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ducted an extensive sampling campaign in a macrophyte-dominated area of the eastern
region (n = 36) in 2016 in Lake Taihu, China, and combined the data gathered with results
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from extensive physico-chemical monitoring data from the entire lake. We confirmed that

Underwater light climate

SDD/Depth is the primary factor controlling the community composition of macrophytes

Water depth

and showed that plant abundance increased with increasing SDD/Depth ratio (p < 0.01), but

Community composition

that only SDD/Depth > 0.4 ensured growth of submerged macrophytes. Total phosphorus

Macrophyte

and total nitrogen also influenced the growth and community composition of macrophytes

Eutrophication

(p < 0.01), while Chla was an indirectly affecting factor by reducing underwater light penetration. Wave height significantly influenced plant abundance (p < 0.01), whereas it had
little effect on the biomass (p > 0.05). The key to restore the macrophyte beds in the lake is
to reduce the nutrient loading. A decrease of the water level may contribute as well in the
shallow bays but will not bring plants back in the main part of the lake. As the tolerance of
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shade and nutrients varied among the species studied, this should be taken into account in
the restoration of lakes by addition of plants.
© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
Submerged macrophytes affect the lacustrine ecosystem
in shallow lakes by reducing sediment resuspension, altering biogeochemical processes, improving water quality
and providing shelter for aquatic organisms (Moss, 1990;
Scheffer, 1998; (Jeppesen et al., 1998). However, approximately
two-thirds of shallow lakes worldwide are considered poor in
terms of habitat and water quality, and aquatic macrophytes
have shown a significant decline in abundance over the past
decades (Zhang et al., 2017, 2019). Eutrophication and water
level changes, resulting in reduced light conditions for the
submerged macrophytes, are of key importance for this decline. It is therefore important to unravel the relationship between the variations of submerged macrophyte abundance,
including biomass and community composition, and the associated underwater light climate (Carr et al., 2010).
Water transparency (recorded as Secchi disk depth (SDD))
and water depth are key factors affecting the light availability
and the colonised depth of submerged macrophytes in lakes
(Lacoul and Freedman 2006; Zhang et al., 2018; Karl et al.,
2004; Orth et al., 2006; Collier et al., 2012; Zhang et al., 2016).
An early study by Chen (1984) found that the photosynthesis of submerged macrophytes was inhibited when water depth was more than 1.5 times the transparency. The
study of Canfield et al. (1985) revealed that the best model to
fit the relationship between the maximum colonised depth
of aquatic macrophytes and SDD was log(depth) = 0.61 log
(SDD) + 0.26. However, this relationship is not suitable for all
lakes as it does not include the effect of depth. For example, water increases during flood seasons can lead to a decline in abundance of submerged macrophytes irrespective of
SDD (Squires et al., 2002; Leira and Cantonati 2008). How the
SDD/Depth ratio impacts the submerged macrophyte community has not been fully elucidated. The response to changes in
the ratio may vary as some macrophyte species exhibit shade
tolerance as well as morphological adaptations to declining
SDD and are thus competitive at low irradiation while other
are not (Lv et al., 2019). Thus, understanding the relationships
between the growth and species composition of submerged
macrophytes and the SDD/Depth ratio is critical for elucidating the mechanisms behind the growth and succession of submerged macrophytes in shallow lakes.
Phytoplankton biomass increases with increasing nutrient
concentrations, leading to decreased water transparency that
negatively affects submerged macrophytes (Vadeboncoeur
et al., 2001; Novak et al., 2014; Olsen et al., 2015). Several
studies have elucidated the relationship between phosphorus
loading and the occurrence, abundance and species richness
of submerged macrophytes (Scheffer, 1998; Jeppesen et al.,
2000; Carpenter, 2003; Sand-Jensen et al., 2008). However, nitrogen may also be of importance. For example, a reduction

in aquatic macrophyte diversity associated with increased nitrate concentrations was found in Polish and British lakes
(James et al., 2005) and a decrease in submerged macrophytes
richness with the increase of N loading was observed in Loch
Ness, Scotland (Barker et al., 2008). When total nitrogen (TN)
and total phosphorus (TP) concentrations exceeded a certain
threshold (N>1.2 mg/L; P>0.1 mg/L), the loss of submerged
macrophytes increased significantly (González et al., 2005). In
the mid-lower Yangtze Basin, the TP thresholds for the shift
from clear-water state to turbid-water state occurred were
0.08–0.12 mg/L (Wang et al., 2014). Macrophyte population loss
is exacerbated by shading by phytoplankton and periphyton
occurring with increased nitrogen loading (Olsen et al., 2015),
and biomass of periphyton also increased with the increase of
nutrient concentrations and reached the peak at the highest
nitrogen and phosphorus load, which led to the intensification of the shading of periphyton on submerged macrophytes
(Ozkan et al., 2010). Because of the severity of the eutrophication problems in shallow lakes, a key issue concerns the
critical nutrient level required to maintain a clear water state
(Morris et al., 2003; Scheffer and Egbert, 2007). This study explores the impact and level of nutrient concentrations on the
distribution, biomass, and community composition of submerged macrophytes.
Hydrodynamics mainly influence macrophytes by changing nutrient cycling and water clarity, while wave height is
a key factor to control this effect. Wave height is tightly related to wind speed, duration and fetch (Madson et al., 2001;
Havens et al., 2004). Wu et al. (2019) showed that hydrodynamics influenced the distribution of nitrogen and phosphorus by causing the transportation of the deposition in the
sediments, which correspond with the spatial distribution of
macropytes and phytoplankton (Duan et al., 2009) in Lake
Taihu. Zhang et al. (2014) also concluded that wind-driven
sediment resuspension was main factor controlling TSM dynamics in this shallow large lake. All these disturbances are
related to water depth, water transparency, sediment features and water chemistry, as well as currents, which may
affect the abundance, species richness, distribution and succession of macrophytes communities (Gafny and Gasith 1999;
Keddy 2000; Mitsch and Gosselink 2000; Paal and Trei 2004).
However, how the wind-driven disturbance controlled macrophytes have not been completely explored in large shallow
lakes, especially extremely turbid lakes. Moreover, there are
few studies on the effect of hydrodynamics on the growth and
abundance of submerged macrophyte and the implications
hereof for recovery of macrophytes following lake restoration
(Wu et al., 2019).
In China, most shallow lakes have experienced rapid degradation of aquatic macrophytes and deterioration of water
quality (Zhang et al., 2016). With the ‘reform and opening-up’
policy introduced in 1978, which led to rapid economic growth
but also deterioration of the water environment, Lake Taihu
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became eutrophic (Xu et al., 2010). Thus, by the 2000s the estimated phosphorus load in the lake (0.085 mg/L) was more
than sevenfold higher than in the 1960s (0.011 mg/L). Due to
the high nutrient loading, Lake Taihu has frequently experienced algal blooms, resulting in marked degradation of the
submerged macrophyte community, as well as of the ecosystem, in recent decades in the north parts of the lake (Guo 2007;
Qin et al., 2007; Xu et al., 2010). As a result, the abundance
of aquatic macrophytes in Lake Taihu has become markedly
reduced in the past 50 years (Dong et al., 2014; Zhang et al.,
2019). In several bays (e.g., Zhushan Bay and Gonghu Bay),
the clear water was replaced by turbid water and submerged
macrophytes were replaced by phytoplankton. Submerged
macrophytes grew well in Zhushan Bay before the 1990s, having a coverage of 80%, but today they are completely absent
(Dong 2011). Using remote sensing, Zhang et al. (2016) found
that in Eastern Lake Taihu, increased concentrations of nutrients, enhanced chlorophyll a and water level as well as decreased SDD were negatively related to the aquatic vegetation presence frequency (VPF). Further, they found that the
ammonia nitrogen (NH4 –N) concentration and the SDD/depth
ratio were two key environmental variables for VPF, and they
concluded that anthropogenic nutrient inputs leading to degraded underwater light climate were the main reason for this
decrease in VPF.
In this study, we tested the results based on remote sensing
by Zhang et al. (2016) by applying ground-true vegetation data
and the same environmental factors to a larger area of Lake
Taihu, and we further studied the species composition of submerged macrophytes along these environmental gradients in
the eastern region of the lake. We hypothesised that: (1) submerged macrophyte abundance would be strongly affected by
the SDD/depth ratio but also by nutrient level and wind-wave
disturbance; (2) species richness and abundance of the submerged macrophyte community would decrease with phytoplankton (Chla), because rosette-forming small species of submerged macrophytes was more sensitive than tall species under low-light conditions; and (3) the chances of macrophyte
presence in the lake varies with the nutrient level, lake depth
and wave actions.

1.

Materials and methods

1.1.

Study regions and sampling sites

Lake Taihu, located in the southern Yangtze River Delta, is the
third largest freshwater lake in China. It covers an area of 2230
km2 and has a maximum depth of 3.0 m and a mean depth of
1.9 m (Fig. 1). Water drains into the lake from rivers and channels in the northern and eastern sub-watersheds and water
from the lake discharges into the East China Sea via Taipu
River (Qin et al., 2007). At present, submerged macrophytes
are distributed in the east and south parts of the lake, including Eastern Lake Taihu, Xukou Bay, Guangfu Bay, Zhenhu Bay
and Gonghu Bay (Fig. 1). Gonghu Bay is in a state of “transition”. Potamogeton crispus appeared in spring 2016 along the
north shore but disappeared again in summer following algal
blooming, and today only a small colony of submerged macrophytes occurs along the southern shore. In Xukou Bay and

Fig. 1 – Lake Taihu showing the distribution of submerged
macrophytes. Indicated are the thirty-six sampling sites
(black circles) in the submerged macrophyte-covered area
used for the investigation in 2016 and the thirty-two
stations (white circles) distributed in the whole lake used
for monthly monitoring by the Taihu Laboratory for Lake
Ecosystem Research, Chinese Academy of Sciences (TLLER)
from 2010 to 2016.

Eastern Lake Taihu, macrophyte coverage are > 80% throughout the year (Dong 2011).

1.2.
Field measurements and survey of environmental
factors
An extensive field sampling campaign (n = 36) was conducted in the area covered by submerged macrophytes in Lake
Taihu including the northern part of Gonghu Bay, Zhenhu Bay,
Guangfu Bay, Xukou Bay and Eastern Lake Taihu in May and
August 2016 (Fig. 1). At each site, water was collected and in situ
measurements of physico-chemical variables conducted followed by sampling of plants. A 2-m-long and 10-cm-diameter
plastic tube was used to collect water samples. Subsequently,
the samples were kept in darkness while in the field and then
filtered using Whatman GF/F fiberglass filters (0.7 μm size) immediately upon arrival to the laboratory less than two hours
after sampling. Water depth and SDD were determined in situ
using a straight-scaled stick and a standard 30-cm diameter
Secchi disk, respectively. Plant samples were collected using
a two-headed rake-grapnel from a boat in the relatively soft
sediment or by an underwater diver on the hard sediment
where the two-headed rake-grapnel could not be used. Instead, a square metal frame (1 × 1 m) was lowered to cover
the plant that was subsequently collected by hand. The twoheaded rake-grapnel had a coverage area of 1 m2 , so all plants
were collected within 1 m2 independent of method. The samples were kept in dark in a cooling box while in the field
and frozen within 12 hr to avoid deterioration. Wet weight
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of plants was used as a proxy of macrophyte biomass and
was determined and categorised by species. For each sampling
site, abundance (number of individuals) and biomass indices
(shoot wet biomass, the sum of leaf and stem biomass) were
also determined. TP, TN, NH4 + -N and chlorophyll a (Chla) concentrations were determined according to Chinese standard
methods (Jin and Tu, 1990).

1.3.

Long-term wave height data

To gain the spatial distribution of maximum wave height
(wave height), the SWAN model (Simulating Waves Nearshore)
was conducted (Booijet et al., 1999). The SWAN model has
been successfully applied in Lake Taihu (Xu et al., 2013;
Wu et al., 2019). Maximum wind speed and direction for
10 min were used, with wave direction from 0° to 360° and
a direction step of 6° Water depth and wind data from 0:00 on
1 January 2010 to 24:00 on 31 December 2010 were used to get
the significant wave height of 2010 of Lake Taihu. The same
method was used to determine the wave heights of 2013 and
2016. The required water depth, speed and direction of wind
and total suspended matter (TSM) data were obtained from
TLLER (the Taihu Laboratory for Lake Ecosystem Research,
Chinese Academy of Sciences).

1.4.

Multivariate data analyses

Thirty-two sampling stations distributed in the entire lake
were investigated (Fig. 1) and the averages of five water variables from 2010 to 2016 were determined. In view of the extent
of interannual variation of the water factors, the distribution
of the five water variables in 2010, 2013 and 2016 are shown
(Fig. 2).
The community composition of submerged macrophytes
was determined from each species abundances. Thus, the
abundance of each species was calculated as the total number in which the species was sampled. Species richness was
found to be 2–6 at each site (Table 1). The wet biomass of
shoots was measured. We analysed the water quality data during the growing season (May and August) and calculated average, maximum and minimum values (Table 1). We used the
total individuals of each species of submerged macrophytes
found at each sampling site in May and August as our measure of submerged macrophyte abundance. And the May and
August mean values were used for each environmental variable.
To investigate the relationships between the abundance
and biomass of submerged macrophytes and environmental variables, Origin 2018 software was applied to perform
correlation analyses. Using multiple regressions identify the
most important environmental variables, which explain the
biomass and abundance of submerged macrophytes in the
lake (Scheffer and Beets, 1994). The significance of regression
and correlation analysis are p < 0.05.
For further intuitive understanding of the linkages between the species composition and biomass of submerged
macrophytes and environmental variables (SDD/Depth, Chla,
TP and TN), a structural equation model (SEM) was built to develop prediction equations and path analyses and to analyze
multivariate hypotheses. Structural equation modeling allows

Table 1 – Descriptive statistics of submerged macrophyte
variables (biomass and abundance) and explanatory variables for 36 sites in 2016 in the macrophyte-dominated
zone of Lake Taihu.

Variables

Mean (range)

Standard
deviation

Shoot biomass (g)
Submerged macrophyte
abundance
Submerged macrophyte
species richness
TP (total phosphorus,
mg/L)
TN (total nitrogen, mg/L)
NH4 + -N (ammonia
nitrogen, mg/L)
SDD (Secchi disk depth,
m)
Chla (chlorophyll a,
μg/L)
Depth (water depth, m)
SDD/Depth
Wave height (cm)

22.4 (6.1–47.5)
27 (6–60)

12.0
15

2–6

0.664

0.028
(0.019–0.045)
2.79 (2.06–3.50)
0.09 (0.03–0.18)

0.005
0.39
0.04

0.9 (0.5–1.6)

0.3

2.68 (1.33–4.90)

0.77

1.77 (1.3–2.5)
0.52 (0.28–0.84)
11.54(5.73–14.15)

0.27
0.16
2.29

for testing of complex network relationships (e.g., Grace et al.,
2010; Deng et al., 2018). We first determined whether there was
redundancies among environmental factors in the model and
found no correlations among the variables. Then, model trimming was performed (Kline, 2005): The significance of each
path was only if p < 0.01, and only significant paths were remained. The model parameters, such as Chi-square, p value,
CMIN/df, normed fut of the water to overcome the light limitationit index (NFI), root mean square error of approximation
(RMSEA), and comparative fit index (CFI) were used to determine the fit of the model. In this study, the parameters of two
SEM model was shown: X2 = 1.354, p = 0.508, CMIN/df = 0.917,
NFI = 0.980, CFI =1 and RMSEA = 0.000 in abundance model;
X2 = 2.008, p = 0.366, CMIN/df = 1.004, NFI = 0.965, CFI =1 and
RMSEA = 0.000 in biomass model. All these parameters indicated our SEM model was fitting well. Using SPSS AMOS 24
(SPSS, Inc.) performed the SEM model.

2.

Results

2.1.

Submerged macrophyte traits

Potamogeton malaianus, Vallisneria natans, Myriophyllum spicatum, Ceratophyllum demersum, Elodea nuttalli, and Hydrilla verticillate, the main species of submerged macrophytes, were
found in Lake Taihu and they showed different responses to
the environmental factors (Figs. 3, 4). The abundances of Potamogeton malaianus, Vallisneria natans and Myriophyllum spicatum
were related to TP and TN, and the abundances of P. malaianus
and V. natans to SDD/Depth and Chla. The strength of the relationships differed, being highest for V. natans, followed by
M. spicatum and P. malaianus. Hydrilla verticillata, Ceratophyllum
demersum and Elodea nuttalli were not related to the four environmental variables perhaps reflecting that they were less
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Fig. 2 – Distribution of the average water factors during the years 2010, 2013 and 2016 for Lake Taihu. SDD/Depth (the ratio
of Secchi disk depth to water depth), total phosphorus (TP), total nitrogen (TN), chlorophyll a (Chla) and wave height.

abundant and scattered. H. verticillata and E. nuttalli were only
found at three sampling sites, distributed in Gonghu Bay and
Eastern Lake Taihu, respectively, while C. demersum was also a
common species in Lake Taihu, mainly in Xukou Bay (Fig. 3);
however, there was no significant correlations between abundance of C. demersum and any environmental factors (Fig. 4k4n).

TP and TN were significantly negative related to the abundances of P. malaianus, V. natans and M. spicatum (Fig. 4a-4f),
while the effect of SDD/Depth was positive (Fig. 4g, 4h). Chla
was positively related to the abundances of P. malaianus and
V .natans (Fig. 4i, 4j). In the macrophyte-dominated areas, the
phytoplankton abundance was not high enough to threaten
the survival of submerged macrophytes, and phytoplankton

journal of environmental sciences 103 (2021) 298–310
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Fig. 3 – The distribution of six environmental factors and the composition of submerged macrophytes at each sampling site
in Vegetated Lake of Lake Taihu. Val = Vallisneria natans, Hyd = Hydrilla verticillata, Elo = Elodea nuttalli (Planch.) St. John,
Myr = Myriophyllum spicatum, Cer= Ceratophyllum demersum L., and Pot = Potamogeton malaianus Miq; SDD/Depth (Secchi
disk depth/water depth), total nitrogen (TN), total phosphorus (TP), chlorophyll a (Chla).

and macrophytes thus co-existed. However, Chla impacted the
plant abundance by affecting SDD/Depth (Fig. 5).

2.2.

Environmental variables in the entire lake

There were significant interannual variations in the environmental variables in Lake Taihu, especially deviating in 2013
(see the distribution of the five water variables in the lake
in 2010, 2013, and 2016 in Fig. 2). The spatial distribution of
SDD/Depth values in the west and north part of Lake Taihu
was lower than in the vegetated zone. SDD/Depth values were
highest in Xukou Bay and Eastern Lake Taihu (> 0.25) and lowest in the western region of the lake (< 0.1). SDD/Depth values in Gonghu Bay were almost similar to those in the middle
part of the lake that was dominated by phytoplankton in 2013.
The distribution of high SDD/Depth concurred with areas with
high submerged macrophyte abundances (Figs. 1, 2).
The Chla concentration was highest in the northern part
of the lake, followed by Gonghu Bay (Fig. 2). In the entire lake,
Chla decreased from north to south. The lowest concentrations of Chla were found in Xukou Bay, Eastern Lake Taihu and
South Lake Taihu. However, Chla was also high in the eastern
part of Eastern Lake Taihu and close to the level recorded in
some areas in the western lake, indicating coexistence of algae
and macrophytes. The distribution of nutrients showed similar tendencies across the lake, but in some parts large variations were observed (Fig. 2); thus, nutrient levels were lower
in the eastern part of the lake than in the western part and
highest in Zhushan Bay and its adjacent areas in all the three
years. The TP content was lowest in Xukou Bay and the western zones of Eastern Lake Taihu. The concentration of TN was
lowest in Xukou Bay and Eastern Lake Taihu.
Wave height was highest in the open area, especially in the
center of the lake, and lowest in Zhushan Bay and its adjacent
zone and the western zone of Meiliang Bay (Fig. 2). The wave
height was comparatively low in all the bays. Wave height was
also low in Eastern Lake Taihu and most parts of Xukou Bay.
Moreover, from 2010 to 2016, the wave height tended to decrease gradually.

In Zhushan Bay and Meiliang Bay, SDD/Depth (>0.2) was
close to that in Xukou Bay, and submerged macrophytes are
not present, although were widely distributed before the 1980s
(Dong. et al. 2014). However, Chla and nutrient (TN and TP)
concentrations were all higher in these two bays than in the
other bays, especially in 2016 when the Chla levels here were
the highest in the whole lake (Fig. 2). However, the areas with
the main distribution of submerged macrophytes in the lake
had a SDD/Depth > 0.4 (Fig. 3).

2.3.
Relations of submerged macrophytes and
environmental variables
Xukou Bay and Gonghu Bay had the highest SDD/Depth and
also the highest total abundance of submerged macrophytes
(Fig. 3). However, Gonghu Bay, where the highest Chla and TP
levels occurred, also had the lowest species richness of submerged macrophytes. In contrast, in Eastern Lake Taihu, having the lowest concentration of Chla and nutrients (TP and
TN), the species richness was high.
In the SEM model, SDD/Depth had the strongest link to
submerged macrophyte species abundance, followed by wave
height, while TN, Chla and TP had a significant indirect influence on species occurrence (Fig. 5a). Macrophyte biomass,
however, was more influenced by nutrients (TP and NH4 –N),
while the impact of SDD/Depth and wind waves was comparatively weak (Fig. 5b). Moreover, TN, TP and Chla exerted an
impact on SDD/Depth, whereas wave height had little influence on other environmental factors.
The results of linear fitting of environmental variables and
abundance further verified that species abundance was significantly positively related to SDD/Depth (r2 adj = 0.28, p < 0.01)
(Fig. 6a). TP and TN concentrations were all strongly negatively
related to abundance, with r2 adj values of 0.10 (p < 0.05) and
0.23 (p < 0.01), respectively (Fig. 6b, 6c). Chla concentrations
did not show significant relationship with the abundance (p >
0.05) (Fig. 6d). Wave height was also negatively related to the
abundance (r2 adj = 0.14, p < 0.05) (Fig. 6e).
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Fig. 4 – The abundance of submerged macrophyte species along the gradient of environmental factors in Lake Taihu. Secchi
disk depth (SDD)/water depth, total phosphorus (TP), total nitrogen (TN), and chlorophyll a (Chla); P1 = Potamogeton
malaianus Miq, M1 = Myriophyllum spicatum, H3 = Vallisneria natans, C1 = Ceratophyllum demersum. The solid line denoted
significant correlations (P < 0.05), whereas the dotted line denoted nonsignificant correlations.
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Table 2 – Contribution rate of environmental variables to
abundance and biomass of submerged macrophytes in
linear model of multiple regression analysis. SDD/Depth
(the ratio of Secchi disk depth to water depth), total
phosphorus (TP), total nitrogen (TN), ammonia nitrogen
(NH4 + -N), chlorophyll a (Chla) and wave height.
SDD/Depth TP
Eq. (1) 28.1%
Eq. (2) 25.2%
Eq. (3) 29.2%
Eq. (4)
Eq. (5)
Eq. (6)
Eq. (7)
Eq. (8)

Fig. 5 – The direct and indirect effects of Secchi disk depth
(SDD)/water depth, chlorophyll a (Chla), total phosphorus
(TP), total nitrogen (TN) and wave height on the abundance
and biomass of submerged macrophytes determined by
SEM. Thickness of the line indicates the strength of the
correlation and the number represents the correlation
coefficient (p < 0.05). The red and blue lines represent
significant negative and positive pathways, respectively. (a):
X2 = 1.354, p = 0.508, CMIN/df = 0.917, NFI = 0.980, CFI =1
and RMSEA = 0.000; (b): X2 = 2.008, p = 0.366,
CMIN/df = 1.004, NFI = 0.965, CFI =1 and RMSEA = 0.000.
(For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this
article.)

Multiple regression analysis produced the below bestfit minimal linear model for predicting macrophyte species
abundance:
Total abundance = 71.2 − 502.2TP − 8.5TN + 24.5SDD/Depth


−165.3Wh R2 = 0.36, p < 0.01, n = 36 (1)

TN

Wave height NH4 + -N Chla

20.2% 23.8% 27.9%
54.8%
20%
20.8% 31.7% 18.3%
71.8% 28.2%
21.3%
22.1%
9.9%
8.4%
22.8%

45.6%
36.2
53.8%
35.1%

33.1%
31.8%
37.7%
42.1%

SDD/Depth and water nutrient levels, reflected as TP and TN,
and wave height were important for predicting the total abundance, and the order of importabce was SDD/Depth > wave
height > TN > TP (Table 2). For each species, P. malaianus and
V. natans were influenced significantly by SDD/Depth, TP and
wave height, while TN was also contributing significantly for
V. natans, and M. spicatum abundance mainly was affected by
nutrients.
SDD/Depth, TN and wave height were not significantly related to the biomass of submerged macrophytes, while correlations between shoot biomass and NH4 + -N, TP and Chla were
observed (Fig. 7). A significant negative relationship between
shoot biomass and NH4 + -N appeared (p < 0.01) (Fig. 7b), followed by TP (p < 0.01) (Fig. 7c). Chla also negatively affected
shoot biomass (p < 0.01) (Fig. 7d). However, wave height did
not show any relationship with the shoot biomass (p > 0.05)
(Fig. 7e).
The best-fit minimal linear model for predicting macrophyte biomass was produced by multiple regression analysis:
Total biomass = 74.7 − 541.1TP − 16.4Chla − 161.1NH4 +


−N R2 = 0.36, p < 0.01, n = 36

(5)

P.malaianus biomass = 58 − 543.3TP −119.3NH4 + −N − 5.8Chla


+58.7Wh R2 = 0.46, p < 0.001, n = 35
(6)

V.natans biomass = 26.1 − 58.8TP − 40NH4 + − N
−3.7Chla(R2 = 0.42, p < 0.05, n = 19)

(7)

P.malaianus abundance = 22.2 − 421TP + 34.1SDD/Depth
−81Wh(R2 = 0.51, p < 0.001, n = 35)
(2)
V.natans abundance = 28 − 272.7TP − 3.8TN + 6.5SDD/Depth
2

−40.6Wh(R = 0.84, p < 0.001, n = 19)
(3)
M.spicatum abundance = 77 − 963TP
−14.5TN(R2 = 0.8, p < 0.01, n = 9)
(4)

M.spicatum biomass = 15.2 − 85.7TP − 2.3Chla − 32NH4 +
−N(R2 = 0.88, p < 0.05, n = 9)

(8)

TP and NH4 + -N, and Chla concentration were important for
predicting the total biomass of macrophytes, and the order of
importance was: NH4 + -N > Chla > TP (Table 2). P. malaianus
and V. natans were more influenced by NH4 + -N and Chla, and
wave height was also positively related weakly to P. malaianus
biomass, while M. spicatum biomass was mainly predicted by
Chla and nutrient. For each species, the influence strength of
NH4 + -N on the biomass was higher than other variables.
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Fig. 6 – Total abundance of submerged macrophyte species along the gradient of environmental factors in Lake Taihu.
Secchi disk depth (SDD)/water depth, total phosphorus (TP), total nitrogen (TN), chlorophyll a (Chla) and wave height (cm).

Fig. 7 – Shoot biomass of submerged macrophytes along the gradient of five environmental factors in Lake Taihu. Green line
indicates the trend of shoot biomass relative to environmental factors. Green shading indicates the standard error of the
estimate. Secchi disk depth (SDD)/water depth, ammonia nitrogen (NH4 + -N), total phosphorus (TP), chlorophyll a (Chla) and
wave height (cm). (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)
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Fig. 8 – Correlation between wave height and nonalgal TSM concentration of the entire lake in 2016 (a), and distribution of
disturbance index in Lake Taihu (b). Nonalgal TSM was determined by subtracting algae biomass from total suspended
matter (TSM).

Fig. 9 – The water temperature of annual average, spring, and summer of the whole lake from 2006 to 2016 (a), and water
temperature of 36 sampling sites in the eastern part of Lake Taihu (b).

3.

Discussion and conclusions

Our results suggested that SDD/Depth was the primary factor
determining the species composition of submerged macrophytes, while nutrient status, including TN, NH4 + -N and TP,
were the key variables influencing the biomass, species abundance, and even the distribution of submerged macrophytes.
Wave height affected species abundance but had little, if any,
influence on the total biomass of submerged macrophytes.
Chla was contributes negatively in the biomass by reducing
the light available for macrophyte growth.
As expected, we found that SDD/Depth was positively
correlated with the abundance of submerged macrophytes,
which confirms the results from remote sensing study by
Zhang et al. (2017) on this lake. In Eastern Lake Taihu, low

water depth somehow compensated for the low SDD, allowing growth of submerged macrophytes, while low SDD combined with relatively high water depth in Gonghu Bay led to
low SDD/Depth (67% lower here), explaining the low abundance of several species of submerged macrophytes, including the dominant species V. natans (Figs. 2 and 4). The effect of SDD/Depth ratio differed among species. Low light intensity near the lake bottom is particularly detrimental to
rosette-forming species that are not able to elongate their bodies to overcome light restrictions. V. natans and C. demersum
were the two species most and least, respectively, affected by
SDD/Depth. V. natans is a rosette-type plant, whereas C. demersum has no roots and floats in the water, so it is less affected by reduced underwater light. Potamogeton malaianus and
V. natans were the dominant species in Lake Taihu, and also
M. spicatum was commonly found. M. spicatum is less limited
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by light than by nutrients as its branches and, like P. malaianus, protrude out of the water to overcome the light limitation (Barko and Smart, 1981; Middelboe and Markeger, 1997). V.
natans is often accompanied by P. malaianus and other canopytype plants that help to clarify the water, benefiting the former (Fig. 3). Elodea nuttalli was less influenced by SDD/Depth,
likely because it is sensitive to temeparture and seldom occurs in mid-summer in the lake when light limitation typically is most severe. Our results show that SDD/Depth did not
correlate statistically with shoot biomass, but this does not
necessarily mean that SDD/Depth had no effect on vegetation
biomass. The response of the different species to SDD/Depth
varies (Fig. 4g, 4h), and some species do not exhibit a strong
response to light limitation, such as C. demersum and M. spicatum.
TP influence significantly on the biomass and abundance
of macrophytes, especially on biomass Eqs. (1)–((8)). TN did
not relate to the biomass of the macrophytes, while NH4 + -N
was negatively correlated Eqs. (5)–((8)). Zhang et al. (2016) also
found NH4 + -N concentration strongly impacted the variation
of macrophyte in Eastern Lake Taihu. The nutrients necessary for plant growth mainly come from the water, especially
for non-rooted submerged macrophytes such as C. demersum
and H. verticillata. Submerged macrophytes could not tolerate high ammonium conditions, particularly ammonia concentration, and may cause damage to and loss of macrophytes in shallow lakes Onaindia et al., 1996; Boedeltje et al.,
2001; Olsen et al., 2015; Yu et al., 2015). TP and TN also affect
SDD/Depth through their effects on Chla and, in consequence,
the community composition of macrophytes. The species we
studied responded differently to the water variables. Thus,
Chla had a direct impact on the total biomass as well as for the
three abundant species of submerged macrophytes (Eqs. (5)–
((8); Fig. 5). The biomass of submerged macrophytes showed
a decreasing trend along the Chla gradient (Fig. 7d), but their
abundance increased slightly with declining Chla (Fig. 6d).
Chla in the west part of the lake was 5–20 times higher than in
the vegetated zones (Fig. 3). In general, the macrophyte richness is higher in mesotrophic and eutrophic habitats, while
lower in hypereutrophic waterbodies due to heavily shading
by phytoplankton (Toivonen 2000; Murphy 2002). Therefore,
submerged macrophytes distributed in the eastern bays with
low nutrients, while the species richness of submerged macrophytes in Gonghu Bay was lower than in other vegetated zones
of the lake.
Wave height had a significant influence on species abundance but little impact on the biomass of macrophytes.
Submerged macrophyte species vary in their response to
high wave height conditions. For example, Stewart et al.
(1997) found that an increase in wave height from 0.1 to 0.3 m
increased the damage to M. spicatum, although it did not cause
fatal damage. Moreover, high wave height is not conducive to
the survival of rosette-type plants growing from the bottom,
e.g. V. natans (Eq. (3)); for P. malaianus, however, wave height
had a positive influence on the biomass. The latter may reflect
resuspension of sediment caused by wind wave, which reduces the transparence in shallow large lake, which may have
less effect on P. malaianus, having canopy-type characteristics,
and therefore is less sensistive to low transparency. The wave
height of the lake bays was significantly lower than in the

open water area (Fig. 2). Moreover, the daily mean wave height
was positively related to the daily nonalgal TSM (Fig. 8a). The
nonalgal TSM was determined by subtracting phytoplankton
biomass from the TSM because growth of phytoplankton were
not so dependent on wind (Jeppesen et al., 2003). The sediment is mainly found in the western and south-eastern parts
of Lake Taihu and the nutrients in the sediments are easily
released into the overlying water due to the disturbance of
wind and waves as is characteristic of shallow lakes (Li et al.,
2015; Søndergaard et al., 2003; Wu et al., 2019). As a result,
the SDD/Depth in these regions are much lower than in other,
deeper regions. In the center of Lake Taihu, however, the sediment is consolidated and the wave height high, which is
harmful to the rooting and growing of plants, hindering plant
growth. Additionally, the study of Zhang et al. (2014) showed
that a calculated disturbance index was significantly positively related to TSM concentrations in Lake Taihu, thus reflected well the degree of wind-driven disturbance. Following their methods, we obtained the spatial distribution of the
disturbance index and it corresponded well with the distribution of the submerged macrophytes in Lake Taihu (Figs. 1
and 8b). The wind-driven disturbance in the western part and
lake center is significantly higher than in the lake bays, reduceing the transparency in these zones. Therefore, the distribution of wave height and the disturbance index provide further
explanations for why the macrophytes were mainly found in
the eastern part of Lake Taihu, while only few plants occurred
in the western region and the center of the lake. The results,
however, also show that it is possible to obtain macrophytes in
Zhushan Bay and Meiliang Bay by reducing the nutrient content and thereby improve the transparency, while colonization
is not likely to occur in the center of the lake.
Phytoplankton are highly sensitive to environmental and
climate changes in aquatic ecosystems (Williamson et al.,
2009; Hoegh et al., 2010). Shi et al. (2019) found that air temperature was an important direct factor to determine the algal bloom start dates in Lake Taihu. However, the undstanding about the influence of temperature on the growth of submerged macrophytes and the response of different species
to the change of temperature in Lake Taihu and othrer subtropical lakes was still limited due to the lack of long-term
observation data. In this study, there was no significant difference in water temperature among each sampling sites
(Fig. 9b); thus, the influence of water temperature on the
growth and species composition of submerged macrophytes
was not significant. By contrast, both the average annual temperature and the summer temperature of the whole lake from
2006 to 2016 changed significantly, with the lowest in 2014
and 2015, especially in summer in 2014 (Fig. 9a). Then, how
do the biomass, community composition and distribution of
submerged macrophytes change in these two years? Therefore, future studies will focus on how long-term temperature
changes, especially in spring and summer, affect composition
and biomass of aquatic macrophytes.
In conclusion, for the whole Lake Taihu, the distribution
of submerged macrophytes was remarkably similar to that of
SDD/Depth, submerged macrophytes mainly occurring in areas with an SDD/Depth > 0.4. In Zhushan Bay and Meiliang
Bay, submerged macrophytes were not present, mainly due to
the high Chla and nutrients concentrations (TN and TP) and
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the fact that SDD/Depth was not high enough to overcome the
light limitation of algae. The abundance and richness of submerged macrophytes were highest in areas with a SDD/Depth
of 0.4–0.65, which are thus the most suitable areas for plant
growth. Therefore, to restore submerged macrophytes in eutrophic large shallow lake, it is necessary to increase the value
of SDD/Depth above > 0.4 to ensure growth of submerged
macrophytes. The key to enhance the SDD/Depth in the lake
is to reduce the nutrient loading. A decrease of the water level
may contribute as well in the bays but will not bring plants
back to the main part of the lake. As the tolerance to shade and
nutrients varies among the species studied, this is an important aspect to take into account when selecting plants species
for lakes restoration.
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