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1  |  INTRODUC TION

Mountainous ecosystems are some of the most important and vul-
nerable ecosystems worldwide because of their rich biodiversity 

(McCain, 2009; Quintero & Jetz, 2018). Mountain ecosystems sup-
port more than 85% of all terrestrial biodiversity including plants, 
animals, and macromycetes, and approximately half of the global 
biodiversity hotspots with 13%– 25% of all inland area (Peters 
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Abstract
The biodiversity in mountainous ecosystems is high but is threatened by rapid envi-
ronmental change. Urbanization and other anthropogenic factors in the mountains 
can affect land use and spatial fragmentation. Moreover, patterns of habitat are 
closely related to elevation and have a major effect on montane biodiversity. The aim 
of this study was to analyze the effects of spatial fragmentation on the vertical distri-
bution pattern of bird diversity by characterizing the structure of the bird community, 
species	diversity,	and	landscape	factors	at	different	altitudes.	From	2016	to	2019,	this	
study made a four years of continuous monitoring of the breeding birds. The result 
indicated that Mount Tai harbored a high bird diversity. Bird richness, abundance, and 
Shannon- Wiener index decreased with latitude in Mount Tai monotonically. Moreover, 
the structure of bird communities varied along altitudinal gradients, and some special 
species were supported in different elevational bands due to the environmental filter-
ing. Road density, number of habitat patches, patch density, and the percentage of 
forest were significantly related to bird diversity. Sufficient habitat and more patches 
in the low- mountain belt supported higher bird diversity. The middle- mountain belt 
and high- mountain belt showed contrasting patterns. Our results highlight the effects 
of on- going urbanization and human activities on montane biodiversity and empha-
size the need for artificial habitats in the mountains to be managed.
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et al., 2019; Quintero & Jetz, 2018; Spehn et al., 2011; Steinbauer 
et al., 2018). Over evolutionary time, mountain systems are con-
sidered as many of the world's centers and potential refugia of 
endangered species today, playing a vital role in maintain the high 
global	or	regional	biodiversity	(Antonelli	et	al.,	2018; Hu et al., 2021; 
Rahbek,	 Borregaard,	 Antonelli,	 et	 al.,	 2019a). For example, the 
European	Alps	and	Qinling	Mountains	are	generally	 considered	 to	
harbor many threatened and endangered animals (Hu et al., 2021; 
Rahbek, Borregaard, Colwell, et al., 2019b). However, with the rapid 
development of urbanization and increasing land- use intensity, loss 
of biodiversity continues at unprecedented rates in human his-
tory, especially in tropical mountains (Butchart et al., 2010; Colwell 
et al., 2004; Peters et al., 2019; Xu et al., 2021). Our understanding 
of the spatiotemporal maintenance of biodiversity in mountain re-
mains poor, relatively little is known about how land- use change and 
human activities influence biodiversity along elevational gradients. 
Thus, this study was designed to figure out the mechanism that how 
the habitat fragmentation affect biodiversity along elevational gra-
dients in the context of urbanization. With the decline in terrestrial 
biodiversity, understanding population structure and spatiotempo-
ral distribution patterns in mountainous ecosystems is important for 
formulating conservation strategies (Barbier et al., 2018).

There are many valuable studies illustrating the impacts or 
mechanism of different environmental factors on biodiversity, 
and the elevational change of biodiversity has always been a re-
search hotspot over recent decades (Colwell et al., 2004; Rahbek, 
Borregaard, Colwell, et al., 2019b). In mountainous areas, there is 
a vertical gradient in species composition because of variation in 
abiotic conditions. Mountain regions with a high level of geological 
heterogeneity could support higher levels of species spatial turnover 
and endemic forms, particularly among plants (Rahbek, Borregaard, 
Antonelli,	et	al.,	2019a). Multiple environmental factors, such as cli-
mate, hydrology, slope, habitat type, man- made interference, and 
landform, affect distribution patterns of biodiversity in mountain-
ous ecosystems (Jetz et al., 2012; Mccain, 2005). The elevational 
distribution patterns of insects, moss, bats, birds, vascular plants, 
and other taxa often show unimodal or monotonic change due to 
environmental factors (Mccain, 2007b; Song et al., 2015; Tabarelli 
et al., 1999). Mountain ecology has a potential importance on ele-
vational biodiversity. For example, the topography, climate change, 
and mineralogical composition in mountain affect the survival of 
many species, plant physiology, and primary productivity (Emel 
et al., 2021; Steinbauer et al., 2018; Peters et al., 2019; Rahbek, 
Borregaard,	Antonelli,	et	al.,	2019a; Woodbridge et al., 2021).

Nowadays, the high spatial heterogeneity of ecological and en-
vironmental variables characteristic of mountains are suffering the 
inference of human activities and land use change (Pan et al., 2019; 
Peters et al., 2019). The level of species diversity and distribution 
pattern is associated with landscape fragmentation and habitat loss 
(Emel et al., 2021; Woodbridge et al., 2021). The effect on biodiver-
sity has been exacerbated by the intensification of anthrogenic ac-
tivities such as deforestation and urbanization, and these have led to 

significant land- cover changes (García- Llamas et al., 2018; Katayama 
et al., 2014; Pan et al., 2019). Recent studies and syntheses have 
increasingly implicated that human activities are strongly related to 
the changes in biodiversity, at both genetic and species levels (Emel 
et al., 2021; Woodbridge et al., 2021).	 Previous	 study	 in	 Andean	
mountain also demonstrated that human disturbance has been much 
less extreme in the lowlands, and the diversity of lowland habitats is 
much higher than it is anywhere along adjacent elevational transects 
(Butchart et al., 2010; Colwell et al., 2004; Terborgh et al., 1990).

Habitat features, especially that resulting from habitat fragmen-
tation and changes in land utilization, playing an important role in 
population stability and biodiversity (Fahrig, 2017; Fahrig et al., 2019; 
Fletcher et al., 2018). Natural habitats are continuously being degraded 
and lost because of anthropogenic activities, and the ecological mech-
anisms have become a major focus of research (Butchart et al., 2010; 
Pereira et al., 2010; Pimm et al., 2014). Tourism, plantation, land de-
velopment, and species invasion all affect natural habitats and lead to 
variation in food production, intensity of disturbance, vegetation, and 
landform (Lele et al., 2020; Peh et al., 2005; Xu et al., 2018). For mon-
tane birds, habitat fragmentation and heterogeneity can restrict the 
ranges of activity, affect levels of biodiversity, and make birds more 
vulnerable to environmental change (Lele et al., 2020). Continuous 
observations of birds in New Jiangwan Town in Shanghai have re-
vealed	that	the	mean	species	abundance	(MSA)	is	strongly	negatively	
correlated with the degree of urbanization and loss of natural habitats 
(Xu et al., 2018). Multiple hypotheses are developed to explain the 
spatial– temporal pattern of bird diversity in mountain system, such as 
mid- domain effect hypothesis, climate hypothesis, space hypothesis, 
species– area relationship hypothesis, and habitat amount hypothe-
sis (Colwell et al., 2004; Mittelbach et al., 2010; Rybicki et al., 2020). 
Human disturbance and habitat fragmentation were rarely consid-
ered by these hypotheses. There is thus a need to analyze the effects 
of human activities and urbanization on bird diversity in mountainous 
ecosystems (Rybicki et al., 2020).

As	montane	 birds	 are	 highly	 sensitive	 to	 habitat	 changes	 (Soh	
et al., 2006), many studies have explored the structure of bird 
communities and the distribution patterns of montane birds under 
different degrees of disturbance (Fletcher et al., 2018; Harris & 
Pimm, 2010; Wu et al., 2010). Habitat environment often shows 
obvious changes over short distances in mountainous ecosystems, 
and birds have developed specialized adaptations (Quintero & 
Jetz, 2018). Rapid spatial changes in landform, vegetation, and dis-
turbance could lead to the changes in the structure, richness, and 
diversity of bird communities in mountainous areas. Land use and 
altitude can restrict the distribution of biota and hinder bird activity 
(Harris & Pimm, 2010; Jetz et al., 2007). The environment at different 
altitudes strongly affects the ecological, evolutionary, physiological, 
and protective function of biodiversity (Pounds et al., 1999; Pounds 
et al., 2006).Functionally similar and closely related montane birds 
are clustered into groups under the constraints of regional habitats 
and environmental factors (Fahrig, 2003; Gao et al., 2018; Haddad 
et al., 2015; Pounds et al., 2006). Some birds tend to live in the high 
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elevation, such as White- bellied Redstart (Luscinia phaenicuroides) in 
the forest in Mount Tai.

Here, the elevational distribution pattern of birds in Mount Tai is 
analyzed by integrating data on landscape factors with data on mon-
tane biodiversity, and we expect to study the joint effects of human 
disturbance and habitat fragmentation on biological communities 
and biodiversity patterns. Elevation gradients in mountain regions 
are invaluable as a natural laboratory for the empirical testing of the 
hypothesized framework for biodiversity patterns and their links to 
human disturbance. This study can be divided into three parts: (1) 
Based on the continuous field survey, bird data were collected to 
analyze the community structure, diversity, and distribution pattern 
of birds. Species, individuals, and disturbance are essential to mon-
itor the variation of bird diversity; (2) To ensure the accuracy and 
reliability of land- use data, supervision classification was utilized to 
interpret the remote sensing. The acquisition of landscape matrix 
was also analyzed by software Fragstats V4.3. What is more, envi-
ronmental factors, including roads and elevation, were obtained to 
generate multiscale data; (3) Combined the landscape features and 
bird data, the relationship between them was characterized at dif-
ferent altitudes. It is necessary to figure out the bird diversity pat-
terns along elevational gradients and the influence of environmental 
variables on bird diversity.

2  |  METHODS

2.1  |  Study area

Mount Tai is located in the middle of Shandong Province 
(36°05′ ~ 36°75′N,	116°50′ ~ 117°24′E)	on	the	edge	of	North	China,	
a priority region for biodiversity protection. Mount Tai, a UNESCO 
World Heritage Site, has profound ecological and cultural value. The 
terrain of Mount Tai is precipitous and open, which has varied cli-
mate and topography. The elevation changes sharply, and the height 
of	 its	 peak,	 the	Heavenly	 Emperor,	 is	 1545 m	 above	 sea	 level.	 As	
a UNESCO World Heritage Site, Mount Tai features rich ecologi-
cal and cultural resources. With the development of urbanization, 
Mount Tai might suffer from varying degrees of human disturbance 
and land development at different altitudes. Thus, Mount Tai is a 
suitable region for studying the effect of spatial fragmentation on 
biodiversity with urbanization.

There are obvious distinctions among the different vertical belts 
with different climate and vegetation. The habitat types from low to 
high elevation include deciduous forest, broad- leaf coniferous min-
gled forest, coniferous forest, and high- mountain scrub- grassland 
(Wang & Li, 2013). Based on altitude and vegetation, Mount Tai can 
be separated into three vertical belts: the low- mountain belt (alti-
tude	lower	than	500 m),	middle-	mountain	belt	(altitude	from	500	to	
1200 m),	and	high-	mountain	belt	(altitude	above	1200 m)	(Du,	1985). 
From	1986	 to	2001,	 the	biodiversity	 and	natural	habitat	have	de-
clined and tourism (and the degree of human interference generally) 
has increased (Xiao & Luo, 2005).

2.2  |  Field survey

In	May	or	June	from	2016	to	2019,	ten	line	transects	were	used	to	
monitor the breeding bird population in Mount Tai. Each transect 
is	1.5	km	in	length	and	100 m	in	width.	In	breeding	season	of	each	
year, this study organized professional investigators skilled in bird 
identification to conduct twice field surveys. The average speed of 
movement along the transect was 1– 2 km/h, and the bird species, 
number of individuals, coordinates, distance to birds, habitat type, 
threat factors, and altitude were recorded. Detailed survey methods 
were based on “Technical guidelines for biodiversity monitoring –  
birds” (Standard number: HJ 710.4– 2014) from Ministry of Ecology 
and Environment of the People's Republic of China (https://www.
mee.gov.cn/ywgz/fgbz/bz/bzwb/stzl/20141	1/t2014	1106_291246.
shtml). Ten line transects were designed to cover the majority of 
habitat	types	at	different	altitudes	(L1 ~ L10,	Figure 1) and detailed 
information of each line transects was shown in Table S2. L4 and L5 
were set at high altitudes and composed mainly of forest. L2 was set 
at	middle	altitudes.	L1,	L3,	L6,	and	L7	were	set	from	low	to	middle	
altitudes and surrounded by forest and shrub. L8, L9, and L10 were 
set at low altitudes and composed mainly of shrub and construction.

2.3  |  Interpretation and environmental variables

A	Landsat	TM	remote	sensing	image	(May	20,	2019)	of	30 m × 30 m	
resolution was downloaded with vertical direct sunlight angle to 
avoid	the	appearance	of	shadows	in	mountain.	After	field	verifica-
tion, we conducted the supervised interpretation of the remote 
sensing image to acquire the land use and cover using the software 
ENVI 5.1 (Figure 2). The land use in Mount Tai was divided into seven 
types:	Forest	(FOR),	Shrub	(SHR),	Woodland	(WOO),	Water	(WAT),	
Tourist area (TOU), Construction land (CON), and Undeveloped land 
(UND) (Table S1). If forest area with tree canopy density is equal 
or greater than 0.2, the land use is designated as Forest. If forest 
area with shrub coverage is equal or greater than 40%, the land 
use is designated as Shrubland. The woodland includes open forest 
land	(forest	area	with	tree	canopy	density	≥0.1	and<0.2), young af-
forested land, slash, and nursery garden. Continental water areas, 
ditches,	and	hydraulic	structures	were	designated	as	Water.	Artificial	
habitats were divided into three types based on the usages of land, 
Tourist area, Construction land, and Undeveloped land.

To quantify the habitat feature and landscape matrices, we 
generated oval spindle buffers around the line transects at a 
1000 m	as	 the	radii.	Compared	to	the	area	of	Mount	Tai,	we	de-
fined	1000 m-	scale	 as	 the	 fine	 scales,	 then	used	ArcGIS	10.2	 to	
extract road, altitude, and land use data within a 1000- m buffer 
around every line transects (Figure 2). The WGS 1984 UTM zone 
50 N	was	 used	 as	 the	 uniform	projected	 coordinate	 system.	We	
conducted the analysis of the class matrix and landscape matrix 
using the software Fragstats 4.2 and then calculated the number 
of patches (NP), patch density (PD), and patch percentage of forest 
(FP, the percentage of the buffer covered by forest) within these 

https://www.mee.gov.cn/ywgz/fgbz/bz/bzwb/stzl/201411/t20141106_291246.shtml
https://www.mee.gov.cn/ywgz/fgbz/bz/bzwb/stzl/201411/t20141106_291246.shtml
https://www.mee.gov.cn/ywgz/fgbz/bz/bzwb/stzl/201411/t20141106_291246.shtml
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buffers. The 8- cell neighborhood rule was used as the operating 
parameter, and the sampling method was based on user- provided 
points.

2.4  |  Vertical distribution index

Different bird species tended to be associated with different alti-
tudes. We designed the Vertical Distribution Index (VDI) to indi-
cate the selection of altitude for different species in Mount Tai. The 

numbers 1, 2, and 3 were the weights used for the percentage of the 
population of birds in the low- altitude zone, middle- altitude zone, 
and high- altitude zone, respectively.

Vertical Distribution Index (VDI):

VDI represents the Vertical Distribution Index of a given species; nL 
is the observed individual number of special birds in the low- altitude 
zone; nM is the observed individual number of special birds in the 

Y =
nL

N
× 1 +

nM

N
× 2 +

nH

N
× 3

F I G U R E  1 Survey	line	transects	of	
birds in Mount Tai. Red triangles in the 
small map show the location of Mount Tai 
in China

F I G U R E  2 Land	use	(left)	and	landscape	factors	(right)	in	Mount	Tai
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middle- altitude zone; nH is the observed individual number of special 
birds in the high- altitude zone; N is the total observed individual num-
ber of special birds in Mount Tai. If the index approaches 1, the spe-
cies tends to occur in the low- altitude zone. If the index approaches 
2, the species tends to occur in the middle- altitude zone. If the index 
approaches 3, the species tends to occur in the high- altitude zone. 
What is more, the index would approaches 2 as well if the species is 
uniformly distributed.

2.5  |  Phylogenetic diversity and functional  
diversity

To calculate phylogenetic diversity, we pruned the global phyloge-
netic	tree	of	birds	by	subsampling	5000	Hackett	All	species:	a	set	
of 10,000 trees with 9993 OTUs each trees from BirdTree (http://
birdt ree.org; Jetz et al., 2012). Then we used the 5000 trees to 
construct a new maximum clade credibility tree with 0.5 poste-
rior	probability	limit	by	the	software	TreeAnnotator	v1.10.4	in	the	
BEAST	package.	Based	on	the	new	phylogenetic	tree	constructed,	
we calculated Faith's PD to describe the total sum of phylogenetic 
history.

To calculate functional diversity, we chose 3 kinds of functional 
traits: morphological characteristics, feeding habits, and foraging 
strata (Wang et al., 2021; Wilman et al., 2014). We calculated phy-
logenetic signals using Blomberg's K for continuous traits (Blomberg 
et al., 2003) and statistic D for binary traits (Fritz & Purvis, 2010) to 
test trait conservatism. The R packages “phytools” and “caper” were 
used to calculate Blomberg's K (Revell, 2012) and statistic D (Orme 
et al., 2012), respectively. The results showed that phylogenetic 
signals were significantly related to most traits, indicating strong 
phylogenetic niche conservatism. Then, Gower dissimilarity was cal-
culated from the species- traits matrix. Based on Gower dissimilarity, 
we used the unweighted pair- group method with arithmetic means 
(UPGMA)	to	construct	a	functional	dendrogram,	which	was	applied	
to calculate functional diversity (FD).

To infer whether the entire communities exhibited phyloge-
netic clustering or over- dispersion, we calculated the standardized 
effect size (SES) of Faith's PD and FD. SES were calculated with R 
package “picante” (Kembel et al., 2010). SES indicate phylogenetic 

or functional clustering when <0, while over- dispersion generates 
values	higher	 than	0.	One-	way	ANOVA	was	used	 to	 test	whether	
Faith's PD and FD were significantly different between three verti-
cal belts. We used one- sample t test to determine whether SES was 
significantly different from 0.

2.6  |  Statistic analysis

We calculated the total abundance, species richness, and Shannon- 
Wiener index (H′) of per visit and transect to analyze variation in 
bird diversity using the Permute package, vegan package, and Spaa 
package. To examine the effect of landscape factors on bird diver-
sity, we considered elevation, road, NP, PD, and FP as independent 
variables and the total abundance, species richness, and Shannon- 
Wiener index (H′) of per visit and transect as dependent variables. 
Generalized linear model was used to analyze the linear relationship 
between landscape factors and bird diversity. Statistical relation-
ships among independent variables and dependent variables were 
analyzed	through	Spearman's	correlation	analysis.	All	analyses	were	
performed in the program R 3.5.1.

Multivariable linear regression analysis was also employed to 
analyze combined relationships between landscape factors and el-
evation. Richness and abundance of bird community were consid-
ered as dependent variables. Those factors were: elevation, distance 
to road, number of patches, patch density, and patch percentage. 
Min- max normalization method was utilized to standardize all vari-
ables.	 After	multicollinearity	 analysis,	 the	 number	 of	 patches	was	
excluded. To examine the influence of remaining four factors on the 
bird richness and abundance, the weight and significance of differ-
ent factors were determined. Multivariable linear regression analysis 
was operated in IBM SPSS version 22.0.

The percentage of bird taxonomic categories and areas in differ-
ent land use types were determined. Based on the VDI and the num-
ber of each bird species in different land use types, we conducted 
a	principal	component	analysis	(PCA)	on	the	different	bird	species.	
The two- way cluster analysis and detrended correspondence analy-
sis were conducted to analyze the relationship among different bird 
species along elevation using the Sorenson method in software PC- 
ORD	6.0	(Wild	Blueberry	Media,	LLC).

No Habitat types Abbreviation

Percentage in mountain belt

High Middle Low

1 Forest FOR 73.26% 87.69% 32.87%

2 Tourist area TOU 24.68% 0.76% 0.10%

3 Water WAT 0.00% 0.10% 1.82%

4 Construction land CON 0.00% 1.33% 34.24%

5 Shrub SHR 2.06% 9.15% 21.73%

6 Woodland WOO 0.00% 0.98% 5.63%

7 Undeveloped land UND 0.00% 0.00% 3.60%

Total area (km2) 3.62 127.65 245.37

TA B L E  1 Changes	in	land	use	types	
along an altitudinal gradient

http://birdtree.org
http://birdtree.org
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3  |  RESULTS

3.1  |  Changes in land use along the altitudinal 
gradient

The composition of land use varied with altitude (Table 1). The 
main type of land use was forest in the high- mountain belt, ac-
counting	for	73.26%	of	the	total	area.	There	was	also	a	small	tour-
ist	area	 (24.68%).	Forest	was	also	 the	dominant	 landscape	 feature	
in	 the	 middle-	mountain	 belt,	 accounting	 for	 87.69%	 of	 the	 total	
area. Forest, construction land, and shrub cover most of the low- 
mountain belt, accounting for 88.84% of the total area. Compared 
with the high- mountain belt and the middle- mountain belt, there are 
more types of land use and areas in the low- mountain belt, and the 
proportions of different types of land are more even. The area of 
forest is larger in the middle- mountain belt than in the other belts. 
The area of construction land is the highest in the low- mountain belt 
because of human activities and urbanization.

3.2  |  Bird community in different types of land use

From	2016	to	2019,	7444	birds	from	113	species	and	14	orders	were	
detected in Mount Tai based on the IOC World Bird List Version 12.1 
(Table S3). Species richness and abundance of birds were highest in 
forest with 72 species and 3117 individuals (Table S4). Whereas, 
artificial habitats, such as tourist area, construction land, and un-
developed land, supported lower richness and abundance of birds. 
Values of the Shannon- Wiener index were higher in forest (3.29), 
water (2.75), and shrub (2.99) and lower in tourist area (0.12). The 
number of bird orders in water was greater compared with the 
other habitat types and included Charadriiformes, Anseriformes, and 
Podicipediformes (Figure 3). In construction, tourist area, and unde-
veloped land, Passeriformes and Columbiformes were the most com-
mon, including Pycnonotus sinensis and Passer montanus. Overall, 
Passeriformes was the main component of the bird community in 
Mount Tai.

3.3  |  Distribution pattern of bird diversity along an 
altitudinal gradient

In Mount Tai, the abundance, richness, and Shannon- Wiener index 
of birds tended to decrease with altitude (Figure 4). The richness and 
abundance in low- mountain belt was highest. Similarly, Faith's PD 
was significantly highest in low- mountain belt (F2,78 = 7.10, p < .01),	
and there was significant difference in FD between low- mountain 
belt and middle- mountain belt (F2,78 =	4.66,	p < .05)	(Figure 5a,b). No 
significant difference was found in Faith's PD and FD between the 
middle- mountain belt and the high- mountain belt. SES.PD and SES.
FD also showed a trend of increasing and then decreasing along with 
altitude gradient (Figure 5c).

The relationships among different bird species were analyzed 
using a two- way cluster analysis and detrended correspondence 
analysis (Figure 6). Diverse land use types leaded to divergent se-
lection favoring different characteristics or activities of birds at 
different altitudes. Waterbirds were common in the low- mountain 
belt, but raptor and some rare Passerines appeared in the middle 
or high mountain belt. Moreover, the value of SES.PD and SES.FD 
was almost smaller than 0, indicating phylogenetic and functional 
clustering of bird communities in three vertical belts (Figure 5c). SES.
PD was significantly different from 0, and SES.FD was significantly 
different from 0 in low- mountain belt and high- mountain belt. There 
was no significant difference between SES.FD and 0 in middle- 
mountain belt. Based on the features of birds at different altitudes, 
the structure of the bird community shows a fast turnover as bird 
diversity decreases with altitude. Moreover, it was also obvious that 
the landscape pattern have a huge change as elevation increases.

In the low- mountain belt, construction land, water, and wood-
land supported some species from Anseriformes, Columbiformes, 
and Passeriformes, including Tachybaptus ruficollis, Egretta garzetta, 
Streptopelia chinensis, Passer montanus, and Phasianus colchicus. 
These bird species in the low- mountain belt are highly adaptable to 
human activities and the city environment. In the middle- mountain 
belt, some species that relied on forest and shrub were frequently 
observed, such as Parus palustris, Urocissa erythrorhyncha, and 

F I G U R E  3 Bird	community	
composition in different land use types. 
Abbreviations	of	land	use	types	are	
defined in Table 1
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Accipiter nisus. These species primarily belonged to Passeriformes 
and Accipitriformes. In the high- mountain belt, a large percentage 
of forest and shrub supported bird species with a preference for 
high elevation, such as Luscinia phaenicuroides, Apus pacificus, Apus 
pacificus, and Prunella montanella. What is more, the 113 bird species 
were	clustered	into	four	groups	according	to	the	PCA.	Birds	in	forest	
formed Group 1, and birds in the other types of land use were closely 
related and formed Group II, III, and IV.

3.4  |  Effect of landscape factors on the vertical 
distribution of birds

Number of patches (Spearman rank correlation, r = −0.43,	N = 40, 
p < .05),	 and	 patch	 density	 (Spearman	 rank	 correlation,	 r = −0.45,	

N = 40, p < .05)	had	a	significant	negative	correlation	with	elevation,	
and decreased as the altitude increased (Figure 7). However, the 
percentage of forest patches (Spearman rank correlation, r = 0.50, 
N = 40, p < .05)	 was	 positively	 related	 to	 elevation,	 and	 increased	
with increased elevation. Thus, the number of patches, patch den-
sity, and roads became more numerous at lower altitudes, which is 
where the degree of spatial fragmentation was higher.

The correlation between four landscape factors and bird diver-
sity was analyzed to characterize the landscape factors affecting 
the bird community (Figure 8). Bird richness and the diversity index 
increased steadily as the distance to road increases. The opposite 
pattern was observed for bird abundance. Distance to road has 
no noticeable effect on bird abundance (Spearman rank correla-
tion, r = 0.04, N = 40, p = .80), richness (Spearman rank correlation, 
r = −0.14,	N = 40, p = .38), and the Shannon- Wiener index (Spearman 
rank correlation, r = 0.11, N = 40, p = .52). The increase in bird diver-
sity was accompanied by an increase in the number of patches. The 
number of patches was significantly correlated with bird abundance 
(Spearman rank correlation, r = 0.52, N = 40, p < .05).	Bird	diversity	
increased with the patch density increases, including richness, abun-
dance, and index. Bird richness (Spearman rank correlation, r = 0.34, 
N = 40, p < .05),	and	abundance	(Spearman	rank	correlation,	r = 0.55, 
N = 40, p < .05)	were	significantly	positive	correlated	with	patch	den-
sity. However, there was a significant negative relation between the 
percentage of forest and bird abundance (Spearman rank correla-
tion, r = −0.60,	N = 40, p < .05).

Finally, we combined elevation with landscape factors to ana-
lyze the relationship between elevational variation and bird diver-
sity under the background of spatial fragmentation. The equation 
of richness and four independent variables was “Richness =	−0.414	
× elevation +	 −0.034	 ×	 Distance	 to	 road + 0.082 × Patch	 density	
+	 −0.003 ×	 Patch	 percentage + 0.601”	 (R2 = 0.414) (Table 2). 
The equation of abundance and four independent variables was 
“Abundance	 =	 −0.149 × elevation + 0.042 × Distance	 to	 road + 
0.052 × Patch	 density + −0.378 × Patch	 percentage + 0.602”	
(R2 = 0.581). The result of multiple linear regression analysis in-
dicated that elevation has a strong effect on bird richness a high 
weight of coefficient compared to others independent variables. 
Patch percentage had a high weight for bird abundance. The coef-
ficient of distance to road and patch density was low in both two 
equations. Nevertheless, the coefficient of patch density is positive 
for bird richness and abundance.

4  |  DISCUSSION

4.1  |  Vertical distribution pattern of bird diversity

Based on continuous field survey, our results show Mount Tai har-
bors exceptionally high biodiversity, and supports many valuable 
and special species. This study demonstrated bird richness and 
abundance decreased with latitude and the composition of bird com-
munities varied along altitudinal gradients. Though the distribution 

F I G U R E  4 Changes	in	bird	abundance,	richness,	and	diversity	
with elevation in Mount Tai
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pattern is similar as some previous studies in other mountain eco-
system, the elevation– land use interactions are different and shape 
special mountain biodiversity in Mount Tai (Bellis et al., 2009; Kattan 
& Franco, 2004; McCain, 2009; Peters et al., 2019). Most studies 
examining the vertical distribution pattern of birds have focused on 
regions with natural habitat and with lower levels of disturbance. 
In some previous study mountain, these studies focused on the in-
teraction of mountain substrates, life forms and climate system and 
described the relationships among diverse montane environments 
and biodiversity (Butchart et al., 2010; Colwell et al., 2004; Rahbek, 
Borregaard, Colwell, et al., 2019b). By contrast, fewer studies have 
examined the vertical distribution pattern of birds in regions near 
or inside cities (Pan et al., 2019; Ruggiero & Hawkins, 2008). By the 
field surveys in Gaoligong Mountains, studies indicated the neces-
sity to promote conservation effort at the low elevation where is 
high richness of birds but intensive human land use (Pan et al., 2019).

Our findings suggest that there are more habitat types support-
ing higher diversity in the low- mountain belt. Some species associ-
ated with urban areas are common in the low- mountain belt, such 
as Pycnonotus sinensis and Pica serica.	 Abundant	 wetlands	 in	 the	
low- mountain belt provide suitable habitat for waterbirds, such as 
Tachybaptus ruficollis and Egretta garzetta. In the middle- mountain or 
high- mountain belt, the richness and abundance of birds were lower, 
and the percentage of natural habitat was higher. Furthermore, a 
high percentage of forest and higher elevations are more suitable for 
some specialized species of Passeriformes and Accipitriformes, such as 
Apus apus, Aviceda leuphotes, Luscinia phoenicuroides, Aviceda leupho-
tes, Phylloscopus armandii, and Rallina eurizonoides (a new record for 
Shandong Province). There were significant distributional differences 
in the structure of the bird community at different altitudes in Mount 
Tai. The strong elevational shifts in habitat and topography often 
lead to strongly selective pressures in different belts (Loughnan & 
Gilbert, 2017). Phylogenetic diversity of bird communities decreases 

along with elevation gradient, which means the loss of phylogenetic 
history. In other words, subsets of phylogenetic clades may disap-
pear in the high- mountain belt. Presumably this is related to selec-
tion pressure in the high- mountain belt. Birds could have a narrow 
distribution range in the high- mountain belts of Mount Tain because 
of narrow physiological tolerances, life history characteristics, behav-
ioral plasticity, and other factors (Jetz & Rahbek, 2002). The analysis 
of SES.PD also demonstrates that environmental filtering leads to 
phylogenetic clustering, especially in the high- mountain belt where 
SES.PD is lowest. It reflects that selection pressure is highest in the 
high- mountain belt. Generally, functional diversity of bird communi-
ties also decreases along with altitude gradient, which means that less 
niches are occupied by birds at high elevation gradient. Moreover, the 
highest SES.FD in middle- mountain belt seems that environmental fil-
tering has little effect on functional diversity in middle- mountain belt. 
We think that vacated niches and competitive release are common in 
middle elevation gradient, leading to less stable functional structure.

The elevational pattern of bird diversity could be driven by multi-
ple factors in Mount Tai surroundeded by cities and farms. Different 
from four possible patterns of variation in biodiversity along altitu-
dinal gradients (decreasing diversity with increasing elevation; high 
diversity across a plateau of lower elevations, and then decreasing 
monotonically; a unimodal pattern with maximum diversity at in-
termediate elevations; increasing monotonically) (Mccain, 2007a; 
McCain, 2009; Quintero & Jetz, 2018), abiotic and biotic changes 
occur within short distances on mountainous gradients in Mount Tai. 
The elevational distribution pattern of bird diversity in Mount Tai is 
consistent with the first model (decreasing diversity with increas-
ing elevation). The vertical distribution of bird diversity along alti-
tudinal gradients is related to multiple factors, such as habitat area, 
temperature, human activities, and landscape (Colwell et al., 2004; 
Zhang et al., 2020). This finding implied that diversity is constrained 
in the high- mountain belt and that there are abundant ecological 

F I G U R E  5 Phylogenetic	diversity	and	
functional diversity of bird communities 
in different vertical belts. (a) Faith's PD 
of bird communities in three vertical 
belts, with the same letter meaning no 
significant difference. (b) FD of bird 
communities in three vertical belts, with 
the same letter meaning no significant 
difference. (c) Standardized effect 
size (SES) of Faith's PD and FD of bird 
communities in three vertical belts. 
“***” means p- value obtained from one- 
sample t test is less than .001, “**” means 
p- value is less than .01
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niches in the middle and low mountain belt. Due to the rich land-
scape diversity, the patterns of habitat occupancy and distributional 
patterns contribute to enhancing biodiversity in the low- mountain 
belt via the aggregation effect (Kattan & Franco, 2004).

4.2  |  Mechanism underlying the effects of multiple 
landscape factors

Mount Tai is a typical montane system that reflects the effect of 
human disturbance or spatial fragmentation on the vertical distribu-
tion	 pattern	 of	 biodiversity.	 Although	Mount	 Tai	 is	 not	 as	 high	 as	
Tibet, there are diverse land types and different types of habitats. In 

Mount Tai, the level of development varies with altitude, and spatial 
fragmentation in the low- mountain belt are relatively high because 
of extensive construction activities. The spatial disparity in spatial 
fragmentation is an unignorable reason for the vertical variation in 
the bird community. There are different human activities at various 
altitudes, and the bird community in middle and high- altitude areas 
is also disturbed by human activities to a certain extent. Some land-
scape factors have a considerable influence on bird diversity and can 
be considered key factors, such as roads, real estate development, 
and tourism development (Pan et al., 2019; Peters et al., 2019).

The degree of human disturbance in the low- mountain belt is 
higher than other belts, and the elevational pattern of bird diversity 
is consistent with the variance of landscape pattern. Though most 

F I G U R E  6 Vertical	distribution	pattern	of	the	bird	community	in	Mount	Tai	along	the	elevational	gradient.	Based	on	the	land-	use	pattern,	
elevation,	and	diversity,	phylogenetic	analysis	indicated	the	relation	among	113	bird	species,	PCA	indicates	four	groups	of	birds	in	Mount	Tai.	
Right figure shows the situation of land use along the elevation gradients roughly, including forest (tree), shrub (grass), and artificial habitat 
(gray histogram)
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of the habitats were artificial surfaces and with high human distur-
bance, the low elevational bands of Mount Tai harbored a larger area 
and	there	were	more	habitat	types.	A	 large	surface	area	and	wide	
range of available habitats could facilitate the establishment of im-
migrant lineages from surrounding lowlands and other mountains, 
further increasing species richness (Pan et al., 2019). What is more, 
Over millions of years, land use in montane systems often experi-
ences large changes as natural habitats are continuously converted 
to other land types, including roads, towns, tourist areas, and parks. 
These processes generally lead to a concentration of species at low 
to middle elevations, and a decrease in species richness toward 
mountain	peaks	(Antonelli	et	al.,	2018; McCain & Grytnes, 2010).	As	
in most regions in the Hengduan Mountains, most of the cities, vil-
lages, and farms in Mount Tai were distributed at low elevations and 
have been for thousands of years. This long history of disturbance 
may have exacerbated the evolution and adaptation of biodiversity 
(Pan et al., 2019; Wambulwa et al., 2021).

Many hypotheses have been proposed to explain elevational 
distribution patterns of biodiversity. However, mountains sur-
rounding cities have generally been neglected, and most studies 
do not carefully consider the effect of landscape factors (Kattan 
& Franco, 2004; Wu et al., 2010). Spatial fragmentation caused by 
fine- scale and diverse habitats play a vital role in biodiversity and 
ecosystem health (Pimm et al., 2014; Wilson et al., 2016). Though 
the result of multiple linear regression analysis demonstrates 
that elevation have a high effect on bird diversity, the landscape 
factors have a certain weight. Because of human activity and 
urbanization, the connectivity and quality of habitat have been 
greatly compromised (Haddad et al., 2015). There is thus a need 
to identify the effect of spatial fragmentation on the elevational 
distribution pattern of birds in mountainous ecosystems faced 
with urbanization. The “species- area relationship” describing the 
regular pattern between species abundance and habitat area is 
one of the core hypotheses of montane ecology (Dengler, 2009; 
Losos & Schluter, 2000). There is a negative correlation between 

bird diversity and the patch area of forest, indicating that larger 
areas of natural habitat correspond to lower bird diversity. This 
relationship is not consistent with the “species- area relationship.” 
Similarly, the analysis of 150 bird datasets of montane systems 
revealed that the “species- area relationship” might often not be 
suitable for explaining the vertical distribution pattern of bird di-
versity simply (McCain, 2009). The number of patches and patch 
density are important indicators reflecting spatial fragmentation 
(Haddad et al., 2015). Compared with previous montane studies, 
this study found that bird diversity was positively correlated with 
the number of patches and patch density. However, the number 
of patches and patch density were negatively correlated with al-
titude. To make sense of the effects of spatial fragmentation on 
species richness, the “habitat amount hypothesis” was recently 
proposed, which notes that what is important is the total amount 
of habitat in an appropriate spatial extent of the local landscape 
independent of its spatial configuration (Fahrig, 2013; Fahrig 
et al., 2019; Rybicki et al., 2020). When the area of habitat is larger, 
habitat fragmentation may increase species diversity. There is 
more diverse landscape pattern in low- mountain belt, and the total 
amount of habitat in Mount Tai is sufficient. The spatial fragmen-
tation in the low- belt mountain with sufficient area is higher than 
the high- belt mountain and the richness and abundance of birds 
community in the low- belt mountain is relatively higher. Thus, the 
“habitat amount hypothesis” may provide a better explanation for 
the elevational distribution pattern in Mount Tai.

4.3  |  Land management and biodiversity 
conservation

Colorful biological resources in Mount Tai are important for 
the well- being of the people and the maintenance of biodiver-
sity. If lack of suitable land management and protective action, 
high- intensity tourism development, engineering construction, 

F I G U R E  7 Variation	in	landscape	
factors with elevation
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and human activities could seriously affect the diversity of birds 
along elevational gradients. Therefore, we propose four sugges-
tions: First, ecological tourism is urgently developed to promote 

the combination of ecological balance and nature protection. 
Sustainable tourism, which differs from other kinds of tourism, 
will do no harm to environment. Second, continuous biodiversity 

F I G U R E  8 Effect	of	habitat	factors	on	bird	community	characteristics

Dependent 
variable Independent variable Coefficient t- value Significance

Richness Elevation −0.414 −3.983 0.001

Distance to road −0.034 −0.237 0.814

Patch density 0.082 0.503 0.618

Patch percentage −0.003 −0.02 0.984

Constant 0.601 3.119 0.004

Abundance Elevation −0.149 −1.822 0.077

Distance to road 0.042 0.366 0.717

Patch density 0.052 0.403 0.69

Patch percentage −0.378 −3.092 0.004

Constant 0.602 3.978 0.001

TA B L E  2 Regression	analysis	of	the	
effect of landscape factors on bird 
abundance and richness
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monitoring involving climate, soil, vegetation, and birds is meaning-
ful for us to have a complete understanding of dynamic change in 
biodiversity. In addition, reasonable evaluation indexes could alert 
the land degradation and the loss of biodiversity. Third, it has a 
very strong practical significance to conduct ecological restora-
tion under different natural conditions and human activities. For 
example, the Taohuayu mountaineering route, which is used to re-
duce stress from many passengers, was damaged by high- intensity 
human activities and the landscape pattern is single because of the 
artificial landscape. Repairing infrastructure, planting native plants, 
setting up signs were suggested strongly. For some areas with seri-
ous habitat degradation, closed management should be carried out. 
Fourth, rich natural resources should be sufficiently utilized to raise 
ecological awareness. Community, universities, institutes, and gov-
ernment should be connected closely. Public events also should be 
organized regularly to promote the dissemination of scientific ideas.

5  |  CONCLUSION

The Montane forest is an important ecosystem to maintain high bio-
diversity. Due to the rapid development of urbanization and human 
activity, these patterns of biodiversity in different mountainous 
belts are suffering various levels of artificial disturbance except el-
evation. This work integrated bird diversity with landscape factors 
to reveal the effects of spatial fragmentation on the vertical distri-
bution pattern at different altitudes. Our results demonstrated bird 
diversity decreased as the altitude increased, and the percentage of 
different land types and the structure of the bird community signifi-
cantly differed in the different belts. Special habitats with harsh en-
vironment have a constraint on the structure of bird community and 
some rare species tended to only occupy specific belts. Moreover, 
our study indicated sufficient habitat and more patches in the low- 
mountain belt supported higher bird diversity. The “habitat amount 
hypothesis” was more suitable for explaining the elevational distri-
bution pattern of bird diversity in a typical modern mountain. Our 
results highlight the effects of ongoing urbanization and human ac-
tivities on montane biodiversity and emphasize the management of 
artificial habitats.
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