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A B S T R A C T

Better understanding of the mechanisms structuring ecological communities is not only a long-term theoretical
pursuit in ecology but also critical for biodiversity conservation. Here, we used two complementary approaches
(β-diversity partitioning, and phylogenetic and functional null models) to explore the processes structuring
wintering waterbird communities in the floodplain lakes of middle-lower Yangtze River (MLYR), China. We
found that 1) neutral assembly might be the predominant process shaping the composition of wintering wa-
terbird communities in MLYR; 2) compared to environmental factors, spatial variables, in particular those de-
scribing the large scale spatial structure among lakes, contributed more in explaining the functional and phy-
logenetic composition variations across the region, indicating dispersal constraints might strongly mediate
neutral processes. The dispersal constraint could be imposed by movement barriers caused by anthropogenic
landscape modification, site fidelity, or both; and 3) strong dispersal constraints could lead to competitive ex-
clusion superimposed over neutrally assembly isolated communities, a hypothesis confirmed by the α- and β-null
models. These findings provide strong support for the importance of conserving and improving ecological
connectivity at the regional scale as well as habitat quality enhancement at lake scale.

1. Introduction

Understanding the processes shaping the structure and composition
(i.e. the number, identity, and abundance of species) of ecological
communities is one of the oldest and greatest challenges in community
ecology (Calba et al., 2014; Cody et al., 1975; Connor and Simberloff,
1979; Diamond, 1975; Nakadai et al., 2018; Pavoine and Bonsall, 2011;
Weiher and Keddy, 1995). Knowledge of community assembly is also
fundamental to making rational decisions on habitat management and
biodiversity conservation (Cadotte et al., 2011; Socolar et al., 2016).
Numerous hypotheses, such as species-environment (i.e., environ-
mental filters, Hawkins et al., 1997), species-species (i.e., competition
exclusion, Connor and Simberloff, 1979; Martin and Pfennig, 2009),
neutral assembly (i.e. individuals and species are ecologically equiva-
lent, Hubbell, 1971), macroevolutionary (i.e., differences in speciation
and extinction rates, Condamine et al., 2012; Weir and Schluter, 2007),
and biogeographic (i.e., regional differences in area and age, Fine and
Ree, 2006; Jetz and Fine, 2012) effects, are often invoked to explain

differences in community taxa composition.
Although currently there are extensive debates on the details of how

community assembly rules operate (Cadotte and Tucker, 2017; Chase
et al., 2005; Kraft et al., 2015; Mayfield and Levine, 2010), the com-
monly accepted knowledge is that a suite of above-mentioned processes
working as a hierarchy of constraints (or filters) at a diverse range of
spatiotemporal scales are important (HilleRisLambers et al., 2012;
McGill, 2010; Scherrer et al., 2019). For example, an environmental
filter is often depicted as the first constraint operating at large scale,
which excludes any species without a compatible phenotype (e.g.
Cadotte and Tucker, 2017; Swenson et al., 2012), whereas a secondary
filter of competitive interactions occurring in a small neighbourhood
contribute to local coexistence or exclusion (Violle et al., 2011).
Moreover, spatial patterns of habitat distribution, interacting with en-
vironmental factors, can either facilitate or hinder the movement of
species among environmentally similar habitat patches, with potential
effects on community composition (Chase and Ryberg, 2004; Forbes
and Chase, 2002). Despite the above theoretical advances, which
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provide a conceptual framework to evaluate community assembly
processes, empirical studies have reached little consensus on the me-
chanism underlying species coexistence (Bishop et al., 2015;
Concepción et al., 2017; Viana and Chase, 2019). More research is re-
quired to detect and differentiate the contribution of various assembly
processes based on assemblages observed at different scales (Scherrer
et al., 2019) and for different taxa.

There has been a recent trend to explore the functional diversity
(FD) and phylogenetic diversity (PD) in a metacommunity to under-
stand the community assembly rules and drivers of biodiversity patterns
at global, regional and local scales (Jarzyna and Jetz, 2016; McGill
et al., 2006; Webb et al., 2002). PD and FD are two biodiversity metrics
that can be used to describe community structure in addition to taxo-
nomic diversity (Cadotte et al., 2011; Cadotte et al., 2013; Swenson,
2014). PD is a measure of the evolutionary distance between coexisting
species in a community (Tucker et al., 2016; Webb et al., 2002),
whereas FD measures the distance of species functional traits in a
community (Cadotte et al., 2013). The study of FD establishes the re-
lationships between traits and environmental gradients, species’ niches
and ecosystem function (Bässler et al., 2016; Bishop et al., 2015; Luck
et al., 2013); and PD approachrepresents an attempt to link the evo-
lutionary history of species to their current ecological interactions
(Cavender Bares et al., 2009; Gerhold et al., 2015; Mayfield and Levine,
2010; Violle et al., 2011). Among these studies, two approaches; var-
iation partitioning (Peres-Neto et al., 2006), and phylogenetic and
functional null models (Cadotte and Tucker, 2017; Webb et al., 2008),
are increasingly applied in theoretical and empirical community
ecology studies (Miller et al., 2017; Monteiro et al., 2017; Xing and He,
2019). Null models are employed to test the neutral theory (i.e. the
stochastic or deterministic processes), which can “imply” the under-
lying community assembly mechanisms (Gotelli, 2000). Variation par-
titioning aims to directly distinguish and quantify the relative con-
tributions of environmental and spatial effect in shaping local
communities (Anderson and Cribble, 1998). Both techniques have
achieved various degree of success in interpreting diversity patterns at
landscape, regional, continent and global scale.

Due to the limitation that manipulative experiments are difficult to
perform when studying ecological systems at large spatial scales, null
models are widely used to assess the efficiency of reflections of the
observed FD and PD on non-random community patterns (Gotelli,
2000; Gotelli and Ulrich, 2012; Swenson, 2014). By generating many
randomized ecological assemblages from regional species pool, typi-
cally through swapping names (trait matrix) or tip labels of the phy-
logenetic tree (Swenson, 2014) null model analysis can be specified to
test competing hypotheses (e.g. habitat filtering or competition) about
community assembly (Cadotte et al., 2011; De Bello et al., 2009;
Petchey and Gaston, 2007). For example, if the coexisting species in a
community are more functionally similar to one another than would be
expected by chance (i.e. clustering), it is assumed that environmental
filtering could be the main species sorting process contributing to the
observed pattern because the prevailing environmental conditions act
as a filter that only allows a narrow spectrum of functional traits to
persist locally (van der Valk, 1981). On the other hand, if the observed
functional diversity is larger than would be expected by chance (over-
dispersion), biotic interactions, particularly competition, which max-
imize the differentiation between coexisting species (MacArthur and
Levins, 1967), might be the determinant process. If the functional traits
are constrained by the phylogenetic history (i.e. phylogenetic con-
servatism, Kraft et al., 2007)), a similar interpretation could be applied
to phylogenetic diversity in a community. Note that the these seemingly
mutually-exclusive processes largely depend on the spatial scale con-
sidered, and their relative contributions are often difficult to disen-
tangle (Lavergne et al., 2010).

Although null models can successfully identify non-random patterns
of species association in a community, they cannot, by themselves,
distinguish the effects of species interactions (e.g. competition),

dispersal limitation, and habitat filtering as causes of this non-ran-
domness. For instance, PD (FD) clustering may indicate positive species
associations reflecting the shared environmental requirements (i.e.
environmental filtering, (De Bello et al., 2009; Webb et al., 2002).
Meanwhile, positive (such as mutualism and commensalism) and ne-
gative (e.g. competition: Mayfield and Levine, 2010) biotic interaction
could also lead to species co-occurrence. Similarly, negative associa-
tions between species implied by PD (FD) overdispersion, reflect ne-
gative biotic interactions (Cody et al., 1975), but could also reflect
distinctive environmental niches (Losos, 2008; Wiens and Graham,
2005) or succession stages (Bishop et al., 2015; Letten et al., 2014;
Purschke et al., 2013), or other biogeographic processes (Cavender
Bares et al., 2009). To disentangle the relative importance of different
community assembly processes, a popular alternative approach is using
multivariate analytical tools (Monteiro et al., 2017; Ovaskainen et al.,
2017). In this case, taxonomic, functional and phylogenetic dissim-
ilarity indices among the communities (i.e. β-diversity) are correlated
with environmental distances among communities, often after ac-
counting for the influences of space (Legendre et al., 2009; Oksanen,
2011; Peres-Neto et al., 2006).

The majority of previous studies used either variation portioning or
null model are focused on plants (Swenson et al., 2012) and other taxa
with less vagility such as zooplankton (Quenta Herrera et al., 2018),
crustaceans (Gascón et al., 2016), arthropods (Coccia and Fariña,
2019), macroinvertebrates (Monteiro et al., 2017), frogs (Keller et al.,
2009) and fish (Peláez and Pavanelli, 2019). In this study, we applied
both approaches to study the community assembly processes of the
wintering waterbird (highly mobile) communities in the middle to
lower Yangtze region (MLYR), a metacommunity subject to a long
history of human disturbance and increasingly intense habitat mod-
ification. The MLYR, which contains the most freshwater wetlands of all
catchments in China, is considered the most important area for win-
tering waterbirds (in term of both richness and abundance) in the East
Asian-Australasian Flyway (EAAF) (Barter et al., 2005). We aimed to
investigate the role of environmental factors and spatial variables (i.e.
those describing spatial structure among the lakes within the study
region) in determining wintering waterbird communities at the regional
scale to uncover and explain community assembly processes. We as-
sumed the two approaches could provide complementary insights into
community assembly rules; and the combination of both methodologies
may allow more precise definition of the main drivers of the meta-
community structures (Heino and Alahuhta, 2015). Specifically, we
analysed three aspects of α and β-diversity of wintering waterbirds at
community and regional scales in order to ask the following questions:

1. Are the species in the wintering waterbird communities functionally
(or phylogenetically) over-dispersed or clustered or neutral? This
analysis of α-diversity at community level may reveal how biotic
and abiotic factors acted on the assembly of the community (Kraft
et al., 2015; Webb et al., 2002). For example, phylogenetic and/or
functional clustering of species could indicate environmental fil-
tering, whereas overdispersion can point to biotic interactions
driving community assembly (Cavender Bares et al., 2009; Kraft
et al., 2015; Mayfield and Levine, 2010; Webb et al., 2002).

2. Do the variations in community phylogenetic and trait structure (β-
diversity) significantly departure from random expectations? Non-
random trait or phylogenetic dissimilarity in metacommunity sup-
ports deterministic processes (Kraft et al., 2011). However, if the
observed β-diversity is consistent with neutral expectations, the
underlying mechanism is uncertain (Gotelli and Ulrich, 2012); and
would suggest an overriding role for macroecological processes that
determine the size of regional species pools (Myers et al., 2013).

3. Whether the spatial patterns of phylogenetic and trait diversity are
consistent in wintering waterbird communities in MLYR, are PD and
FD congruent in revealing community assembly rules? Although PD
and FD are normally highly correlated as phylogenetic conservatism
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is common in nature (Kraft et al., 2007), and PD is implicitly or
explicitly assumed as a proxy for FD to accounting for unmeasured
traits (Cadotte et al., 2008), many empirical studies have shown that
the two could display different or even contrasting dispersion pat-
terns (Cadotte et al., 2019). Significant incongruencies could po-
tentially lead to alternative interpretations (Mayfield and Levine,
2010) and provide complementary insights into community as-
sembly (Cadotte et al., 2019)

4. Are environmental factors strongly influencing wintering waterbird
distribution? If so, what proportion of the community composition
variation can be attributed to environmental variables? Previous
studies have demonstrated that the type and quality of habitats
could cause sufficient differences in the composition of local com-
munities (Heino, 2011). This analysis emphasizes habitat or en-
vironmental filtering above and beyond spatial dynamics.

These analyses will improve our understanding of ecological pro-
cesses that drive wintering waterbird community structures from local
to regional scale. The findings could benefit informed conservation
strategy to scale up the current site-specific restoration efforts to re-
gional scale ecological outcomes (Menz et al. 2013) through identifying
taxonomic, functional and phylogenetic biodiversity hotspots and
conservation gaps.

2. Methods

2.1. Study site

The study was conducted in the middle-lower Yangtze Floodplain
(MLYF) of China, which stretches eastward from Mount Wu to the coast
(Fig. 1). The MLYF has been China’s major agricultural production area
for thousands of years, and thus has a long history of anthropogenic
disturbance. With rapid population growth, land-cover change, and
urbanization, anthropogenic disturbance has been intensified in the last
50–60 years.

The region is influenced by the prevailing subtropical monsoon
climate, characterized by abundant rainfall (often showing a summer
peak), with an annual mean precipitation of 1000–1400 mm and an
annual mean temperature of 14–18 °C. The MLYR is made up of hun-
dreds of alluvial plains along the Yangtze River and its major tribu-
taries, and these plains typically contain a large number of lakes and

rivers, representing 38.17% of the total freshwater area in China (Cui
et al., 2013).

The MLYR supports numerous rich shallow water bodies, including
four of the five largest freshwater lakes in China: Poyang Lake,
Dongting Lake, Tai Lake, and Chao Lake (Fig. 1, Wang et al., 2014)).
Together with hundreds of small to medium-sized lakes, the MLYR re-
presents a globally significant wetland landscape providing an irre-
placeable ecological environment for aquatic biota, particularly for
waterbirds. Many lake systems in MLYF serve as internationally im-
portant habitats for endangered species and migratory waterbirds (in-
cluding the Siberian Crane Leucogeranus leucogeranus and the Oriental
Stork Ciconia boyciana), and nine sites have been designated as inter-
nationally significant under the Ramsar Convention.

From the 78 lakes surveyed by the 5-yearly simultaneous wintering
waterbirds census (see below), we selected 50 lakes, being those sup-
porting at least three species. As some of the α and β functional di-
versity metrics (such as mpd and mndt, see below) require a least three
species in a community, lakes with less three species were excluded.
Because the species recorded in the excluded lakes (typically small, less
than 1 km2) were all found in the remaining 50 lakes, this selection
does not affect the regional species pool. We delineated the selected
lakes using high quality (i.e. cloud cover ≤5%) Landsat satellite images
in the summer high water season of 2015 (downloaded from USGS,
http://glovis.usgs.gov/) by visual inspection. Lake area was calculated
from the digitized lake polygons.

2.2. Data

2.2.1. Wintering waterbird communities
Since 2005, five-yearly systematic winter waterbird surveys have

been conducted for the lakes in MLYF to monitor waterbird distribution
and population dynamics. These censuses were carried out simulta-
neously (i.e. on the same dates) by teams of trained bird experts to
minimize double-counting across metacommunities (Xia et al., 2017).
The look-see method (Barter et al., 2005) was adopted in all surveys.
For each lake, fixed observation locations are established such that the
entire lake is covered for accurate counting. Waterbirds were identified
to species level using Hoves & Bakewell (1989) using telescopes and
binoculars. All species listed as waterbird by Wetland International
(http://wpe.wetlands.org/Iwhatrwb) were recorded and counted.
However, when the flocks were large (in general, higher than 10,000), a

Fig. 1. Location of the 50 lakes surveyed in the
Middle-Lower Yangtze River floodplains (red dot),
with some dominant lakes marked with names. The
region covers an area of approximately
7.87 × 105 km2, and is a biodiversity hotspot of
global significance. Inset shows the location of the
study site in China. The World Imagery background
credit to Esri, DigitalGlobe, GeoEye, Earthstar
Geographics, CNES/Airbus DS, USDA, USGS,
AeroGRID, IGN, and the GIS User Community. (For
interpretation of the references to colour in this
figure legend, the reader is referred to the web ver-
sion of this article.)
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‘general estimate’ approach (i.e. counting by hundred) was applied
(Barter et al., 2005). This study used the latest survey dataset in 2015;
and all analyses were based on species-specific waterbird density, i.e.
number of individuals per km2.

2.2.2. Waterbird phylogeny
From a global phylogeny of birds (retrieved May 10, 2017: http://

birdtree.org/), we randomly extracted 100 phylogenetic trees for the 66
waterbird species from the entire avian tree (9993 species) developed
by Jetz et al. (2012). With the 100 random trees, we averaged the ge-
netic distances and constructed a new phylogenetic tree for the 66
waterbirds (Appendix A).

2.2.3. Trait data and trait dendrogram
We focused on the 10 most reliable and ecologically relevant traits

(Table 1) of the wintering water bird species: body mass, wingspan,
longevity, generation length (the average age of breeding individuals),
clutch size (number of eggs), incubation times, breeding habitat range,
foraging habitat range, diet (percentage of invertebrates, fish, seed,
fruit, and other plant materials), and habitat mode (percentage usage of
water, riparian and grassland). These selected traits measure many
aspects of resource use by birds, such as the quantity and the quality of
resources consumed (Petchey and Gaston, 2007) as well as the fitness of
the species (Luck et al., 2013) such as reproduction strategies and
generation length. For example, body mass is highly related to various
characteristics of birds such as metabolic rate, life span and mobility.
Diet is related to ecosystem functions such as seed dispersal and food-
web structure (Sekercioglu, 2006).

The main sources for the trait measurements are Planet of Birds,
BirdLife International, and a database compiled by Wilman (2014,
Table 1). Any missing data were filled based on information in the
ornithological literature, such as the Handbook of the Birds of the
World (Del Hoyo et al., 2018).

With the species-by-trait matrix (Table 1), we first computed the
Gower (1971) similarity coefficient and converted this to a dissimilarity
distance matrix. The Gower dissimilarity matrix was then subject to a
hierarchical cluster analysis (we use UPGMA method in this study) to
create a dendrogram (Petchey and Gaston, 2002). Finally, the dendro-
gram was converted into a tree-like object with the same features as the
phylogenetic tree (Appendix B).

2.3. Functional and phylogenetic α- and β-diversity indices

2.3.1. α-diversity
In the study, all the diversity indices (α- and β-diversity) were

calculated using the relative abundance data. We calculated Simpson's
index as taxonomic α-diversity. Using the phylogenetic tree branch
lengths, we calculated two abundance-weighted phylogenetic α-di-
versity indices for each of the 50 lakes: the mean nearest taxon distance
(MNTD.PD) and mean pairwise distance (MPD.PD). MPD is the average
distance (phylogenetic and functional) between all possible pairs of
species in an assemblage; it quantifies the overall relatedness of the
species in the assemblage. MNTD is the average phylogenetic distance
between each focal species and its most closely related species in the
assemblage; it quantifies the relatedness of closest relatives in an as-
semblage (Webb et al., 2002).

Two functional α-diversity indices (MNTD.FD and MPD.FD) were
calculated in the same way as their phylogenetic counterparts by using
the trait dendrogram (Appendix B) instead of the phylogenetic tree.

2.3.2. β-diversity
The β-diversity values were calculated between all pairwise com-

binations of the 50 communities (i.e. for each focus community, there
are 49 dissimilarity values). The taxonomic β-diversity was calculated
as the abundance-based Bray-Curtis dissimilarity index (Borcard et al.,
2018) using the vegdist function in R package “vegan” (Oksanen, 2011).
The raw community matrix was standardised using the decostand
function in R package “vegan”. The values are between 0, indicating
identical species composition and abundance, to 1, indicating complete
species turnover.

We used two distance-based abundance-weighted dissimilarity me-
trics to explore the functional and phylogenetic variations between
lakes (i.e. β-diversity): the pairwise COMDIST and COMDISTNT
(Swenson, 2014). COMDIST and COMDISTNT are conceptually similar
to α diversity indices of MPD and MNTD. COMDIST compares the
overall similarity between communities, and is calculated as the dis-
tance between all species in one community to those in a second
community:

=
∑ ∑

×
COMDIST

δ

nk nk
i
nk

j
nk

ij

1 2

1 2

(1)

where there are nk1 species in community k1, nk2 species in community
k2, and δij is the phylogenetic or functional distance between species i in
community k1 to all species in community k2.

COMDISTNT evaluates whether the closest related species in one
community are distantly or closely related to those in another com-
munity, and is calculated as

Table 1
The five trait types and 14 specific traits used to characterize wintering waterbird functional diversity.

Type Trait Mean SD Sources

Resource Quantity 1. Mass (g) 1313.39 1632.13 a and b
2. Wingspan (cm) 98.52 48.47 a
3. Breeding range (km2, log transformed) 7.47 0.59 b
4. Foraging range (km2, log transformed) 7.68 0.70 b

Life history 5. Longevity (year) 23.96 9.81 c
6. Generation (year) 8.23 2.91 a

Reproduction 7. Clutch size (no of eggs) 5.72 2.95 a and b
8. Incubation (Day) 25.85 3.32 b

Diet 9. Diet-Inv (% of invertebrate) 40.61 34.10 d
10. Diet-Fish (% of fish) 22.27 27.67 d
11. Diet-Plant (% of plant materials) 37.12 37.98 d

Habitat 12. Hab-W (% of time on water surface) 14.24 29.41 d
13. Hab-Rip (% of time on riparian area) 45.91 27.68 d
14. Hab-G (% of time on ground) 39.85 31.84 d

1. Planet of Birds, website visited 23 Jun 2016: http://www.planetofbirds.com/
2. BirdLife International, website visited 28 Jun 2016: http://datazone.birdlife.org/
3. An Age Database of Animal Ageing and Longevity, website visited 26 Jul 2016: http://genomics.senescence.info/species
4. Wilman et al., 2014
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=
∑ + ∑

+
COMDISTNT

minδ minδ
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1

1 2 (2)

where minδik2 is the minimum phylogenetic/functional distance be-
tween species i in community k1 and all species in community k2,
minδjk1 is the minimum phylogenetic/functional distance between
species j in community k2 and all species in community k1, and n is the
number of species in the respective communities.

R packages “FD” (Laliberté et al., 2014) and “picante” (Kembel
et al., 2010) were used for functional and phylogenetical α- and β-di-
versity indices calculations.

2.4. Null model

2.4.1. α diversity dispersion
We used null models to determine whether the observed α phylo-

genetic and functional diversity values were significantly different from
these expected under the null hypothesis that assumed the waterbird
communities consist of random draws of species from the regional
species pool (Villéger et al., 2008). We created 999 null models by
randomizing the phylogenetic relatedness of species, i.e. shuffling of
species names on the phylogenetic tips. By randomizing the phyloge-
netic data, the null models constrain the co-variances, overall patterns
and information in the communities, and is thereby less susceptible to
the biases that lurk in community data matrix randomizations
(Swenson, 2014). We also calculated a standard effect size (SES) for
values of MPD and MNTD:

=
−SES Obs mean null
SDofnull

( )
(3)

The SES values are measures of phylogenetic dispersion (Swenson,
2011). The SES.MNTD and SES.MDP are the negations of the well-
known NTI (Nearest Taxon Index) and NRI (Net Relatedness Index)
defined by Webb et al. (2002). While positive SES values indicate di-
versity evenness, or a greater distance among co-occurring species than
expected (i.e. species are over dispersed); negative SES values suggest
species clustering, or small phylogenetic distances among co-occurring
species than expected. An identical analysis framework was used to
evaluate functional diversity dispersion in each community.

2.4.2. β diversity dispersion
We also assessed the phylogenetic and functional β-diversity dis-

persion in the MLYT lakes using null models. We first calculated the
COMDIST (Eq. 1) COMDISTNT (Eq. 2) for each random metacommu-
nity (a total of 999, see above), resulting a matrix of β-diversity with
the dimension of 50 by 49. The observed COMDIST (or COMDISTNT) in
each lake was then compared with the 999 simulated COMDIST (or
COMDISTNT) to compute 49 SES values for each of communities (i.e.

lakes) using Eq. 3. Thus, there are 49 SES values for each lake to
evaluate the functional and phylogenetic turnover. SES values ap-
proaching zero are normally interpreted as showing increasingly sto-
chastic assembly (i.e. communities would appear similar to those as-
sembled by randomizing the empirical data) while values departing
from zero are suggestive of deterministic processes driving community
assembly.

2.4.3. Partitioning community variation by space and environment
The variation of species composition within a metacommunity can

be explained, to some degree, by several potentially interacting factors
(Calba et al., 2014; Concepción et al., 2017). Normally, it is assumed
that the abiotic environment plays a key role in determining the
members within an assemblage particularly on larger spatial scales
(Leibold et al., 2010). However, abiotic gradients are generally spatially
autocorrelated such that trend in communities along an abiotic gradient
may simply be due to spatially structured environmental variables.
Alternatively, the observed difference in communities may be caused by
dispersal limitation which may be independent of the environment.
Therefore, the interplay between spatial organization and environ-
mental filtering in determining community members and their abun-
dance might not be straightforward.

In this study, we used variation partitioning (Borcard et al., 1992;
Peres-Neto et al., 2006; Swenson, 2014) to disaggregate the observed
variation in wintering waterbird community within the 50 lakes into
three unique components: (I) environmental; (II) pure spatial; (III) in-
teraction between spatial and environmental factors, i.e. the spatially
structured environmental effects. The component that cannot be ex-
plained by the spatial, environmental and their interactions is regarded
as model residual (Anderson and Cribble, 1998; Legendre, 2005). We
used the raw data approach (i.e., site-by-species matrix as response) to
examine variation in community structure among sites (Anderson et al.,
2011; Legendre, 2005, 2008). For taxonomic β-diversity, we used the
Hellinger-transformed raw community data (Legendre, 2008). We fol-
lowed the method of Peres-Neto et al (2012) to calculate a site-by-
species matrix containing the total variation in phylogenetic (or trait)
structure across the 50 communities. Finally, we used a permutation
procedure (number of permutations = 9999) to test the significance of
the fractions of variation explained (Legendre, 2008; Oksanen, 2015).

2.5. Environmental predictors

Three groups of environmental variables are included variation
portioning (Table 2). The first one describes morphological features of
the lake. As ecosystem size has a great influence on the ecological
community it can support (Scheiner, 2003), lake area and depth are
included in this category. The second group is related to the pro-
ductivity of the lakes (see below). The third group variables measure

Table 2
Summary of the environmental variables used in the study.

Group Variable Mean SD Description

Physical Area 1.74 0.75 Maximum area at summer high water (km2), log transformed
Depth 3.59 2.06 Depth of the lake (m)

Productivity NDVI_mn_w 0.05 0.06 Winter mean NDVI
NDVI_mn_s 0.21 0.16 Summer mean NDVI
NDVI_sd_w 0.06 0.04 Spatial winter NDVI heterogeneity
NDVI_sd_s 0.20 0.07 Spatial summer NDVI heterogeneity
Delta NDVI −15.97 15.00 Spatial mean of the NDVI difference between winter and summer

Heterogeneity Entropy 0.77 0.78 The Shannon’s diversity index of habitat patches
No of Patch 6.30 19.85 Number of open water patches in winter
Patch density 1521.61 2696.54 No of water patches per km2

Edge density 180.63 105.39 Perimeter of all water patches per km2

Mean patch area 37.64 96.61 Average area of water patches in a lake (ha)
Max patch area 114.38 285.27 The area of largest water body in a lake (ha)
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lake habitat heterogeneity using remotely sensed habitat patches of
open water in February 2016.

NDVI (normalized difference of vegetation index) was demonstrated
as highly correlated with waterbird distributions at continental, re-
gional and local scale (Pedrana et al., 2016; Wen et al., 2016). We
obtained 36 300 m 10-day composites NDVI for the period of Mar 2014
- Apr 2015 from CGLS (Copernicus Global Land Service, http://land.
copernicus.eu/global/). We visually inspected the 36 NDVI images and
only retained those with limited cloud cover for our study area, re-
sulting in 23 usable images. By simply replacing the negative value with
zero, we recalculated the layers so that all values were greater than or
equal to zero. This process is necessary to avoid bias in computing
spatial mean and standard deviation (SD). With the 23 NDVI layers, we
congregated the winter season (i.e. Dec 2014-Feb 2015) and summer
(i.e. Jun-Oct 2014) season layers for further processing.

We extracted the spatial mean and standard deviation of summer
and winter NDVI for each lake. The mean NDVI (NDVI.mn.s and
NDVI.mn.w) represents the land production, and SD (NDVI.sd.s and
NDVI.sd.w) characterize the spatial heterogeneity of land production.
In addition, the NDVI difference between summer and winter provided
information on vegetation development in the lake.

As Pearson correlation coefficients for pairwise tests is low (between
−0.14 to 0.27), there is little concern of collinearity between the se-
lected predictor variables. We conducted a principal component ana-
lysis (PCA) on the 12 environmental variables (Table 2) to reduce the
dimensions of the environmental variable matrix for further analysis.

2.6. Spatial variables

We used Moran’s eigenvector maps (MEMs; Dray et al., 2006) to
generate spatial variables from the coordinates of the lakes. MEMs are
developed from spectral graph theory and maps neighbourhood re-
lationships onto orthogonal and independent spatial variables over a
wide range of autocorrelation structures. This method is more flexible
than others to extract spatial structure for irregular sampling design
(Borcard et al., 2018), which was the case of our study. In brief, a
spatial neighbourhood matrix was first constructed, and a spatial
weighting matrix was defined from the geographical site coordinates.
Then, the neighbourhood matrix was truncated using the weighting
matrix to retain only the distances among close neighbours. Finally,
principal coordinates were calculated for the truncated neighbourhood
matrix resulting in 49 (i.e. n − 1) MEMs. Lower numbered MEMs re-
semble broad-scale spatial structures, whereas higher numbered axes
resemble fine scale spatial structures. We used the “adespatial” package
(Dray et al., 2017) for MEMs computing and significance test, and only
positive MEMs with significantly spatial autocorrelation (15 of the 49
MEMs) were used for further analysis. We used the “forward.sel”
function in “adespatial” package (Dray et al., 2017) to test whether the
explanatory variables (i.e. MEMs and PCA axes of environmental vari-
ables) have significant effect on β-diversity, and only the significant
variables were included in variation partitioning.

3. Results

3.1. α-diversity and dispersion in the lakes of MLYR

The taxonomic, functional and phylogenetic α-diversity varied
greatly across the lakes (Fig. 2A, see Appendix C for spatial distribution
pattern of α-diversity indices). SESs of α-diversity also varied greatly
across the lakes (Table 3), and the mean SES was not significantly
different than zero for all α-diversity metrics (t-test, p > 0.05 for all
metrics). The functional diversity SES values ranged from −2.14 to
1.72 (mean = −0.16 and SD = 0.79) for MPD and from −1.96 to 2.67
(mean = 0.10 and SD = 0.91) for MNTD, respectively (Table 3). Si-
milarly, the phylogenetic diversity SES values also had large spatial
variations, ranged from −1.56 to 1.65 (mean = 0.01 and SD = 0.84)

for MPD and from −1.48 to 2.30 (mean = −0.24 and SD = 1.03) for
MNTD, respectively (Table 3).

There was no clear overall pattern of community over-dispersion or
clustering for the lakes indicated by the positive/negative SES values
(Table 3 and Appendix D). Nevertheless, the α-diversity null models
indicated that inter-species competition was the determinant process
shaping the composition and structure of wintering waterbird com-
munity in a few lakes. By contrast, only one lake (i.e. Liangzi lake,
Appendix D) was structured by environmental filtering indicated by the
significantly negative MNTD.FD (Table 3).

Despite the fact (?) there were many lakes that had positive SES.PD
could also have negative SES.FD or vice versa, there was no communities
were both phylogenetically (or functionally) over dispersed and func-
tionally (or phylogenetically) clustered. All communities phylogeneti-
cally (or functionally) overdispersed were functionally (or phylogen-
etically) neutral.

3.2. β-diversity and dispersion in MLYR lakes

The mean taxonomic β-diversity was very high (mean = 0.91,
Fig. 2B) providing strong evidence of the heterogeneity of waterbird
assemblages across the MLYR region. However, the functional and
phylogenetic β-diversity were much lower, especially for MNTD.PD
(mean = 0.27, Fig. 3B; heatmaps of the pairwise β-diversity can be
found in Appendix E).

Although variable across lakes, most of the observed β-diversity did
not deviate from null expectation significantly at 95% level (the heat-
maps showing the significance of all β-diversity metrics are in Appendix
F). For functional diversity dispersion, there were few pairs of lakes
with observed dissimilarities significantly lower than the random si-
mulation (for example, in case of functional MNTD, only 4.3% of the
1250 pairwise comparisons were significantly lower). By contrast,
many of the observed dissimilarities between the lakes were sig-
nificantly higher than null simulations, for instance, 20.3% of 1250
pairs of comparisons of functional MNTD were significantly higher than
expectation. For phylogenetic dispersion, the number of pairs with
significant lower and higher β-diversity was comparable for MNTD
(9.36% and 6.13% for positive and negative SES, respectively). How-
ever, there were more pairs with significantly negative MPD (8.24%
and 18.24% for positive and negative SES, respectively). The mean β-
SES (i.e. the mean of 49 pairs between the focused lake and the other 49
lakes) also showed no clear spatial pattern and can be either positive or
negative (see Fig. 3 for SES.MNTD.FD, maps for other β-diversity were
in Appendix G).

In general, there was a high degree of agreement between functional
and phylogenetical turnover for these pairs that had significant SES
(either positive or negative), although there were incongruent cases
(Fig. 4). For example, of the 115 cases which had significantly higher
phylogenetic SES, only 5.22% had significantly lower functional SES. In
comparison, the percentage for higher and random functional turnover
was 17.39% and 77.39, respectively (Fig. 4).

3.3. Variation partition of wintering waterbird communities in MLYR lakes

3.3.1. Significant spatial and environmental variables
The results of selected variables were different for the three mea-

sures of β-diversity (Table 4). PC6, which was positively correlated with
lake depth, habitat heterogeneity and winter production, and nega-
tively correlated with lake area, was selected for all models. Moreover,
PC6 was the only environmental variable that has significant effect on
the variation of TD and FD. While both fine (i.e. MEM11) and coarse
(e.g. MEM1 and MEM3, MEM) scale spatial variables were important
for TD, but FD and PD were impacted by only coarse scale variables
(Table 4).
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3.3.2. Contributions of spatial and environment factors
The permutation tests based on RDA or partial RDA models con-

firmed that the effects of three factors, i.e. pure space, pure environ-
ment, and shared space and environment, were all significant for the
three-diversity metrics (p value ranged from 0.008 to 0.047). The total
explained variation was highest for FD and lowest for PD. Put together,

space and environmental variables explained a considerable proportion
of the total variation of the community composition in the lakes
(21.0%, 31.9% and 19.0% for taxonomic, functional, and phylogenetic
β-diversity, respectively, Fig. 5). The contribution of pure space was the
largest for all three dimensions of diversity, especially for FD and TD
(18.3%, 24.5 and 7.8% for TD, FD and PD, respectively).

4. Discussion

In this study, we applied two approaches: functional and phyloge-
netic null models, and variation partitioning, to a highly mobile me-
tacommunity of wintering waterbirds in MLYR, to explore the com-
munity assembly mechanisms underlying the present-day diversity
distribution. The waterbird communities in this region have been sub-
jected to a long history of human disturbance and increasingly intense
habitat modification. Overall, we found the neutral assembly (Hubbell,
2001) mediated by dispersal limitation might be the predominant
process shaping the composition of wintering waterbird communities in
MLYR. This prevailing stochastic process operated at both local and

Fig. 2. Taxonomic, functional and phylogenetic α-
diversity (A) and β-diversity (B) of the wintering
waterbirds in the lakes of MLYR calculated as the
mean of the pairwise distance between two commu-
nities. As we scaled the raw data before calculating β-
diversity metrics, all pairwise dissimilarity was be-
tween 0 (i.e. the two community are identical) and 1
(completely different).

Table 3
Summary of the standardized effect size of functional/phylogenetic diversity
indices in the 50 lakes within the MLYR.

Max Min Mean SD Positive1 Negative2

MPD.FD.ses 1.72 −2.14 −0.16 0.79 29 (1) 21 (0)
MPD.PD.ses 1.65 −1.56 0.01 0.84 21 (5) 29 (0)
MNTD.FD.ses 2.67 −1.96 0.10 0.91 14 (1) 36 (1)
MNTD.PD.ses 2.30 −1.48 −0.24 1.03 20 (2) 30 (0)

1. The number of lakes with positive SES values, the number in parenthesis is
the cases that are significantly overdispersed;
2. The number of lakes with negative SES values, the number in parenthesis is
the cases that are significantly clustered.

Fig. 3. Mean standard effect size of mean nearest
neighbour phylogenetic distance (β-SES.MNTD.PD)
of the 50 lakes in Middle-lower Yangtze Floodplain.
Red indicates lower than null expectation and green
means higher null expectation. For each of the lake,
the mapped SES is the mean of the pairwise com-
parison between the focused and the other 49 lakes.
(For interpretation of the references to colour in this
figure legend, the reader is referred to the web ver-
sion of this article.)
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regional scales although there was evidence of localized competition
exclusion shaping a few communities.

4.1. Null model

4.1.1. α-diversity dispersion
Our results did not reveal any clear patterns of clustering or over-

dispersion for both FD and PD. For the majority of communities, the
small deviations of all α-diversity metrics (i.e. MPD and MNTD for both
PD and FD) from null expectations indicated that stochastic processes
could be the predominant mechanism shaping the wintering waterbird
community compositions in MLYR (Tuomisto et al., 2012). However, as
other stochastic processes such as random disturbances and dispersal
events can confound the detection of deterministic processes such as
environmental filtering (Hubbell, 2001), the random α functional and
phylogenetic structure are not necessarily an indicator of neutral pro-
cesses structuring the waterbird communities (de Arruda Almeida et al.,
2019). Nevertheless, six communities showed significant over-disper-
sion by various diversity metrics (Table 3), suggesting inter-species
competitive exclusion strongly shaped the waterbird composition in
these communities (Adler et al., 2013; Vamosi et al., 2009; Webb et al.,
2002). The six lakes that showed significant competitive exclusion have
medium species richness, and are generally small or deep, and sur-
rounded by croplands or close to human settlements. These lakes are
functioning as reservoirs with small seasonal water level fluctuation,
dominated by fish and invertebrate eaters (such as herons and gulls).
These conditions might lead to resource (food) competition (Weller,
1999).

4.1.2. β-diversity dispersion
We found very high taxonomic spatial turnover across the flood-

plain lakes but low functional and phylogenetic variances (Fig. 3B). The
low functional and phylogenetic dissimilarity relative to high taxo-
nomic β-diversity may result from the combination of generalist
dominated regional species pool and the consistent presence of a few

functionally similar and close related abundant species across space
(Xia et al., 2017). Like α-diversity metrics, the results of β-null models
did not reveal any consistent deterministic processes shaping the win-
tering waterbird communities and the communities could be neutrally
assembled. Again, as mechanisms driving biological communities op-
erate at different scales and interact in complex ways (Almeida et al.,
2004; de Arruda Almeida et al., 2019; Heino and Alahuhta, 2015;
HilleRisLambers et al., 2012), having no dominant mechanism does not
necessary indicates that there have no other mechanisms than neu-
trality driving the waterbird communities. Indeed, 20.3% of the pair-
wise comparisons of functional MNTD were significantly higher than
expectation suggesting high environmental heterogeneity (Braghin
et al., 2018); and deterministic assembly processes can’t be ruled out
(Cadotte and Tucker, 2017; Chase et al., 2005). In addition, in terms of
MPD, there were more than 10% of the SES were significantly lower
than expected for both FD and PD, indicating that niche filtering was
also in play. Contrasting findings regarding community assembly rules
are common in the literature: some studies supported stochastic pro-
cesses (Bell et al., 2000; Hubbell, 2001), while other studies empha-
sized the importance of deterministic processes (Kraft et al., 2015;
Myers et al., 2013; Nakadai et al., 2018; Vamosi et al., 2009). Our
findings showed that even if neutral assembly was the prevailing pro-
cess responsible for the majority of communities, a subset of commu-
nities could still be structured by environmental filtering or inter-spe-
cies competition.

The congruence of functional and phylogenetic diversity, from both
α- and β-diversity perspectives, suggests that closely related waterbirds
are functionally similar based on the set of traits under consideration
(Table 1, i.e. these traits are phylogenetically conserved, Kraft et al.,
2007). However, using FD and PD, we did not detect over- or under-
dispersion for most of the communities. This could also suggest that
traits more specific for waterbirds, such as leg length and bill shape
(Bolduc and Afton, 2004), are required to untangle the community
assembly mechanisms.

4.2. Variation partitioning

The fraction of composition variation explained by partitioning
procedures was moderately high compared with many other commu-
nity ecology studies (Castillo-Escrivà et al., 2016; Legendre and
Legendre, 2012). Nevertheless, the percentage of unexplained variation
was still high (79.0%, 68.1% and 81.0% for taxonomic, functional and
phylogenetic β-diversity, respectively), which is common in meta-
community studies (Heino and Alahuhta, 2015). Apart from the pos-
sible large influence of stochastic dynamics (Leibold et al., 2004), the
unexplained variation could be due to several factors, such as historical
legacy, failure to include other relevant environmental variables, and
variables related to other processes such as biotic interactions. For ex-
ample, Monteiro et al. (2017) demonstrated that the total amount of
explained variation increased from 13% to 51% by including habitat
connectivity as predictor variable.

We found that spatial variables had higher influence on the varia-
tions in community composition than environmental factors, especially
for TD and FD where pure space contributed to 87.1% and 76.8% of the
explained dissimilarity. This result pointed to the strong role of spatial
processes on the variations in taxonomic and functional structure of

Fig. 4. Most β-diversity that have significantly higher
(left) or lower (right) phylogenetic turnover than
expected are functionally random (NS). The figure
shows the agreement of phylogenetic and functional
MNTD. There is no significant incongruence between
MPD.PD and MPD.FD.

Table 4
Spatial and environmental variables selected for variation partitioning.

Variables Adj-R2 p-value

Taxonomic MEM1 0.056 0.016
MEM4 0.053 0.018
MEM6 0.050 0.024
MEM3 0.048 0.010
MEM5 0.044 0.024
MEM11 0.042 0.030
PC6 0.047 0.030

Functional MEM4 0.084 0.009
MEM1 0.081 0.003
MEM3 0.071 0.002
MEM5 0.060 0.013
MEM6 0.053 0.013
PC6 0.043 0.050

Phylogenetic MEM4 0.111 0.007
MEM5 0.062 0.039
PC5 0.090 0.022
PC6 0.074 0.033
PC9 0.051 0.048
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wintering waterbird communities, and the combined role of space and
environment in influencing variation in phylogenetic composition (the
contributions of pure space and pure environment were 41.0% and
27.9, respectively). Moreover, as the broader scale MEMs were more
closely correlated with all three β-diversity measures than the finer
scale spatial variables, dispersal limitation might be more important for
the waterbird metacommunity organisation than species sorting and
mass effect (Heino and Alahuhta, 2015). Note that finer scale spatial
variable (i.e. MEM11) also had significant influences on taxonomic β-
diversity, indicating the importance of mass effect for variations in
identity composition (Heino and Alahuhta, 2015). A few caveats on the
environmental variables used in this study should be noted. First, NDVI-
based variables cannot explain the effects of submerged macrophytes,
which are important food resources for many winter waterbird species,
such as cranes (Jia et al., 2013). Second, many important factors, which
could have strong effects on waterbirds, were not included in this study.
For example, land use, such as fisheries, has strong impacts on the
abundance of fish and macroinvertebrates, which can greatly influence
the distribution and abundance of many fish and invertebrate eaters.
Third, human disturbances to waterbirds, such as tourism and recrea-
tion fishing, were not included in the analysis. The inclusion these
factors could potentially change the results of variation partitioning and
interpretation of the relative importance of mass effect, species sorting
and dispersal constraint (Chang et al., 2013).

The significant effects of broad-scale spatial variables on the three
facets of β-diversity suggests that the dispersal constrains the bird
communities in MLYF (Beisner et al., 2006; Chase et al., 2005;
Soininen, 2016). This finding is surprising and contrary to our initial
intuition because the study taxa are very agile, having high mobility

and dispersal capacity (thus the effect of dispersal constraint is sup-
posed to be small). There are several possible reasons for this. First, the
current approaches to quantify the spatial structure of communities
often produces inflated R2 statistics (Gilbert and Bennett, 2010),
leading to overestimation of the relative importance of space effects.
Thus, caution is required when interpreting the significant dispersal
constraints detected due to methodological limitations in differ-
entiating spatial and environmental components of β-diversity (Gilbert
and Bennett, 2010; Tuomisto et al., 2012). Second, the lakes are located
in heavily managed landscape. The urbanization and agricultural de-
velopment (Lu et al., 2018) have isolated the bird communities in a
hostile matrix; and produced dispersal barriers that limit waterbird
movement across the landscape (Donald and Evans, 2006). Using sa-
tellite tracking, Lei et al. (2019) found that the majority of wintering
Anatidae never moved out of the boundary of the lake in which the
birds initially landed for the entire wintering season. Third, many
wintering waterbirds have strong site fidelity (Blums et al., 2002),
which might reduce the movement among lakes and have implications
for the structure and dynamics of local populations (Iverson and Esler,
2006). For example, over 90% of global population of Siberian Crane
winter in Poyang Lake. Instead of changing wintering grounds to other
lakes, they were observed to explore alternative sub-optimal habitats
(e.g. wet meadows) within the same lake when the quality of their
natural habitats (e.g. mudflat and shallow waters) is poor (Jia et al.,
2013). These observations provided strong empirical evidences of dis-
persal limitations imposed by movement barriers resulted from an-
thropogenic landscape modification or site fidelity in the wintering
waterfowl (meta) community in MLYR. The strong dispersal constraints
also provide an explanation of the localized competitive exclusion

Fig. 5. The fictional Venn diagrams showing the effects of space (S) and environment (E) on the variation in wintering waterbird metacommunity in the 50 MLYR
lakes.
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revealed by null models (see above).

5. Conclusions and conservation implications

In this study, using null model and variation partitioning, we found
that the wintering waterbird metacommunity in the MLYR might be
structured through neutral assembly, and the stochastic processes were
strongly mediated by dispersal limitation, especially at large spatial
scale (i.e. small MEM vectors). Dispersal limitation, which is likely
imposed by connectivity barriers caused by intensive urbanization and
agricultural developments and/or site fidelity, may lead to community
isolation, especially for these smaller lakes surrounded by croplands
and/or human settlements. This isolation can cause strong competition
exclusion at lake level, which was confirmed by null model approaches.
These findings suggest that the current local-scale habitat restorations
alone might be insufficient for wintering waterbird conservation given
that many species are suffering continuous population declines
(Dudgeon et al., 2006). As our results indicated that the three facets of
diversity were all significantly affected by broader scale spatial re-
straints, scaling-up site-specific habitat conservation efforts for re-
gional-scale ecological benefits (Menz et al., 2013) should also be a key
component of waterbird conservation strategy in the MLYR. Manage-
ment actions such as identifying and establishing new protection areas
(lakes) at strategical locations to serve as “steppingstones” (Saura et al.,
2014) could improve waterbird movement at the regional scale, and
ensure the passages through the predominant hostile urban and agri-
cultural landscape (Brodie et al., 2016), thereby, promoting dispersal
within metacommunity.
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