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Abstract Identifying critical hydrologic parameters that
structuring biological communities is crucial for the conserva-
tion and restoration of wetland ecosystems. The present study
determined the key parameters of water level fluctuations
(WLFs) influencing the distribution of a typical wetland plant,
Carex, in shallow lakes along the middle and lower reaches of
the Yangtze River. The plant community and environmental
variables in 13 shallow lakes with different WLFs were inves-
tigated during 2011-2015. A total of 14 parameters included
in three components of WLFs were identified, and their effects
on the distribution of Carex were analyzed. The results
showed that distribution of Carex in the studied lakes differed
obviously in time and space. WLFs were the critical factors
influencing the taxa distribution, whereas soil organic matter,
human disturbance, substrate type, and soil moisture were of
little importance. Rate of water level change and elevation
above water were the main parameters determining the cover-
age and biomass of Carex during the spring growing season.
In the autumn growing season, rate of water level change,
elevation above water, and emergence timing were important.
These results provide important insights into the conservation
and restoration of Carex and other hygrophytes in shallow
lakes in this region.
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Introduction

Wetlands are diverse and productive ecosystems that harbor a
variety of plants and animals and provide valuable goods and
services to human society (Richardson 1994; Sellheim et al.
2016). In the past few decades, most wetlands worldwide have
been degraded to various degrees due to hydrological alter-
ation, pollution, habitat loss, and species invasion (Tharme
2003; Van Geest et al. 2005a; Wang et al. 2016a). Among
these threats, hydrological alteration is the most important
because periodic hydrological processes are widely regarded
as the main driving forces in riverine ecosystems (Carter
1986; Poff et al. 1997).

In wetlands and lakes, water level fluctuations (WLFs) are
very important factors (Coops et al. 2003; Leira and Cantonati
2008), and water level regulation is considered as a useful tool
for vegetation restoration (Coops and Hosper 2002; Van Geest
et al. 2005a; Zhang et al. 2014). WLFs can be broken down
into five components, i.e. magnitude, frequency, duration,
timing, and rate of change (Poff et al. 1997; Webb et al.
2012). Previous studies have shown that plant assemblage is
strongly structured by WLFs (Casanova and Brock 2000; Van
Geest et al. 2005a; Raulings et al. 2010; Bornette and Puijalon
2011). Plants develop a range of morphological characteristics
and life history strategies to adapt to the periodic water regime
over a long period of time (Visser et al. 2000; Lytle and Poff
2004). For wetland plants, germination, seedling growth,
flowering, and seed dispersal depend on WLFs to varying
degrees (Rood et al. 1995; Smith and Brock 2007; Edwards
et al. 2011; Yang et al. 2015). Most studies on the effects of
WLFs have been conducted on riparian and macrophyte
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species (Rood et al. 2005; Smith and Brock 2007; Zhang et al.
2013), whereas only very limited evidences are available for
hygrophytes (Xu et al. 2015; Yang et al. 2015). Moreover,
most studies tended to explore the effects of a single WLF
component (e.g. magnitude or rate of change) on the germi-
nation and seedling growth of plants, mainly by manipulation
experiments (Deegan et al. 2007; Smith and Brock 2007;
Edwards et al. 2011; Wang et al. 2016b). Evidence regarding
the combined effects of different WLF components remains
scarce, especially from field investigations (Casanova and
Brock 2000; Riis and Hawes 2002; Zhang et al. 2015).

The Yangtze River floodplain is among the most important
ecoregions of the world, and there are thousands of shallow
lakes located in this region (Wang et al. 2016a). Aquatic plants
are abundant (approximately 400 hygrophytes have been re-
corded), and they play an important role in maintaining the
regional biodiversity and functioning of the ecosystem.
However, water regime in this region has been dramatically
altered due to river-lake disconnection, hydropower projects,
and embankment engineering etc. (Wang and Wang 2009),
resulting in serious degradation of hygrophyte communities
(Hu et al. 2015). Therefore, understanding the effect of WLFs
on the hygrophytes is essential for the conservation and res-
toration of wetlands in this region.

In the present study, we investigated the effects of
WLFs on a typical hygrophyte Carex through large-scale

field investigations. Carex is widely distributed in the Yangtze
shallow lakes (Hu et al. 2013), and it is closely associated with
water birds such as goose, providing food and habitats for
these migratory species and other aquatic animals (Guan
et al. 2014). Our objective is to determine the key parameters
of WLFs structuring the Carex community in shallow lakes.
We expect that our results can provide valuable information to
aid in the conservation and restoration of Carex and other
hygrophytes in shallow lakes in this region.

Materials and Methods
Studied Lakes

The shallow lakes along the middle and lower reaches of the
Yangtze River (108—122°E, 24-34°N) cover an area of ca.
1.6 x 10° kmz, accounting for 1/5 of the total lake area in
China. Climate in this region is subtropical monsoon. The
annual average temperature is 13-20 °C, and the annual pre-
cipitation is 800-1600 mm (Wang et al. 2016a; Wang and
Wang 2009). Field investigations were carried out in 13 lakes
(Fig. 1), including six sub-lakes of Poyanghu Lake with dif-
ferent WLFs. The environmental characteristics of the studied
lakes are shown in Appendix Table 4. According to their
WLFs characteristics, the studied lakes can be divided into
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Fig. 1 Locations of the studied lakes along the middle and lower reaches of the Yangtze River
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three types, i.e. quasi-natural, intermittent and reservoir-like
(Fig. 2) (Zhang 2013). The WLFs of the quasi-natural and
intermittent lakes are similar to the water regime of the
Yangtze main stem, with the former being larger in amplitude
than the latter. The water levels of the reservoir-like lakes are
regulated and maintained in a reverse condition.

Field Investigations

Carex has two growing seasons each year: the first is from
spring to summer (before the flood season), and the second
starts after flood recession in autumn (Bernard 1990). Field
investigations were therefore carried out in late spring (April-
March) and autumn (October—November) during 2011-2015.
A total of 88 sampling transects were randomly set, and 417
plots (0.5 m % 0.5 m) were sampled including 124 in spring
and 293 in autumn. For each lake, one-three sampling tran-
sects were randomly selected. The lower limit of each transect
began at the water edge and ended when terrestrial species
were encountered (Zhang et al. 2014). In each transect, five-
eight plots were set along an elevation gradient of the lake-
shore. All species in each plot were recorded and identified
according to taxonomic monographs (Zhao and Liu 2009,
“Flora Republicae Popularis Sinicae” http://frps.eflora.cn/).
The coverage of each species was estimated as the ratio of the
projected area of its aboveground parts to the plot area (Li
2000). The total coverage of each plot was calculated as the
sum of all species found in the plot. The aboveground parts in
the plot were destructively harvested, and the fresh mass was
measured with an electronic balance. The occurrence data
were further organized as shown in Appendix Table 5.

Five classes of environmental variables were considered
including lake morphometric parameters (shoreline develop-
ment index), nutrition (soil organic matter), substrate (sub-
strate types and soil moisture), human disturbance, and com-
ponents of WLFs. The shoreline development index was cal-
culated according to the following equation (Aronow 1982):
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Fig.2 Diagram of the three types of WLFs with standardized water level
data

D, = L/2\/7A, where L is the shoreline length, and A is the
lake area. The values for L and A were extracted from the
literatures (Wang and Dou 1998; Zhang 2013; Wang et al.
2016a). Soil organic matter was measured by the K,Cr,O,
titration method after digestion according to standard proto-
cols (Lu 2000; Ding 2013). Substrate types were classified as
silt, clay, loam, silt and sand, clay and sand, loam and sand, or
sand. Soil moisture were measured with a portable soil mois-
ture meter. Human disturbance was divided into three levels:
small (with rare human activities), middle (near to roads or
wharfs), and large (with embankment, grazing or cutting).

Calculations of Parameters of WLFs

The WLFs of each lake were quantified using the daily water
level data collected from the Hydrology and Water Resource
Bureau of Hubei Province (http://www.hbswj.com), Anhui
Hydrological Telemetering Information System (http:/61.
191.22.157/TYFW/InfoQuery/HeDao.aspx), and records of
local gauge stations (Dahuchi Lake and Shahuchi Lake).
The data for Dahuchi Lake and Shahuchi Lake in 2011 were
used to replace the missing data during field investigation in
2012. A total of 14 parameters were quantified belonging to
three components of WLFs: magnitude, timing, and rate of
change. The elevation above water (E) of each plot was esti-
mated as the perpendicular distance from the center of the plot
to the water surface (Zhang et al. 2014) and was treated as a
measure of magnitude of WLFs. Monthly E values in
February—April and August-October (E-Feb, E-Mar, E-Apr,
E-Aug, E-Sep, E-Oct) were calculated to reflect the two grow-
ing seasons of Carex. Annual amplitude was also considered
as a measure of magnitude, and was calculated as the differ-
ence between the minimum and maximum water level for
each year (Smith and Brock 2007). Emergence timing (ET)
occurred in autumn when water receded and was defined as
the first day that the plot emerged. Rate of water level change
(R) referred to the daily water level change and was calculated
as the absolute difference in water levels between one day and
the subsequent day. The R values in February—April (rising)
and August—October (declining) (R-Feb, R-Mar, R-Apr, R-
Aug, R-Sep, R-Oct) were calculated regarding the two grow-
ing seasons. Because of the lack of daily water level data, the
amplitude and ET for five lakes (Zhonghuchi Lake,
Changhuchi Lake, Zhushihu Lake, Banghu Lake, and
Chenhu Lake) were estimated using monthly data, and the E
and R values of these lakes could not be calculated.

Data Analyses
The relationships between Carex community and environ-

mental variables were assessed using Spearman correlation
analyses and curve estimation regression analyses based on
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transect data. A redundancy analysis (RDA) was carried out to
assess the influence of WLFs, soil moisture, and substrate
types on Carex community using the plot data. Three species,
i.e. C. cinerascens, C. argyi, and C. laticeps, were dominant in
terms of frequency of occurrence, and the critical parameters
of WLFs for them were further identified. The choice of the
linear ordination method was based on the short gradient
lengths determined from a preliminary detrended correspon-
dence analysis (DCA). Data analyses were performed with
SPSS 19.0 and Canoco 5.0.

Results
Community Characteristics

A total of 9 Carex species were identified, with the dominant
species being C. cinerascens and C. argyi (Appendix Table 5).
Besides Carex, there were 112 species belonging to 34 fami-
lies. Carex grew better in spring than in autumn. The coverage
and biomass values were 38.8 £ 5.5% (mean + SE) and
395.0 + 60.1 g/m? in spring, and 27.5 + 3.4% and
364.1 + 34.6 g/m” in autumn, respectively. The biomass var-
ied significantly among the studied lakes (Fig. 3). It was the
highest in Banghu Lake in spring and Dongtinghu Lake in
autumn, with average values of 891.5 + 292.3 g/m* and
651.2 + 147.1 g/m?, respectively. The lowest biomass was
found in Chaohu Lake both in spring and in autumn, with
average values of 18.2 + 14.2 g/m? and 0.6 + 0.6 g/m?,
respectively.

Environmental Analyses

The occurrence, coverage, and biomass of Carex were signif-
icantly related with WLFs (Table 1). A significant negative
correlation was found between occurrence and type of WLFs

(P < 0.01), indicating that Carex rarely occurred in reservoir-
like lakes such as Chaohu Lake and Liangzihu Lake. By con-
trast, occurrences in spring and in autumn, coverage and bio-
mass in autumn had positive correlations with the amplitude
of WLFs (P < 0.05), suggesting that higher amplitude of
WLFs favored the growth of Carex. Shoreline development
index was also important, since it significantly related to cov-
erage and biomass in spring, and biomass in autumn
(P < 0.05). However, no significant relationship was detected
between the plant community and soil organic matter or hu-
man disturbance (Tables 1 and 2).

Key Parameters of WLFs

RDA analysis showed that the cumulative percentage var-
iation of axes 1 and axes 2 was beyond 80% (Table 3),
suggesting that environmental variables related to WLFs,
soil moisture, and substrate types explained most of the
variations in the distribution of Carex. The ordination dia-
grams of the species and environmental variables are shown
in Fig. 4. Among the parameters of WLFs, R-Feb, R-Mar, and
R-Apr played a pivotal role in determining the germination
and growth of Carex during the spring growing season. E-Feb,
E-Mar and E-Apr were of certain importance (Fig. 4a, b). In
the autumn growing season, R-Aug, R-Sep, R-Oct, E-Aug, E-
Sep, E-Oct and ET were the predominant parameters of WLFs
(Fig. 4c, d), whereas soil moisture and substrate types were of
little importance.

Discussion

Effects of WLFs

WLFs not only directly affect the growth and reproduction of
plants, but also indirectly affect the moisture, oxygen, and
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Fig. 3 Comparison of biomass of Carex in different lakes
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Table 1  Correlation coefficients between environmental variables and
biological characteristics of Carex community
Occurrence  Coverage Biomass
Spring  Occurrence 1.000
Coverage 0.347 1.000
Biomass 0.454* 0.858**  1.000
Type of WLFs —0.075 0.298 0.208
Amplitude of WLFs 0.379* 0.130 0.246
Shoreline development —0.275 —0.659%* —0.652%*
index
Soil organic matter 0.041 0.278 —0.049
Human disturbance —-0.182 —0.258 —-0.347
Autumn  Occurrence 1.000
Coverage 0.362% 1.000
Biomass 0.308* 0.733**  1.000
Type of WLFs —0.340%*  —0.167 —0.145
Amplitude of WLFs 0.303* 0.343%* 0.269%
Shoreline development —0.243 —0.283 —0.327%*
index
Soil organic matter —0.065 0.104 0.119
Human disturbance —0.147 —-0.290 —0.120

Significance levels: * P < 0.05, ** P < 0.01

substrate that the plants depend on (Keddy and Reznicek 1986;
Rood et al. 1995; Coops et al. 2003; Van Geest et al. 2005a; Yu
and Yu 2009; Wei et al. 2010). The present study showed that
WLFs were the critical factors that determined the distribution
of Carex in Yangtze shallow lakes. The magnitude, timing, and
rate of change were found to be significantly correlated with the
taxa in their different life history stages. The shoreline devel-
opment index was negatively correlated with Carex, indicating
that the shoreline morphology was of certain importance. In

Table 2 Curve estimation regression analyses between coverage/
biomass of Carex and environmental variables
Environmental Variables Coverage Biomass
n P n P
Spring  Type of WLFs 28 0.000%* 29  0.000%*
Amplitude of WLFs 24 0.681 28 0.072
Shoreline development index 24 0.950 28 0.024*
Soil organic matter 21 0.110 24 0.907
Human disturbance 23 0.280 25 0.087
Autumn  Type of WLFs 59 0.007** 59 0.014*
Amplitude of WLFs 39 0.070 59 0.012%*
Shoreline development index 39 0.156 59  0.035*
Soil organic matter 36 0.446 55 0.086
Human disturbance 35 0.070 56 0.190

Significance levels: * P < 0.05, ** P < 0.01

this study, lakes with a small shoreline development index usu-
ally held a large area of flat inshore region (e.g. Dahuchi Lake,
Zhonghuchi Lake etc.), which was beneficial to Carex devel-
opment. Previous studies have shown that substrate types and
nutrients affected plant growth and vegetation succession to
some extent (Barko and Smart 1983; Hu et al. 2011).
However, they were of little importance in this study mainly
because both the substrates and nutrients were quite homoge-
nous among the studied lakes.

Our results showed that Carex biomass differed markedly
among the three types of lakes, with the highest values occur-
ring in intermittent lakes and the lowest in reservoir-like lakes.
These results suggested that the type of WLFs is very impor-
tant in shaping the Carex communities in the shallow lakes.
The type of WLFs describes the water regime and seasonality
of water levels. A reverse condition of the water regime such
as that in the reservoir-like lakes is detrimental to Carex as
well as other wetland plants. The water levels of intermittent
lakes are low and stable before the flood season (Zhang 2013;
Wang et al. 2016a), which is beneficial to the germination and
growth of these species. By contrast, the reservoir-like lakes
usually maintain a higher water level during germination
(Zhang et al. 2014; Wang et al. 2016a), exerting detrimental
effects on plant development.

Key Parameters of WLFs

Like other wetland plants, Carex adopts life history strat-
egies that are closely correlated with the natural water
regime. In different life history stages, the plants are af-
fected by specific components of WLFs. Regarding the
magnitude of WLFs, amplitude is an important factor
shaping the habitat and plant community (Keddy and
Reznicek 1986; Riis and Hawes 2002; Leyer 2005; Van
Geest et al. 2005b). Our study revealed that Carex grew
better in lakes with a large amplitude (> 3 m). Similar
results were also found in other studies in this region
(Zhang et al. 2015). Due to the monsoon climate, the
highest water level in the Yangtze shallow lakes usually
occurs during July—August, when Carex species have already
completed their life history in the first growing season.
Under these conditions, the taxa could gain competition
advantages because a large amplitude would eliminate
competing species that cannot tolerate prolonged inunda-
tion. In addition, Carex reproduce mainly by belowground
rhizomes, and can germinate again when the water recedes
(Bernard 1990).

Rate of change in water level was found to be important in
both growing seasons of Carex, especially during the germi-
nation and fast growing periods. Plants tend to develop a se-
ries of morphological adaptions with water level changes
(Strand and Weisner 2001; Wu et al. 2012; Zhang et al.
2013), but time is needed for morphological adaptation to
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Table 3 Eigenvalues and

species-environment correlation Ordination axes 1 2 3 4
and cumulative percentage vari-
ance for the first four axes of Coveragesprmg Eigenvalues 0.120 0.090 0.051 0.311
RDA species-environment Correlations 0.597 0541 0379 0
Cumulative percentage variance of species data /%  12.0 21.1 26.1 57.2
Cumulative percentage variance of 46.0 80.5 100
species-environment /%
Biomassgping Eigenvalues 0.100 0.069 0.025 0.324
species-environment Correlations 0572 0447 0271 O
Cumulative percentage variance of species data /% 10.0 17.0 19.5 51.9
Cumulative percentage variance of 514 87.0 100
species-environment /%
Coverageaymmn  Eigenvalues 0.137 0.057 0.449  0.357
species-environment Correlations 0527 0336 0 0
Cumulative percentage variance of species data /% 13.72 19.41 64.3 100.0
Cumulative percentage variance of 70.7 100
species-environment /%
Biomass s yeumn Eigenvalues 0.113 0.050 0.468 0.368
species-environment Correlations 0472 0319 0 0
Cumulative percentage variance of species data /% 11.31 16.33  63.17 100
Cumulative percentage variance of 69.25 100

species-environment /%

occur. In the spring growing season, if the water level rises too
fast for Carex to complete any morphological adaptations, the
aboveground parts are exposed to inundation stress and even
die because of light shortage (Wu et al. 2012) or rapid oxygen
depletion (Brock et al. 1987). Also, the rapid decline of the
water level in autumn might have detrimental effects on ger-
mination and seedling growth due to lack of water. Similar
results were also documented in cottonwoods (Populus sp.)
and willows (Salix sp.) (Mahoney and Rood 1998; Rood et al.
2005; Amlin and Rood 2002).

Regarding the timing of WLFs, we found that emer-
gence timing in autumn was crucial to Carex development
in the autumn growing season. Because Carex cannot ger-
minate underwater, successful germination after water re-
ceded depends on the emergence timing and the tempera-
ture. If emergence occurs earlier, germination might be
prohibited due to water shortage attributed by rapid decrease
of water level (Zhang 2013). By contrast, if emergence
occurs much later in the autumn growing season, Carex
development might be limited by the decreased tempera-
ture and inundation stress. The delayed emergence timing
in autumn could reduce the growth rate and biomass of
Carex, and further result in food shortages of wintering
geese in this region (Guan et al. 2014).

Many studies have reported that hygrophytes establish
themselves at different elevations in response to WLFs in
seasonally flooded wetlands (Lenssen and De Kroon 2005;
Leyer 2005). Our results also indicated that elevation above
water had significant correlations with the distribution of
Carex. In the shallow lakes, elevation per se might have little
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effects on the germination and growth of hygrophytes, but it is
closely related to soil moisture, timing of submergence and
emergence, which are crucial for hygrophyte development
(Chen et al. 2015; Xu et al. 2015). Soil moisture is proved to
be an important factor influencing the germination and growth
of wetland plants (Booth and Loheide 2010; Xu et al. 2015;
Yang et al. 2015). In the present study, however, no significant
relationship was detected between soil moisture and Carex
community, probably due to the reason that soil moisture
in lakeshore of these shallow lakes was generally high
(10%—-50%).

Implications for Further Studies and Conservation

Regarding to the effects of WLFs, previous studies have usu-
ally conducted by simulation experiments. Water depth and
soil moisture are the most concerned because the manipulation
of other parameters such as timing and magnitude are difficult
and even impossible. In the present study, we revealed the
effects of each component of WLFs on the distribution of
Carex through filed investigations. Our results provided some
new insights compared to previous simulation experiments.
For example, we revealed the importance of different param-
eters of WLFs during the different life history stages of Carex.
In addition, several experimental manipulations indicated that
a moderate amplitude was beneficial to aquatic plants.
However, we found that Carex preferred a large amplitude
under natural conditions. Moreover, simulation experiments
have shown that inundation can inhibit the germination and
growth of Carex (Wang et al. 2007; Yang et al. 2015), whereas
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Fig. 4 RDA ordination diagram of species and environmental variables
in spring (a, b) and autumn (¢, d). Subst: substrate, E: average elevation
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we observed that prolonged inundation after the first growing
season was necessary for the taxa to reduce interspecific com-
petitions in shallow lakes. Since both simulation experiments
and field investigations have pros and cons, a better approach
would be to combine them together in the further studies.

In the present study, we determined the effects of different
parameters of WLFs on the distribution of Carex by large
scale field investigations. Our results can provide important
implications considering the conservation and restoration of
Carex and other hygrophytes in shallow lakes. Because a
reservoir-like type of WLFs is harmful to vegetation develop-
ment, it is important to keep the water regime in a natural or
quasi-natural condition. The present study also revealed that
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water in February, R: rate of change in a month, e.g. R-Feb represents rate
of change in February, ET: emergence timing, SM: soil moisture, C. arg:
Carex argyi, C. Lat: Carex laticeps, C. Cin: Carex cinerascens

rate of change and emergence timing were key hydrologic
parameters determining the distribution of Carex. Water level
regulation in this region should take into consideration of
these two factors regarding the restoration of Carex and other

hygrophytes.
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Table 5 Distribution of Carex in 13 lakes along the middle and lower reacheas of the Yangtze River

Studied lakes C. cinerascens C.argyi C. laticeps C. brevicuspis C .neurocarpa C. dimorpholepis C. unisexualis C .leiorhyncha C. rigescens

Dongtinghu  + + - *
Hukou * * - - +
Chenhu * * - - +
Shimenhu * * - - +
Shengjinhu  * * - -
Dahuchi * * + -
Shahuchi * * - - +
Zhonghuchi  * * - -
Changhuchi  * - - - -
Zhushihu * * - - -
Banghu * - + - -
Chaohu * + - - -
Liangzihu - + - - +

+ + - -
+ —_ — —
+ —_ — —
+ + + -
- + - +
+ _

+ presence, — absence, * dominant species
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