 0.5, lf rijmux v;, Vi

G
oar ) < -0.5
The weight for attribute «; is given by

©)
®)

(6)

i=1

K;(p) is computed using Equations (5) and (6). The evaluation grade for each object

could be determined in accordance with the maximum correlative degree principle.
)

Determination of the evaluation grade

The evaluation grades jj and j* were determined using Equations (7) and (8).
If Kjo(p) = ;’16“5‘1,2,___ ’m}k ].( p), then the object K, belongs to the standard level jj of the
health of the aquatic ecosystem.

K(p) = Ki(p) — ""Ki(p)

] p max min
i Kj(P) —j Kj(p)

%
o _ L= joKye)

— 8
=) ®)
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7*(p) — jo(p) was determined to characterize the health status tendency of the aquatic
ecosystem. The more positive the value is, the higher the tendency grade; the more negative
the value is, the lower the tendency grade. If jo(p) is 2 and j*(p) is 2.4, j*(p) — jo(p) is 0.4.
Therefore, the accurate health status of the aquatic ecosystem of the site is 2.4, belonging
to grade 2 with a tendency of grade 3. Grades 1, 2 and 3 represent ‘good’, ‘moderate” and
‘bad’, respectively.

3. Results
3.1. Overall Health Status of Aquatic Ecosystem in the Lake

In accordance with the data and feature of Poyang Lake, the inter-annual average val-
ues of biological and physicochemical parameters of 15 sites in four seasons (January, April,
July, and October) in 2013 were calculated for the entire Poyang Lake to gain a broadened
understanding of the overall aquatic ecosystem health status.

The overall health status of the aquatic ecosystem in Poyang Lake is shown in
Figure 3 and Table 3 on the basis of the assessment indicators and thresholds of the
aquatic ecosystem in Section 2.3 and the extension evaluation method in Section 2.4. In
2013, the majority of the 15 sample sites were in ‘moderate’ condition (80%), and the
remaining sites were in ‘good’ (13.3%) and ‘bad’ (6.67%) conditions. j*(p) — jo(p) indicated
that the tendency of the health status of the aquatic ecosystem in the 15 sites was ‘good’
(53.3%), ‘moderate’ (26.7%) and ‘bad’ (20%). In summary, the overall health status of the
aquatic ecosystem in the lake aquatic ecosystem was ‘moderate” and it had a tendency to
be ‘good’. Spatially, narrow variations in overall health status of the aquatic ecosystem
were observed among all 15 sampling sites, except for site 10 and site 13, etc. (Figure 3).
The result was possibly owing to the original structure and function of lotic ecosystem in
Lake Poyang. For example, Site 10 had unique hydrological characteristics because it was
located in the narrowest zone of Poyang Lake. Site 13 had a lower velocity. In addition, site
3, 6,9 and 11 are located in the junction of different mainstream and tributaries, so they
are hydrolologically unstable. Therefore, we could see that the ecological status of Poyang
Lake had been affected by many factors, for example abnormal water level fluctuation,
velocity, eutrophication, and so on. The weights of TLI, DI and BI were higher than those of
other indicators. The weight of TLI in the 15 sites was over 0.2. In some sites, it was more
than 0.3 (Table 3). The TLI and indicators of macrozoobenthos were the major influencing
factors of the health status of the aquatic ecosystem.

3.2. Temporal and Spatial Variations in the Health Status of the Aquatic Ecosystem
3.2.1. Temporal Succession (1999-2013)

In accordance with the available data of Poyang Lake, the temporal variations in the
health of the aquatic ecosystem in 1999, 2007, 2008, 2012 and 2013 were assessed. The inter-
annual average values of the biological and physicochemical parameters of 15 sites in four
seasons (January, April, July and October) of 2012 and 2013, in October of 2007 and in June
of 2008 were calculated to determine the temporal variations in the overall health status
of the aquatic ecosystem in Poyang Lake. The data in 1999 were obtained from previous
studies (Table 1).

The assessment results of the six indicators in 1999, 2007, 2008, 2012 and 2013 and
the comprehensive assessment results of the indicators are shown in the Nightingale Rose
diagram (Figure 3). The health status of the aquatic ecosystem was ‘bad” in 1999 and 2007,
‘moderate” in 2008 and ‘good’ in 2012 and 2013. The status of some indicators were the
same during these years, whereas some other indicators totally differed. For example,
DI was ‘moderate’ in these years and LWLa-D was ‘good” in 2012 and 2013, ‘moderate’
in 2007 and 2008, ‘bad” in 1999. According to j*(p) — jo(p), the tendencies of the health
status in 2013 and 2008 were ‘good” and ‘bad’, respectively. The health status in the
remaining years was ‘moderate’. As shown in Figure 4, the assessment results of the
indicators showed a suddenly change between 2007 and 2008. The distinct change may
largely due to the different sampling season in the two years, respectively in October
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2007 (retreating season) and June 2008 (wet season). In addition, the TLI in the wet
season was lower than in the retreating season, which may be influenced by various
factors (e.g., hydrological conditions). Moreover, compared with 2007 and 2008, the
water level fluctuates greatly in the dry season, and the indicator LWLa-D showed a
sudden change. Moreover, physicochemical elements, hydromorphological elements, and
biological elements affect each other.
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Figure 3. Aquatic ecosystem health status (a) and tendency (b) of Poyang Lake in 2013.

Table 3. Aquatic ecosystem assessment results of Poyang Lake in 2013.

. Weights " .

Site TLI CB/DB DI BI WLaD MwLarR 74 TP o
1 0.31 0.10 0.23 0.14 0.10 0.11 2 172 —0.28
2 0.25 0.12 0.26 0.16 0.1 0.12 2 1.90 ~0.10
3 0.31 0.1 0.09 0.27 0.1 0.12 2 243 0.43
4 0.23 0.10 0.24 0.24 0.09 0.10 2 196 ~0.04
5 0.29 0.16 0.17 0.15 0.1 0.12 2 1.66 ~0.34
6 0.23 0.1 0.21 0.26 0.09 0.10 1 131 031
7 0.18 0.14 0.19 0.23 0.18 0.08 2 158 —0.42
8 0.21 0.14 0.21 0.22 0.16 0.07 2 193 ~0.07
9 0.19 0.14 0.34 0.13 0.14 0.06 2 241 0.41
10 0.21 0.13 0.34 0.13 0.09 0.10 3 2.88 ~0.12
11 0.23 0.17 0.21 0.1 0.20 0.07 2 2.30 030
12 0.26 0.1 0.19 0.18 0.19 0.08 2 2.03 0.03
13 0.26 0.13 0.17 0.16 0.19 0.08 1 135 0.35
14 0.24 0.22 0.16 0.14 0.17 0.07 2 193 ~0.07
15 0.23 0.16 0.23 0.14 0.17 0.07 2 176 ~0.24
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1999

Result

Grade

Indicator

(a)

2007

Grade

MWLa-R

Grade
-]

LWLa-D

Result Good

Indicator
2012
Result Goodl
Moderate
Bad
TLI
CB/DB

Indicator

(d)

Grade

Good
Moderate
Bad

TLI

CB/DB

DI

Grade

2008
Result Good
Moderate
Bad
TLI
CB/DB
BI DI
Indicator
(c)
2013
Result D Good
Moderate
Bad
MWLa-R TLI
CB/DB

LWLa-D

BI

DI

Indicator

(e)

Figure 4. Individual indicator grade and comprehensive grade of the aquatic ecosystem health assessment in Poyang Lake

from 1999 to 2013.
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Though the evaluation results in different years were the same, the status of the six
indicators varied considerably among different years (Figure 4). For example, the status
in 1999 and 2007 was similarly ‘bad’. In 1999, CB/DB and LWLa-D were ‘good” and
‘bad’, respectively, whereas the four other indices, namely MWLa-R, DI, Bl, and TLI, were
‘moderate’. In 2007, MWLa-R and TLI were ‘bad’ but DI, BI, CB/DB and LWLa-D were
‘moderate” and other indicators were different. In terms of weights (Table 4), TLI was
high in all years, indicating that lake eutrophication was the primary factor, whereas the
other indicators showed significant variations in different years. For example, DI exhibited
high weights in 2012 and 2013, whereas MWLa-R and LWLa-D were high in 2007 and
1999, respectively.

Table 4. Assessment results of the aquatic ecosystem in Poyang Lake in recent years.

Weights ()
it Grad )i
e TLI CB/DB DI BI IWLa-D MWLa-R race RO A b 112
2013 026 0.15 0.20 0.5 0.17 0.08 2 178 ~022
2012 0.23 0.14 022 0.18 0.12 0.11 1 139 039
2008 022 0.19 0.15 0.12 0.16 0.17 2 237 037
2007 021 0.06 0.18 0.13 0.12 030 3 2.54 ~0.46
1999 0.13 0.24 0.15 0.19 022 0.06 3 2.86 ~0.14

3.2.2. Seasonal Variations

In view of Poyang Lake characterized by seasonal flood pulse and considerable
alteration regarding of hydrodynamic conditions, water quality as well as aquatic species,
seasonal evaluation of the aquatic ecosystem health status for 15 sites in 2013, namely dry
season (January), rising season (April), wet season (July) and retreating season (October).

The health status of the aquatic ecosystem in four seasons, namely dry-rising-wet—
retreating periods, in 2013 in Poyang Lake is presented in Figure 5. Seasonally, the health
status was determined as ‘bad” in dry and wet seasons. In more than half of the 15 sampling
sites, the health status in dry season was worse than that in wet season. Conversely,
the health status in rising and retreating seasons were ‘moderate’. The health status
significantly varied with seasonal changes and showed the following order (worst to best):
dry season (January) < wet season (July) < retreating season (October) and rising season
(April). Seasonal variations of the aquatic ecosystem health status may largely due to water-
level fluctuations at a seasonal scale. Wu et al. [32] also reported that WL (water level)
affected the water quality in Lake Poyang by using water quality data from 1980 to 2018,
especially at the seasonal scale.

Considering that Poyang Lake is characterized by seasonal flood pulse and consider-
able alteration in its hydrodynamic conditions, water quality and aquatic species, seasonal
evaluation of the health status of the aquatic ecosystem for 15 sites in 2013 was conducted
in the dry season (January), rising season (April), wet season (July) and retreating season
(October).

The health status of the aquatic ecosystem in four seasons in 2013 in Poyang Lake
is presented in Figure 5. The health status was determined as ‘bad’ in the dry and wet
seasons. In more than half of the 15 sampling sites, the health status in the dry season was
worse than that in the wet season. Conversely, the health status in the rising and retreating
seasons were ‘moderate’. The health status significantly varied with seasonal changes
and showed the following order (worst to best): dry season < wet season < retreating and
rising seasons.

The assessment weights of the aquatic ecosystem in Poyang Lake in four seasons in
2013 are shown in Figure 6. Overall, the weights of TLI, DI and LWLa-D in all seasons
were higher than those of the other indicators and they varied among different seasons.
For instance, the weight of CB/DB was the highest in the wet season. Therefore, high tem-
perature in wet season may be suitable for blue-green algal growth. In 2011, cyanobacteria
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broke out in Poyang Lake [33]. By contrast, the weight of Bl in the wet season was the
lowest, possibly because of seasonal water quality variations. The water quality in Poyang
Lake was seasonally better in the wet season than in other seasons [34].

2013-4
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Figure 5. Aquatic ecosystem assessment results of Poyang Lake in four seasons in 2013.
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Figure 6. Aquatic ecosystem assessment weights of Poyang Lake in four seasons in 2013 (a): dry season, (b): rising season;
(c): wet season; and (d): retreating season. TLI, trophic state index; DI, diversity index of macrozoobenthos; CB/DB, ratio
of cyanobacterial biomass to diatom biomass; LWLa-D, lowest water level anomaly during dry season; BI, biotic index;

MWLa-R, mean water-level anomaly during rising season).
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3.2.3. Spatial Variations

The spatial variations in the status of the aquatic ecosystem in Poyang Lake in July
2013 are shown in Figure 7. In particular, 20%, 50%, and 30% of the 68 sampling sites
in July 2013 were classified as ‘good’, ‘moderate’, and ‘bad’, respectively. In accordance
with j*(p) — jo(p), the tendencies of the aquatic ecosystem health status in the 68 sampling
sites were ‘good’ (30%), ‘moderate’ (50%) and ‘bad’ (20%). As Figure 7 shows, the spatial
distribution of aquatic ecosystem health status was not significant, a mixture of ‘good’,
‘moderate” and ‘bad’. The assessment weights of the aquatic ecosystem in Poyang Lake
in June 2013 are given in Figure 8. Overall, the weights of TLI, DI, Bl and CB/DB of the
entire lake were higher than those of the other indicators, and they varied among different
regions. For instance, the weights of CB/DB of Lake Bay or some nearby lakes were higher
than those of other regions.

e T a0t e

2013-07
Tendency
o Gond
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® Bad

2013-07
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® Bad

*  Stations
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Figure 8. Assessment weights of the aquatic ecosystem in Poyang Lake in June 2013.
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Many studies showed significant regional differences in hydrodynamic conditions,
water quality, and aquatic species [19,35,36]. For example, big-sized aquatic plants are
mainly found in a few branch areas of the lake over the rising season [7]. As such, the
entire Poyang Lake was divided into the following five zones in accordance with their
characteristics (e.g., topography, habitat conditions, and hydrodynamics) to determine the
spatial variation in the health status of the aquatic ecosystem and the major contributors
to such variations: the northern region connected to the Yangtze River, the eastern region,
the northwestern region, the central lake and the southern region (Figure 9a). The results
revealed that the hydrographic hydrodynamics significantly differed among these regions
(Table 5). For instance, the northern region had a peak flow rate. The differences of Wusong
elevation were very striking among the five regions. In addition, the main floodway is
approximately from south to north and the elevation outside the main floodway rises
in turn, resulting in ecological consequences. For example, wetland vegetation patterns
within Poyang Lake depend on depth and duration of surface submersion and therefore
occur in well-recognized elevation zones [37]. Thus, we deduced that characteristics of lake
basin (topography, elevation, etc.), probably play an essential role in the spatial variations
of aquatic ecosystem health status.

2013
P High: : 2.99

Low: 105 L€

* 8stations
® city
Rivers

PY-lake

Figure 9. Partition map of Poyang Lake (a) and assessment results of the aquatic ecosystem in Poyang Lake in July 2013 (b).

1. Northern region connected to Yangtze River, 2. Northwestern region, 3. Central lake, 4. Eastern region, 5. Southern region.
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Table 5. Geomorphological and hydrological characteristics of the different sections in Poyang Lake.

Characteristics of Flow Speed and

Regions Lake Surface and N Human Activities Wusong Elevation (m)
Direction
Depth
Northern region Narrow waterway, Faster velocity, .
connected to Sanding —7~9.5
. deep northward flow
Yangtze River
Complicated, sanding,
. Semi-enclosed broad =~ Uneven velocity, mixed high population
Northwestern region lake, relatively shallow flow direction density, fish farming, 13~15
some inlets of river
Broad lake, relatively Faster velocity,
Central lake shallow northward flow Scarcely any affects 9~13
Eastern region Lake Bla_}; ilepth of Low flow rate Substantial fish farming 9~13
. Washland and Low flow rate or More inlets of river,
Southern region . . . 13~15
enclosed waters lentic lake serious pollution

In accordance with j*(p), the result of the reverse distance interpolation in July 2013
is shown in Figure 9b. The regional distribution characteristics of the health status were
not obvious, and all regions were a mixture of ‘good’, ‘moderate” and ‘bad’. The regional
distribution characteristics of the health status were not obvious and all regions were
a mixture of ‘good’, ‘moderate” and ‘bad’. By contrast, the health status of the aquatic
ecosystem in the eastern and northern regions was worse than that in other regions.
The status of the aquatic ecosystem in the central lake was better than that in other regions.

4. Discussion
4.1. Assessment Indicators

An appropriate indicator selection makes the assessment more objective and con-
formed to facts. Lake Poyang, as the largest freshwater lake naturally connected to Yangtze
River in China, has a series of complicated and unique hydrological and biochemical
characteristics. Therefore, this study assessed the health index of the aquatic ecosystem
in this lake, including hydrologic characteristics, trophic status, and aquatic organisms.
A complete set of indicators could provide a more comprehensive illustration on the health
status of the aquatic ecosystem than single-species indicators [10]. CB/DB, LWLa-D and
MWLa-R were appropriate and special for this study compared with the indicators in
previous studies [11,12]. Several ecological indicators have been proposed to quantify the
development status of aquatic ecosystems [7,38]. Phytoplankton biomass is one of the
widely used indicators. The higher the phytoplankton biomass, the heavier the ecosystem
status [39]. However, the phytoplankton biomass of Poyang Lake is lower than that of
lakes with similar nutrient concentrations [40]. Therefore, phytoplankton biomass could
not be used as an indicator of the health status of Poyang Lake. Alterations in phyto-
plankton biomass and species composition in a water body reflect a changing aquatic
ecosystem [41,42]. Lotic phytoplankton is dominated by a typical fluvial species of Di-
atomophyceae, while lentic phytoplankton is dominated by a typical fluvial species of
cyanobacteria [43]. Thus, establishing the ratio of CB to DB could support the identification
of the health characteristics of the aquatic ecosystem in Poyang Lake. Hydromorphological
pressures are becoming one of the main threats to the ecological integrity of global lake
ecosystems and water-level fluctuations regulate the structure and function of natural
lakes [44,45]. Considering the distinctive hydrological features of Lake Poyang, rarely used
indicators, such as water level, were used to measure the hydromorphological characteris-
tics. Poyang Lake has experienced drastic hydrological changes, such as spring drought
and lowest water level in winter, and this change has caused major hydrological, biological,
ecological, and economic consequences in this region [18,19,22,25]. As such, constructing
LWLa-D and MWLa-R could help measure the hydromorphological characteristics and
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the ecological effects and determine the health characteristics of the aquatic ecosystem in
Poyang Lake. However, optimization and adjustment of the index system are still needed.
For example, data on vegetation and fish were unavailable. Thus, ecological indicators
(e.g., migratory fish and vegetation) were not considered but future studies could break
this restriction. In summary, compared with the previous assessments of Lake Poyang, this
study comparatively used comprehensive indicators, including water level, nutrients, and
some aquatic organisms. These indicators further manifested the aquatic ecosystem status
in the lake but were not thoroughly considered in the published studies. The temporal
and spatial variations in aquatic ecosystem health assessment of Lake Poyang were rela-
tively consistent with previous research based on different indicators [11,12]. Our study
considered biological elements and supporting physicochemical and hydromorphological
elements and determined indicators thresholds. Hence, the results of our study, which was
conducted at more comprehensive scale, form a more acceptable aquatic ecosystem health
assessment of Lake Poyang.

4.2. Assessment Method

The extension evaluation method has three advantages. Firstly, it is superior to the
coarse grade, with higher accuracy ensured. Thus, a finer grading of the health status
of aquatic ecosystems was obtained. For example, in site 1 of the overall health status
(line 1 of Table 3), the accurate grade of 1.72 not only revealed the exact health status but
also provided valuable information on the recent trends of the health status to a certain
degree. Thus, the precise grade values obtained through this approach are more justified
than those from other measurement methods. Secondly, this method could effectively
distinguish the major contributors to the health status of the aquatic ecosystem in Poyang
Lake. For example, the weights of the six indicators in site 1 of the overall health status
were 0.31, 0.10, 0.23, 0.14, 0.10 and 0.11. Therefore, TLI and DI were the critical influential
indicators. The weights were different for every site in every season. Thus, this method is
more reasonable for Poyang Lake, whose ecological environment showed marked spatial
and temporal variations. Furthermore, this method is suitable for the attributive standard
(e.g., health thresholds of the aquatic ecosystem) described by an interval and not a single
numeric value. In many applications, the indicator thresholds of the health status of aquatic
ecosystems are described by intervals. Therefore, a single health status grade is inadequate
to describe the aquatic ecosystem status of a lake. Categorization based on intervals is more
rational. For fuzzy and gray assessment methods, the value of the water quality standard
is considered to be a single value [46]. The results of the present study were in agreement
with those of previous studies based on various assessment methods [15]. Therefore,
the extension evaluation method could be applied to the comprehensive evaluation of the
health status of aquatic ecosystems in lakes.

4.3. Assessment Results

The study findings were in line with the conclusions summarized in previous stud-
ies [11,12]. The health status of Lake Poyang in the last few years has been ‘moderate’ or
‘good’ (Figure 3). TLI was the major influencing indicator (Table 3). Therefore, nutrient
loadings should be reduced and eutrophication should be controlled to improve the health
of the aquatic ecosystem in Poyang Lake. Furthermore, the findings showed the annual
variability of health status indicators, such as extreme water level fluctuations, which have
been seldom explored. The annual changes in the health status of the aquatic ecosystem
in Poyang Lake were remarkable because of the influence of complex hydrological and
hydrodynamic conditions. Therefore, the results indicated that the health status was in
close relation with hydrological processes. Moreover, the evaluation results revealed that
the health status of the aquatic ecosystem in Poyang Lake, a large floodplain lake, was
comprehensively affected by many factors, not a single indicator, especially hydrographical
features (elevation, water level fluctuations) and hydrodynamics (flow velocity). For exam-
ple, the health status of the aquatic ecosystem in the boundary area between the eastern
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region and the southern region changed from good to bad in a few km (Figure 7). This may
be due to the fact that the eastern region and the southern region differ significantly in
flow velocity and elevation (Figure 9a). Furthermore, Poyang Lake undergoes dramatic
intra-annual water level fluctuations and has been described as “flooding like the sea,
drying like a thread” [47]. Thus, large-scale samplings were only in dry season, such as
“July”. However, water levels in July 2013 showed marked daily variations (Figure 10).
Sampling in wet season could often be quite fortuitous. Namely, samplings on July 6 and
July 7 may be different. Therefore, the aquatic ecosystem health evaluation results based on
monitored dataset in wet season should be interpreted with caution. In addition, compared
with previous studies [11,12], this study attempted to assess the actual health status rather
than the relative health status.

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31

DAY

e X 7 dC el \WC il kS ty

Figure 10. Daily Water Level of five Stations of Poyang Lake in July 2013.

5. Conclusions

The assessment of the health status of the aquatic ecosystem in freshwater lakes
at spatial and temporal scales has become a significant issue. This study assessed the
health status of the aquatic ecosystem in Poyang Lake and illustrated its temporal and
spatial characteristics through the extension method. The following conclusions could
be summed up from this study. The index contained three element layers, including
hydrologic characteristics, trophic status, and aquatic organisms. The six indicators were
LWLa-D, MWLa-R, TLI, CB/DB, DI, and BI. The indicator thresholds were determined
and the health status of the aquatic ecosystem was divided into three categories: ‘good’,
‘moderate’, and ‘bad’. The results showed that the health status of the aquatic ecosystem
was mainly ‘moderate’, and remarkable seasonal and spatially differences in the health
status were found. The spatial relative health status of the aquatic ecosystem from ‘good’
to ‘bad’ could be expressed as follows: the water area in central lakes was better than that
in rivers and eastern regions. The temporal order of the relative health status of the aquatic
ecosystem could be expressed as July (wet season or summer) being better than January
(dry season or winter). The health status in April (rising season or spring) was similar to
that in October (retreating season or autumn). The annual changes in the health status of
the aquatic ecosystem in Poyang Lake were remarkable because of the influence of complex
hydrological and hydrodynamic conditions. The results showed that lake eutrophication
was the major influencing factor. Therefore, nutrient loadings should be reduced and
eutrophication should be controlled to improve the health status of this lake. This study
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could serve as a theoretical foundation for recognizing the causes of health deterioration of
the aquatic ecosystem of lakes and protecting the environment in Poyang Lake.
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