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Abstract 

Background: Spatial variation of land cover can result in the changes of community similarities and biotic homog-
enization, whereby the increasing similarity would reduce the adaptive capacity of biotic assemblages to further 
disturbance, and degenerate ecosystem services they offer. However, it remains scarce to integrate multidimensional 
diversity for unveiling how variations in land cover may influence the patterns and processes of biotic homogeniza-
tion in the Anthropocene. In this study, we examined how spatial variation of land cover could alter taxonomic, phy-
logenetic and functional homogenization of bird communities simultaneously in a compound ecosystem of Zoige 
Marsh on the eastern Qinghai-Tibetan Plateau. Acting as the largest alpine marsh and peatland in the world, Zoige 
Marsh has undergone great changes in the land cover pattern due to climate change and anthropogenic activities.

Methods: We conducted transect surveys for bird communities over six years (2014‒2019) during breeding sea-
sons in four main land cover types (meadow, woodland, village and marsh), representing the spatial variation of land 
covers in the study area. We compared multidimensional diversity (taxonomic, phylogenetic and functional diver-
sity) among land covers to assess the effects of spatial variation in land cover type on bird communities, particularly 
whether this variation has homogenized biotic communities.

Results: Bird communities during breeding seasons were different and complementary in the four land covers. 
Taxonomic, phylogenetic and functional similarities were significantly lower in meadow than in the other three types, 
i.e. woodland, village and marsh. However, when we controlled for the effects of taxonomic similarities, the pattern 
of phylogenetic similarities almost reversed, with the highest standardized effect size (SES) phylogenetic similarity in 
meadow; and we found no significant difference in SES functional similarity among land covers.
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Background
Anthropogenic activities, mainly land use change, can 
alter the nature habitats temporally, spatially, or both, 
and result in homogenized biological communities by 
bringing about similar environment (Olden 2006; Ibáñez-
Álamo et al. 2017; Liang et al. 2019). Available resources 
are usually different among land cover types, and vari-
ations in land cover may cause the homogenization of 
available resources which would cause local extirpa-
tions and even extinction of specialized species (those 
requiring particular habitat or food resources), while be 
beneficial to environmental generalists (those with less 
selective habitat or dietary needs) (Olden et al. 2004; de 
Castro Solar et al. 2015). This homogenizes the biota and 
further leads to serious ecological and evolutionary con-
sequences, and is a huge challenge for biodiversity con-
servation (Olden 2006; van der Plas et al. 2016). A large 
number of studies have examined the effects of varia-
tions in land cover on diversity patterns for various taxa, 
and found different degrees of responses for biodiver-
sity (Fernández-Juricic 2004; Peh et al. 2006; Weideman 
et al. 2020). Since the preservation of global biodiversity 
is one of the most important issues of both our time and 
the near future, understanding effects of variations in 
land cover on biodiversity to contribute to conservation 
strategies in the Anthropocene remains crucial (Jetz et al. 
2007; Liang et al. 2020; Weideman et al. 2020).

To effectively protect biodiversity, conservation strat-
egies are needed to not only focus on species diversity, 
but also pay close attention to evolutionary histories and 
ecological functions of target taxa (Faith 1992; Thuiller 
et  al. 2011; Diniz-Filho et  al. 2013; Mouillot et  al. 2013; 
Tucker et  al. 2017). Phylogenetic diversity can repre-
sent evolutionary history of biotic communities, reflect-
ing evolutionary divergence and evolutionary richness 
(Faith 1992; Tucker et  al. 2017). As differences in func-
tional roles among taxa, functional diversity can be 
linked with environmental adaptations and ecosystem 
functioning (Petchey and Gaston 2006). Biotic com-
munities with higher functional diversity may be more 
resilient to environmental changes than those lower 
(Mouillot et  al. 2013). Consequently, integrating taxo-
nomic, phylogenetic and functional diversity can gain a 
more comprehensive understanding of how variations in 

land cover would influence the patterns and processes of 
biotic homogenization (Liang et al. 2019; Weideman et al. 
2020). Notably, even biotic homogenization can oper-
ate on multidimensional (e.g. taxonomic, phylogenetic 
and functional) diversity, the attempts to simultaneously 
assess how they respond to homogenization are relatively 
few (Liang et al. 2019).

Being the largest peat plateau bog in the world, Zoige 
(also named as Rouergai) Marsh (hereafter Zoige) pro-
vides many special functions of ecosystem service and 
can contribute to local climate regulation, and water 
and soil conservation. It is one of Chinese five largest 
rangelands via having a vast area of high-quality grass-
lands to provide huge quantity of fodder to livestock, and 
has the largest peat deposition in China. Acting as one 
of the hotspots for biodiversity, Zoige harbors a num-
ber of endemic and endangered species. Among them, 
14 and 32 animal species have been respectively listed 
as national first- and second-class protected animals 
(Liu et al. 2009; Xiang et al. 2009; National Forestry and 
Grassland Administration and National Park Adimin-
istration 2021). Actually, Zoige denotes a complex com-
pound ecosystem with different types of land cover, e.g. 
freshwater marshes, meadows (grasslands), and sandy 
areas (the desertification area). Owing to unique climatic, 
geomorphologic and edaphic features, as well as various 
landscapes, Zoige is of great economic and ecological 
significance, being not only crucial to ecological secu-
rity of the Yellow River drainage basin and the sustain-
able development of local people, but also a key region 
of global significance for biodiversity conservation (Xiang 
et al. 2009). However, due to climate change and increas-
ing anthropogenic activities, such as ditching for grass-
land enlargement, peat exploitation, artificial drainage 
and over-grazing, severe ecosystem degradations have 
occurred in Zoige (Pang et  al. 2010; Yu et  al. 2017). In 
particular, being usually conducted to enlarge pastures 
and to tap peat resources, artificial drainage is often con-
sidered as the most important cause for the degradations 
(Xiang et al. 2009). Main degradations which include veg-
etation recessive succession, biodiversity loss, soil dete-
rioration, and marsh degradation, are considered to be 
naturally irreversible and would seriously threaten bio-
diversity (Qian et al. 2002). Notably, the pattern of land 

Conclusions: Our results suggest that spatial variation of land cover can play a crucial role in regulating multiple 
dimensions of bird diversity in Zoige Marsh. The findings indicate that taxonomic, phylogenetic and functional 
homogenization of bird communities may differently response to the variation of land covers. It thus highlights not 
only the relative roles of different land covers in maintaining biodiversity and community structures of birds, but also 
the urgency of retarding ecosystem degradations on the eastern Qinghai-Tibetan Plateau.
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covers in Zoige has undergone great changes in past sev-
eral decades, with a sharp decrease in the wetland area 
(30‒57%), and most of the lost wetlands, having trans-
formed into meadows, farmland or sandy lands (Pang 
et al. 2010; Shen et al. 2020). Moreover, not only temporal 
transformation of land covers, spatial characteristics of 
land degradation also deserves broader attention (Pang 
et al. 2010; Yu et al. 2017).

Birds are often regarded as appropriate bioindicators 
(Padoa-Schioppa et al. 2006; Hu et al. 2011). For birds in 
Zoige, previous studies focused on either waterbirds via 
one- or two-year surveys (Yang et al. 1997; Zhang et al. 
2013), or the iconic species (i.e. the Black-necked Crane 
Grus nigricollis) (Jiang et al. 2014). But so far, no study of 
bird communities has conducted for the integrative eco-
system of Zoige across different land covers, especially 
considering the process of land degradation with spatial 
differences. In this study, based on a six-year continuous 
survey during breeding seasons, we explored multiple 
dimensions of diversity for bird communities in differ-
ent types of land cover (i.e. with spatial variation across 
meadow, woodland, marsh and village) in Zoige. Specifi-
cally, we first characterized species richness patterns of 
birds for each land cover. Different land covers can lead 
to the difference in community similarities, depending 
on available resources. Next, we hypothesized that taxo-
nomic, phylogenetic and functional similarities of bird 
communities in meadow were higher than those in other 
three land covers (woodland, marsh and village). We then 
examined the effects of taxonomic similarities on phylo-
genetic and functional similarities of bird communities 
among land covers. Through these efforts, our study can 
provide further insights into the effects of spatial varia-
tion of land cover on bird communities and provide help-
ful information for improving conservation in Zoige.

Methods
Study area
This study was conducted in the region of Zoige Marsh 
and the surrounding areas, within Zoige County, Sichuan 
Province, China (Fig. 1a). It is located on the eastern mar-
gin of Qinghai-Tibetan Plateau with an average elevation 
of 3500 m above sea level. The climate is mild, cold tem-
perate continental monsoon type. It is characterized by 
short spring and autumn, cool mild summer, and a long, 
cold winter. The annual mean temperature is about 0.7 
°C, with monthly mean temperature extremes of 10.7 °C 
and − 10.7 °C respectively in July and January. Annual 
precipitation is 656.8 mm (493.6‒836.7 mm) (Hao et  al. 
2008).

The study area is currently dominated by alpine mead-
ows, and is rich in wild animals, with conservatively doc-
umented 137 bird, 38 mammal, 3 reptile, 15 fish, and 3 

amphibian species (Xiang et  al. 2009). Notably, for the 
Black-necked Crane, the only crane species breeding on 
the Qinghai-Tibetan Plateau, Zoige is one of main distri-
bution areas and most important breeding sites in China 
(Jiang et al. 2014). To protect this integrative ecosystem 
and wildlife, a nature reserve was established in 1994 
and designated a national reserve in 1998, and was listed 
as international importance by the Ramsar List of Wet-
lands in 2008. Yet, vast meadows are mainly used by local 
Tibetan pastoralists for grazing of yaks and sheep.

Bird surveys
We conducted field surveys for birds during breed-
ing seasons continuously over 6 years, from May to July 
of 2014‒2019. As an ecosystem complex of meadows, 
ponds, and marshes surrounded by low hills and river 
valleys, the study area includes four main land cover 
types, i.e. meadow, woodland, village and marsh (Fig. 1b). 
The classification of land covers was referred to remote 
sensing outputs (2015) (http:// www. resdc. cn/ data. aspx? 
DATAID= 184). The transects for bird communities were 
set up to cover the four main land covers (Fig. 1b). Based 
on the extent of each type (Fig. 1b), we randomly selected 
ten transects to survey bird communities across four 
main land covers: six in meadow (mean length, 2.5 km; 
3415‒3515 m a.s.l.), one in marsh (2.5 km, 3440‒3450 m 
a.s.l.), one in village (3.6 km, 3440‒3510 m a.s.l.), and two 
in woodland (2.4 km and 2.1 km, 2910‒3095 m a.s.l.). We 
recorded the locations of the start and end points of each 
transect using a handheld GPS and retained the aspects 
of the surveys across years (Fig. 1).

To detect as more species as possible, we surveyed 
each transect twice per year (one survey in May and the 
other one in July), resulting in a total of 12 surveys per 
transect across years. Average length of transects was 
2.6 km (2‒3.6 km). For each survey, we recorded birds 
heard, seen in or hovering over transects. To avoid vis-
ibility problems, we conducted surveys referring to the 
technical guidelines for biodiversity monitoring—birds 
(HJ 710.4-2014), mainly between 30 min after dawn and 
10:00 a.m., and between 3:30 p.m. and 30 min before 
sunset on fair weather days (i.e. no rainfall, fog or strong 
wind).

Functional traits, phylogenetic and extinction risk data
As functional traits, we considered body mass, trophic 
level, nest type and site (Si et al. 2017; Liang et al. 2019). 
These functional traits can act as the most important 
traits to be related to resource requirement and habi-
tat use (Ding et  al. 2013). We gathered functional data 
from fieldwork and the literature (Zhao 2001; Hao et al. 
2008). We coded trophic level as omnivores (1), frugi-
vore (2), insectivores (3), piscivores (4), and carnivores 

http://www.resdc.cn/data.aspx?DATAID=184
http://www.resdc.cn/data.aspx?DATAID=184
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(5). We classified nest site as cavity (1), tree (2), shrub 
(3), water (4), and ground (5). We also classified nest type 
as exposed (1, i.e. no nest, platform, saucer, scrape) or 
unexposed (0) (Additional file 1: Table S1) (Si et al. 2017; 
Liang et al. 2019).

We downloaded a distribution of 5000 phylogenies 
for all species in this study from the global phylogeny of 
birds (Jetz et  al. 2014). Based on this, we sampled 5000 
pseudo-posterior distributions and constructed the 
Maximum Clade Credibility tree with mean node heights 
using TreeAnnonator v1.8.3 (Drummond and Rambaut 
2007). We used the consensus phylogeny for subsequent 
analyses. We collected data on the threatened status of all 
recorded species based on both the Red List of China’s 

Vertebrates (Jiang et  al. 2016) and the IUCN Red List 
(IUCN 2020) (Additional file 1: Table S1).

Data analysis
To assess whether bird communities during breeding 
seasons was adequately sampled for different habitats, 
we performed individual-based rarefaction analyses to 
estimate species richness based on abundance data in 
the iNEXT package (Hsieh et  al. 2016). The rarefaction 
curves (including extrapolation) illustrated the complete-
ness of survey inventories and the sufficiency of sampling 
efforts (Fig. 2a). We then used the VennDiagram package 
to illustrate species overlap among habitats based on the 
number of species recorded (Chen and Boutros 2011). 

Fig. 1 Geographic location of the study area and bird survey transects in four main land cover types
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Using phylogenetic relatedness, we constructed a phy-
logenetic dendrogram. Since the functional trait matrix 
included both binary and continuous variables, we calcu-
lated the functional distance using the Gower’s distance, 
and constructed a functional dendrogram using the ‘com-
plete’ method of hierarchical clustering.

We used the Sørensen index to assess taxonomic simi-
larity, representing the proportion of shared species to 
the total number of species occurred in two assemblages. 
We computed taxonomic similarity using the “betad-
iver” function in vegan package (Oksanen et  al. 2019). 
To assess phylogenetic similarity among assemblages 
between transects in each land cover type over time, we 
then used the Phylosor index which represents the pro-
portion of shared branch length to the total evolution-
ary branch length of two samples (Bryant et  al. 2008). 
We also assessed functional similarity using the Phylosor 
index based on the functional dendrogram. We com-
puted phylogenetic and functional similarities using the 
function “phylosor” in picante package. To compare taxo-
nomic, phylogenetic and functional similarities among 
land covers, we conducted Tukey’s multiple comparisons 
based on lmer models, using the “glht” function in mult-
comp package (Hothorn et al. 2008) and “lmer” in lme4 
package (Bates et al. 2015).

Finally, to eliminate the effect of taxonomic similarities, 
we calculated the standardized effect size (SES) for phy-
logenetic and functional similarities of each assemblage. 
It was computed as SESphylosor=

Phylosorobs −mean Phylosorrnd
sd Phylosorrnd

 , 
where  Phylosorobs was observed phylogenetic/functional 

“Phylosor” similarities; mean  Phylosorrnd was mean “Phy-
losor” similarities of the null models, by shuffling species 
labels in community data while maintaining species rich-
ness and species shared between communities for 999 
times; and sd  Phylosorrnd was the standard deviation of 
“Phylosor” similarities of the null models (Kembel et  al. 
2010). We calculated  the 999 random phylogenetic and 
functional similarities using the “phylosor.rnd” function 
in picante package (Kembel et al. 2010). We used Tukey’s 
multiple comparisons to examine the differences of the 
SES phylogenetic and functional similarities among land 
covers. We conducted all above analyses in R version 
3.6.2 (R Core Team 2019).

Results
During breeding seasons, a total of 153 species and 9026 
individuals (meadow, 5361 individuals; woodland, 1494 
individuals; village, 1302 individuals; and marsh, 869 
individuals) belonging to 17 families were recorded from 
the 6-year continuous surveys. Of these, even most spe-
cies were least concern, 11 species were listed as endan-
gered, vulnerable and near-threatened categories in 
China and/or the IUCN Red List (Fig.  3a, b; Additional 
file  1: Table  S1). Specifically, 2 endangered (Falco cher-
rug, Mergus squamatus), 2 vulnerable (Aythya ferina, G. 
nigricollis), and 4 near-threatened (Aegypius monachus, 
A. nyroca, Gypaetus barbatus, Gyps himalayensis) spe-
cies were listed in both China and the IUCN Red List. 
Another 3 species (Buteo hemilasius, Cygnus cygnus, 
Ithaginis cruentus) were designated as near-threatened 

Fig. 2 a Individual-based rarefaction curves for estimating species richness of birds during breeding seasons in each land cover type (q = 0). b 
Species overlap of birds among land covers, illustrated by a Venn diagram representing the number of species recorded
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by the Red List of China’s vertebrates but not by the 
IUCN Red List (Fig.  3a, b; Additional file  1: Table  S1). 
Moreover, we showed the functional and phylogenetic 
dendrograms on trophic level (Fig. 3c, d).

Among land cover types (i.e. meadow, woodland, vil-
lage and marsh), the highest species richness (98 spe-
cies, 65% of the total species richness) were recorded in 
meadow, followed by woodland (72 species, 47%), village 
(59 species, 39%) and marsh (28 species, 18%; Additional 
file 1: Table S1). Of all species recorded 36, 40 and 12 spe-
cies were found exclusively in meadow, woodland and 

village, respectively; while no species was found exclu-
sively in marsh (Fig.  2b). Seven species were recorded 
across land covers (Fig. 2b), including B. buteo, B. hemi-
lasius, M. merganser, Passer montanus, Phoenicurus 
ochruros, Pyrrhocorax pyrrhocorax and Turdus kessleri. 
The number of species that occurred in only a single land 
cover type accounted for 58% of the total number of spe-
cies, and 19% were found in more than 3 types (Fig. 2b; 
Additional file 1: Table S1).

Taxonomic similarity was significantly different among 
land covers (Fig. 4a; Table 1). For both phylogenetic and 

Fig. 3 Phylogenetic (a, c) and functional (b, d) dendrograms of birds during breeding seasons. a and b show the dendrograms for the threatened 
status of each species is based on both the IUCN Red List (outer color circle) and the Red List of China’s vertebrates (inner color circle). c and d show 
the dendrograms for different trophic levels
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functional similarities, meadow was significantly lower 
than other three types, and there was no significant dif-
ference among woodland, village and marsh (Fig.  4b, c; 
Table  1). Specifically, community similarity of multiple 
dimensions was the lowest in meadow (0.34, 0.51 and 
0.71 for taxonomic, phylogenetic and functional similari-
ties, respectively). Yet, the highest taxonomic similarity 
was in marsh (0.65), and the highest phylogenetic and 
functional similarities were both in village (0.72 and 0.84, 
respectively; Fig. 4).

Compared with phylogenetic similarity, SES phylo-
genetic similarity showed a nearly inverse pattern, with 
the highest similarity in meadow (2.16) and the low-
est similarity in marsh (‒ 0.88) (Fig. 5a; Tukey’s multiple 
comparisons, Meadow–Marsh: Z = 7.66, P < 0.001; Vil-
lage–Meadow: Z = ‒ 5.50, P < 0.001; Woodland–Meadow: 
Z = ‒ 13.83, P < 0.001; other three pairs, P > 0.05). Com-
pared with functional similarity, SES functional similarity 

showed a similar pattern, with the highest value in vil-
lage; however, no significant difference was found among 
land covers (Fig.  5b; Tukey’s multiple comparisons, all 
P > 0.05).

Discussion
Our results reveal that meadow harbored most of endan-
gered, vulnerable and near-threatened species, and 
highlight its important role in breeding bird diversity 
conservation in Zoige. Taxonomic, phylogenetic and 
functional similarities of bird communities during breed-
ing seasons were all lower in meadow than in other three 
land covers, i.e. woodland, village and marsh, suggesting 
lowest homogenization in meadow among land covers. 
Moreover, we found the highest standardized effect size 
(SES) phylogenetic similarity in meadow when control-
ling for the effects of taxonomic similarity.

Fig. 4 Multiple comparisons for taxonomic, phylogenetic and functional similarities of bird communities in four land cover types. Different letters 
indicate significant difference among land covers (P < 0.05) based on Tukey’s multiple comparisons. Error bars, ± SE. The explanations apply also to 
Fig. 5

Table 1 Tukey’s multiple comparisons for taxonomic, phylogenetic and functional similarities of bird communities in four main land 
cover types in Zoige

Taxonomic Phylogenetic Functional

Z P Z P Z P

Meadow–Marsh ‒ 4.928 < 0.001 ‒ 3.396 0.003 ‒ 3.181 0.006

Village–Marsh ‒ 0.771 0.441 0.421 0.857 0.455 0.930

Woodland–Marsh ‒ 2.426 0.045 ‒ 0.792 0.857 ‒ 0.731 0.930

Village–Meadow 3.846 < 0.001 3.987 < 0.001 3.820  < 0.001

Woodland–Meadow 5.501 < 0.001 6.020 < 0.001 5.665 < 0.001

Woodland‒Village ‒ 1.416 0.313 ‒ 1.342 0.538 ‒ 1.327 0.553
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Spatial distribution of bird species and community 
composition are affected by many factors, including 
habitat type, the extent of human disturbance, and spe-
cies’ ability to adapt to habitat conditions (Fernández-
Juricic 2004; Peh et al. 2006; Liang et al. 2019). Based on 
the Venn diagram (Fig.  2b), we found a pattern of spe-
cies complementarities among the four land covers dur-
ing breeding seasons. This comparison suggested that a 
considerable number of species occurred exclusively in a 
single land cover, besides those inhabiting in no less than 
two types. As environmental conditions and vegetation 
structure of different transects varied among the four 
land covers, this can lead to diverse bird communities. 
Therefore, the four land covers in this study are comple-
mentary, and can provide extensive, varied living envi-
ronments for birds.

In view of the complex and changeable relationships 
between land cover and biodiversity, evidence is accu-
mulating to support biotic homogenization facing vari-
ations in land cover (de Castro Solar et  al. 2015; Liang 
et  al. 2019). Generally speaking, along with the varia-
tion of land cover, available resources may be altered, 
and cause the changings of producers (e.g. composition 
and biomass) and consumers within the ecosystem. For 
example, variations in land cover can benefit widespread 
species/generalists but negatively affect rare/endemic 
species, resulting in biotic homogenization by increas-
ing taxonomic similarities across sites (McKinney 2006). 

Specifically, biotic communities are most likely to become 
more homogenized in space and time when generalists 
frequently replace are species (McKinney 2006). Sup-
porting these ideas, our results showed the lowest taxo-
nomic similarity in meadow while the largest in marsh. 
This implies a significant difference in taxonomic homog-
enization among land covers. For birds in marsh, > 25% 
species were repeatedly recorded in 70% surveyed tran-
sects, and Montifringilla taczanowskii was observed in 
all transects (Additional file 1: Table S1). And, all species 
observed in marsh also occurred in other types (Fig. 2b). 
In contrast, for birds in meadow (98 species), only 10% 
reoccurred in 30% transects, and > 51% (50 species) are 
migrants. The high proportion of migrant species can 
result in high species turnover of bird communities. All 
these suggest relatively low taxonomic homogenization 
during breeding seasons in meadow among land covers 
in Zoige. Moreover, Brawn et  al. (2001) suggested that 
56% species in grassland declined significantly during 
1966‒1998. This further emphasizes the important role 
of meadow in the conservation of birds in Zoige.

Phylogenetic diversity is a natural phylogeny-based 
measure of biodiversity, by summing the branch lengths 
of species in phylogenetic dendrogram. Besides taxo-
nomic similarity, variations in environmental con-
ditions among land cover types would influence 
phylogenetic diversity, and sometimes may lead to phy-
logenetic homogenization via phylogenetic diversity 

Fig. 5 Multiple comparisons for the standardized effect size of phylogenetic and functional similarities of bird communities in four land cover types
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loss and evolutionary distinctiveness reduction of bird 
assemblages (Frishkoff et  al. 2014; Morelli et  al. 2016; 
Karp et  al. 2018; Weideman et  al. 2020). Interestingly, 
our results support these findings but the details here 
are more complex. The results showed a pattern of sig-
nificantly higher phylogenetic similarity in meadow than 
in other three types; however, the pattern of phyloge-
netic similarities among land covers almost reversed 
when controlling for the effects of taxonomic similarities 
(Figs. 4 and 5). This suggests phylogenetic homogeniza-
tion of bird assemblages in meadow becoming stronger 
after controlling the effects of taxonomic similarities. 
Two lines of evidence support the reversed patterns. In 
fact, SES estimates the differences between the observed 
and expected values from null models, representing the 
extent of phylogenetic similarities but eliminating the 
effects of taxonomic similarities. Due to varying degrees 
of species overlap among land covers (Fig. 2b), the pos-
sible effects of taxonomic similarities on phylogenetic 
similarities would be discrepant. Additionally, for 153 
species recorded in this study, the evolutionary his-
tory of each one is distinctive (Fig.  3a, b). Most species 
in meadow distributed in basal lineages while most spe-
cies in woodland were in young lineages (Fig. 3a, b; Addi-
tional file 1: Table S1). For example, dominant species in 
the meadow, including M. ruficollis, M. taczanowskii, P. 
montanus, are from young lineages. Young lineages are 
considered to be able to better adapt to changing envi-
ronmental conditions from variations in land cover than 
basal lineages (Frishkoff et  al. 2014; Morelli et  al. 2016; 
Liang et al. 2019). Thus, our results indicate that, besides 
meadow, other habitats can also play respective, impor-
tant roles in maintaining and protecting phylogenetic 
diversity of birds in the complex compound ecosystem of 
Zoige.

Compared with taxonomic and phylogenetic homog-
enization (Frishkoff et  al. 2014; Ibáñez-Álamo et  al. 
2017; Karp et al. 2018), the two facts most often used to 
explore impacts of variations in land cover on bird biodi-
versity, functional homogenization has remained largely 
ignored (but see Devictor et al. 2008; Liang et al. 2019), 
even though it may possess more direct links with eco-
system functioning (Petchey and Gaston 2002, 2006). As 
the sums of the branch lengths of species in the func-
tional dendrogram, functional diversity would generally 
increase when communities have more species and more 
branch lengths (Petchey and Gaston 2006). Variations 
in land cover could filter species with specific ecologi-
cal traits and affect functional diversity (Newbold et  al. 
2013). When ecological specialists are replaced by gen-
eralists in bird communities due to the variation of land 
cover, functional homogenization would increase (Devic-
tor et al. 2008; Liang et al. 2019). In this study, functional 

similarities of bird communities in meadow are (signifi-
cantly) lower than other three land cover types whether 
or not controlling for the effects of taxonomic similarities 
(Figs. 4 and 5). Specifically, the mean functional distance 
between the nine most abundant species in meadow 
(Alauda gulgula, Cyanopica cyanus, Eremophila alpes-
tris, Larus brunnicephalus, M. ruficollis, M. taczanowskii, 
P. montanus, Pseudopodoces humilis, Tringa totanus) and 
other species is 0.402, being larger than the mean func-
tional distance of all species pairs (0.371).

The ecosystem deterioration of Zoige is character-
ized by significantly declined proportion of intact wet-
lands, meadow, rangeland and a considerable increase 
of degraded meadow and larger areas of sandy lands. To 
restore the degraded ecosystem in Zoige, birds can act 
as indicators of successful ecological restoration (Ken-
tula 2000). In Zoige, a traditional emphasis of biodiver-
sity conservation has focused on waterbirds, and yet, the 
entire suite of birds should be protected. Moreover, not 
only species richness, but also the rarity and endemism 
jointly determine the conservation value of biological 
communities (Hu et  al. 2011). In this study, some bird 
species were found exclusively in a single land cover type, 
but not in two or more types. Besides meadow, other land 
covers in Zoige should also be considered when selecting 
areas for restoration and conservation. Notably, to effec-
tively protect the Black-necked Crane, diverse habitats of 
the crane should be met (Xiang et al. 2009). Due to the 
conversion of marshes into meadows or sands during the 
last several decades, the original integrality of Zoige has 
been destroyed, with the increase of landscape fragmen-
tation and the degradation of marshes (Pang et al. 2010). 
This could reduce the availability of suitable habitats for 
wetland-dependent birds. Fortunately, after the estab-
lishment of the nature reserve, more emphasis has been 
placed on ecological restoration and the environmental 
quality of Zoige has improved greatly (Xiang et al. 2009). 
To reduce any negative effect on birds and maintain the 
complexity of bird communities in Zoige, further degra-
dation of the habitat must be minimized.

Conclusion
Our results highlight the crucial role of spatial varia-
tion of land cover in regulating multiple dimensions of 
bird diversity in Zoige on the eastern Qinghai-Tibetan 
Plateau. However, the results are based on a continu-
ous survey of 6 years, and we should conduct regu-
lar long-term monitoring for birds in future. Even 
Zoige is considered to be of global significance for 
biodiversity conservation, with unique service func-
tions, the biodiversity of Zoige would suffer a severe 
threat when the ecosystem deterioration is triggered 
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by both anthropogenic activities and climate change 
(Xiang et  al. 2009; Pang et  al. 2010; Shen et  al. 2020). 
This emphasizes not only the relative roles of different 
land covers in maintaining biodiversity and commu-
nity structures of birds, but also the urgency of retard-
ing ecosystem degradations in this region. Maximizing 
biodiversity is often an explicit or implicit goal of con-
servation. The priority for conserving bird diversity 
cannot, therefore, be based simply on the land cover 
with high value of only one facet of taxonomic, phylo-
genetic or functional diversity. In a word, our findings 
suggest that conservation efforts in Zoige should focus 
not only on species richness, but also on phylogenetic 
and functional diversity.
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