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ABSTRACT: (I) Large dams alter flow regimes and water-level fluctuations, reshaping riparian
disturbance regimes and shoreline habitat conditions, with important implications for vegetation recovery,
biodiversity maintenance, non-native species establishment, and reservoir shoreline management. However,
how these effects vary among flow regulation types and water-level fluctuation (WLF) zonation remains
insufficiently understood in cascade reservoir systems. We asked: (1) how species richness, alpha diversity,
beta diversity, and the proportion of non-native species vary among flow regulation types and WLF
zonation; (2) which plant species indicate different regulation types and WLF zonation; and (3) which biotic
or abiotic factors best explain variation in riparian species composition. (II) WLF zonation of nine cascade
reservoirs along the Wujiang River, central China. (III) We surveyed 573 quadrats across 72 sites in
inundation, transitional, and unflooded zones of reservoirs with daily, weekly, seasonal, or yearly regulation.
Vegetation composition and local environmental variables were recorded. ANCOVA was used to test
differences in vegetation diversity and non-native species proportion among regulation types and WLF
zonation. Redundancy analysis and variation partitioning were used to assess the relative effects of dam
properties, hydrological alteration, and local environmental factors on species composition. (IV) Riparian
vegetation differed clearly among regulation types and WLF zonation. Seasonally regulated reservoirs
supported the highest herbaceous species richness in the inundation zone, followed by daily and weekly
reservoirs, and then the yearly regulated reservoir. Daily reservoirs had the highest beta diversity, whereas
the yearly reservoir had the lowest. Annual species were mainly associated with yearly regulated shorelines,
while perennial species dominated daily and weekly reservoirs. Non-native species also varied among
regulation types and WLF zonation, with Alternanthera philoxeroides and Erigeron canadensis associated
with weekly and seasonally reservoirs, respectively. Indicator species differed among regulation types and
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WLF zonation, suggesting distinct vegetation assemblages under contrasting regulation regimes. Dam
properties were the strongest predictors of riparian species composition, while hydrological alteration and
local environmental conditions also contributed. (V) Riparian vegetation composition in cascade reservoirs
reflects the cumulative effects of contrasting long-term flow regulation regimes, WLF zonation, and
associated environmental filtering. Regulation type was linked to differences in plant diversity, annual-
perennial dominance, non-native species occurrence, and community composition. These findings highlight
the need to consider long-term hydrological regulation and invasion risk when managing and restoring
reservoir WLF zonation.

Keywords: Cascade dams; Environmental filtering; Flow regulation; Non-native species; Riparian vegetation

1. Introduction

The construction of dams affects river ecosystems by altering flow regimes and connectivity [1,2].
Damming fragments the river channel [3] and associated floodplain habitats [4], leading to a series of
environmental problems, including biodiversity loss [5], barriers to fish migration [6], altered sediment
transport [7] and water eutrophication [8]. These impacts remain highly relevant because freshwater
biodiversity is declining rapidly worldwide, and recent recovery frameworks emphasize environmental
flows, water-quality improvement, habitat restoration, invasive species control, and the safeguarding or
restoration of river connectivity as key actions to reverse freshwater biodiversity loss [9,10]. At the same
time, increasing demand for irrigation, hydropower, fisheries, recreation, and drinking water continues to
drive reservoir construction and operation [11]. Recent studies have therefore shifted from simply
documenting dam impacts to assessing how environmental flows, ecological operation, hydropower
planning under environmental constraints, and dam removal can mitigate ecological degradation in
regulated rivers [12—15]. Given these developments, it is important to understand how damming and
reservoir regulation affect biodiversity and riparian vegetation across different biogeographical and
operational contexts.

The Water level fluctuation (WLF) zone of a reservoir refers to the region between the lowest and
highest water level [16]. Although WLFs occur naturally in lakes across seasonal and interannual timescales
[17], they are often intensified after dam construction. Artificial flow regulation disturbs the natural flow
regime in reservoirs and downstream river, usually increasing the range, frequency, duration, and
seasonality of water-level fluctuations. Existing riparian species, particularly plants adapted to natural flow
regimes, may be poorly suited to these altered hydrological conditions [18]. Together with increased
sedimentation and altered nutrient and organic matter fluxes caused by damming [19], these changes can
affect plant growth, phenology, seed dispersal, regeneration, and floristic composition [20-22]. As a result,
WLF zones in reservoirs often support lower plant diversity and biomass than natural riparian zones, and
are commonly dominated by species in early or intermediate successional stages [23—25]. These disturbed
conditions can also facilitate the spread and establishment of non-native species [26,27].

Both hydrological gradients and local environmental filtering shape the composition and spatial
distribution of riparian plant communities in WLF zones. Under natural flow regimes, riparian vegetation
is influenced by local abiotic and biotic factors, as well as catchment-scale dispersal processes and river
connectivity [28,29]. In reservoirs, these processes are modified because WLF frequency, magnitude,
duration, and timing are strongly controlled by dam operation [24,30]. Water-level ranges may increase
from only a few metres to more than 20 m in extreme cases [31], creating strong gradients of inundation,
exposure, soil moisture, substrate stability, and nutrient availability. For example, the Three Gorges Dam
has created an extensive WLF zone along the Yangtze River, producing clear spatial gradients in riparian
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plant communities both longitudinally along the reservoir—river continuum and laterally from the water’s
edge to higher elevations [30]. Differences in inundation duration among reservoirs can also lead to distinct
vegetation patterns and community composition within WLF zones [32,33]. Long-term recolonization of
WLF zones, therefore, depends on both the self-organization ability of plant communities and the suitability
of exposed shoreline habitats for plant survival and regeneration [34]. In addition to hydrological regime,
dam properties such as storage capacity and reservoir age can influence reservoir operation, local
environmental conditions, and riparian vegetation composition [35]. Local factors such as slope may further
affect plant diversity and biomass by regulating soil erosion, substrate stability, and the retention of fine
sediments during repeated drawdown and flooding [31,36]. These geomorphic processes may also
accelerate reservoir sedimentation and reduce storage capacity, contributing to premature infrastructure
aging [37].

Retaining reservoir riparian vegetation, whether for its intrinsic biodiversity value and support for
higher trophic levels [38], or to mitigate soil erosion and reservoir infilling through sediment interception
and soil structuring [39], is a recurrent challenge for land managers [40]. Sensitivity analysis and related
approaches for identifying key environmental drivers are increasingly important in water-resource
monitoring and management, because they help determine which hydrological, hydraulic, and vegetation-
related variables most strongly affect ecosystem responses. Recent studies have emphasized the role of
vegetation traits and structure in regulating flow resistance, bed shear stress, and flood hazard in vegetated
channels, as well as the sensitivity of aquatic communities to hydrological and climatic disturbances [41—
43]. This challenge is particularly important in reservoir WLF zones, where contrasting flow regulation
regimes can alter inundation-exposure conditions, vegetation establishment, non-native species invasion,
and shoreline stability. Understanding how riparian plant communities respond to different types of
regulation within the same biogeographic context is therefore important for reservoir operation, shoreline
restoration, biodiversity conservation, and invasion risk management [44]. Many studies have focused on
riparian vegetation before and after dam construction, e.g., Three Gorges Dam [24,30], while others have
explored one specific regulation type (i.e., daily, weekly, seasonally, or yearly) rather than how plant
communities respond to different types of flow regulation within the same biogeographic context [45]. The
influence of diverse factors, such as climate and local environmental variables, on the distribution patterns
of riparian plants has been investigated [46,47], but, other than boreal-regulated rivers assessed by Jansson
et al. (2000) [18] , it remains unclear how WLF caused by large dams shapes reservoir vegetation
composition through environmental filtering under contrasting regulation regimes.

In our study, we explored different types of water level regulation in nine large cascade reservoirs located
along the Wujiang River in China. We investigated how reservoir riparian vegetation varied with WLF
magnitude (2-65 m), WLF frequency (daily, weekly, seasonal, and yearly), and local environmental factors,
including topography, soil characteristics, and water quality. We focused on the following research questions:

(1) How does the composition of riparian vegetation (species richness, alpha diversity, beta diversity, and
proportion of non-native species per sampling site) vary in cascade reservoirs under different flow
regulation type and zonation, and which species are indicative of different regulation types by zonation?

(2) How much variation in species composition in each quadrat do factors such as dam parameters, hydrological
alteration, local environmental variables, and their interactions explain? Which is the best predictor?

Based on the evidence outlined above that dam operation modifies WLF frequency, magnitude,
duration, and timing, thereby imposing strong hydrological filtering on riparian vegetation, this study tested
two research hypotheses: (1) reservoir flow regulation would be more important than local environmental
variables, such as slope and soil characteristics, in structuring riparian vegetation in the WLF zonation; and
(2) species richness, alpha diversity, beta diversity, and the proportion of non-native species would differ
among regulation types and WLF zonation. Understanding the fundamental influence of flow regulation on
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riparian vegetation is important for optimizing river management and conservation priorities in freshwater
environments, especially with the growth of renewable energy production and increasing evidence of the
frequency and severity of climate change-driven droughts. This understanding also provides insights to the
mechanisms by which riparian plant species can survive WLF.

2. Methods
2.1. Study Sites

The Wujiang River is the largest southern tributary of the Yangtze River. The majority of its 80,300 km?
catchment is in Guizhou Province. Between 1962 and 2011, 14 hydropower stations were commissioned
along the 1150 km length of the river. These hydropower stations were designed to increase the electricity
supply and mitigate droughts and floods, but also introduced ecological problems. There are nine reservoirs
located in the main river of the Wujiang catchment (see Figure 1 & Table S1). The history and purpose of
these cascade reservoirs are explained in more depth in Figure S1. The Wujiang catchment has a subtropical
monsoon climate affected by Siberian cold air in winter (~0 °C) and an Indo-Western Pacific and East Asian
climate in summer (~22 °C). Limestone strata are widely distributed in the catchment, which provides some
buffering of surface runoff. Precipitation is unevenly distributed, with an average annual precipitation of 1102
mm in the mountainous region. The heaviest rains (40—80 mm per event) generally occur in June and July
and can last for more than 3 days, causing water levels to rise and fall rapidly.
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Figure 1. (A) Location of the Wujiang catchment within China. (B) Location of the nine cascade reservoirs in the Wujiang
catchment. Abbreviations correspond to the reservoir names: HID—Hongjiadu; DF—Dongfeng; SFY—Suofengying; WJD—
Wujiangdu; GPT—Goupitan; SL—Silin; ST—Shatuo; PS—Pengshui; YP—Yinpan.

2.2. Field Surveys

Surveys were undertaken in nine reservoirs under four different flow regulations: one yearly regulated
reservoir (Hongjiadu (HJD)), three seasonally regulated reservoirs (Dongfeng (DF), Wujiangdu (WJD),
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and Goupitan (GPT)), three weekly regulated reservoirs (Silin (SL), Pengshui (PS), and Shatuo (ST)), and
two daily regulated reservoirs (Suofengying (SFY) and Yinpan (YP)) along the Wujiang River. All
reservoirs were investigated during April 2017, except for GPT and ST, which were sampled the following
year due to time constraints. Fieldwork was performed in April because the recorded water level of each
reservoir was at its lowest and the exposed WLF area was the largest. For the remaining two reservoirs,
measurements of vegetation and soil were conducted only when the ground across the entire WLF zone had
been exposed for at least several days. A total of 72 sampling sites (Table S2) were roughly equally placed
within the nine study reservoirs running perpendicular to the shoreline. The sampling sites encompassed
the riparian bank: from the water’s edge to the top of the WLF zone. In our study, the WLF zonation (see
Figure 2) was therefore divided into inundation, transitional, and unflooded zones based on the duration of
inundation and the frequency of WLF [48]. The inundation zone had extensive bare sediment and a clear
line of flood debris between the inundation and transitional zones. There was a sparse cover of herbs and a
strong influence from WLF in the inundation zone (Figure S2). Both shrubs and herbs characterized the
transitional zone, whilst the unflooded zone was dominated by trees and only inundated in the very wettest
years. Each plant species was classified as an herb, shrub, vine, or tree based on its growth form, and as an
annual, biennial, or perennial based on its life cycle (see Table S3).

For each sampling site, three 1 x 1 m quadrats for herbs and shrubs were randomly placed in the
inundation zone, with a further three quadrats in the transitional zone, and three larger 5 x 5 m quadrats for
trees in the unflooded zone (Figure 2). The 5 x 5 m quadrat size was selected because the unflooded zone
was mainly used as a reference zone outside regular WLF influence, and because steep reservoir banks and
limited accessibility made larger tree plots difficult to establish consistently across all reservoirs. In each
sampling site, stratified random sampling was applied to sample as many types of vegetation as possible.
In practice, some quadrats in some locations could not be established, e.g., (1) large rocks and bare
vegetation in the inundation zone of the reservoir SFY; (2) missing transitional zones (n = 10); and (3)
difficulty in accessing the unflooded zone in the SFY reservoir. In total, data were recorded in 573 quadrats
across 72 sampling sites in three zones in the nine reservoirs (Table S2).

A
A 3X5X5m
3X1X1m
Legend
X1X
+ Dam Wujiangdu 3X1x1m
4 Sampling sites —
p— —

Reservoir Wujiangdu

Figure 2. Sampling design in the WLF zone of Wujiangdu Reservoir (one of nine cascade reservoirs in this study). (A)
Distribution of sampling transects along the reservoir shoreline. (B) Field photograph showing the three sampling zones along
the elevation gradient: inundation zone, transitional zone, and unflooded zone. Three 1 X 1 m quadrats were established in both
the inundation and transitional zones, and three 5 X 5 m quadrats were established in the unflooded zone. It is worth noting that
the transitional zone is generally narrow.
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Our sampling protocol focused on characterising the major differences in vegetation between reservoirs,
rather than obtaining a full inventory of the vegetation in each reservoir. In each quadrat, the presence and
abundance of all vascular plant species were recorded. Abundance values (i.e., individual number for each
species) were transformed to five levels according to Van Der Meijden (2005) [49] . The aboveground plant
biomass of each quadrat was harvested, dried, and weighed. Bagged samples were transported to the
laboratory for oven drying and weighing. For trees, we listed the different species and recorded the number
and height of individuals of each species in the selected quadrat.

2.3. Dam Classification Method

A framework for data classification was employed to describe the influence of dam and reservoir
properties on the composition and distribution of riparian vegetation communities (Table 1 and Figure S1).
Hydrological alterations and local environmental variables were documented to evaluate the effects of dam
operation on natural hydrological regimes and local environmental variables. The magnitude of water flow
changes before and after flow regulation was examined to determine hydrological alterations within the
cascade reservoirs, and observed flow data were collected from hydrological stations.

Reservoirs experience varying levels of hydrodynamic disturbance, which can be regulated through
flow redistribution to meet water resource management goals. The process of flow regulation, governed by
a water release schedule, affects both reservoir storage and WLF [50]. Table S4 lists relevant keywords and
concepts related to reservoir regulation. The spatial and temporal changes in the hydrodynamic processes
in each reservoir were driven by WLF frequency and magnitude (Table S4). Based on water retention time
(i.e., the time taken to completely replace the water), reservoirs were classified as daily (07 days, n = 2),
weekly (7-30 days, n = 3), seasonal (30-90 days, n = 3), and yearly (approximately 365 days, n = 1)
regulated types. These categories represent persistent differences in regulation frequency and inundation—
exposure regimes among reservoirs. For example, under daily flow regulation, the control cycle lasts one
day, and the upstream water line recedes to its initial position by the end of the cycle, with a reservoir
residence time of one day. WLF frequency decreased from daily to yearly regulation, representing a
gradient from frequent short-cycle fluctuation to infrequent long-cycle fluctuation. The WLF zones ranged
from 2 m wide with weekly regulation and up to 64.8 m wide with yearly regulation. Daily and weekly
regulated reservoirs were generally more disturbed due to their dynamic flow regime, while the longer
retention time reservoirs had lower levels of disturbance but a longer duration of shoreline exposure. The
seasonally and yearly regulated reservoirs shared a similar long-term flooding pattern, except for
differences in WLF magnitude. Accordingly, vegetation differences among regulation types were
interpreted as responses to cumulative hydrological disturbance regimes rather than to water-level
conditions in the survey year alone.
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Table 1. Environmental parameters of nine cascade reservoirs in the Wujiang drainage basin, which include yearly, seasonally, weekly, and daily regulated reservoirs. Numbers in bold represent
the highest value for each predictor.

Yearly (n =15)

Seasonally (n =17)

Weekly (n =21)

Daily (n = 15)

Variables Description Unit Source Mean =
Mean+SD Range Mean+SD Range Mean+SD Range SD Range
Dam property
Retention time The regulated operation of reservoir Day Recording 368 55.7 11.7 2.9
Reservoir age The age of dam construction year year Recording 17 33.7 13.7 13.7
Storage capacity The gross volume of water stored in reservoir 10° m® Recording 4.9 2.8 0.7 0.25
Hydrological alteration
WLF frequency Recurrence interval times Recording 1-2 4-6 17-20 >300
WLF duration of flooding The days during the flooding periods Day Recording <30 <7 1-3 1
WLF magnitude Max water level-Min water level m Estimated visually 58 49 7.6 33
Reservoir size The area of each reservoir km? ArcGIS 30.17 24.86 16.14 4.35
Relative inundation . .
. The occurrence of the water level in each reservoir % ArcGIS 0.086 0.123 0.234 0.219
probability
Local environment
TN Soil total nitrogen at each quadrat mg-g! Calculating 299+£1.06 1.72-0.51 3.65+149 1.41-725 42+3.71 1.75-2.94 3.18 £ 0.74 1.99-3.94
TP Soil total phosphorus at each quadrat mg-g! Calculating 0.50+£0.13 0.27-0.75 0.83+0.59 0.24-2.34 0.49+0.13 0.29-0.71 1.11 +0.22 0.99-1.65
Temperature Water temperature at each sampling site °C YSI 18.6+0.29 18.2-229 189+1.60 164229 189+22 16.1-22 15.8+0.26 15.7-16.5
DO Water dissolved Oxygen at each sampling site mg-L! DO 10.1£0.39 94-108 129+2.6 8.6-17.2 12.8+29 9.0-18.1 9.6+0.11 9497
pH Water pH at each sampling site - YSI 85+0.11 8487 86+03 7.8903 77+£23 3396 84+003 83-84
Slope The slope of WLF zone at each vegetation zone ° Estimated visually 22.3+£6.1 10.7-31.6 23.9+49 15.5-345 214+64 9.5-36.5 27.9+9.5 14.4-43.2
Width WLF The width of WLF zone m Estimated visually  74.7+22 16.2-112.7 43.8+21.9 10.8-112 21.2+99 8.8-50.2 258+8.8 9.3-37.2
Width Inundation The width of inundation zone m Estimated visually 33.9+14 8.1-64.8 23.7+13.5 7.8563 10.5+52 2-251 12.9+44 4.7-18.6
Soil texture The proportion of Mineral part?cles,. cg,sandandclay Observing Gravel + Silt Gravel + Silt/Silt + Sand ~ Gravel + Silt/Silt Gravel + Silt/Clay
at each sampling site
River width The width of the reservoir at each sampling site m Observing 380+198 108-729 398 +154 200-726 448 +217 50-903 194+64 122-319
. The distance to (downstream) dam at each sampling
Distance to Dam site ArcGIS 10.8+6.7 22-226 114+10.1 04-339 81+£54 0.7-182 175+6.7 9.8-27.6
Altitude The altitude of site at each vegetation zone m GPS 1090+ 11 1071-1122 1167 £ 1558 617-7388 372 + 67 22-444 223 +11 204-236
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2.3.1. Dam Property

The local environmental conditions induced by the different regulation types are summarised in Table 1.
To determine the properties of the dams, we considered factors such as dam age, reservoir storage capacity,
annual average runoff, retention time, and flow regulation type.

Reservoir storage capacity was a critical property in our study because it can influence the degree of
impact on hydrological regimes in free-flowing rivers. Depending on the height of the dam and the regulation
rules, the impact can be significant. Flow regulation types were classified as yearly, seasonally, weekly, and
daily regulated types for the nine reservoirs studied. This classification provides a useful and practical way to
evaluate hydrological changes when flow data are limited or unavailable in our study. The annual average
runoff is strongly associated with indicators of hydrological alteration, such as peak flow reductions and
seasonal flow variation, and is therefore an important factor in assessing dam regulation performance.

2.3.2. Hydrological Alteration Indicators

Hydrological alteration indicators, including reservoir size, relative inundation probability, WLF
magnitude, WLF frequency, and duration of flooding, were applied in this study.

Vectorized reservoir boundaries were generated with ArcGIS (v10.2; ESRI, Redlands, CA, USA) using
the normal water level recorded in the reservoir regulation scheme and the digital terrain model (30-m grid
resolution) downloaded from the Geospatial Data Cloud for China (ASTER GDEM 30M). The potential
maximum range of each reservoir WLF zone was estimated in ArcGIS using the maximum flood level
recorded as the top theoretical value according to the reservoir flow regulation scheme (Table S1) and the
low-water level generated from Landsat images taken within one week of the field survey date. The
reservoir WLF zone range differed from that estimated depending on whether it was a dry or wet year. For
example, the WLF zone of the Three Gorges Dam was defined as the riparian area between the base (145
m) and the capacity water level (175 m) of the reservoir in the previous study [16]. Relative inundation
probability was calculated for each zone by comparing the zone’s width with the average width of the
relative zonation (see Table S5). The magnitude and frequency of WLF depend on the management mode
and each reservoir’s storage capacity over a period. The magnitude of WLF was measured as the difference
between the high and low water tables due to reservoir management. The frequency of WLF was determined
based on the recurrence interval. Duration of flooding refers to the number of days per year that an area of
land is wet or the length of time that there is standing water at a location. The hydroperiod of the land was
determined via the water release cycle.

2.3.3. Local Environmental Indicators

The position of each sampling site was determined using a Garmin GPS 639sc (Garmin International,
Inc., Olathe, KS, USA; locational error < 0.5 m). The characteristics of each sampling site were measured
to assess the effect of topography and environmental factors on the riparian vegetation community.
Elevation data were taken at the inundation, transitional, and unflooded zones separately from the Shuttle
Radar Topography Mission (SRTM) at 30 m (size of pixel). The inundation, transitional, and unflooded
zones were measured for perpendicular to the shoreline. Slopes of the three zones were measured from the
water surface using a laser rangefinder (Leica DISTO D510, Leica Geosystems AG, Heerbrugg,
Switzerland). Remote measures of elevation relative to the water’s edge were also taken using the laser
rangefinder (accuracy of 0.1 m horizontally and vertically). Schematic representations of the WLF zone
for each reservoir were reconstructed (Figure S2) through topographical calculations and GIS analysis
(ArcGIS v 10.2; ESRI, USA).

To assess the impact of local environmental factors on riparian vegetation composition, water
chemistry, substrate type, and soil characteristics were measured at each sampling site. Water samples (n =
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3) were taken from the edge of the inundation zone at each sampling site. Water quality parameters (n = 3),
including water temperature, dissolved oxygen (DO), pH, and total dissolved solids (TDS), were evaluated
using a ProDSS Multiparameter Water Quality Meter (YSI Inc., Yellow Springs, OH, USA) to characterize
the aquatic environment adjacent to the inundation zone. The substrate of each survey quadrat was classified
into six typologies in terms of grain size based on visual inspection in the field: boulder (>30 cm), cobble
(76.2-300 mm), gravel (4.75-76.2 mm), sand (0.075—4.75 mm), silt (0.002—0.075 mm), and clay (<0.002
mm). Topsoil samples (0—10 cm) were collected from each quadrat (191 sample sites in total, see Table S2)
after vegetation harvest. This sampling depth was used to characterize surface soil conditions in the WLF
zone, which are directly affected by repeated inundation, drawdown, sediment deposition, and erosion. Soil
samples were packed in plastic bags and taken to the lab to be air-dried to a constant weight at 105 °C.
Thereafter, total nitrogen (TN) and total phosphorus (TP) were measured using the modified Kjeldahl
method and the colorimetric method [51].

Distances to the dam and outlet of the Wujiang catchment (at its confluence with the Yangtze River)
were calculated for each sampling site at the catchment scale using two-dimensional vector maps of the
lake and river networks of China (supplied by Ordnance Survey). This enabled us to estimate the possible
effect of each reservoir location in the hydrological network on riparian vegetation communities in the
WLF zone.

2.4. Statistical Analyses

Figure 3 summarizes the classification of explanatory variables and the statistical workflow used to
assess riparian vegetation responses to contrasting flow regulation regimes. All research questions and
methods, as well as predictor and explanatory variables, are provided in Table S6.

2.4.1. Calculation of Different Species Indices

For each reservoir, plant species richness and diversity were calculated separately for all sampling sites
in the inundation, transitional, and unflooded zones. The plant communities of the three zones were
compared using the Shannon diversity index (D). The proportion of non-native species was calculated as
the number of non-native species divided by total species richness at the sampling site. Total beta diversity
of the plant community was determined using the pairwise-site index for each type based on species
presence or absence. Total beta diversity was then partitioned into species turnover (correlated with species
sorting affected by environmental variables) and nestedness (indicating local species loss and extinction
processes) [52]. Beta diversity was calculated using the ‘betapart.core’ and ‘beta.multi’ functions in the R
package ‘betapart’.

Indicator values (IndVal) [53] for each species were calculated to contrast the composition of riparian
plant species in terms of regulation type and zonation. An IndVal value of 1 indicates that a species occurs
in only one group and in all samples from that group. For our purposes, IndVal > 0.4 was regarded as a
good indicator [54]. IndVal analyses were carried out with the ‘labdsv’ package in R v3.3.1.

2.4.2. Variation in Species Indices Between Regulation Type and Zonation

Environmental explanatory variables were log10-transformed where necessary and standardized to zero
mean and unit standard deviation before correlation analysis, RDA, and variation partitioning. These
procedures were applied only to environmental predictors, not to the vegetation response variables used in
ANOVA. As most explanatory variables were correlated, pairwise correlation coefficients between predictors
were calculated (see Figure S3). To solve the multicollinearity issue, we calculated the variance inflation
factor (VIF) value for each indicator, and explanatory variables with VIF values less than 3 were retained and
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considered as independent variables (shown in Table S7) for the following analyses. The VIF value of each
variable was calculated and identified using the ‘corvif® function in the ‘AED’ package.

The Shapiro-Wilk test was used to evaluate data distribution normality, and the Levene test was applied
to test homogeneity of variance. Analysis significance was set to o = 0.05. One-way analysis of variance
(ANOVA) was performed to study significant differences in mean species richness, Shannon index,
proportion of non-native species, beta diversity, nestedness, and species turnover of riparian vegetation
among the four regulation types (i.e., daily, weekly, seasonally, and yearly). Tukey’s post hoc test was
calculated between pairwise type groups [55].

Generalised linear mixed effect models (GLMMs) and negative binomial GLMMs (GLMM-NB) were
used to identify the most significant indicators predicting the six species indices, depending on the
distribution of each response variable. GLMM-NB was used for count-based indices, such as species
richness, to account for potential overdispersion in count data. The models were built with regulation type
and zonation as fixed factors, reservoirs as random factors, and local environmental variables as covariates.
Local environmental variable selection followed a backward selection procedure, in which variables were
sequentially removed from the full model. The most parsimonious model was selected according to the
lowest Akaike Information Criterion (AIC) value. Further procedure details are provided in Tables S8—S13.

Principal component analysis (PCA) was performed as a dimension-reduction and orthogonalization
procedure for the selected environmental variables in the best model for each species index. Components
one and two, i.e., “Environmental PCA1” and “Environmental PCA2”, were extracted when they
represented the dominant environmental gradients and were ecologically interpretable. To improve
interpretation, the derived PCA components were described according to the variables with the highest
loadings, and the loading values are provided in Table S14. Bivariate correlations between the derived PCA
components were calculated for each species index.

To standardize for the effect of the environmental variables, two-factor analysis of covariance
(ANCOVA) was used to investigate the changes in six riparian vegetation indices (dependent variables)
among flow regulation types a nd zonation (independent variables), with environmental components
included as covariates [56]. The two categorical indicators were regulation type and zonation. The
environmental component covariate was derived from the forward-selected significant environmental
variables of the optimal GLMMs or GLMM-NB using PCA. Before conducting ANCOVA, the
homogeneity of regression slopes was assessed by testing interaction terms between environmental
covariates and the grouping factors, i.e., regulation type and zonation. Covariate x grouping factor
interactions were included in the ANCOV A models when necessary to account for potential heterogeneity
in regression slopes. ANCOVA was then used to determine whether riparian vegetation indices differed
among regulation types and vegetation zones after accounting for local environmental variation. All
analyses were completed in R v3.4.4, and both ANCOVA and ANOVA were performed using the
‘agricolae’ package [57].
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2.1 Study sites
® * Wujiang catchment, China

* 9 cascade reservoirs
* Subtropical monsoon climate
L]

4 regulation types: yearly (n=1), seasonal (n=3), weekly (n=3), daily (n=2)

|

2.2 Field surveys \

: * 72 sampling sites, 573 quadrats along reservoir shorelines
|l +Surveysin April 2017 (GPT and ST in 2018)
\k * 3 WLF zones: inundation, transitional, unflooded

\W ' * Inundation & transitional zones: 3 quadrats of 1 X 1 m per site
* Unflooded zone: 3 quadrats of 5 X 5 m per site
K * Recorded: species presence, abundance, biomass /
7 2.3 Explanatory variables \
KA. Dam properties \ f B. Hydrological alteration \ { C. Local environment \
L * WLF frequency ;
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* Relative inundation
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|

4 2.4 Statistical analyses )

1. Species indices 2. Models and ordination

/j * Species richness * ANOVA + Tukey test
4 I II * Shannon diversity * GLMM / GLMM-NB

* Proportion of non-native species * PCA and ANCOVA
* Beta diversity (turnover and nestedness) * RDA with forward selection
\ * Indicator species analysis (IndVal) * Variation partitioning /

l

2.5 Main outputs
* Differences among regulation types and WLF zones
* Indicator species for different regulation types
* Drivers of riparian vegetation composition: relative importance of dam
properties, hydrological alteration, environment

Figure 3. Methodological framework used to assess riparian vegetation responses to contrasting flow regulation regimes in the
Wujiang River cascade reservoirs.

2.4.3. Driver of Species Composition of Riparian Vegetation

Independent variables with inflation factors less than 3 were grouped into three predictor datasets, i.e.,
dam properties, hydrological alteration, and local environmental factors. Retention time, flow regulation
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type, and reservoir age (years of operation) were included in the dataset of dam properties. Reservoir size
and relative inundation probability were retained in the dataset of hydrological alteration, and soil
characteristics and local physicochemical parameters, including DO, pH, slope, width of WLF zone, river
width, distance to dam, TN of soil, TP of soil, and altitude, were retained in the dataset of local
environmental factors. Redundancy analysis (RDA) was run separately with forward selection [58] on the
regulation effect and local environmental dataset using the ‘ordir2step’ function in the ‘vegan’ package to
identify the best variables for explaining riparian vegetation composition in the inundation, transitional,
and unflooded zones, respectively. Variation partitioning [59,60] was applied with partial redundancy
analysis (partial RDA) to quantify the pure and combined fraction of variance in riparian vegetation
explained by the three datasets, respectively. This allowed us to quantify the share of variance that was due
to two or three variable groups. A Venn diagram was constructed to represent the portion of variation
explained by pure or combined explanatory matrices [60]. The significance of the pure fraction was
assessed by Monte Carlo permutation tests [61].

3. Results
3.1. Different Species Indices of Riparian Vegetation

Significant differences in species richness, Shannon diversity, proportion of non-native species, beta
diversity, nestedness, and species turnover were detected among regulation types and riparian zones
(ANOVA, p < 0.05). After controlling for regulation type and riparian zone, the environmental PCA1
explained significant variation in species richness (F1,166 = 24.36, p < 0.001), Shannon diversity (F1.,159 =
3.39, p <0.001), and beta diversity F1,16s = 6.81, p <0.01) (Table 2).

There were significant differences in species richness among the different flow regulation types (3,166
=14.58, p<0.01) and zonation (F2,166 = 7.04, p < 0.001), controlling for local environmental variables. We
recorded 315 plant species belonging to 93 families in the WLF zones of the study reservoirs (Table S3).
The complete species list, including life span, growth form, family, and label abbreviation, is provided in
Table S3. The main common native riparian species were identified in each reservoir. These included
Oenanthe javanica, Artemisia gmelinii, Miscanthus sinensis, Miscanthus floridulus, Phragmites australis,
Ulmus pumila, and Mallotus barbatus. Non-native species, such as A. philoxeroides and E. canadensis,
were also recorded and identified as important indicators for some regulatory types. Differences in species
richness and beta diversity (Figure 4) based on regulation type were lower in the unflooded zone compared
with the inundation zone. Within the inundation zone, seasonally regulated reservoirs supported the greatest
number of herbaceous species among the differently regulated reservoirs (n = 16, Figure 4) after correcting
for sample effort. Weekly (n = 13) and daily reservoirs (n = 14) had significantly greater mean species
richness in the transitional and unflooded zones, respectively. Species richness in the yearly regulated
reservoirs was the lowest among the three zones (Figure 4).

Significant differences in the Shannon diversity index were found among the different regulation types
(F3.150 = 5.75, p < 0.001) and zonation (F2,150 = 3.83, p < 0.001). Species diversity was relatively low in the
transitional zone of the yearly regulated reservoirs (D = 1.65) compared to that in the inundation zone of the
seasonally regulated reservoirs (D = 3.85). According to the ANOVA results, the mean proportion of non-native
species did not differ significantly among the different regulation types. However, significant differences were
found (F3,168 = 2.55, p < 0.05) after controlling for zonation and local environmental variables.

Based on IndVal analyses (Table 3) of vegetation in the three zonation, indicator species differed
among regulation types and zones. In the inundation zone, daily regulated reservoirs were characterized by
native riparian species such as Clinopodium chinense, O. javanica, and Ranunculus cantoniensis, etc.
Weekly regulated reservoirs were characterized by the non-native species A. philoxeroides (IndVal = 0.499),
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whereas seasonally regulated reservoirs included indicators such as Galium aparine, Capsella bursa-
pastoris, and the non-native E. canadensis (IndVal = 0.338).

Beta diversity (Figure 4) showed significant differences among the different regulation types (£3,168 =
2.55, p<0.001) and zonation (F2,16s = 178.4, p < 0.001). Daily regulated reservoirs had the highest species
turnover (Median = 0.82), followed by weekly (Median = 0.77), seasonally (Median = 0.76), and yearly
regulated reservoirs (Median = 0.67). Nestedness was more similar among the different reservoirs
compared to turnover. Yearly regulated reservoirs had the highest nestedness (Median = 0.16), followed by
weekly (Median = 0.12), seasonally (Median = 0.11), and daily regulated reservoirs (Median = 0.04). The
effects of regulation on beta diversity were greatly reduced in the transitional zone and were lacking
altogether in the unflooded zone.
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Figure 4. Species richness (A—C), Shannon diversity (D-F), proportion of non-native species (G—I), beta diversity (J-L),
nestedness (M—Q), and turnover (P—R) among the differently regulated reservoirs in the inundation, transitional, and unflooded
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zones. Boxplots show the distribution of each species index across regulation types. The labels above each panel indicate the
significance of differences among regulation types within each vegetation zone: ns, not significant; * p < 0.05; *** p < 0.001;

*HEE p <0.0001.

Table 2. Two-way ANCOVA results for six riparian vegetation indices across dam flow regulation types and WLF zonation,
with environmental PCA components included as covariates. Significant covariate x grouping factor interactions were retained
in the final models (* p <0.05, ** p <0.01, *** p <0.001).

Source of Variation

Species Richness

Shannon Index

Non-Native Species Proportion

df SS F df SS F df SS F
Regulation type 3 932.86  14.58 *** 3 9.847 5.75 *** 3 0.161 2.55 *
Zonation 300.32  7.04 *** 2 4.376 3.83 *** 2 0.703 16.72 ***
Regulation type X Zonation 384.72  3.01 *** 6 13.381  3.91 *** 6 0.37 2.93 ***
Covariates
Environmental PCA1 519.36  24.36 *** 1 1.937 3.39 #** - - -
Zonation x Environmental PCA1 2 251.92 591 *** 2 13.342  11.7 *** - - -
Regulation type x Environmental PCA1 - - - 3 7.935 4.63 *¥** - - -
Environmental PCA2 - - - 1 1.675 2.93 #** - - -
Regulation type x Environmental PCA2 - - - 3 6.026 3.52 *A* - - -
Error 166 3538.7 159  90.6 168 3.5
Source of Variation Beta Diversity Nestedness Species Turnover
df SS F df SS F df SS F
Regulation type 3 0.033  38.97 *** 3 0.044  27.94 *** 3 0.103 29.16 ***
Zonation 0.1 178.45 *** 2 0.152  145.34 *** 0.458 194.96 ***
Regulation type X Zonation 0.029  17.07 *** 6 0.027 8.69 *** 6 0.064 9.02 ***
Covariates
Environmental PCA1 1 0.002 6.816 ** - - - - - -
Environmental PCA2 - - - - - - - - -
Error 168 0.047 168 0.088 167 0.196
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Table 3. The best indicator species obtained by IndVal analyses by zonation and regulation types of daily, weekly, seasonal, and yearly reservoirs.
Zones Daily Weekly Seasonally Yearly
Species IndVal Species IndVal Species IndVal Species IndVal
Clinopodium chinense 0.805 Alternanthera philoxeroides 0.499 Galium aparine 0.412 Chenopodium album 0.483
Rorippa indica 0.657 Aster indicus 0.209 Capsella bursa-pastoris 0.361  Pseudognaphalium affine 0.446
Reynoutria japonica 0.551 Viola philippica 0.143 Medicago sativa 0.353 Cynodon dactylon 0.403
. Oenanthe javanica 0.536 Erigeron canadensis 0.338 Hemisteptia lyrata 0.339
Inundation zone . ; . ;
Ranunculus cantoniensis 0.502 Salvia plebeia 0.296 Solanum nigrum 0.218
Artemisia gmelinii 0.468
V. anagallis-aquatica 0.429
Equisetum giganteum 0.402
Digitaria violascens 0.534 Vitex negundo 0.304 Solanum virginianum 0.285 Setaria viridis 0.5
Ficus tikoua 0.284 Miscanthus sinensis 0.25 Fastigiata sp. 0.152 Artemisia sp. 0.2
Artemisia lancea 0.267 Torilis scabra 0.223 Solanum nigrum 0.2
Transitional zone Pyracantha fortuneana 0.205 Pogonatherum crinitum 0.2
Drynaria roosii 0.2 Medicago sativa 0.2
Pteris vittata 0.2
Urena lobata 0.16
Cornus quinquenervis 0.334 Miscanthus floridulus 0.272 Solanum virginianum 0.215 Pyracantha fortuneana 0.295
Digitaria violascens 0.333 Platycladus orientalis 0.225 Lespedeza bicolor 0.176  Capillipedium parviflorum 0.231
Cipadessa baccifera 0.267 Pogonatherum crinitum 0.174 Populus lasiocarpa 0.165
Phragmites australis 0.246 Lonicera japonica 0.174 Ulmus pumila 0.138
Unflooded zone Viburnum chinshanense 0.242 Miscanthus sinensis 0.142 Lactuca sibirica 0.133
Debregeasia orientalis 0.241 Broussonetia x kazinoki 0.13
Mallotus barbatus 0.233
Pteroceltis tatarinowii 0.219




J. Watershed Ecol. 2026, 1(2), 10016. doi:10.70322/jwe.2026.10016 16 of 27

3.2. Drivers of Vegetation Community in the WLF Zone

The explanatory variables collectively explained 34.7%, 11.1%, and 8.1% of total variation in species
composition in the inundation, transitional, and unflooded zones, respectively (Figure 5). Dam properties,
hydrological alteration, and environmental variables explained 20.1%, 1.9%, and 3.8% in the inundation
zone, 5.8%, 1.6%, and 1.7% in the transitional zone, and 4.8%, 1.2%, and 1.2% in the unflooded zone,
respectively, of total variation in vegetation composition in the WLF zone of the reservoirs (Figure 5SA—C).
The shared fraction between two or three datasets was relatively high in the inundation zone (fractions [d]
to [g] in Figure 5A; 9.2%). Global model importance and variables retained in forward selection for use in
the final variance partitioning model are listed in Table 4. Reservoir retention time explained 10.4%, 2.7%,
and 2.5% of the variance in riparian vegetation in each zone, respectively, indicating that although the
effects of WLF were most intense in the inundation zone, they were not confined to this zone. RDA
indicated that the relative importance of each predictor varied in the different sampling zones. For example,
within the inundation zone, plant composition varied depending on reservoir age (adj-#* = 0.089) and slope
(adj-r* = 0.034, p = 0.005). Reservoir size (adj-»* = 0.037) and DO (adj-r* = 0.030) were important in
explaining variation in vegetation within the transitional zone. Reservoir size (adj-7* = 0.025) was the most
important variable in the unflooded zone. RDA triplots (Figure 6) were used to describe all significant (p <
0.05) relationships of explanatory variables with vegetation composition. The life histories of plant species
varied according to the regulation type in the inundation zone. Daily and weekly regulated reservoirs were

dominated by perennial species, while the seasonally and yearly regulated reservoirs were dominated by
annual and perennial species.

A Inundation zone B Transitional zone C Unflocded zone

[a] Dam
property

[a] Dam
property

[a] Dam
property

b] Hydrologica
alteration

alteration alteration

20.1% 1.9% 5.8% 1.6% 4.8% 1.2%

[e] Local
environment

3.8%

[¢] Local
environment

1.7%

[c] Local
environment

1.2%

n=61

[h] Residuals= 65.3% n=57 [h] Residuals= 88.9% n=68 [h] Residuals= 91.9%

Figure 5. Variation partitioning of the Hellinger-transformed riparian vegetation data into a dam properties component (upper
left-hand circle), a hydrological alteration component (upper right-hand circle), and a local environmental component (lower
circle). The forward selected variables included in each dataset could be checked in Table 4. This generates 8 fractions: 3 pure
effects of the dam properties, hydrological alteration, and local environmental datasets (Fractions [a] to [c]) plus 4 joint effects
of the two or three separate sets (Fractions [d] to [g]) and 1 unexplained component of the variance (Residuals [h]). Values
indicate the fraction of the explanatory set (as adj-7?) in the (A) inundation zone, (B) transitional zone, and (C) unflooded zone.
Monte Carlo permutation tests were used to determine the significance of the pure fraction.
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Figure 6. The triplot of the Redundancy analysis (RDA) on the riparian plant abundance data with forward selected regulation
and environmental variables in the (A) Inundation zone, (B) transitional zone, (C) unflooded zone. Crosspoints (+) represent
different sampling quadrates scores belonging to reservoirs of different regulation: daily, weekly, seasonally, and yearly.
Triangles (A) indicate different riparian plant species grouped as annual, biennial, and perennial. Abbreviations of the
explanatory variables are provided in Table 1.
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Table 4. Details of RDA and variation partitioning results covering the significance of the global model for each predictor dataset and the variables retained after forward selection to be used in
the variance partitioning model for the inundation zone, transitional zone and unflooded zone.

Significance of

Zones Predictor Datasets Variables in Original Dataset the Global The Variable Retained after the Forward Selection
Model
Feser Weekly type (2= 0.111, p < 0.001); Daily type (?= 0.125, p < 0.001); Reservoir age
Dam properties Reservoir retention time, Reservoir age, Flow regulation type <0 .OOi (7= 0.040, p < 0.001); Yearly type (+>= 0.029, p < 0.001); Reservoir retention time (7>
p=" ~0.039, p < 0.001)
Hydrological L. L i . F=17.286, Relative inundation probability (2= 0.177, p < 0.001); Reservoir size (r*= 0.039, p <
. Reservoir size, Relative inundation probability
. alteration p <0.001 0.001)
Inundation zone . . . . . . . . . . .
Local . " Do, Slope, River width, Width of inundation zone, Soil TN, Soil TP,F = 2.33, Width of inundation zone (+?= 0.089, p < 0.001); DO (*>= 0.036, p = 0.006); Altitude
ocal environmen
Altitude p <0.001 (r*=0.031, p = 0.014); Slope (+*=0.028, p = 0.017)
Reservoir retention time, Reservoir age, Reservoir size, Relative F=317 Relative inundation probability (+*= 0.177, p < 0.001); Reservoir age (>= 0.046, p <
All variables inundation probability, Do, Slope, River width, Width of inundation <0 ‘001 0.001); Reservoir retention time (2= 0.048, p < 0.001); Reservoir size (+*= 0.038, p <
zone, Soil TN, Soil TP, Altitude p=" 0.001); DO (2= 0.024, p = 0.004); Soil TP (+*= 0.023, p = 0.005)
) ) L . ) F=1.68, daily type (2= 0.079, p < 0.001); Weekly type (2= 0.056, p < 0.001); Reservoir
Dam properties Reservoir retention time; Reservoir age, Flow regulation type S .
p <0.001 retention time (7>= 0.032, p = 0.006); Reservoir age (+>= 0.028, p = 0.008)
Hydrological L. L. . . F=2.04, Relative inundation probability (+*= 0.049, p < 0.001); Reservoir size (= 0.031, p =
. Reservoir size, relative inundation probability
alteration p <0.001 0.007)
Transitional zone . Do, Slope, River width, Width of transitional zone, Soil TN, Soil ~ F'=1.36, . .
Local environment . DO (= 0.030, p = 0.01); Width of transitional zone (2= 0.028, p = 0.01)
TP, Altitude p <0.001
Reservoir retention time, Reservoir age, Reservoir size, Relative L . . L
) ] ) . ; i ) . F=141, Relative inundation probability (+*>= 0.049, p < 0.001); Reservoir size (2= 0.032, p <
All variables inundation probability, Do, Slope, River width, Width of transitional . L
) . . p <0.001 0.001); DO (2= 0.031, p = 0.009); Reservoir retention time (2= 0.031, p = 0.006)
zone, Soil TN, Soil TP, Altitude
. . L . . F=1.92, Daily type (#>= 0.035, p < 0.001); Weekly type (+>= 0.034, p < 0.001); Yearly type (>
Dam properties Reservoir retention time; Reservoir age, Flow regulation type . L
p <0.001 =0.021, p = 0.009); Reservoir retention time (2= 0.022, p = 0.002)
Hydrological L. L. . . F =185, Relative inundation probability (+*>= 0.046, p < 0.001); Reservoir size (2= 0.027, p <
. Reservoir size, relative inundation probability
alteration p <0.001 0.001)
Unflooded zone . Do, Slope, River width, Width of WLF zone, Soil TN, Soil TP, F=1.29, . .
Local environment ' Width of WLF zone (#>= 0.030, p = 0.003); Soil TN (2= 0.021, p = 0.01)
Altitude p <0.001
Reservoir retention time, Reservoir age, Reservoir size, Relative Fe153 Relative inundation probability (+*= 0.046, p < 0.001); Reservoir size (2= 0.031, p <

All variables

inundation probability, Do, Slope, River width, Width of inundation

i . . p <0.001
zone, Soil TN, Soil TP, Altitude

0.001); Reservoir retention time (#2= 0.026, p < 0.001); Reservoir age (2= 0.023, p =
0.001)
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4. Discussions

Water level regulation has a profound influence on reservoir riparian vegetation. In the nine Wujiang River
cascade reservoirs, plants in the inundation zone were exposed to the strongest disturbance (Figure S2). In this
zone, the plant community was dominated by short herbs, while herbs and tall grasses dominated the
transitional zone, and shrubs and trees the unflooded zone (Figure 2). These results are consistent with previous
studies in the Three Gorges Reservoir, showing that the inundation zone was mostly colonised by small short
herbaceous plants [16,62]. Shallow soils, frequent inundation, substrate instability, and repeated exposure may
favour short-lived or disturbance-tolerant herbaceous species in the inundation zone, whereas deeper and more
stable soils in the transitional and unflooded zones may support taller grasses, shrubs, and trees.

More importantly, our study showed that vegetation composition was associated with reservoir
regulation type, highlighting the importance of assessing changes to biodiversity across a gradient of WLF
magnitude and frequency. However, these differences should not be interpreted as synchronous vegetation
responses to water-level conditions in the survey year alone. In this study, regulation type was treated as a
proxy for the long-term hydrological disturbance regime imposed by reservoir operation. Therefore,
vegetation patterns associated with daily, weekly, seasonal, and yearly regulation are more appropriately
interpreted as the cumulative outcome of repeated inundation, shoreline exposure, local environmental
filtering, and reservoir operation history. Vegetation in the reservoir inundation zone within the same river
system responded differently to the magnitude, frequency, and duration of WLF, while the vegetation in
the adjacent unflooded zone changed little between reservoirs. We found a shift from annual to perennial
vegetation as WLF frequency increased (Figure 6). Specifically, the seasonally and yearly regulated
reservoirs were characterised by a mixture of annual and perennial plants, whilst daily or weekly regulated
reservoirs were dominated by perennial species. This pattern may reflect not only differences in disturbance
intensity but also delayed demographic responses, such as seed-bank germination, seedling establishment,
clonal expansion, and competitive replacement across multiple growing seasons.

4.1. Species Richness and Diversity in Response to Regulation Type

Species richness and diversity differed significantly among regulation types and vegetation zones after
controlling for local environmental variables. For the inundation zone, the seasonally regulated reservoirs
had the highest mean species richness, followed by daily and weekly, and finally yearly-regulated reservoirs.
The higher nestedness and lower turnover in the yearly reservoir indicated that differences in species
richness between sampling sites were caused less by species replacement. Daily-regulated reservoirs
showed the opposite trend, with beta diversity mainly determined by species turnover.

In seasonally regulated reservoirs, the quarterly inundation regime probably provided riparian plants
with adequate water to survive and reproduce [45,63], thereby accommodating a range of life histories and
supporting higher species richness. This regulation type also most closely resembled the natural regime of
water level fluctuations. In daily and weekly reservoirs, continuous disruption throughout the year resulted
in a shift in species composition towards communities richer in waterlogging tolerant species [64,65]. In
the yearly reservoir, prolonged drawdown and desiccation risk were the main controls on vegetation [63].
Our observations may be partly consistent with the intermediate disturbance hypothesis (IDH), because
peak species richness occurred under intermediate levels of WLF disturbance [66,67]. In this context,
moderate water-level fluctuation may reduce competitive exclusion by dominant species while creating
exposed microsites for colonization, thereby increasing habitat heterogeneity and species richness within
the inundation zone. The dynamic equilibrium hypothesis provides a complementary explanation by
emphasizing that the diversity response to disturbance can be modified by productivity and resource supply
[68]. Thus, IDH mainly explains the role of disturbance intensity, whereas the dynamic equilibrium
hypothesis helps explain why similar disturbance regimes may produce different diversity outcomes under
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different productivity conditions. However, more intensive sampling and direct measurements of
productivity would be needed to test these mechanisms explicitly.

Temporal lag effects may be particularly important for interpreting the observed differences in annual
and perennial dominance and beta diversity. Annual species depend strongly on seed-bank persistence,
germination timing, seedling recruitment, flowering, and seed production. These processes may require at
least one complete growing season and may be disrupted by frequent inundation or rapid water-level
changes. In contrast, perennial species may persist through rhizomes, stolons, culms, or other clonal
structures, allowing them to withstand repeated inundation and re-establish after water levels recede.
Therefore, the dominance of perennial species in daily and weekly regulated reservoirs may reflect
cumulative filtering over multiple disturbance cycles, rather than only the hydrological conditions of the
survey period. Similarly, higher species turnover in frequently regulated reservoirs may partly reflect
delayed replacement processes, in which species unable to regenerate are gradually replaced by species
with greater tolerance to waterlogging, scouring, or repeated exposure.

4.2. Non-Native Species in Reservoir WLF Zones

The high discharge and intermittent shoreline exposure imposed by hydropower generation may
facilitate the establishment of disturbance-adapted vegetation within the reservoir inundation zone. As such,
it is also conducive to the establishment of non-native plants [26,27]. In this study, we observed that the
proportion of non-native species differed among regulation types after controlling for the environmental
variables. More specifically, different non-native species occupied reservoirs according to the regulation
type. 4. philoxeroides dominated the inundation zone of weekly reservoirs, and E. canadensis dominated
in seasonally regulated reservoirs. E. canadensis is one of the most widely distributed non-native plants in
China, inhibiting the growth of neighbouring vegetation via allelopathy [69]. In seasonally regulated
reservoirs, water levels rise gradually during the wet season and remain high for weeks to months. This
extended high-water phase may facilitate seed transport and create suitable recruitment windows after
drawdown. After the water level recedes, exposed nutrient-rich sediments may further promote colonisation
[70]. By contrast, daily or weekly regulated reservoirs experience frequent but short-lived high-water events
(hours to days) with a narrow water level range. Such intermittent conditions may limit the establishment
of some annual non-native species, but may favour disturbance-adapted, amphibious species. Indeed, A.
philoxeroides may benefit from these intermittent conditions due to its strongly stoloniferous and
amphibious growth form [71].

Nevertheless, the establishment and dominance of non-native species should also be interpreted in light
of potential temporal lags. Invasion success is determined not only by hydrological disturbance but also by
propagule pressure, dispersal pathways, interspecific competition, community invasibility, and species-
specific regeneration strategies. Non-native species may not respond immediately to a single inundation
event [72]; instead, their dominance may develop gradually through repeated propagule input, survival of
vegetative fragments, local clonal expansion, and release from competition after native species decline. For
example, the dominance of A. philoxeroides in weekly regulated reservoirs may reflect its ability to
accumulate biomass and expand clonally across multiple exposure periods, while the occurrence of E.
canadensis in seasonally regulated reservoirs may depend on repeated seed arrival and successful
recruitment during suitable drawdown windows. Thus, non-native species patterns in WLF zones likely
represent the cumulative interaction between long-term hydrological disturbance and species-specific
regeneration strategies.

The WLF zone associated with the reservoir regulation is thus potentially susceptible to the
establishment of some non-native species [73]. This is probably because (1) initial impoundment by the
reservoir submerges a large amount of surrounding cultivated and urban land, which may provide
propagules of non-native species [27]; (2) the original riparian vegetation cannot tolerate the new altered
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flow regime, whereas the non-native species have a higher tolerance to either waterlogging or substrate
exposure [74]. The encroachment of non-native plants can further impact riparian plant communities,
reducing biodiversity and altering soil properties [75,76], thereby representing an added pressure on an
already compromised habitat. However, this interpretation should be regarded as a potential risk rather than
evidence of inevitable invasion. Future monitoring should evaluate propagule pressure, establishment
success, and population expansion of non-native species in WLF zones.

4.3. Drivers of Riparian Vegetation Composition

The flow regime in natural rivers controls variables such as water depth, substrate, and nutrient supply,
which can impact riparian plant growth [77—-80]. In our study, riparian vegetation composition was strongly
associated with dam properties and regulation type across different vegetation zones. Dam properties can
modify reservoir flow regimes and local environmental conditions, thereby indirectly influencing riparian
plant communities [81]. This is consistent with previous studies in the Three Gorges Reservoir showing
that artificially controlled WLF can alter riparian plant distribution and composition [24]. Unexplained
variation was high in the unflooded zone, although soil-related variables, including soil TN, soil TP, and
soil texture, were included in the analysis. This suggests that other unmeasured factors, such as soil moisture,
soil organic matter, seed-bank composition, land-use history, dispersal limitation, biotic interactions, or
stochastic processes, may also contribute to vegetation composition. However, because these factors were
not quantified, this remains an untested hypothesis. The relatively high shared fraction among the three
datasets in the inundation zone (fractions [d]-[g] in Figure 5A; 9.2%) indicates that dam properties,
hydrological alteration, and local environmental variables partly covaried. Therefore, the unique effects of
each dataset should be interpreted cautiously. Given the observational nature of our study and the possibility
of lagged vegetation responses, these relationships should be interpreted as associations with long-term
regulation regimes rather than as evidence of immediate causal responses to water-level conditions during
the survey year.

Following impoundment, dominant plant species are often replaced by those capable of enduring long-
term submergence using laterally extending rhizomes, culms, and stolons [82]. Our results indicated that
species responses also reflected contrasting regulation regimes. In the yearly regulated HJD reservoir,
Cynodon dactylon was dominant in the inundation zone. This species can tolerate long-term inundation
through rhizome growth and waterlogging tolerance [81,83]. Other herbaceous species, such as
Chenopodium album and Persicaria lapathifolia, may rapidly establish after sediment exposure and survive
flooding or scouring due to their growth form and resistance to uprooting [84,85]. In daily regulated
reservoirs, frequent 1-2 m fluctuations reduced the dominance of annual species and favoured flood-
tolerant perennials, such as Clinopodium chinense, Rorippa indica, Reynoutria japonica, and Oenanthe
Jjavanica. Annual plants may be disadvantaged because frequent WLF can prevent them from completing
flowering and seed production, whereas perennial species may persist through clonal growth and rapid
regrowth after disturbance [86,87].

A key limitation of this study is that the vegetation survey provides a spatial comparison among
reservoirs under contrasting regulation types, but does not directly quantify temporal lag effects. Because
most vegetation data were collected during a single survey period, we cannot fully distinguish immediate
responses to recent water-level conditions from cumulative responses to previous years of reservoir
operation. Future studies should combine multi-year vegetation monitoring, long-term water-level records,
and measurements of seed-bank dynamics, clonal propagation, and propagule dispersal to quantify lagged
vegetation responses and predict vegetation trajectories under alternative regulation scenarios.
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5. Conclusions

We observed consistent riparian vegetation patterns across the WLF zones of the nine cascade reservoirs
on the Wujiang River. Within this high-dam cascade reservoir system in a subtropical monsoon region,
riparian vegetation patterns were strongly associated with different long-term dam flow regulation regimes,
which modulated downstream flows and altered the frequency and duration of shoreline inundation. These
patterns most likely reflect cumulative responses to contrasting long-term flow regulation regimes, rather than
synchronous responses to water-level fluctuation in a single survey year. Our results support the hypothesis
that riparian vegetation composition and diversity are associated with contrasting flow regulation regimes,
particularly in the inundation zone. Herbaceous plants in the inundation zone were more sensitive to flow
regulation than to local environmental filtering. Perennial vegetation was distributed across a range of
regulation types, while annual species were largely excluded from the daily regulated reservoirs. The results
also partly support the hypothesis that dam properties and hydrological alteration are more important than
local environmental variables in structuring riparian vegetation, although their effects varied among
vegetation zones. Seasonally regulated reservoirs supported the highest species richness and beta diversity,
suggesting that seasonal WLF may help maintain riparian plant diversity by providing heterogeneous
shoreline conditions. However, this implication should be interpreted cautiously because vegetation responses
may involve temporal lags and cumulative effects. Non-native species, such as E. canadensis and A.
philoxeroides, may pose a potential risk to WLF zone vegetation. The WLF zone should thus be considered
as a disturbed habitat that may facilitate the establishment of some non-native plants, although invasion
success also depends on propagule pressure, interspecific competition, and community invasibility. Our study
highlights the vulnerability of vegetation under altered flow regulation in the Wujiang River cascade
reservoirs and can aid reservoir management and prioritisation of areas for restoration.
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