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Abstract: Biodiversity is under threat due to human-induced changes in land use. While various
aspects of biodiversity are increasingly studied in response to these changes, there is limited under-
standing of their effects on the structure and composition of bird communities in dryland regions.
We examined the impacts of land use change on birds in the semi-arid area of the Longxi Loess
Plateau by considering taxonomic diversity, functional diversity, and phylogenetic diversity. We
analyzed both the α- and β-diversity of avian communities across different dimensions of diversity
and calculated functional and phylogenetic structures using the net relatedness index. Our findings re-
vealed that species richness was highest in farmland and abandoned farmland, while artificial mixed
forests exhibited the highest number of unique species. Functional and phylogenetic α-diversity
was greater in farmland and abandoned farmland when compared to the other four land use types.
Moreover, the taxonomic diversity in artificial mixed forests, artificial Caragana korshinskii forests,
and artificial Platycladus orientalis forests surpassed that in typical grasslands, but no differences
were observed in functional and phylogenetic diversity. Regarding β-diversity, turnover patterns
dominated multidimensional dissimilarity, with taxonomic turnover and total dissimilarity lower
than their functional counterparts but higher than phylogenetic counterparts. Based on the present
findings, we emphasize the long-term cessation of ongoing silvicultural initiatives to safeguard bird
diversity in the semi-arid region of the Longxi Loess Plateau. This is crucial for narrowly distributed
species such as Alectoris magna, as they face heightened vulnerability to losses.

Keywords: bird community; functional diversity; phylogenetic diversity; β-diversity; dryland;
Loess Plateau

1. Introduction

Biodiversity plays a crucial role in maintaining the balance of both human and natural
environments, providing essential ecosystem services [1]. However, escalating human
activities are causing severe biodiversity crises [1,2], with land use change being a pri-
mary driver of global biodiversity loss [3]. This change involves altering the physical
environment and vegetation structure at the habitat level [3,4], leading to unpredictable
fluctuations in biodiversity [4] and continuous changes in biological structure and ecologi-
cal community composition [1], with implications for different dimensions of biodiversity,
such as taxonomic diversity, functional diversity, and phylogenetic diversity.

Land use change significantly impacts taxonomic diversity, resulting in an average re-
duction of 13.6% in local species richness, 10.7% in total abundance, and 8.1% in rarefaction-
based richness [2]. Moreover, it has led to the loss of about 15% of global terrestrial
vertebrate species richness, putting 556 individual species at risk of global extinction [5].
These findings highlight the vulnerability of sensitive species that face population decline
or even extinction when their suitable habitats are destroyed due to land use change,
ultimately causing a significant loss of species diversity.
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Land use change also has profound effects on available resources, subsequently im-
pacting functional diversity [6], which is decomposed into the following components:
(1) functional richness (FRic), representing the combined functional traits of individual
species persisting in a niche or ecosystem; (2) functional evenness (FEve), which is related
to the distribution of functional abundance within an ecosystem; and (3) functional diver-
gence (FDiv), which is involved the differentiation and distribution of functionally distinct
species [7–10]. These functional attributes depend on a diverse range of resources [7,10].
Studies have shown that land use change disturbances lead to a decline in global verte-
brate functional diversity and alter local functional structure, with partial compensation
through functional gains in certain areas [11]. Furthermore, while taxonomic diversity may
remain unchanged or even increase in newly transformed environments resulting from
land use change, there is a shift in community composition. As a result, replacing native
and specialized species by widespread species in response to new resources and niches
can lead to a decline in functional diversity, resulting in a loss of ecosystem services [12].
Evidence has shown that increased habitat disturbance associated with land use change
can contribute to functional diversity decline by eliminating species with distinct ecological
characteristics [13].

Furthermore, phylogenetic diversity (PD) denotes the cumulative phylogenetic dis-
similarity among various species within a community. It elucidates the evolutionary
distinctions among species, rather than their sheer numbers or traits [14]. Additionally, it
provides insights into a range of concealed ecological or behavioral characteristics [15]. In
comparison to species richness, heightened levels of phylogenetic diversity and functional
diversity are correlated with enhanced ecological processes and services [16] as well as
greater ecosystem stability [17]. Therefore, when assessing the effects of land use change
on biodiversity, an increasing number of studies have recognized the importance of consid-
ering all three components—TD, FD, and PD—to comprehensively understand community
responses to environmental disturbances.

Drylands cover approximately 41.5% of the Earth’s terrestrial area and serve as es-
sential habitats for a myriad of species. Notably, 55% of mammalian and 64% of avian
species rely on these regions for their survival [18]. The Loess Plateau in China is located in
a dryland region, but it is ecologically vulnerable due to unsustainable land use practices,
resulting in significant soil erosion. For soil erosion prevention and ecological restoration,
two initiatives, namely the Natural Forest Protection and the Grain-for-Green Program,
have been implemented to control soil erosion. As a result, vegetation cover increased to
approximately 50% in 2010 [19] and reached 60.2% by the end of 2013 [20]. While previous
studies have focused on a certain aspect of soil nutrient and microbial diversity, as well as
soil arthropods in response to land use changes [21–23], the assessment of bird communi-
ties has been limited to taxonomic diversity. However, taxonomic diversity alone cannot
provide sufficient information on ecosystem processes and responses to environmental
disturbances [3,7]. Therefore, to fill this research gap, this study aimed to explore the
combined effects of changing land use patterns on bird communities in the semi-arid region
of the Longxi Loess Plateau. By considering three diversity aspects, namely taxonomic
diversity, functional diversity, and phylogenetic diversity, we seek to address the following
scientific inquiries: (A) To ascertain the composition of bird communities across various
land use types. (B) To investigate the impact of different land use types on bird func-
tional and phylogenetic alpha and beta diversity and assess whether this variability aligns
with alterations observed in taxonomic metrics. Given that artificial forests, particularly
monoculture forests, potentially present simplified habitats characterized by diminished
vegetation structure and resource variety, our hypothesis posits that the replacement of
natural habitats by artificial forests will lead to a reduction in bird species richness and a
decrease in avian functional and phylogenetic diversity.
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2. Materials and Methods
2.1. Study Area

This study was conducted in Gongjing forestry, Yuzhong County, Gansu Province,
which is located in the western part of the Loess Plateau, China. The protected area,
established in 1959, covers 8573 ha, with approximately 3907 ha designated for afforestation.
This area has 700 ha of forestland, 1609 ha of Caragana korshinskii shrub forestland, and
1598 ha of undeveloped forestland [23]. The forestry area within the semi-arid zone
experiences a temperate continental monsoon climate. The annual average temperature is
6.5 ◦C, and the total annual precipitation is 381 mm [24], 80% of which occurs during the
growing season from April to October. Additionally, the annual potential evaporation is
approximately 1300 mm [23,24].

2.2. Study Design

In the study area, before the establishment of the forest, the predominant land types
were typical grassland and farmland. Later, as residents moved out, some farmland and
grassland were converted into planted forests, resulting in five main land use types. To
comprehensively represent the various land types in the region, these five land use types
were combined with the surrounding farmland habitat, resulting in a total of six identified
land use types, including the following: (A) Planting farmland (PFL): located adjacent
to the forest, mainly used for crop cultivation. The ridges of the field and surrounding
areas are planted with artificial deciduous trees and are accompanied by various types
of weeds. (B) Abandoned farmland (AFL): agricultural land abandoned after residents’
relocation within the forestry area. (C) Typical grassland (TGL): undisturbed habitat with
natural vegetation structure and composition. (D) Artificial mixed forest (AMF): man-made
forest predominantly composed of tree species such as Armeniaca sibirica, Pinus tabuliformis,
Populus hopeiensis, and Tamarix chinensis. (E) Artificial Caragana korshinskii forest (ACK):
man-made forest comprising a monoculture forest of shrubs. (F) Artificial Platycladus
orientalis forest (APO): man-made forest consisting of a monoculture of Platycladus orientalis.
These six land use types represent the full range of land types in the study region. To
ensure comprehensive sampling, five different sites were selected for each land use type
(Figure 1) during field visits. These sites were chosen with a minimum distance of at least
200 m between them to avoid duplication and maintain statistical independence [25,26].

2.3. Avifaunal Sampling

For data collection, we adopted a systematic approach. Random central points were
selected within predefined sample plots, and surveys were conducted within a 50 m radius
of observation to record the richness and abundance of bird species in each land use type.
In accordance with this sampling design, we first conducted 1 survey per sample site of
each land use type in 2021 to ensure the operationalization of the experiment. Then, the
comprehensive survey period was extended from June to August 2022. To enhance the
likelihood of detecting rare bird species, each sample site was surveyed four times. We
conducted surveys under favorable weather conditions, avoiding high winds and fog to
minimize potential biases. The surveys were primarily carried out during periods of peak
bird activity, typically in the morning (6:00–10:00) and afternoon (16:30–19:30). Binoculars
(ZEISS Terra ED 8 × 42, Oberkochen, Germany) and a telephoto camera (Canon EDS5D
Mark III, Canon Inc., Tokyo, Japan) were used for observation. Bird species were identified
based on visual confirmation as well as bird songs and calls. Each survey session lasted
for half an hour. When counting the number of birds, those flying in the sky or those that
could not be identified were excluded, and the abundance of each bird species during each
survey session was represented by the highest record observed.
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2.4. Functional Traits

We collected eight morphological data for all observed bird species during the survey.
These measurements included four beak dimensions: wing length, tail length, tarsus length,
and Kipp’s distance (Table S1). These morphological indicators were chosen based on
the following criteria: Beak size and shape are well-known indicators of food selection
in birds [27,28], providing valuable insights into their trophic niche, which has been
extensively studied in relation to foraging ecology [28,29]. Wing length, tail length, and
tarsus length are related to substrate use and foraging strategies [27,29]. Kipp’s distance,
a measure of wing morphology, provides information about birds’ ability to disperse
and cross gaps in the landscape [30,31]. It reflects potential constraints on movement
and the ability to access different habitats. Based on the literature, we categorized the
bird species’ diets into six distinct categories. These dietary guilds serve as indicators
of resource requirements and sensitivity to habitat change, making them widely used in
studies focusing on functional traits in birds (Table S1).

2.5. Phylogenetic Data

In this study, we constructed phylogenetic trees for the 38 surveyed bird species using
“A Global Phylogeny of Birds” (http://www.birdtree.org) (accessed on 5 October 2022),
as made available for analysis [32]. The taxonomic list was first downloaded from the
phylogenetic subset for Latin name matching. Subsequently, the phylogenetic tree was
obtained from the “Hackett All Species: a set of 10,000 trees with 9993 OTUS each” database,
including 5000 pseudo-posterior distributions. Finally, the Maximum Clade Credibility tree
was constructed using the average node height by TreeAnnonator software (v 1.10.4) of the

http://www.birdtree.org
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BEAST package [4]. The resulting phylogenetic tree served as the basis for all subsequent
phylogenetic correlation analyses in this study.

2.6. Statistical Analysis

To gain a clearer understanding of potential differences in bird community compo-
sition among land use types, we employed the “UpSetR” package [33] for the analysis.
Additionally, we tested variation in bird community composition using Analysis of Similar-
ities (ANOSIM). ANOSIM is a nonparametric test for similarity between high-dimensional
data sets, and the calculated relationship ranking was judged based on the permutation test.

The taxonomic α-diversity was measured using observed species richness. For func-
tional α-diversity, the raw functional diversity of communities was assessed in relation
to land use (functional diversity was calculated based on presence–absence data for all
communities, with each site classified as a community) [34]. To account for the presence of
both categorical and continuous variables, Gower distances were used to normalize the
characteristics of the birds. Additionally, functional richness [8,9], functional evenness [8,9],
and functional divergence [8,9] were quantified using the “FD” package [35]. These mea-
sures allowed us to assess the differences in bird community functions among land use
types and to examine the niche differentiation of communities and the extent to which they
utilize environmental resources. To evaluate phylogenetic α-diversity, we computed Faith’s
PD using the “Picante” package [36], as it reflects the sum of the total phylogenetic branch
length of all species within the community [14]. In addition, functional and phylogenetic
structure, as a complement to functional and phylogenetic diversity, can reflect the eco-
logical processes of community construction (e.g., habitat filtering, competitive exclusion).
This is characterized by the net relatedness index (NRI), which is the standardized form of
the mean pairwise phylogenetic distance (MPD) [37]. The calculation formula is as follows:

NRI = −1 × MPDobs − meanMPDrand
sdMPDrand

,

where MPDobs is the observed MPD of bird communities in each land use type, meanMP-
Drand is the mean of 999 times of the null distribution, and sdMPDrand is the standard
deviation of the null distribution.

For the calculation of pairwise indices of taxonomic, functional, and phylogenetic
β-diversity decomposition, the Sørensen dissimilarity index was used [38,39] based on
species, functional traits, and phylogenetic data, respectively, using the “betapart” pack-
age [40]. This method divides overall β-diversity into two components: turnover, which
indicates how often species replace each other at different sites, and nestedness, which in-
dicates how often the same few species occupy different sites. These components represent
different processes in the community assemblage [38]. Functional β-diversity decomposi-
tion was based on the volume of convex hull intersections in a multidimensional functional
space [39]. Specifically, a Gower’s pairwise distance matrix was constructed for the func-
tional trait matrix, and the first four principal coordinate analysis (PCoA) axes, explaining
94.35% of trait variation, were used to calculate FDsor, FDsim, and FDsne.

Before statistical analysis, all data were tested for normal distribution and variance chi-
square. For data satisfying these criteria, ANOVA test and Tukey’s multiple comparisons
were used to analyze significant differences between groups. For data not meeting the
criteria, the nonparametric Kruskal–Wallis test and Dunn’s test were used. Based on this,
the taxonomic, functional, and phylogenetic diversity indices and community construction
of birds among different land use types were tested, and differences were considered to
exist when p < 0.05, significant differences when p < 0.01, and highly significant differences
when p < 0.001. All the statistical analyses were performed using R 4.0.3 software [41].

3. Results

A total of 46 breeding bird species were observed during the study. However, eight of
these species were excluded from the subsequent analysis due to difficulties in accurately
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classifying their habitats. As a result, 38 bird species were definitively used for analysis in
this study (Table S2). The sampling coverage curves showed saturation in all habitats, and
the curves based on different diversity indices also leveled off in each land use type. This
indicates that the point-count sampling effort was adequate (Figure S1).

3.1. Species Composition

Among the six land use types, the AMF supported the highest number of “unique
species” (six species recorded in this type only), accounting for 15.79% of the total number
of bird species. The PFL, AFL, and ACK had a consistent richness of two unique species.
The APO had one unique species, while TGL had none (Figure 2). Phasianus colchius was
a common species found in all land use types. Apart from the AMF, the remaining five
types shared five species, namely Columba rupestris, Pyrrhocorax pyrrhocorax, Phoenicurus
auroreus, Oenanthe pleschanka, and Emberiza cioides (Table S2). Furthermore, the top 10 most
abundant species accounted for 74.63% of the records. Among them, Garrulax davidi was
the dominant species in the AMF, the most common species was Passer montanus in PFL
and AFL, and Pyrrhocorax pyrrhocorax was mostly recorded in TGL (Figure S2).
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Figure 2. UpSetR intersection diagram displaying the unique and shared bird species among the differ-
ent land use types. Land use type codes were as follows: PFL—planting farmland; AFL—abandoned
farmland; TGL—typical grassland; AMF—artificial mixed forest; ACK—artificial Caragana korshinskii
forest; APO—artificial Platycladus orientalis forest.

The ANOSIM analysis indicated significant differences between the land use types
(R = 0.783, p = 0.001). Pairwise comparisons between land use types revealed varying
degrees of separation. PFL and AFL were strongly correlated (R = 0.124, p = 0.178) with
21 shared species, and they harbored species that were not recorded in the three planted
forests. Next, the ACK and the APO showed a correlation (R = 0.440, p = 0.030), sharing
11 species (Figure 3).

Taxonomic diversity, measured by species richness, was found to be highest in PFL,
followed by AFL (Figure 4a). ANOVA revealed highly significant differences among the
habitats (F = 25.91, p < 0.001). Tukey’s post hoc test further indicated that PFL and AFL
were extremely significantly different from each of the other four types (p < 0.001), while
no significant difference was detected between the other four types.
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Figure 3. Pairwise comparisons of bird community similarity showing the original shared species
numbers below the diagonal. The ANOSIM sample R and significance marker are shown above
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“**” 0.01.
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Figure 4. The taxonomic diversity (a), functional diversity (b), and phylogenetic diversity (c) of
bird communities in six different land use types. Land use type codes are as follows: PFL—planting
farmland; AFL—abandoned farmland; TGL—typical grassland; AMF—artificial mixed forest;
ACK—artificial Caragana korshinskii forest; APO—artificial Platycladus orientalis forest.

3.2. Functional Diversity

The results concerning functional diversity indicated highly significant differences
among the land use types (ANOVA: F = 6.438, p < 0.001). Specifically, AFL showed
significant differences when compared to the ACK and the APO (p < 0.01), while PFL
exhibited differences compared to the ACK and the APO (p < 0.05) (Figure 4b).

In terms of the functional diversity indices, multiple comparisons revealed that the
FRic of bird communities was significantly higher in PFL and AFL compared to in the
ACK and the APO. Differences in FEve were observed among TGL, the ACK, and the APO,
but they were not significant (Table 1). Highly significant differences in FDiv were found
between AFL and the AMF, the ACK, and the APO but were significantly higher in PFL
and TGL than in the AMF and the ACK, and differences were observed with the APO
(Table 1), indicating the lowest FDiv in the three plantations.

Multiple comparisons of functional structure showed highly significant differences
among land use types (ANOVA: F = 7.175, p < 0.001) (Figure 5a). With the exception of TGL,
which had a discrete functional structure, all other land use types showed aggregation.
Among them, TGL was extremely significantly different from the ACK and the AMF
(p < 0.001), significantly different from PFL (p < 0.01), and different from AFL and the APO
(p < 0.05).



Diversity 2024, 16, 235 8 of 14

Table 1. Multiple comparisons of functional diversity indices were performed for birds among the
different land use types.

Comparison FRic FEve FDiv

Z p t p t p

PFL-AFL −0.503 0.615 −0.902 0.393 −1.258 0.244
PFL-TGL 0.754 0.451 −1.851 0.101 −0.154 0.881
PFL-AMF 1.186 0.236 −0.700 0.504 4.778 0.001 **
PFL-ACK 2.658 0.008 ** −2.049 0.075 3.458 0.009 **
PFL-APO 2.479 0.013 * 1.728 0.122 3.178 0.013 *
AFL-TGL 1.257 0.209 −0.804 0.445 1.019 0.338
AFL-AMF 1.688 0.091 0.079 0.939 6.511 <0.001 ***
AFL-ACK 3.161 0.002 ** −0.723 0.490 5.472 <0.001 ***
AFL-APO 2.982 0.003 ** 1.825 0.105 5.383 <0.001 ***
TGL-AMF −1.257 0.666 0.827 0.432 4.846 0.001 **
TGL-ACK 1.904 0.057 0.179 0.862 3.548 0.008 **
TGL-APO 1.724 0.085 2.699 0.027 * 3.274 0.011 *
AMF-ACK 1.473 0.141 −0.750 0.476 −1.714 0.125
AMF-APO 1.293 0.196 1.518 0.167 −2.175 0.061
ACK-APO −0.120 0.857 3.107 0.015 * −0.455 0.661

Note: Asterisks indicate statistically significant differences in comparison with FD indices in different land
use types: “*” 0.05, “**” 0.01, “***” 0.001. Land use type codes are as follows: PFL—planting farmland;
AFL—abandoned farmland; TGL—typical grassland; AMF—artificial mixed forest; ACK—artificial Caragana
korshinskii forest; APO—artificial Platycladus orientalis forest.
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3.3. Phylogenetic Diversity

ANOVA revealed highly significant differences in PD among the different land use
types (F = 20.1, p <0.001) (Figure 4c). Post hoc tests indicated extremely significant differ-
ences between AFL and the ACK, PFL and the ACK, AFL and the APO, AFL and TGL, PFL
and the APO, and PFL and TGL (p < 0.001), as well as significant differences between AFL
and the AMF (p < 0.01), and differences between PFL and the AMF (p < 0.05).

Multiple comparisons of bird phylogenetic structures showed highly significant differ-
ences among the land use types (ANOVA: F = 14.47, p < 0.001). The two land use types
with aggregated structures were the ACK and the APO, while the remaining four land
use types had structurally discrete patterns (Figure 5b). Among them, the post hoc test
indicated extremely significant differences between AFL and the ACK, AFL and the APO,
TGL and the APO (p < 0.001), and significant differences between PFL and the ACK, the
AMF and TGL (p < 0.01), as well as differences between AFL and the AMF (p < 0.05).
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3.4. β–Diversity

Bird communities displayed a consistent pattern of taxonomic, functional, and phy-
logenetic β-diversity, with turnover being higher than nestedness (Figure 6a–c, Table S3).
When comparing the different components of β-diversity across the three dimensions, tax-
onomic total dissimilarity and turnover were lower than their functional counterparts but
higher than their phylogenetic counterparts. However, functional and phylogenetic nested-
ness were higher than their taxonomic counterparts. Phylogenetic turnover was lower than
functional turnover, while nestedness showed a consistent pattern (Table S3). Regression
analysis further revealed a significant positive relationship between taxonomic total dis-
similarity, and both functional and phylogenetic total dissimilarity also demonstrated a
significant increase (Figure S3).
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4. Discussion
4.1. Different Responses of Taxonomic Diversity to Land Use Change

Our analyses indicate that there is a resemblance in bird species composition between
farmland and abandoned farmland, which aligns with previous studies examining the
response of planting farmland birds to cropland abandonment. Particularly, the composi-
tion of birds in abandoned farmland was predominantly composed of farmland birds [42].
Moreover, species richness in both farmland and abandoned farmland was higher com-
pared to in the other four land use types, suggesting that these habitats support more
species than they lose. Several factors contribute to this phenomenon. First, both farmland
and abandoned farmland exhibit more intricate vegetation compositions (Table S4) and are
accompanied by artificially planted trees at an appropriate age for nesting and breeding.
This condition may draw and provide support for specific bird species. Additionally, the
presence of human habitation in farmland areas may indirectly provide food and water re-
sources, contributing to the higher species richness observed in these habitats. Furthermore,
the planting of forests has increased the habitat for some forest-dependent bird species,
such as Phylloscopus armandii and Phylloscopus trochiloides. However, it is important to note
that these planted forests may have caused the loss of habitat for species originally found
in the area. For example, even though the species diversity of the three planted forests was
higher than that of typical grassland, species such as Alectoris magna, Perdix dauurica, and
Carpodacus synoicus, which prefer typical grassland habitat, were not found in the planted
forests. This suggests that the planted forests have caused suitable habitats for these species
to decrease, and for the protection of the Chinese endemic species Alectoris magna, it is
crucial to conserve its original habitat.

The results of this study further showed that the species richness of birds in artificial
mixed forests was significantly higher compared to in two types of planted monocultures,
which is consistent with findings from previous studies investigating bird diversity in
different forest types [43]. This could be attributed to the fact that artificial mixed forests
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have more complex vertical stratification and can provide habitats for a greater variety of
forest species, making them the most unique among the six land use types with six species.
Conversely, monoculture forests are characterized by uniformity in terms of tree species,
age, structure, and spacing, along with a straightforward composition of the vegetation
(Table S4). They lack the natural heterogeneity typical of ecosystems, which can pose
challenges in preserving a diverse range of biodiversity.

4.2. Different Responses of Functional Diversity to Land Use Change

In comparison to farmland and abandoned farmland, artificial planted forests do not
host larger-sized bird species like the Alectoris magna, Perdix dauurica, Columba rupestris, and
Pica pica. Moreover, artificial plantations tend to be predominantly occupied by smaller
insectivorous birds, with less representation from other dietary guilds (Table S2, Figure S4).
This leads to noticeable distinctions in the raw functional diversity among land use types,
with the highest functional diversity observed in farmland and abandoned farmland. This
pattern aligns with the results for functional richness, suggesting that birds in farmland
and abandoned farmland effectively utilize available spatial resources and occupy a wider
range of ecological niches [8]. These habitats play a crucial role in maintaining functional
diversity at the landscape scale. However, despite the significant increase in species richness
in planted forests compared to in typical grassland, there was no difference between raw
functional diversity and functional richness. This suggests that although land use change
led to an increase in species, it did not compensate for the loss of many functional trait
combinations [44].

Planted forests can lead to a simplification of the understory vegetation structure,
especially monoculture forests (Table S4), resulting in the loss or alteration of the microen-
vironment. This can have consequences for the availability of resources, such as fruits and
herbs, and the reduction of resources may favor some species while excluding others. As a
result, a niche filter structure emerges, where environmental constraints, such as food short-
ages and habitat loss, act as “filters” for species with suitable characteristics [45]. To put it
differently, the simplified vegetation in these land types has, to some extent, diminished
the need for enhanced locomotor capabilities [3]. This measure of niche differentiation can
be explained by functional divergence [8]. Our study found that the functional divergence
of birds was lower and significantly different in plantations than in the other three land use
types. This further suggests that deficit of resources even when previous land use types are
converted to plantations, a conclusion that is generally consistent with studies examining
the impact of arthropod functional traits on land use type conversion [46]. It also provides
insight into the threat that land use type change can pose to specific traits [46].

Functional structure, as a complement to functional diversity, offers valuable insights
into the ecological processes shaping community composition [37]. Our examination
of functional structure has unveiled that typical grasslands display a distinct structure,
signifying that the functional traits of bird species in typical grasslands exhibit more
dissimilarity than what would be predicted randomly, as indicated by a negative net
relatedness index value. Consequently, we speculate that competition exclusion likely plays
a significant role in the community assembly process. This can be observed through the
higher prevalence of dominant species, such as Pyrrhocorax pyrrhocorax, Columba rupestris,
Alectoris magna, and Phoenicurus ochruros, which are distantly related and exhibit significant
differences in functional traits. Conversely, other land types showcase a clustered functional
structure, implying that the functional traits of bird species are more alike than what would
be randomly anticipated. This phenomenon may be attributed to environmental factors
such as the provision of concealed spaces (e.g., shrubs and trees) and food resources.

4.3. Different Responses of Phylogenetic Diversity to Land Use Change

Phylogenetic diversity mirrors the evolutionary history of a community [14] and
carries inherent significance in conserving biodiversity [47,48]. In general, studies indicate
that alterations in land use tend to adversely affect the phylogenetic diversity of bird
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communities [3,49,50]. Our study detected significant differences in bird phylogenetic
diversity between agricultural and abandoned lands and planted forests, indicating that
changes in land use types led to a loss of phylogenetic diversity, further confirming the
findings of the aforementioned study. Furthermore, the phylogenetic structure exhibited
non-random arrangements across different land use types. In planted forests, this structure
tended to exhibit a clustered pattern. Consequently, we anticipated that in environments
with limited resources due to human activities, only species with close genetic relationships
and similar functional traits could coexist. Among other discrete land types, species
exhibited relatively distant phylogenetic relationships but shared a consistent intrinsic
preference for habitat [51]. In general, these findings underscore the notion that functional
and phylogenetic diversity cannot entirely replace one another in elucidating community
assembly processes to some extent [51,52]. They can, however, be effectively combined in
future research studies.

4.4. Different Responses of β-Diversity to Land Use Change

The concepts of turnover and nestedness arise from two opposing processes, namely
species replacement and species loss, which influence changes in community composition
across different environments [3,38]. Taxonomic β-diversity provides insights into species-
specific responses to the environment and primarily reflects the dispersal constraints of
focal taxa [53]. Our findings on the species β-diversity components of birds in various
land use types suggest that species turnover, driven by environmental factors or spatial
constraints, plays a critical role in shaping differences in community composition. Limited
spatial availability increases the likelihood of non-shared species in different habitats,
meaning that only a few species occupy each site. Therefore, the increase in β-diversity
between sites is mainly determined by species turnover [54].

Regarding phylogeny, β-diversity arises from historical isolation on an evolutionary
scale [55,56]. The observed phylogenetic β-diversity in bird communities aligns with the
taxonomic β-diversity, which is primarily driven by turnover. This indicates significant
genealogical substitution between communities, where the communities do not differ sig-
nificantly in the amount of phylogenetic information they contain. Similarly to taxonomic
and phylogenetic patterns, functional turnover in bird communities results in differences
in functional traits, which represent adaptive strategies for species to thrive in specific
environmental conditions of habitats [57]. Hence, this occurrence can be explained by
dispersed environmental factors [58].

4.5. Implications for Biodiversity Conservation

In this study, we conducted a comprehensive assessment of the impacts of land
use change on bird diversity in the semi-arid region of the Loess Plateau. Our findings
revealed significant effects of land use changes on bird species composition, particularly
affecting narrowly distributed species such as Alectoris magna and Perdix dauurica. The
multidimensional diversity of birds, including taxonomic, functional, and phylogenetic
diversity, showed a decrease, especially in planted forests. The conservation of faunal
diversity in planted forests is highly dependent on their vertical structural stratification
and the complexity of understory vegetation [59]. Previous evidence has indicated that
bird species richness is significantly lower in tropical planted forests lacking understory
vegetation compared to in Eucalyptus plantations with native vegetation [60]. In our study,
the artificial Platycladus orientalis forest exhibited simple understory vegetation and the
low multidimensional diversity of birds, indicating a low conservation value. This was
followed by the artificial Caragana korshinskii forest. These findings align with a recent study
on global ecosystem services, which emphasized the poor performance of structurally
homogenized planted forests, particularly in arid and semi-arid zones [61]. Based on our
findings, we recommend using taxonomic diversity as an early detection system in the
semi-arid regions of the Loess Plateau. However, incorporating functional and phylogenetic
diversity as supplementary approaches can provide more valuable insights for maintaining
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key ecosystem functions and services [3]. This could help prevent further changes in
existing land use types and address dynamic threats to biodiversity from current and future
environmental conditions.
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Figure S2: Percentage proportions of raw abundances of the 10 most abundant birds, Figure S3:
Relationships between total TD dissimilarity with total FD and PD dissimilarity of birds, Figure S4:
Distribution of avian dietary guilds in different land use types [62–65].
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