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A B S T R A C T

The seasonally flooded Yangtze Valley Floodplain wetlands of China are globally important for wintering wa-
terbirds in the East Asian-Australasian Flyway. These birds have declined in the last 60 years, so understanding
factors shaping waterbird distribution and abundance patterns is critical for their conservation. We applied
linear mixed models to investigate the effects of climate, winter water area and inundation area (the difference
between maximum flooded and winter dry season water area) on waterbird abundance and diversity at 72 lakes
in 2005 and 2016. Neither winter water area nor climate featured in the best models, rather inundation area was
the key determinant of waterbird abundance and diversity. Future water abstraction and land claim will
therefore have greater impacts on waterbird abundance and diversity than likely climate change effects.
Significant declines in waterbird abundance and diversity between 2005 and 2016 were not explained by
modelled variables and there was no reduction in wetland inundation areas to explain these declines, confirming
other factors were responsible. These potentially include declining wetland quality affecting carrying capacity
(e.g. flooding phenology, disturbance, habitat loss and degradation, declining water quality caused by eu-
trophication and pollution) and/or factors limiting migratory waterbird populations at other stages in their life
cycle elsewhere. The studied Yangtze lakes are amongst the best for wintering waterbirds and many are pro-
tected for their biodiversity, suggesting such protection cannot fully safeguard these internationally shared
populations when threatened by other, currently unknown factors. This confirms the urgent need for more
research to safeguard these ephemeral lake systems for their global biodiversity significance.

1. Introduction

River flow patterns modified by human activities and climate
change are amongst the most profound and widespread of global
changes affecting biodiversity throughout the world. The Yangtze (the
longest river in Asia and third longest in the world Chen et al., 2002) is
unique for its extensive ephemeral basin wetlands, recharged by
summer monsoonal rainfall, bringing water laden with nutrients and
sediment, followed by subsequent autumn and winter water level re-
cession (Yang et al., 2002; Fang et al., 2006). Some 100 such wetlands
larger than 10 km2 cover c.10,600 km2 in middle and lower reaches of
the Yangtze River Floodplain (henceforth, Yangtze Floodplain Cui et al.,
2013), the largest concentration of shallow and seasonal flooded lakes

in the world (Yang et al., 2008). These provide ecosystem services (e.g.
flood alleviation, water supply and storage, fisheries, aquaculture,
transport, aggregate and other mineral resources) to tens of millions of
people (Pang et al., 2006; Nakayama and Watanabe, 2008; Cao and
Fox, 2009; De Leeuw et al., 2010). They are also of global importance
for over one million wintering waterbirds (Fang et al., 2006; Cao et al.,
2008a, 2008b, 2008c, 2010), recent rapid declines in the abundance of
which have underlined the urgent need to understand the causes of
changes in Yangtze Floodplain waterbird communities (Jia et al.,
2016). Fang et al. (2006) documented the serious loss and reduction in
area of these wetlands and their role in the loss of biodiversity in the
region, so it is natural to look for causes of waterbird declines in rela-
tion to these two factors since their review.
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China has a highly effective network of national, provincial and
local nature reserves to protect the most important sites for wintering
waterbirds, although more protection is needed to be fully effective in
conserving the freshwater biodiversity of the Yangtze Floodplain (Liu
et al., 2003; Zheng et al., 2012; Zhang et al., 2015). The effectiveness of
such site-protection network programmes for aquatic systems, espe-
cially those subject to periodic fluvial inundation, is entirely dependent
on factors upstream in the catchment. Reductions in specific waterbird
species and guilds reflect key hydrological and trophic changes in
Yangtze Floodplain wetlands upon which these birds depend (Fox et al.,
2011; Zhang et al., 2011, 2015; Yu et al., 2017). Changes in timing of
inundation have been shown to affect the extent of seasonally flooded
grassland used by Lesser White-fronted Geese Anser erythropus (Wang
et al., 2012, 2013), Carex sedge meadows used by Greater White-
fronted Geese Anser albifrons (Zhao et al., 2012) and submerged mac-
rophyte tuber resources used during water table recession by Swan
Geese Anser cygnoides, Tundra Swan Cygnus columbianus and Hooded
Cranes Grus monacha (Fox et al., 2011; Zhang et al., 2011). To under-
stand composite community effects, we needed to assess how the wa-
terbird communities of individual water bodies responded to changes in
water regime.

Total wetland size affects waterbird abundance and diversity (Suter,
1994), including those of semi-arid systems (Froneman et al., 2001), as
do annual fluctuation in water levels (Colwell and Taft, 2000; Taft
et al., 2002). Yangtze Floodplain wetlands are characterised by high
summer water tables followed by autumn and winter drawdown of
water levels. These progressively create large areas of shallow water
and exposed lake sediments, which are temporarily most attractive to
feeding waterbirds (excepting diving waterbirds species). Based on
classic species-area relationships, we hypothesise that inundation area
(the difference in water area at maximum flooding extent compared to
the minimum during the dry season) should be a predictor of waterbird
abundance and diversity equally important as, or perhaps even more
important than total winter lake water area. Local precipitation
(Canepuccia et al., 2007) and ambient temperature (Ridgill and Fox,
1990; Lehikoinen et al., 2013; Pavón-Jordán et al., 2015) affect

waterbird distributions and abundance through their effects on food
availability and abundance, ice cover and thermoregulatory demands
(Meehan et al., 2004; White, 2008; Zuckerberg et al., 2011). Hence, we
also expect cumulative precipitation in January and average tempera-
ture in January to affect waterbird abundance and diversity.

Understanding factors that shape wintering waterbird distribution
and abundance patterns is crucial for their effective conservation. Here,
we applied a linear mixed modelling approach to show the effects of
total wetland area, wetland inundation area, local midwinter pre-
cipitation and temperature on wintering waterbird abundance, species
richness, diversity, and number of functional groups to determine the
key drivers of Yangtze Floodplain waterbird abundance and diversity.
To test for temporal changes in waterbird abundance and diversity, we
also included the effect of year in the models to detect the changes of
waterbird abundance and diversity between 2005 and 2016 when in-
tensive waterbird surveys were repeated at 72 Yangtze Floodplain
discrete lake basins (hereafter ‘lakes’).

2. Materials and methods

2.1. Waterbird survey data

Survey data were collected from c. 970,000 km2 of the middle and
lower Yangtze Floodplain in 2005 (Barter et al., 2006) and in January
2016 using the same techniques (see Fig. 1 and online Appendix A1).
All of the 72 most important wintering waterbird areas (Cao et al.,
2008a, 2010) were counted using experienced observers and the
‘look–see’ counting method (Bibby et al., 2000). All species en-
countered were identified and their abundance recorded, covering as
much of each wetland unit as possible in the shortest time (usually
within one day, always less than five days for the two largest lakes) to
derive total numbers present at each lake. For the details of lake se-
lection, survey techniques and duration see online Appendix A1.

Fig. 1. Distribution of 72 lakes surveyed in
2005 and 2016 within the Yangtze River
floodplain (shaded light pink on map top left).
The location of the Three Gorges Dam (red
stripe lower map) is also shown on the inset
map. (For interpretation of the references to
color in this figure legend, the reader is re-
ferred to the web version of this article.)
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2.2. Measures of waterbird abundance and diversity

We investigated the environmental variable effects on total bird
abundance (Nind), species richness (Ns), Shannon's Diversity Index (H)
and the number of functional groups (Nfg) at each lake.

Shannon's Diversity Index was calculated using the equation:

∑= −
=

H p ln p ,
i

N

i i
1

s

where pi is the proportion of bird number of species i in the total bird
abundance at each lake.

Poor visibility unavoidably resulted in some reports of unidentified
groups, for instance, ducks and geese, (constituting 5% of the total in
2005 and 11% in 2016) which were excluded from the calculation of H
and λ. We also generated a measure of functional diversity (FD) for each
lake following the approach of Petchey and Gaston (2002), based on
waterbird species traits that are relevant to feeding (see online Ap-
pendix A2 for details of the methods).

2.3. Derivation of environmental variables

We used Landsat Thematic Mapper (TM), Enhanced Thematic
Mapper Plus (ETM+) and Operational Land Imager (OLI) images to
extract the water area in the dry season derived from the imagery in
January and February for each lake site. We calculated extent of the
inundation area as the difference between the maximum water area
derived during the flooding season (July and August) and dry season of
the same wet-dry cycle. In most cases, that area was positive; for a few
lakes, subject to excessive peripheral land claim for agriculture with
artificial banks and restricted water level fluctuations, there was no
change in area. For a few sites, images from late June to early
September and late December to early March were used due to lack of
images in preferred months. Gap filling (involving local linear histo-
gram matching, Scaramuzza et al., 2004; http://landsat.usgs.gov/
documents/SLC_Gap_Fill_Methodology.pdf) was used to overcome
data duplications and loss in ETM+ images due to the failure of the
Scan Line Corrector. Geometric corrections were then conducted for all
images with Root Mean Square Error< 0.5.

Each lake was validated using visual interpretation and checked
against Google Earth images to establish lake boundaries, which were
used as masks to exclude redundant terrestrial areas before com-
mencement of classification. We used Supported Vector Machines
(Foody and Mathur, 2004) to identify the number of water pixels pre-
sent within each lake. Because these wetlands are seasonally inundated
basins, often confined within artificially created embankments, there
were few problems associated with the identification of open water in
shallow vegetated inundated areas, which could constitute problems in
more traditionally riparian floodplains. SVMs are supervised non-
parametric statistical learning techniques, which produce highly accu-
rate binary classifications with minimal training data sets (Mantero
et al., 2005; Boyd et al., 2006). We selected training sets visually from
each image with the help of field survey records as pixels containing
water or not, which were always highly contrasting. Once defined,
pixels were assigned to water or “other” classes. After automated
classification, we manually removed “other” non-island pixels, which
were likely floating/emergent macrophytes in summer images by
comparing them with winter and other flood season images. Finally,
pixels of water and “other” were counted to calculate the difference in
total water area between the summer and winter. Image processing was
conducted in ENVI 5.0 and ArcGIS 10.2.

For both 2005 and 2016, we obtained the precipitation (PREC) and
temperature (TEMP) for each lake from Chinese Meteorological
Administration (http://www.cma.gov.cn/).

2.4. Data analyses

We used linear mixed models to examine the effects of environ-
mental variables on waterbird abundance and diversity, using en-
vironmental variables and ‘YEAR’ as fixed factors, ‘LAKE’ as random
variable. The interaction terms of inundation area (IA) IA:YEAR and
lake water area (LA) LA:YEAR were incorporated to test whether the
effects of inundation area and water area changed between the two
years, using the combination of survey data of all 72 lakes surveyed in
2005 and 2016. Models were fitted using nlme package (Pinheiro et al.,
2017) in R (R Development Core Team, 2017).

Waterbird abundance and species richness were subject to ln (x
+ 1) transformations and then all dependent variables were Box-Cox
transformed to ensure normality for modelling. Variance inflation fac-
tors (VIFs) prior to modelling were all< 4, suggesting that multi-
collinearity was unlikely to be a problem (O'brien, 2007). In any such
analysis of this type, spatial autocorrelation can be present (Schneiner
and Gurevitch, 2001; Quinn and Keough, 2002). We examined global
spatial autocorrelation between bird community variables and distance
using Moran's I test using spdep (Bivand et al., 2013; Bivand and Piras,
2015) and ncf (Bjornstad, 2016) packages in R. We found no significant
spatial autocorrelation in any of the models (P > 0.05).

3. Results

In 2016, the surveys of 72 lakes located 306,026 individual water-
birds of 69 species, including 34,558 unidentified compared to 544,841
individuals of 89 species (including 31,220 unidentified waterbirds) in
the 72 lakes in 2005. Mean waterbird abundance and species richness
declined by c. 50% and Shannon and functional diversity by c. 30%
between 2005 and 2016 (Fig. 2).

Mixed linear models based on survey data from 2005 and 2016 all
featured effects of inundation area and year for waterbird abundance
and diversity indices (Table 1). The effects of inundation area were
significantly positive (see Fig. 3), while those of year were significantly
negative (Table 1) consistently for all models. The effects of lake water
area, temperature and precipitation were not significant in any of the
models. Model interactions terms IA:YEAR and LA:YEAR for all mod-
elled indices of waterbird abundance and diversity failed to achieve
statistical significance (Table 1), indicating that the slopes (effects) of
inundation area and lake area did not change between 2005 and 2016
(Table 1 and Fig. 3). The year effects for inundation area (t71 = −1.69,
P = 0.10) and lake area (t71 = 268.9, P = 0.43) also failed to reach
statistical significance, confirming no significant change in these two
variables between years confirmed largely by examination of changes at
individual lakes between the two years.

4. Discussion

4.1. Wetland area as the key driver of waterbird abundance and diversity in
the Yangtze Floodplain

These results supported the hypothesis that the key physical driver
of wintering waterbird abundance and diversity on individual wetlands
in the Yangtze Floodplain was lake inundation area. Winter lake water
area contributed less to explaining variation in waterbird abundance
and diversity, with no detectable contributions from climate effects.
Significant year effects indicated a 50% decline in waterbird abundance
and species richness and a c. 30% decline in Shannon and functional
diversity between 2005 and 2016 (Fig. 2). Models confirmed no
changes in inundation area and lake area between years, which could
not explain these declines, confirmed by lack of significant differences
in the slopes of the relationships with these variables between 2005 and
2016. Other factors were likely responsible for declines, despite strong
relationships between inundation area and year-specific waterbird
abundance and diversity at Yangtze Floodplain lakes. These could
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either be (i) intrinsic factors operating within Yangtze Floodplain
wetlands to reduce their carrying capacity or reduce waterbird popu-
lation size or (ii) extrinsic factors reducing waterbird population size
(e.g. habitat loss or degradation on breeding, staging or moulting
grounds, reduced reproductive success and/or through increased mor-
tality, such as hunting).

4.2. Other potential factors operating within the Yangtze Floodplain

There were 43,602 dams in the Yangtze Floodplain catchment in
2010 (Yang and Lu, 2013), the capacity of which has increased con-
tinually since 1960 and grown rapidly since 1990 (Chen et al., 2014).
Continued dam construction and water abstraction for irrigation, in-
dustry and domestic supply will further reduce lake and inundation
areas in the future (Liu et al., 2013). Although there was no evidence of
major change in the studied lake areas between 2005 and 2016, dam
construction and modified river flows have changed the inundation
phenology. This has affected sedge Carex spp. bed growth and avail-
ability of the overwintering tubers of submerged macrophyte plants,
adversely affected numbers of wintering waterbirds dependent on these
food resources (Fox et al., 2011; Zhang et al., 2011; Zhao et al., 2012).
Further physical loss of critical habitats or food supply for wintering
waterbirds could also be occurring because of excessive grazing of ve-
getation or removal of sediments for aggregate and the construction
industry, as well as changes in intensive fisheries and aquaculture,
which are a contemporary feature of all Yangtze Floodplain lakes.
Human disturbance displaces waterbirds from optimal feeding dis-
tributions (e.g. Madsen, 1998), enhancing energy expenditure and
predation risk (e.g. Madsen and Fox, 1995). Human disturbance has

likely increased through increases in local human rural populations,
increasing wetland access and exploitation in Yangtze Floodplain. Il-
legal hunting directly contributes mortality and creates disturbance
(Ma et al., 2012). Water quality is an increasing problem in the Yangtze
Floodplain. The lakes we studied are filled annually with polluted
waters from the catchment every flood season causing hyper-eu-
trophication (e.g. Le et al., 2010; Gao et al., 2015; Strokal et al., 2016)
as well as bringing biologically active and other harmful pollutants (e.g.
Zhao et al., 2015; Liu et al., 2017). These factors potentially contribute
to reduced waterbird fecundity and survival, as well as wetland car-
rying capacity, which would result in the observed reduction of the
intercepts without changing the slopes of the relationships between
waterbird abundance/diversity and lake areas (Table 1). While in-
vestigation of such factors, many of which are highly site specific and
highly economically driven, are beyond the scope of the current study,
they very clearly require urgent investigation both to enlighten the
ultimate causes of the continued declines and to find mitigation me-
chanisms through positive management interventions.

4.3. Factors operating outside of the Yangtze floodplain

Yangtze Floodplain wintering waterbirds are migrants from arctic,
taiga, steppe, desert, and temperate breeding regions, exposed to ha-
bitat loss and degradation, over-exploitation through hunting, con-
tamination through pollution and general attrition of conditions at
other points in their annual cycle. We know very little about the sites
throughout the Far East Asian waterbird flyways that these migrants
use throughout their annual cycle. Currently, we have fitted telemetry
devices to over 1200 individuals of> 25 species of waterbirds to

Fig. 2. Relationship between waterbird
abundance (note log-transformed axes),
species richness, Shannon Index and func-
tional diversity from 72 Yangtze River
floodplain lakes surveyed in 2005 and
2016. The diagonal line represents equality
in the two years.
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provide information about migration routes, breeding, staging and
moulting provenance, as well as mortality rates and the potential
threats to their populations. Results from these ongoing studies will
provide a better understanding as to how factors outside of Yangtze
Floodplain affect the waterbirds that exploit these wetlands in com-
parison to intrinsic factors affecting them within the Yangtze
Floodplain.

4.4. Consequences of waterbird changes for general biodiversity

These patterns give considerable concern for the future conservation
of Chinese wintering waterbirds. Waterbirds are amongst the upper
trophic level consumers in ephemeral Yangtze Floodplain wetland
systems, so their unfavourable conservation status almost certainly re-
flects the productivity and the wider health of these dynamic and
complex ecosystems (e.g. Martínez Fernández et al., 2005). These eco-
systems are also of vital importance for the provision of major diverse
ecosystem services, particularly for human fisheries and aquaculture.
China already has a well-developed set of local, provincial and national
nature reserves designated to protect this unique biodiversity (Cao
et al., 2010) and this protection is making a difference compared to
unprotected sites (Zhang et al., 2015). As these results demonstrate,
extrinsic factors (i.e. water abstraction, pollution and nutrient enrich-
ment upstream of a floodplain wetland basin, Gordon et al., 2008) af-
fect site quality and attractiveness to wintering waterbirds beyond the

Table 1
Full linear mixed model effects table (± SE) to predict waterbird abundance, species
richness, Shannon diversity index and functional diversity from lake winter water area
(LA), inundation area (IA) and interactions with YEAR (with LAKE included as random
factor) from 72 Yangtze River Floodplain lakes in 2005 and 2016. The lack of significance
of these two terms show that the slope (effect) of LA and IA did not change between 2005
and 2016. There are 71 degrees of freedom associated with each intercept determination
and 65 with all other parameters.

Model Value Standard Error t-value p-value

Waterbird abundance
(Intercept) 1.9014 0.1136 16.7408 < 0.0001
LA 0.0001 0.0001 0.5531 0.5821
YEAR −0.2789 0.0689 −4.0459 0.0001
IA 0.0020 0.0004 4.4428 < 0.0001
PREC 0.0005 0.0023 0.2337 0.8160
TEMP 0.0063 0.0506 0.1238 0.9018
LA:YEAR 0.0001 0.0001 1.0424 0.3011
IA:YEAR 0.0003 0.0004 0.6277 0.5324

Species richness
(Intercept) 2.1317 0.1212 17.5843 < 0.0001
LA 0.0001 0.0002 0.6039 0.5480
YEAR −0.4106 0.0783 −5.2447 < 0.0001
IA 0.0019 0.0005 4.0407 0.0001
PREC −0.0017 0.0026 −0.6606 0.5112
TEMP 0.0426 0.0556 0.7658 0.4465
LA:YEAR 0.0001 0.0002 0.9559 0.3427
IA:YEAR 0.0002 0.0005 0.3637 0.7173

Shannon index
(Intercept) 1.2762 0.1363 9.3663 < 0.0001
LA 0.0001 0.0002 0.3196 0.7503
YEAR −0.3362 0.1108 −3.0347 0.0035
IA 0.0014 0.0006 2.3302 0.0229
PREC −0.0034 0.0032 −1.0318 0.3060
TEMP 0.0620 0.0670 0.9264 0.3577
LA:YEAR 0.0002 0.0002 0.6305 0.5306
IA:YEAR 0.0005 0.0008 0.6424 0.5229

Functional diversity
(Intercept) 1.0086 0.1000 10.0837 < 0.0001
LA 0.0001 0.0001 0.7665 0.4461
YEAR −0.2765 0.0651 −4.2485 0.0001
IA 0.0013 0.0004 3.1514 0.0025
PREC −0.0011 0.0021 −0.5294 0.5983
TEMP 0.0241 0.0460 0.5239 0.6022
LA:YEAR 0.0001 0.0001 0.4627 0.6451
IA:YEAR 0.0005 0.0004 1.1341 0.2609

Fig. 3. Relationship between transformed inundation area and transformed waterbird
abundance, species richness, Shannon Index and functional diversity adjusted for effects
of other variables in the models (see Table 1 for model parameters and methods for detail
of transformations).
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jurisdiction of reserve authorities, no matter how effective on-site
protection measures may be. This is especially the case for Poyang Lake,
the most important wintering site for waterbirds in the Yangtze
Floodplain. Here, the construction of a planned dam is predicted to
increase inundation frequencies in late autumn and winter, submerging
all shallows and mudflats, which will reduce its inundation area and
affect wetland plant regeneration, species richness and ecological con-
ditions (Wu and Liu, 2015) including waterbirds (Aharon-Rotman et al.,
2017). In such situations, it is expedient to design flow regimes to
achieve specific ecological and ecosystem service outcomes, rather than
struggle to limit alterations from the natural flow baseline to maintain
biodiversity and ecological integrity (Acreman et al., 2014).

The results of these analyses underline the need to future-proof the
Yangtze Floodplain wetlands, their rich associated biodiversity and the
ecosystem services that they provide against two major pressures: re-
ductions in wetland inundation areas and maintenance of wetland
quality. There needs to be stricter control within the Environmental
Impact Assessment process associated with construction of new dams
and water abstraction proposals. Reductions in the functional inunda-
tion areas of lakes are also being driven by continued land claim for
agriculture, aquaculture and other societal pressures. There is thus a
very pressing need for the Yangtze catchment scale land use planning
that addresses the threats that these multiple stressors impose on wet-
lands, with the aim of coordinated hydrological management, which
embraces land claim pressures, water quality and quantity. There also
needs to be far better biodiversity monitoring in place to assess the
health of not just wintering waterbird populations, but of the wetland
systems in general, not least as a source of ecosystem services to local
human populations. In this respect, we call for the urgent creation of a
floodplain catchment authority to monitor, assess, analyse, and regulate
plans for land use and hydrological change, in order to meet the ob-
jective of securing ecosystem services and biodiversity conservation of
the Yangtze Floodplain in the long term.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.biocon.2017.12.029.
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