Ecological Indicators 183 (2026) 114666

ECOLOGICAL
INDICATORS

Contents lists available at ScienceDirect

Ecological Indicators

e 4

ELSEVIER

journal homepage: www.elsevier.com/locate/ecolind

Check for

Semi-natural habitats enhance bird diversity in intensively managed | e
farmlands in North China

Hongyan Zheng *", Noélle Klein ““, Lili Wang*", Sonja Kay ¢, Felix Herzog ¢, Rongguang Shi?,
Rongle Liu?, Jan Bogaert"

& Agro-Environmental Protection Institute, Ministry of Agriculture and Rural Affairs, No. 31 Fukang Road, Nankai District, Tianjin 300191, China

b Gembloux Agro-Bio Tech, University of Liege, Passage des Déportés 2, Gembloux 5030, Belgium

¢ Agricultural Landscapes and Biodiversity, Agroscope, Reckenholzstrasse 191, Zurich 8046, Switzerland

d Chair of Planning of Landscape and Urban Systems (PLUS), Institute for Spatial and Landscape Planning, Department of Civil, Environmental and Geomatic
Engineering, ETH Zurich, Stefano-Franscini-Platz 5, Zurich 8093, Switzerland

ARTICLE INFO ABSTRACT

Keywords: Agricultural intensification has caused substantial biodiversity loss in farmland worldwide. Although China's
Arable agriculture farmland accounts for a significant proportion globally, knowledge about farmland heterogeneity and biodi-
D.itc}_‘ . versity remains limited. We examined how semi-natural habitats and habitat heterogeneity affect bird diversity
g;ii;:f;ltlfir d in the intensively managed, low-crop-diversity (wheat-maize rotation) farmland of Qihe County, Shandong
Graveyard Province, China. We applied a multi-scale approach that included patch-scale and transect-scale analyses at both

local (100 m buffer) and broader local (200 m buffer) scales across 20 transects, with habitat data classified into
eight types: cropland, woody vegetation, herbaceous vegetation, reed, bare ground, tomb (small, earthen mounds
with spontaneous vegetation), water, and artificial infrastructure. Bird richness and abundance were recorded
within 100 m on either side of each 500 m transect. At the patch scale, Semi-natural habitats—particularly
tombs, woody vegetation, and reeds—supported higher bird richness and abundance. At both local and broader
local scales, semi-natural habitats positively influenced bird richness, but their positive effect on abundance
occurred only at the local scale; woody vegetation, herbaceous, and reed were most important locally, while at
the broader scale, richness was mainly associated with woody vegetation, herbaceous, and bare ground. Habitat
diversity (SHDI) positively affected species richness, edge density (ED) of semi-natural habitat had a positive
effect on bird abundance, and mean patch size showed limited effects. These results indicate that biodiversity in
intensively farmed landscapes can be enhanced through the management of semi-natural habitats and habitat
heterogeneity, highlighting the importance of maintaining these habitats and improving landscape connectivity.

1. Introduction

To address the urgent challenges of climate change, ecological
degradation, and environmental health issues, China launched the
Beautiful China Initiative in 2013 (Qin et al., 2024). This initiative un-
derscores the country's commitment to ecological civilization, including
biodiversity conservation, as reaffirmed in international frameworks
such as the Kunming-Montreal Global Biodiversity Framework
(Convention on Biological Diversity, 2022). However, frameworks for
evaluating progress in biodiversity protection remain vague (Guan et al.,
2024), partly due to the inherent complexities and difficulties in
measuring biodiversity (Qin et al., 2023). As a result, conservation
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efforts often emphasize nature reserves and protected areas, while
farmland is still primarily regarded as an economic resource for agri-
cultural production.

Yet farmland plays a vital, if underappreciated, role in supporting
biodiversity. Biodiversity contributes crucial ecosystem services such as
pollination, soil fertility, and natural pest control (Albrecht et al., 2020;
Martin et al., 2019), and many studies have shown that cultural agri-
cultural landscapes can maintain significant species richness (Klein
et al., 2025; Li et al., 2020a; Li et al., 2020b). This is especially relevant
in China, which ranks third globally in cropland area (FAO, 2023),
making its agricultural landscapes not only essential for national food
security, but also critical for biodiversity conservation at a global scale.
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Globally, farmland biodiversity has declined mainly due to habitat
loss, agricultural intensification, degradation and climate change, with
farmland birds being the most prominent and well monitored indicator
group (Attwood et al., 2009; Donald et al., 2006; Jeanneret et al., 2021;
Stanton et al., 2018). Birds are key indicators of ecosystem health and
biodiversity in agricultural landscapes (Fraixedas et al., 2020; Gregory
et al., 2003), and provide critical ecosystem services, such as pest con-
trol, pollination, maintaining ecological balance (Boesing et al., 2017;
Mayne et al., 2023; Sekercioglu, 2006; Whelan et al., 2008). While a few
bird species may occasionally cause crop losses, their overall contribu-
tions far outweigh their negative impacts (Huang et al., 2023), making
farmland bird protection crucial for sustainable agriculture and biodi-
versity conservation.

Importantly, non-protected farmlands also support a variety of bird
species (Das et al., 2025; Li et al., 2020a; Li et al., 2020b; Mupepele
et al., 2021). Despite the extensive farmland coverage in China, long-
term trends of farmland bird populations remain poorly documented.
However, an analysis of 78 sample areas representing diverse habitats of
breeding birds, observed continuously from 2011 to 2017, revealed a
decreasing trend in population density for 50% of the 556 bird species
(Zhang, 2018). Agricultural landscapes, while often simplified and
intensively managed, still provide important breeding, foraging, and
sheltering opportunities, particularly when semi-natural habitats are
present (Johnson et al., 2011; Li et al., 2020a; Li et al., 2020b).

The presence and quality of semi-natural habitats play a decisive role
in maintaining farmland bird diversity. Semi-natural habitats, including
linear elements, areal habitats and small patches (Herzog et al., 2017),
are essential for enhancing biodiversity and supporting ecosystem ser-
vices in agricultural landscapes (Duflot et al., 2015; Olimpi et al., 2022;
Salek et al., 2022; Tarjuelo et al., 2020). These elements act as con-
necting corridors, stepping stones, nesting sites, and foraging grounds,
especially for species with specific habitat preferences (Hietala-Koivu
et al., 2004; Salek et al., 2022). Bird communities are often closely
linked to such features (Miller and Cale, 2000; Whittingham et al.,
2009), making their integration into farmland management essential to
achieving the goals of the Beautiful China Initiative.

Semi-natural habitats show a decreasing trend in agricultural land-
scapes across specific regions of China (Liu et al., 2024a, 2024b, Liu
et al., 2019), despite their crucial role in maintaining biodiversity.
Research on their ecological functions in Chinese farmland remains
limited and regionally fragmented. Existing studies highlight the
importance of non-crop habitats in enhancing bird diversity, particu-
larly in southern China, where small fields with diverse crop types
dominate (Lee et al., 2024, Lee et al., 2022; Lee and Goodale, 2018; Li
et al., 2020b; Liao et al., 2020). Another form of semi-natural habitat in
this region is the tomb (family graveyard). Tombs function as small, non-
cultivated patches interspersed throughout the agricultural landscape of
the North China Plain. These culturally significant features, being spared
from routine farming activities, develop spontaneous vegetation, mak-
ing them important refuges for biodiversity. Their great value as semi-
natural habitats for plants was demonstrated in a study in Hebei Prov-
ince, China (Gong et al., 2021). Similarly, the vegetation that grows in
irrigation ditches has also been shown to benefit bird diversity by
providing diverse habitats and enhancing resource availability (Hu
et al., 2025; Lu et al., 2019). These findings underscore the critical role
of semi-natural habitats across different agricultural regions in China,
while also reflecting the limited scope of current research and the need
for further exploration in other regions. At the policy level, China's
biodiversity strategies remain focused on productivity and protected
areas, lacking specific provisions for semi-natural habitats conservation-
unlike EU frameworks that integrate such measures into agri-
environmental schemes (Liu et al., 2022; Ministry of Agriculture and
Rural Affairs of the People's Republic of China, 2021; Ministry of Ecol-
ogy and Environment of the People's Republic of China, 2024). This
underscores the need for further research on “everyday agricultural
landscapes” in China, to provide a scientific basis for advice to the
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administration on how to integrate semi-natural habitat conservation
into agricultural landscape management (Li et al., 2020a; Li et al.,
2020b; Liu et al., 2013).

The effects of habitat and landscape structures on biodiversity are
scale-dependent (Benton et al., 2003; Wiens, 1989), necessitating multi-
scale assessments to design effective conservation strategies. Bird di-
versity responds to these factors across patch (discrete, homogeneous
habitat patches, e.g., woody vegetation or reed beds; Klein et al., 2023;
Miihlner et al., 2012), field (Christina, 2012; Gonthier et al., 2014),
landscape (Billeter et al., 2008; Gil-Tena et al., 2015; Reiley and Benson,
2019), and regional scales (Buchanan et al., 2017). While studies on
farmland bird diversity in China have explored local and landscape
scales (D. Li et al., 2020a; Li et al., 2020b; Liao et al., 2020), with some
multi-scale research combining these two (Lee, 2022; Lee et al., 2022;
Lee and Goodale, 2018), finer-scale analyses, such as patch and transect-
based studies, remain rare. Based on this context, this study addresses
this gap by employing a multi-scale approach to explore bird-habitat
relationships across spatial extents. In this study, we incorporated
habitat variables at the patch scale and two transect-buffer scales,
defining the 100 m buffer as the local scale and the 200 m buffer as a
broader local scale.

This study aims to assess the drivers of bird diversity in the inten-
sively farmed North China Plain by investigating the effects of both local
habitat types and habitat structure across multiple scales. We evaluated
how bird species richness and abundance are influenced by: semi-
natural habitats (woody and herbaceous vegetation, reeds, bare
ground, water and tombs—classified as such and manifesting as small,
earthen mounds with spontaneous vegetation), cropland and artificial
infrastructure (paved/dirt roads, buildings) at the patch scale and within
transect buffers at the local (100 m) and broader local (200 m) scales. In
addition, we quantified local heterogeneity at both buffer scales using
metrics of habitat composition and configuration. Our findings provide
valuable insights for biodiversity conservation and management in
Chinese agricultural landscapes.

2. Methods
2.1. Study area

This study was conducted in Qihe County, Shandong Province, China
(36°24'37"-37°1'44"N, 116°23'28"-116°57'35"E), located in the lower
plains of the Yellow River, a representative region of the North China
Plain. The region experiences a temperate semi-humid monsoon
climate, with an average annual temperature of 13.5 °C, annual pre-
cipitation of 622 mm, and a frost-free period of 217 days. The topog-
raphy is characterized by a gentle slope, descending from southwest to
northeast, with elevations between 19 and 35 m above sea level. Qihe
County spans 1411 km?, with 839.4 km? of cultivated land. Agricultural
management is uniform and consists of a simple rotation of winter wheat
followed by maize that alternate synchronously on virtually all parcels,
yielding two harvests per year. The management practices for wheat and
maize were evaluated using questionnaires completed by 30 farmers
from 15 townships in Qihe County, and the results are summarized in
Tables S1. On average, farmers apply 465 kg (+/— 196) of nitrogen per
hectare and year (both crops combined) and count 7.0 (“4+/— 1.4)
pesticide applications. The farmland is intersected by mostly unsealed
irrigation ditches. During the irrigation period, the ditches contain
water, but during the non-irrigation period, water levels are very low, or
they fall completely dry. Woody vegetation, herbaceous vegetation, and
reeds are also present within the farmland, though most of these habitats
are concentrated in the ditches. Occasionally, tombs can be found as
burial mounds in the middle of the fields, which are spared from
labouring and cropping. The overall forest cover is approximately 35%,
mainly consisting of planted willow (Salix babylonica L.) or poplar
(Populus spp.) trees.
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2.2. Transect selection

In this study, we selected twenty 1 km x 1 km sites as landscape
units. Within each site, a 500 m transect line was chosen for field survey.
The site selection process followed an adapted method from Pasher et al.
(2013), using a land cover map (10 m resolution). This map was created
through visual interpretation of 2019 remote sensing images (0.5 m
resolution), obtained from a data-sharing platform (http://www.riv
ermap.cn/). Fragstats V4.2 (McGarigal et al., 2023) was used to
compute habitat metrics.

The site selection process consisted of four main steps. Step 1: We
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identified potential study areas where farmland covered 60% to 90% of
the total land cover by using moving window analysis. Step 2: To cap-
ture landscape heterogeneity, we used Mean Patch Size as the key metric
to capture variation in landscape configuration, since landscape
composition was homogeneous due to the consistent rotation of winter
wheat and summer maize. Step 3: Maximizing variation of Mean Patch
Size to select a maximum extent for further analysis. According to the
coefficients of variation (Fig. S1) for Mean Patch Size with increasing
spatial extent, 1 km x 1 km was select as the maximum extent for an-
alyses. Farmland in Qihe County is fragmented among smallholders, and
this extent adequately encompasses multiple operational farm units.
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Fig. 1. Location of the study area and spatial distribution of the 20 bird survey transects in Qihe County, Shandong Province, China. The base maps were sourced
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Moreover, this scale aligns with previous studies in agricultural land-
scapes (Fahrig et al., 2015; Li et al., 2020Db). Step 4: To avoid spatial
autocorrelation, we ensured a minimum center-to-center distance of 2.6
km between sites. This distance threshold was determined based on a
spatial autocorrelation analysis of the Mean Patch Size, where Moran's
fell below 0.4 (Fig. S2).

We used drone images captured in 2022 to identify a 500 m transect
within each site and map the detailed land use. These transects were
positioned along low-traffic roads or at the edges of farmland to ensure
easy access on foot. All 20 selected transects (Fig. 1) were dominated by
farmland, with varying proportions of semi-natural habitats (e.g.,
woody vegetation, reed beds, and herbaceous vegetation patches)
embedded within the agricultural landscape. The presence of these
habitat elements ensured representation of diverse structural types for
examining bird-habitat relationships.

2.3. Data collection

2.3.1. Bird data

All bird surveys were conducted by a single observer to minimize
potential bias introduced by multiple observers. Birds observed within
100 m on either side of the transect line were recorded following stan-
dard methods applied in previous field studies on birds (Assandri et al.,
2016; Klein et al., 2023; Marcacci et al., 2020). Each transect was sur-
veyed by an observer over approximately 30 min, allowing sufficient
time to record all birds while maintaining a consistent pace. Each
transect was surveyed three times in 2023: from 9 May to 20 May, from 4
June to 11 June, and from 27 June to 1 July. During the first survey,
wheat was in the late growing season, with fields covered by uniform,
tall, dense, and fully green vegetation. During the second survey, wheat
had turned completely yellow and ceased growth but had not yet been
harvested, resulting in dry, upright, golden-yellow standing crops with
continuous cover. The third survey was conducted after large-scale
wheat harvest, when most fields were open bare land with low stub-
ble, and a few fields had been sown with summer crops (mainly maize),
whose seedlings had emerged to about 20 cm, forming low, green
vegetation patches. The order in which the 20 transects were surveyed
was randomized to ensure that no single transect was consistently
observed at the same time of day, reducing potential time-of-day biases.
Surveys were conducted from sunrise to up to four hours after sunrise.
Weather conditions during the surveys were generally favourable, with
mostly sunny or partly cloudy skies and no precipitation, fog, or strong
winds. During field surveys, the precise location of each bird detection
was marked on a printed map. All observation points (Fig. 2) were
subsequently digitized manually in ArcGIS Pro (Version 3.2.0, Esri Inc.,
2023), allowing each record to be spatially linked to both the sur-
rounding habitat categories and the specific habitat patch in which it
occurred. Although flying birds were recorded during the surveys, they
were excluded from further analysis to focus on stationary or foraging
birds within the transects.

2.3.2. Habitat data

Detailed habitat data were collected within a 200 m buffer sur-
rounding each transect (Fig. 2), extending beyond the 100 m bird survey
range to capture broader local context. Using drone imagery and field
surveys digitalized in ArcGIS Pro (Version 3.2.0, Esri Inc., 2023), habi-
tats were initially classified into eight specific categories: Cropland,
Woody vegetation, Herbaceous vegetation, Reed, Bare ground, Tomb,
Water, and Artificial infrastructure (Table 1).

For the purposes of analysis, a dual habitat classification scheme was
established to capture both broad- and specific-scale habitat effects. The
broad habitat classification consisted of three categories—Cropland,
Semi-natural habitat, and Artificial infrastructure—which allowed us to
first evaluate the overall influence of semi-natural habitats on bird di-
versity. To further examine habitat effects at a finer resolution, the
specific habitat classification included eight habitat types: Cropland,
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Fig. 2. Actual spatial distribution of habitat types and corresponding bird
occurrence records along Transect 15 (1 of 20 study transects, 200 m buffer
width) in Qihe county, Shandong province China.

Woody vegetation, Herbaceous vegetation, Reed, Bare ground, Tomb,
Water, and Artificial infrastructure. Based on this specific classification,
individual habitat patches were delineated in the digitalized habitat
map as discrete, homogeneous areas of a single habitat type, represented
as continuous polygons within the 200-m buffer. For the broad classi-
fication, all polygons corresponding to the six semi-natural habitat types
(Woody vegetation, Herbaceous vegetation, Reed, Bare ground, Tomb,
Water) were relabelled as Semi-natural habitat. Adjacent or contiguous
semi-natural polygons were then merged into a single continuous semi-
natural patch, while isolated semi-natural polygons remained as sepa-
rate patches.

2.3.3. Habitat structure data

Based on broad habitat category, habitat composition and configu-
ration metrics were calculated for each transect at both the 100 m and
200 m buffer scales. Landscape composition was quantified using the
Shannon's Diversity Index (SHDI) (Lee and Martin, 2017; Liao et al.,
2020), while habitat configuration was characterized by Edge Density
(ED) (Klein et al., 2023; Liao et al., 2020) and Mean Patch Size
(AREA_MN) (Fahrig et al., 2015; Frank et al., 2024) of semi-natural
habitats. This subset of metrics was selected to represent complemen-
tary aspects of habitat structure while maintaining statistical parsimony
given the limited sample size (n = 20 transects). As an initial screening
step, pairwise Pearson correlations among all habitat structure metrics
were examined, and all correlation coefficients were below |0.7]| (see
Table S20) (Dormann et al., 2013), indicating no strong pairwise
collinearity at the metric-selection stage.

2.4. Data analysis

Species richness was calculated as the total number of species
detected across all three surveys for each transect and for each indi-
vidual habitat patch (i.e., any species recorded at least once was
included). Abundance was calculated as the total number of individuals
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Table 1
Classification and description of mapped habitat types.
Broad habitat Specific habitat Description
category type
Agricultural fields primarily planted with
wheat or maize during the field survey,
Cropland Cropland with a few patches of other crops such as
garlic or scallions.
Woody Areas containing single trees or patches of
vegetation woody vegetation.
Herbaceous Grass-dominated areas with non-woody
vegetation plants, excluding reed or trees.

Reed Areas dominated by reed.

Open ground without any visible
vegetation, neither grass, reed or trees.
Bare ground occurs at the edges of
cropland, in ditches, or alongside water
bodies, but does not include other semi-
natural habitats. Examples include soil
patches along field margins or bare
surfaces in ditches.

Family graveyards, typically appearing as
a small, rounded earthen mound in or near
cropland. They occur both as isolated
patches and in clusters, with the latter
forming larger, more complex semi-natural
habitat islands. Spared from routine
farming, these tombs support spontaneous
herbaceous vegetation and, particularly in
larger clusters, scattered trees. This varied
structure provides critical refuge and
resources for biodiversity. Tombs
represent semi-natural habitat islands and
are common features in rural agricultural
landscapes in China.

Water bodies such as ponds, rivers, and
water in ditches.

Man-made structures and surfaces
designed for human utility with minimal
ecological function, including paved or
dirt roads and buildings. These features are
typically maintained through regular
anthropogenic intervention and lack self-
sustaining vegetation, distinguishing them
from semi-natural constructs like
vegetated ditches and tombs.

Bare ground

Semi-natural
habitats

Tomb

Water

Artificial
infrastructure

Artificial
infrastructure

observed across the three surveys for each transect and for each indi-
vidual habitat patch. All statistical analyses were performed using
software R version 4.4.1 (R Core Team, 2024).

2.4.1. Habitat and bird diversity at patch scale

Before conducting patch-scale analyses, each bird observation was
spatially assigned to the habitat patch in which it occurred. Using the
digitized bird locations and the habitat patch map, every detection was
linked to a specific patch polygon. For each patch, we then calculated
patch-scale bird species richness (the number of species recorded within
the patch) and bird abundance (the total number of individuals recorded
within the patch). These patch-scale biodiversity metrics, together with
the corresponding habitat type of each patch, formed the basis of the
patch-scale analysis.

We compared mean species richness among habitats using
individual-based rarefaction and extrapolation curves (type = 1)
following (Colwell et al., 2012). This approach estimates the expected
number of species for a standardized number of individuals, allowing for
comparisons among habitats with unequal sampling effort. The analysis
was conducted for both the three broad habitat categories and the eight
specific habitat types. The rarefaction curves show mean species rich-
ness and 95% confidence intervals for each habitat. All analyses were
performed using the iNEXT package (Hsieh et al., 2016) in R.

At the patch scale, Generalized linear mixed models (GLMMs) with
the “glmer” function of the lme4 package (Bates et al., 2022) were used
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to assess the effects of broad habitat categories, and generalized linear
models (GLMs) with the “glm” function of the stats package (Bates et al.,
2022) were applied for the eight habitat types, on species richness and
abundance. Species richness or abundance were used as the response
variables, while habitat type was treated as an explanatory categorical
variable, with cropland set as the reference level to allow comparison of
other habitat types. Transect ID was included as a random effect to ac-
count for non-independence of patches within the same transect. The
logarithm of patch area, log (area), was incorporated into the model
using the “offset” function to adjust for patch size (Hilbe, 2011), to ac-
count for the species-area relationship. We evaluated model perfor-
mances by checking dispersion (“dispersion_glmer” function of the
blmeco package, Korner-Nievergelt et al., 2015), zero-inflation, AIC, and
residuals to select the most suitable model. In cases of overdispersion,
negative binomial models were used instead of Poisson (Hilbe, 2011).

To assess potential spatial autocorrelation in patch-scale models, we
applied a two-step diagnostic approach.

First, spatial autocorrelation in model residuals was evaluated using
Moran's I based on transect centroid coordinates and inverse-distance
spatial weights. This analysis tested whether residuals from the patch-
scale models exhibited spatial structure at the level of transect cen-
troids. No significant spatial autocorrelation was detected in the overall
model residuals. Second, to account for potential within-transect spatial
dependence, spatial autocorrelation was assessed separately for each
transect by examining patch-level residuals within distance thresholds
ranging from 100 to 500 m. Among the 20 transects, only 0-3 showed
significant Moran's I values (see Tables S5, S7), indicating that spatial
dependence was weak and not systematic across transects. In addition,
patch-level spatial covariates were included in alternative model for-
mulations to evaluate whether explicit spatial terms improved model
performance. Model fit, assessed using R?, showed no meaningful
improvement after including these spatial variables. Based on these di-
agnostics, spatial autocorrelation was considered negligible at the patch
scale and was therefore not explicitly incorporated into the final models.

2.4.2. Habitat and bird diversity at local (100 m buffer) and broader local
scale (200 m buffer)

At the local and broader local scale, we examined how the compo-
sition of different habitat types surrounding each transect affected bird
diversity, with each transect serving as an independent sampling unit.
The bird data comprised all species and individuals detected within 100
m on both sides of each transect. The corresponding habitat data were
quantified by calculating the total area of each habitat type within two
buffer distances — 100 m and 200 m - from each transect line.

Because cropland area was strongly correlated with the areas of other
habitat types, we used principal component analysis (PCA) to summa-
rize habitat composition into a reduced set of independent gradients at
each scale and for each habitat classification scheme (three broad cat-
egories and eight specific habitat types). PCA was conducted on log-
transformed (log (x + 1)) and standardized habitat-area variables.

Generalized linear models (GLMs) and their extensions were
employed to relate bird species richness and abundance to the resulting
PCA axes at both the local (100 m) and broader local (200 m) scales.
Models including different numbers of PCA axes were compared using
AIC and Nagelkerke R? (see Tables S9, S12, S15, S18), and the most
parsimonious models were retained for inference. To account for dif-
ferences in dispersion, Poisson models were initially fitted; negative
binomial models were used for overdispersed data, and Generalized
Poisson (GP, using VGAM package) models were evaluated for under-
dispersed data, following established procedures (Giuffre et al., 2013;
Harris et al., 2012; Muchika et al., 2020). Across scales, habitat
composition was thus represented by continuous PCA-derived variables,
whereas at the patch scale habitat types were treated as categorical
variables with cropland as the reference category.
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2.4.3. Habitat structure and bird diversity at local (100 m buffer) and
broader local (200 m buffer)

To complement the habitat-area-based analysis, we further exam-
ined the influence of habitat structure on bird diversity the local (100 m)
and broader local (200 m) scales. Key habitat composition and config-
uration metrics—SHDI, ED, and AREA_MN—were calculated within
100 m and 200 m buffers around each transect based on the three broad
habitat categories: cropland, semi-natural habitats, and artificial infra-
structure. SHDI reflects overall habitat heterogeneity across all three
categories, while ED and AREA_MN specifically describe the configu-
ration of the semi-natural habitat component. This approach provides a
parsimonious yet ecologically meaningful characterization of habitat
composition and structure relevant to bird richness and abundance.

To ensure comparability among variables measured on different
scales and units, all landscape metrics were standardized using z-score
transformation (mean-centered and scaled to unit variance) via the scale
O function in R. prior to model fitting, variance inflation factors (VIF)
were calculated to assess multicollinearity among local metrics. All VIF
values were below 2 (Tables S21, $22), indicating low multicollinearity.
Generalized linear models (GLMs) and their extensions were employed.
Poisson regression models were initially fitted for bird species richness
and abundance, with negative binomial models used for overdispersed
data and Generalized Poisson models used for underdispersed data. This
approach allowed us to rigorously assess the effects of habitat structure
at the local and broader local scales on bird diversity while maintaining
consistency with the habitat-area-based analyses.

3. Results
3.1. Habitat and bird data

All 20 transects were dominated by farmland (71.3% - 94.1%
coverage; median = 90.3%) within the 200 m buffer, with semi-natural
habitats (4.4% - 25.5%; median = 7.9%) and artificial infrastructure
(0.9% to 5.5%; median = 1.7%) comprising the remaining area. Within
the semi-natural habitats, woody vegetation (12.0% - 73.3%; median =
36.1%), reed (0.4% - 53.7%; median = 25.8%), and herbaceous vege-
tation (5.1% - 74.7%; median = 29.4%) were the predominant types.
Other habitat elements occurred infrequently within semi-natural hab-
itats: bare ground (0%-7.7%; median = 1.2%), water (0%-6.1%, me-
dian = 0.5%), and tombs (present in only 5 transects, max = 6.5%). Most
of the semi-natural habitats were located in ditches (73.2%). The bird
data included 2144 individuals from 36 species with Reed Parrotbill
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(Paradoxornis heudei) as near threatened according to IUCN (2023)
(Tables S2, S3). Along the transects, total bird species richness ranged
from 7 to 18 bird species, and total abundance from 55 to 164 in-
dividuals. Patch characteristics, species richness and abundance across
habitat categories are summarized in Table 2.

At patch scale, the rarefaction-extrapolation curves supported these
habitat associations. Species richness was highest in semi-natural habi-
tats, followed by cropland and artificial infrastructure (Fig. 3). When
specific habitat types were considered (eight-class analysis), cropland
and woody vegetation supported the highest observed richness, fol-
lowed by reed and herbaceous vegetation, while bare ground, tomb, and
water patches supported few species (Fig. 4).

3.2. Habitat and bird diversity at patch scale

Based on the patch scale model with three broad habitat catego-
ries—using cropland as the reference—both semi-natural habitats and
artificial infrastructure supported significantly higher bird richness and
abundance compared to cropland (Table S4). This pattern is consistent
with the observed data, where both the richness-based (Fig. 5¢) and
abundance-based (Fig. 5a) violin plots show much higher bird densities
in semi-natural habitats and artificial infrastructure compared with
cropland. Among them, semi-natural habitats contributed the most to
supporting bird diversity. The Marginal R? of the patch-scale model was
0.64 for species richness and 0.58 for abundance (Table S4), reflecting
the contribution of fixed effects in the patch-scale models. The random
effect of transect accounted for only a small portion of the variance, 0.05
in the richness model and with 0.03 in the abundance model (Table S4).

Based on the patch-scale model with eight habitat types—again
using cropland as the reference—all seven other habitat types showed
significantly higher predicted bird richness and abundance than crop-
land (Table S6). This pattern is consistent with the observed data, where
violin plots show higher bird densities in all non-cropland habitats
compared with cropland (Fig. 5b and Fig. 5d). Tomb showed the highest
predicted bird richness and abundance. This was followed by woody
vegetation, bare ground, reed, water, herbaceous vegetation, artificial
infrastructure, and cropland, which exhibited progressively lower rich-
ness and abundance with smaller confidence intervals. The patch model
(Table S5) for abundance (Marginal R%0.51) performed better than the
patch model for richness (Marginal R? 0.42).

Table 2
Bird counts and composition of habitat in the transects.

Specific habitat type Bird counts in 100 m buffer 100 m buffer 200 m buffer
Number of Number of Number of Habitat area per transect [ha] (Mean + SE, Habitat area per transect [ha] (Mean + SE,
species individuals Patches Min-Max) Min-Max)

11.31 £ 0.99 28.27 £ 2.31
land 2 1
Croplan 4 977 93 (7.73-12.55) (21.93-30.53)
Semi-natural 1.35 + 0.83 3.09 + 1.76
habitats 32 1076 189 (0.29-4.39) (1.45-7.85)
. 0.55 £ 0.72 1.36 + 1.38

-Woody vegetation 21 624 275 (0.13-3.31) (0.28-5.75)

-Herbaceous 0.42 + 0.24 0.90 + 0.52
1 1 2

vegetation 6 % 53 (0.02-1.15) (0.08-2.13)
0.31 £ 0.25 0.67 £+ 0.51

“Reed 18 199 122 (0.01-0.97) (0.03-2.12)
0.04 £ 0.05 0.09 £ 0.15

-Bare ground 4 28 35 (0.00-0.17) (0.00-0.58)
0.01 £+ 0.03 0.01 £ 0.03

“Tomb 4 12 16 (0.00-0.12) (0.00-0.13)
0.04 £ 0.06 0.06 £ 0.10

“Water 3 17 19 (0.00-0.23) (0.00-0.33)

Artificial 7 o1 43 0.30 £+ 0.09 0.63 £ 0.31

infrastructure (0.16-0.56) (0.30-1.75)

Note: All values represent totals across 20 transects.
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Fig. 4. Species accumulation curves for eight specific habitat types based on individual-based rarefaction, with 95% confidence intervals.

3.3. Habitat and bird diversity at local (100 m buffer) and broader local
(200 m buffer) scales

At the local scale (100 m buffer), PCA of habitat composition based
on three broad habitat categories (cropland, semi-natural habitats,
artificial infrastructure) identified PC1 and PC2 as major axes of varia-
tion, explaining 70% and 25% of the total variance, respectively. PC1

contrasted cropland with semi-natural habitats and artificial infra-
structure (main loadings: cropland = 0.65, semi-natural = —0.62, arti-
ficial = —0.44) (see Table S8), while PC2 contrasted semi-natural
habitats with cropland and artificial infrastructure (main loadings:
semi-natural = 0.43, artificial = —0.88, cropland = —0.19). GLMMs
showed that PC1 was negatively associated with bird richness (Estimate
—0.09, p < 0.01) and abundance (Estimate = —0.08, p < 0.05) (see
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Fig. 6a, b), whereas PC2 was positively associated with both richness infrastructure), PCA identified PC1 and PC2 as major axes, explaining
(Estimate = 0.14, p < 0.01) and abundance (Estimate = 0.14, p < 0.01) 34% and 16% of the total variance, respectively. PC1 contrasted crop-

(see Table S10). land with woody vegetation, water, and other semi-natural habitats
Based on eight specific habitat types (cropland, woody vegetation, (main loadings: cropland = 0.53, woody = —0.51, water = —0.36) (see
herbaceous vegetation, reed, bare ground, tomb, water, artificial Table S14), while PC2 contrasted herbaceous and reed vegetation with
(a) (b) (c)
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Fig. 6. Relationships at the local scale (100 m buffer) between the first principal component (PC1) and (a) bird abundance, (b) species richness (both analyzed for
three broad habitat categories), and (c) bird species number (analyzed for eight specific habitat types). Shaded areas indicate 95% confidence intervals.
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cropland, bare ground, and artificial infrastructure (main loadings:
herbaceous = 0.69, reed = 0.42, bare ground = —0.40, artificial =
—0.31, cropland = —0.25) (see Table S14). GLMMs showed that PC1 was
negatively associated with bird richness (Estimate = —0.07, p < 0.01)
(see Fig. 6¢) but not abundance (Estimate = —0.03, p = 0.27), whereas
PC2 was positively associated with both richness (Estimate = 0.12, p <
0.01) and abundance (Estimate = 0.14, p < 0.001) (see Table S16).

At the broader local scale (200 m buffer), PCA of three broad habitat
categories identified PC1 as the dominant axis of variation, explaining
77% of the total variance. PC1 contrasted cropland with semi-natural
habitats and artificial infrastructure (main loadings: cropland =
—0.63, semi-natural = 0.61, artificial = 0.48) (see Table S11). GLMMs
showed that PC1 was positively associated with bird richness (Estimate
= 0.10, p < 0.01) but not abundance (Estimate = 0.05, p = 0.22) (see
Table S13).

PCA based on eight specific habitat types at the broader local scale
identified PC1 and PC2 as major axes of variation, explaining 39% and
19% of the total variance, respectively. PC1 contrasted woody vegeta-
tion, artificial infrastructure, and water with cropland (main loadings:
woody = 0.47, artificial = 0.43, water = 0.34, cropland = —0.52) (see
Table S17), while PC2 contrasted bare ground with herbaceous and reed
vegetation (main loadings: bare ground = —0.63, herbaceous = 0.47,
reed = 0.38, artificial = —0.32, cropland = —0.21) (see Table S17).
GLMMs showed that PC1 was positively associated with bird richness
(Estimate = 0.07, p < 0.01) but not abundance (Estimate = 0.02, p =
0.46), and PC2 showed marginal positive associations with richness
(Estimate = 0.07, p = 0.08) and abundance (Estimate = 0.08, p = 0.06)
(see Table S19).

3.4. Habitat structure and bird diversity at local (100 m buffer) and
broader local (200 m buffer) scales

In the local (100 m) habitat structure analysis, ED of semi-natural
habitats showed a significant positive effect on bird abundance (p =
0.14, SE = 0.06, z = 2.54, p < 0.05), while AREA_MN of semi-natural
habitats exhibited a marginally positive effect (f = 0.09, SE = 0.05, z
= 1.88, p = 0.06). In contrast, SHDI had no significant effect. For bird
species richness in the local scale, SHDI exhibited a marginally signifi-
cant positive effect (3 = 0.11, SE = 0.06, z = 1.83, p = 0.07). In contrast,
neither ED nor AREA_MN of semi-natural habitats showed significant
effects (Table S21).

At the broader (200 m) scale, a different pattern emerged. ED of
semi-natural habitats showed a significant positive effect on bird
abundance (f = 0.14, SE = 0.07, z = 2.05, p < 0.05). In contrast, neither
SHDI nor AREA_MN of semi-natural habitats showed significant effects.
For bird species richness in the broader scale, SHDI exhibited a signifi-
cant positive effect (B = 0.14, SE = 0.07, z = 2.12, p < 0.05). However,
neither ED nor AREA_MN of semi-natural habitats showed significant
effects (Table S22).

4. Discussion

Our results indicate that bird richness and abundance are influenced
by habitat and landscape characteristics operating at multiple spatial
scales. At the patch scale, semi-natural habitats have generally positive
effects, highlighting their critical role in supporting farmland bird
communities. At the local and broader local scales, the effects of habitat
and landscape variables vary depending on spatial extents and sur-
rounding landscape context. These findings underscore the importance
of preserving and managing semi-natural habitats, and of considering
scale-dependent responses when assessing biodiversity in intensively
managed farmland.

4.1. Importance of semi-natural habitats at patch scale

Observed species richness was highest in semi-natural habitats (32
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species) and lowest in artificial infrastructure (7 species). Species
accumulation curves showed a similar pattern, with cumulative richness
greatest in semi-natural habitats and lowest in artificial infrastructure.
In contrast, patch-scale GLMMs that accounted for sampling effort and
transect effects indicated higher patch-scale species richness and abun-
dance (i.e., within-patch diversity) in both semi-natural and artificial
habitats compared to cropland. This apparent discrepancy reflects the
difference between cumulative and patch-scale diversity: while cropland
supports more species overall due to its larger area and cumulative
sampling, individual patches in semi-natural and artificial habitats
provide higher-quality habitat for birds. These results align with previ-
ous studies highlighting the critical role of fine-scale habitat charac-
teristics in agricultural landscapes (Martinez-Ntnez et al., 2021; Pithon
et al., 2016). Semi-natural habitats with heterogeneous microhabitats,
which occurs predominantly in ditches, serves as key biodiversity res-
ervoirs. While our study recorded only one near-threatened Reed Par-
rotbill, national distribution modelling reveals that farmland in China
provides habitat for 220 bird species, including 39 nationally protected
and 14 globally threatened ones, thus highlighting the critical impor-
tance of farmland bird conservation (Li et al., 2020a).

Among specific habitat types, tombs exhibited particularly high
richness and abundance, reflecting their function as semi-natural habitat
islands (Gong et al., 2021), a pattern consistent with the global impor-
tance of sacred sites as biodiversity refuges (Dudley et al., 2010; Loki
et al., 2019). However, the wide confidence interval associated with
tomb habitats indicates high variability, likely due to the small sample
size (16 tomb patches out of 956 total patches analyzed) and limited
area of tomb patches, which may lead to irregular bird usage patterns.
Various semi-natural habitats provided critical resources: woody vege-
tation offered shelter and nesting sites (Heath, 2018; Rime et al., 2020),
bare ground served as essential foraging areas (Schaub et al., 2010;
Tagmann-loset et al., 2012), and reeds and water bodies supported
habitat specialists (Amano et al., 2008; Gregory and Baillie, 1998;
Wright et al., 2020). The species—accumulation curves also suggested
that although reed habitats showed higher richness at low sampling
effort, herbaceous vegetation may contain a larger potential species pool
revealed under greater sampling intensity. This stands in stark contrast
to the low diversity found in intensively managed cropland and artificial
infrastructure, which are characterized by high disturbance and
simplified structure (Battisti and Fanelli, 2011; Rime et al., 2020).
Overall, these results emphasize that semi-natural habitats provide
critical resources for birds at the patch scale, despite occupying only a
small proportion (6-29%) of the landscape.

Rarefaction curves and patch-scale GLMMs capture different aspects
of diversity. Rarefaction curves summarize cumulative species richness
across all patches and individuals, giving more weight to extensive
habitats like cropland. In contrast, patch-scale GLMMs account for
sampling effort and transect effects to estimate diversity within indi-
vidual patches, highlighting the higher quality and resource availability
in semi-natural or tomb habitats.

4.2. Importance of semi-natural habitats at local (100 m buffer) and
broader local (200 m buffer) scales

At the local and broader local scales, PCA-based analyses revealed
clear scale-dependent effects of semi-natural habitats on bird richness
and abundance, with the strongest and most consistent relationships
observed within the 100 m buffer. At this scale, principal components
representing gradients from cropland-dominated surroundings toward
semi-natural habitats were positively associated with both richness and
abundance, indicating that birds respond particularly strongly to habitat
composition in the immediate vicinity of transects. This finding is
consistent with previous studies showing that local habitat availability
plays a crucial role in sustaining farmland bird communities and often
outweighs broader landscape effects (Elsen et al., 2017; Marcacci et al.,
2020; Perkins et al., 2003; Rosch et al., 2023).
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When specific habitat types were considered through PCA, local-
scale components characterized by higher contributions of herbaceous
vegetation and reed relative to cropland and artificial infrastructure
were positively associated with bird richness and abundance. These
results highlight the functional importance of linear semi-natural
vegetation, which in our study area predominantly occurs along
ditches, in providing key foraging and nesting resources within inten-
sively managed farmland. Similar positive effects of semi-natural vege-
tation elements, including woody and herbaceous habitats, have been
widely documented in agricultural landscapes (De Frutos et al., 2015;
Neilan et al., 2019; Tschumi et al., 2020). Rather than single habitat
types acting independently, our results suggest that birds benefit from
combinations of semi-natural elements that collectively enhance habitat
complexity at fine spatial scales.

At the broader local scale (200 m buffer), habitat effects were
generally weaker and more variable. PCA axes representing increased
availability of semi-natural habitats relative to cropland were positively
associated with species richness, whereas effects on abundance were
limited or marginal. This pattern suggests that broader-scale habitat
composition contributes primarily to species richness, while bird
abundance remains more strongly linked to local resource availability, a
scale-dependent response also reported in other farmland bird studies
(De Frutos et al., 2015; Neilan et al., 2019).

Overall, PCA-based results indicate that the influence of semi-natural
habitats declines with distance from survey transects and becomes
increasingly dependent on habitat combinations rather than individual
habitat types. While high-quality semi-natural patches consistently
support bird richness and abundance at fine scales, broader-scale effects
are weaker and mainly related to compositional heterogeneity. These
findings emphasize the importance of conserving semi-natural habitat
elements close to focal areas, while maintaining habitat diversity within
100-200 m to support farmland bird communities in intensively
managed landscapes.

4.3. Importance of habitat structure at local (100 m buffer) and broader
local (200 m buffer) scales

We found that bird richness and abundance at local and broader local
scale were influenced by habitat structure, particularly the configura-
tion of semi-natural habitats and compositional diversity of study area.
Most semi-natural habitats in our study were linear, occurring along
ditches, which likely enhanced their functional importance for birds by
providing continuous corridors for movement, foraging, and nesting. ED
of these linear habitats consistently had a positive effect on bird abun-
dance at both local and broader local scales, highlighting that struc-
turally complex interfaces, even when linear, facilitate resource access.
Similar positive effects of ED on farmland birds have been reported in
other agricultural landscapes, where increased habitat interfaces
enhance foraging and nesting opportunities (Ekroos et al., 2019; Morelli
etal., 2013; Sélek et al., 2021; Tschumi et al., 2020). Similar edge effects
have also been reported at broader spatial extents. For example, studies
at the 1 x 1 km scale show that higher edge density particularly benefits
generalist and open-habitat species in productive landscapes, suggesting
that the positive effects of ED observed at fine scales may extend to
larger landscape contexts.

SHDI showed only a marginal effect at local scale but became a
significant predictor of species richness at broader local buffer. This
indicates that, while local linear habitats provide essential resources for
abundance, a wider diversity of habitat types at broader scales is
necessary to support a richer assembly of species with varying ecological
requirements. These findings are consistent with previous studies
showing that habitat diversity is more influential for species richness
(Liao et al., 2020; Tscharntke et al., 2012). At broader spatial extents,
non-crop landscape diversity has also been shown to positively affect
total bird species richness and forest bird abundance at the 1 x 1 km
scale, suggesting that the effects of SHDI may be more apparent at
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broader spatial extents.

Mean patch area (AREA_MN) of semi-nature had limited effects in
our study, suggesting that the linear configuration of semi-natural
habitats may be more important than patch size alone at local and
broader local scales. However, smaller fields of cropland often support
higher bird diversity at 1 km x 1 km landscape scale (Fahrig et al.,
2015).

5. Limitations

While our study provides important insights into bird-habitat re-
lationships, several limitations should be noted. The study is based on a
relatively small sample size, with three surveys conducted in a single
year across 20 transects. Both temporal and spatial replication are
limited, which may increase uncertainty in parameter estimates and
reduce statistical power, potentially affecting the detection of weaker or
context-dependent patterns. Nevertheless, the positive effects of semi-
natural habitats on bird richness and abundance were consistently
observed in the majority of analyses, suggesting that these results are
robust despite the limited sampling. Future studies with additional years
of surveys or more transects would help to validate and extend our
findings, particularly for patterns that were less pronounced or non-
significant in this study.

In this study, semi-natural habitats were classified into woody
vegetation, herbaceous vegetation, reed, bare ground, and tombs to
reflect key landscape features observed in the field. Bare ground differs
from artificial structures such as roads, occurring mainly along field
edges or ditches without vegetation, providing perching and foraging
sites for birds. Reed habitats support specialist species and are common
in ditches, with ecological functions distinct from woody and herba-
ceous vegetation. Tombs, often covered with grass and occasionally
trees or shrubs, are widespread within cropland and serve as semi-
natural habitat islands. Although tombs and bare ground patches are
relatively few, potentially affecting model stability, their inclusion is
ecologically justified as they support bird diversity and habitat hetero-
geneity. Overall, this classification is suitable for the study area and
allows meaningful ecological interpretation of habitat effects on birds.

Patch sizes varied considerably in our study, and some catego-
ries—particularly tombs—were comparatively small. Tombs are rela-
tively isolated patches within the agricultural matrix and have received
increasing attention in recent studies in China, reflecting their potential
ecological importance as stepping stones or refuges for birds. Small
patch size may introduce additional variability and reduce the reliability
of parameter estimates in patch-scale analyses. Nevertheless, patch
types were defined based on repeated on-site explorations and capture
the major habitat elements present in our study region, including these
ecologically relevant tombs. While we recognize that boundary clarity
and surrounding matrix features are important considerations, as
highlighted by Klein et al. (2023), we retained these small patches in the
analyses to reflect the full heterogeneity of the landscape in our study
area. Future studies with larger sample sizes and additional character-
ization of matrix context could further validate and refine these findings.

6. Conclusion

Our study reveals that even the very intensively managed croplands
of Qihe County, Shandong Province, which are dominated by only two
crops that alternate in synchrony and that are highly fertilized and
subject to intensive plant protection measures, host farmland bird
populations. The multi-scale analysis highlights how the diversity and
heterogeneity of ditch habitats contributes to maintaining farmland
birds by offering different and complementary resources. Importantly,
these habitats exist are part of the farming infrastructure and do not
compete with core production areas. Although tombs were not wide-
spread in our study transects, they demonstrated a notable role in bird
conservation, consistent with previous research on their ecological
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significance. The large differences in bird richness and abundance,
indicate that even in intensively farmed anthropogenic landscapes,
biodiversity can be fostered through an optimization of landscape and
habitat characteristics, in this case even without losing production areas
through context-sensitive management of semi-natural habitats and
consideration of habitat heterogeneity.

This study provides clear implications for policy and land manage-
ment. First, conservation strategies should not only focus on protecting
semi-natural habitats but also intentionally integrate and manage these
anthropogenic elements—particularly woody/herbaceous vegetation
and reeds in ditches, as well as culturally significant tombs—through
context-sensitive design in agricultural landscapes. Second, our results
show that such semi-natural habitats can provide biodiversity benefits
without compromising crop production. Therefore, land-use policies
should promote habitat diversity and structural complexity (e.g., patch
configuration and edge density) to support bird diversity. These rec-
ommendations complement existing guidelines for biodiversity conser-
vation in farmland landscapes in China and offer practical measures for
enhancing biodiversity without compromising agricultural productivity.
Third, we recommend that biodiversity indicators—such as farmland
bird index —be formally integrated into agricultural monitoring and
evaluation frameworks. These measures complement existing guidelines
and offer practical strategies for sustaining biodiversity in intensively
managed agricultural landscapes.

CRediT authorship contribution statement

Hongyan Zheng: Writing — original draft, Visualization, Methodol-
ogy, Investigation, Formal analysis, Data curation. Noélle Klein:
Writing - review & editing, Visualization, Methodology. Lili Wang:
Writing — review & editing, Supervision. Sonja Kay: Writing — review &
editing, Methodology. Felix Herzog: Writing — review & editing, Su-
pervision, Formal analysis, Conceptualization. Rongguang Shi: Re-
sources, Funding acquisition. Rongle Liu: Writing — review & editing,
Supervision, Conceptualization. Jan Bogaert: Writing — review & edit-
ing, Supervision, Methodology, Conceptualization.

Funding sources

This study was supported by the Agricultural Science and Technol-
ogy Innovation Program, Chinese Academy of Agricultural Sciences
(Agro-Environmental Protection Institute, Ministry of Agriculture and
Rural Affairs). Hongyan Zheng's scholarship was sponsored by the China
Scholarship Council (No. 202203250056).
Declaration of competing interest

The authors declare that they have no known competing financial

interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

We acknowledge the Graduate School of Chinese Academy of Agri-
cultural Sciences—University of Liege joint PhD program.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ecolind.2026.114666.

Data availability

Data will be made available on request.

11

Ecological Indicators 183 (2026) 114666

References

Albrecht, M., Kleijn, D., Williams, N.M., Tschumi, M., Blaauw, B.R., Bommarco, R.,
Campbell, A.J., Dainese, M., Drummond, F.A., Entling, M.H., Ganser, D., Arjen de
Groot, G., Goulson, D., Grab, H., Hamilton, H., Herzog, F., Isaacs, R., Jacot, K.,
Jeanneret, P., Jonsson, M., Knop, E., Kremen, C., Landis, D.A., Loeb, G.M., Marini, L.,
McKerchar, M., Morandin, L., Pfister, S.C., Potts, S.G., Rundlof, M., Sardinas, H.,
Sciligo, A., Thies, C., Tscharntke, T., Venturini, E., Veromann, E., Vollhardt, .M.G.,
Wickers, F., Ward, K., Westbury, D.B., Wilby, A., Woltz, M., Wratten, S., Sutter, L.,
2020. The effectiveness of flower strips and hedgerows on pest control, pollination
services and crop yield: a quantitative synthesis. Ecol. Lett. 23, 1488-1498. https://
doi.org/10.1111/ele.13576.

Amano, T., Kusumoto, Y., Tokuoka, Y., Yamada, S., Kim, E.-Y., Yamamoto, S., 2008.
Spatial and temporal variations in the use of rice-paddy dominated landscapes by
birds in Japan. Biol. Conserv. 141, 1704-1716. https://doi.org/10.1016/j.
biocon.2008.04.012.

Assandri, G., Bogliani, G., Pedrini, P., Brambilla, M., 2016. Diversity in the monotony?
Habitat traits and management practices shape avian communities in intensive
vineyards. Agric. Ecosyst. Environ. 223, 250-260. https://doi.org/10.1016/j.
agee.2016.03.014.

Attwood, S.J., Park, S.E., Maron, M., Collard, S.J., Robinson, D., Reardon-Smith, K.M.,
Cockfield, G., 2009. Declining birds in Australian agricultural landscapes may
benefit from aspects of the European Agri-environment model. Biol. Conserv. 142,
1981-1991. https://doi.org/10.1016/j.biocon.2009.04.008.

Bates, D., Maechler, M., Bolker, B., Walker, S., Christensen, R.H.B., Singmann, H., Dai, B.,
Scheipl, F., Grothendieck, G., Green, P., Fox, J., Bauer, A., Krivitsky, P.N., 2022.
Package ‘lme4’, Linear Mixed-Effects Models Using “Eigen” and S4.

Battisti, C., Fanelli, G., 2011. Does human-induced heterogeneity differently affect
diversity in vascular plants and breeding birds? Evidences from three Mediterranean
forest patches. Rendiconti Lincei-Sci. Fis. E Nat. 22, 25-30. https://doi.org/
10.1007/s12210-010-0111-3.

Benton, T.G., Vickery, J.A., Wilson, J.D., 2003. Farmland biodiversity: is habitat
heterogeneity the key?. Trends Ecol. Evol. 18, 182-188. Doi;https://doi.
org/10.1016/50169-5347(03)00011-9.

Billeter, R., Liira, J., Bailey, D., Bugter, R., Arens, P., Augenstein, 1., Aviron, S.,
Baudry, J., Bukacek, R., Burel, F., Cerny, M., De Blust, G., De Cock, R., Diekotter, T.,
Dietz, H., Dirksen, J., Dormann, C., Durka, W., Frenzel, M., Hamersky, R.,
Hendrickx, F., Herzog, F., Klotz, S., Koolstra, B., Lausch, A., Le Coeur, D., Maelfait, J.
P., Opdam, P., Roubalova, M., Schermann, A., Schermann, N., Schmidt, T.,
Schweiger, O., Smulders, M.J.M., Speelmans, M., Simova, P., Verboom, J., Van
Wingerden, W.K.R.E., Zobel, M., Edwards, P.J., 2008. Indicators for biodiversity in
agricultural landscapes: a pan-European study. J. Appl. Ecol. 45, 141-150. https://
doi.org/10.1111/j.1365-2664.2007.01393.x.

Boesing, A.L., Nichols, E., Metzger, J.P., 2017. Effects of landscape structure on avian-
mediated insect pest control services: a review. Landsc. Ecol. 32, 931-944. https://
doi.org/10.1007/5s10980-017-0503-1.

Buchanan, G.M., Pearce-Higgins, J.W., Douglas, D.J.T., Grant, M.C., 2017. Quantifying
the importance of multi-scale management and environmental variables on
moorland bird abundance. Ibis 159, 744-756. https://doi.org/10.1111/ibi.12488.

Christina, I., 2012. Avian Land-Use Associations in the Eastern Mediterranean. Doctoral
thesis,. Univ. East Angl. https://ueaeprints.uea.ac.uk/id/eprint/42330/.

Colwell, R.K., Chao, A., Gotelli, N.J., Lin, S.-Y., Mao, C.X., Chazdon, R.L., Longino, J.T.,
2012. Models and estimators linking individual-based and sample-based rarefaction,
extrapolation and comparison of assemblages. J. Plant Ecol. 5, 3-21. https://doi.
0rg/10.1093/jpe/rtr044.

Convention on Biological Diversity, 2022. Kunming-montreal global biodiversity
framework [WWW Document]. URL. https://www.cbd.int/gbf. accessed 4.8.25.
Das, S., Srivastava, A., Hore, U., 2025. Impact of agricultural land use on diversity and
structure of farmland birds. Agric. Ecosyst. Environ. 381, 109438. https://doi.org/

10.1016/j.agee.2024.109438.

De Frutos, A., Olea, P.P., Mateo-Tomas, P., 2015. Responses of medium- and large-sized
bird diversity to irrigation in dry cereal agroecosystems across spatial scales. Agric.
Ecosyst. Environ. 207, 141-152. https://doi.org/10.1016/j.agee.2015.04.009.

Donald, P.F., Sanderson, F.J., Burfield, I.J., van Bommel, F.P.J., 2006. Further evidence
of continent-wide impacts of agricultural intensification on European farmland
birds, 1990-2000. Agric. Ecosyst. Environ. 116, 189-196. https://doi.org/10.1016/
j-agee.2006.02.007.

Dormann, C.F., Elith, J., Bacher, S., Buchmann, C., Carl, G., Carré, G., Marquéz, J.R.G.,
Gruber, B., Lafourcade, B., Leitao, P.J., Miinkemiiller, T., McClean, C., Osborne, P.E.,
Reineking, B., Schroder, B., Skidmore, A.K., Zurell, D., Lautenbach, S., 2013.
Collinearity: a review of methods to deal with it and a simulation study evaluating
their performance. Ecography 36, 27-46. https://doi.org/10.1111/j.1600-
0587.2012.07348.x.

Dudley, N., Bhagwat, S., Higgins-Zogib, L., Lassen, B., Verschuuren, B., Wild, R., 2010.
Conservation of biodiversity in sacred natural sites in Asia and Africa: A review of
the scientific literature. In: Verschuuren, B., Wild, R., McNeely, J., Oviedo, G. (Eds.),
Earthscan, London, pp. 19-32.

Duflot, R., Aviron, S., Ernoult, A., Fahrig, L., Burel, F., 2015. Reconsidering the role of
‘semi-natural habitat’ in agricultural landscape biodiversity: a case study. Ecol. Res.
30, 75-83. https://doi.org/10.1007/5s11284-014-1211-9.

Ekroos, J., Tiainen, J., Seimola, T., Herzon, L., 2019. Weak effects of farming practices
corresponding to agricultural greening measures on farmland bird diversity in boreal
landscapes. Landsc. Ecol. 34, 389-402. https://doi.org/10.1007/s10980-019-00779-
X.


https://doi.org/10.1016/j.ecolind.2026.114666
https://doi.org/10.1016/j.ecolind.2026.114666
https://doi.org/10.1111/ele.13576
https://doi.org/10.1111/ele.13576
https://doi.org/10.1016/j.biocon.2008.04.012
https://doi.org/10.1016/j.biocon.2008.04.012
https://doi.org/10.1016/j.agee.2016.03.014
https://doi.org/10.1016/j.agee.2016.03.014
https://doi.org/10.1016/j.biocon.2009.04.008
http://refhub.elsevier.com/S1470-160X(26)00063-4/rf0025
http://refhub.elsevier.com/S1470-160X(26)00063-4/rf0025
http://refhub.elsevier.com/S1470-160X(26)00063-4/rf0025
https://doi.org/10.1007/s12210-010-0111-3
https://doi.org/10.1007/s12210-010-0111-3
https://doi.org/10.1016/S0169-5347(03)00011-9
https://doi.org/10.1016/S0169-5347(03)00011-9
https://doi.org/10.1111/j.1365-2664.2007.01393.x
https://doi.org/10.1111/j.1365-2664.2007.01393.x
https://doi.org/10.1007/s10980-017-0503-1
https://doi.org/10.1007/s10980-017-0503-1
https://doi.org/10.1111/ibi.12488
https://ueaeprints.uea.ac.uk/id/eprint/42330/
https://doi.org/10.1093/jpe/rtr044
https://doi.org/10.1093/jpe/rtr044
https://www.cbd.int/gbf
https://doi.org/10.1016/j.agee.2024.109438
https://doi.org/10.1016/j.agee.2024.109438
https://doi.org/10.1016/j.agee.2015.04.009
https://doi.org/10.1016/j.agee.2006.02.007
https://doi.org/10.1016/j.agee.2006.02.007
https://doi.org/10.1111/j.1600-0587.2012.07348.x
https://doi.org/10.1111/j.1600-0587.2012.07348.x
http://refhub.elsevier.com/S1470-160X(26)00063-4/rf0075
http://refhub.elsevier.com/S1470-160X(26)00063-4/rf0075
http://refhub.elsevier.com/S1470-160X(26)00063-4/rf0075
http://refhub.elsevier.com/S1470-160X(26)00063-4/rf0075
https://doi.org/10.1007/s11284-014-1211-9
https://doi.org/10.1007/s10980-019-00779-x
https://doi.org/10.1007/s10980-019-00779-x

H. Zheng et al.

Elsen, P.R., Kalyanaraman, R., Ramesh, K., Wilcove, D.S., 2017. The importance of
agricultural lands for Himalayan birds in winter. Conserv. Biol. 31, 416-426.
https://doi.org/10.1111/cobi.12812.

Fahrig, L., Girard, J., Duro, D., Pasher, J., Smith, A., Javorek, S., King, D., Lindsay, K.F.,
Mitchell, S., Tischendorf, L., 2015. Farmlands with smaller crop fields have higher
within-field biodiversity. Agric. Ecosyst. Environ. 200, 219-234. https://doi.org/
10.1016/j.agee.2014.11.018.

FAO, 2023. World Food and Agriculture — Statistical Yearbook 2023. Rome.

Fraixedas, S., Lindén, A., Piha, M., Cabeza, M., Gregory, R., Lehikoinen, A., 2020. A state-
of-the-art review on birds as indicators of biodiversity: advances, challenges, and
future directions. Ecol. Indic. 118, 106728. https://doi.org/10.1016/j.
ecolind.2020.106728.

Frank, C., Hertzog, L., Klimek, S., Schwieder, M., Tetteh, G.O., Bohner, H.G.S., Roder, N.,
Levers, C., Katzenberger, J., Kreft, H., Kamp, J., 2024. Woody semi-natural habitats
modulate the effects of field size and functional crop diversity on farmland birds.
J. Appl. Ecol. 61, 987-999. https://doi.org/10.1111/1365-2664.14604.

Gil-Tena, A., De Caceres, M., Ernoult, A., Butet, A., Brotons, L., Burel, F., 2015.
Agricultural landscape composition as a driver of farmland bird diversity in Brittany
(NW France). Agric. Ecosyst. Environ. 205, 79-89. https://doi.org/10.1016/j.
agee.2015.03.013.

Giuffre, O., Grana, A., Giuffre, T., Marino, R., 2013. Accounting for dispersion and
correlation in estimating safety performance functions. An overview starting from a
case study. Mod. Appl. Sci. 7, 11-23. https://doi.org/10.5539/mas.v7n2pl1.

Gong, C., Li, L., Axmarcher, J.C., Yu, Z., Liu, Y., 2021. Family graveyards form
underappreciated local plant diversity hotspots in China’s agricultural landscapes.
Sci. Rep. 11, 2011. https://doi.org/10.1038/s41598-020-80362-6.

Gonthier, D.J., Ennis, K.K., Farinas, S., Hsieh, H.-Y., Iverson, A.L., Batary, P.,
Rudolphi, J., Tscharntke, T., Cardinale, B.J., Perfecto, 1., 2014. Biodiversity
conservation in agriculture requires a multi-scale approach. Proc. R. Soc. B Biol. Sci.
281, 20141358. https://doi.org/10.1098/rspb.2014.1358.

Gregory, R.D., Baillie, S.R., 1998. Large-scale habitat use of some declining British birds.
J. Appl. Ecol. 35, 785-799. https://doi.org/10.1046/j.1365-2664.1998.355349.x.

Gregory, R., Noble, D., Field, R., Marchant, J., Raven, M.J., Gibbons, D., 2003. Using
birds as indicators of biodiversity. Ornis Hung 12, 11-24. http://ornis.hu/articles
/OrnisHungarica_vol12-13_p11-25.pdf.

Guan, Y., Qiang, Y., Qu, Y., Lu, W, Xiao, Y., Chu, C,, Xiong, S., Shao, C., 2024.
Environmental sustainability and beautiful China: a study of indicator identification
and provincial evaluation. Environ. Impact Assess. Rev. 105, 107452. https://doi.
org/10.1016/j.eiar.2024.107452.

Harris, T., Yang, Z., Hardin, J.W., 2012. Modeling Underdispersed count data with
generalized Poisson regression. Stata J. 12, 736-747. https://doi.org/10.1177/
1536867X1201200412.

Heath, S.K., 2018. Avian Diversity, Pest-Reduction Services, and Habitat Quality in an
Intensive Temperate Agricultural Landscape: How Effective Is Local Biodiversity
Enhancement? (Ph.D.). ProQuest Diss. Theses. University of California, Davis, United
States — California. https://www.proquest.com/docview/2135257817/abstract/DB5
272CB6584BB9PQ/1.

Herzog, F., Liischer, G., Arndorfer, M., Bogers, M., Balazs, K., Bunce, R.G.H., Dennis, P.,
Falusi, E., Friedel, J.K., Geijzendorffer, I.R., Gomiero, T., Jeanneret, P., Moreno, G.,
Oschatz, M.-L., Paoletti, M.G., Sarthou, J.-P., Stoyanova, S., Szerencsits, E.,
Wolfrum, S., Fjellstad, W., Bailey, D., 2017. European farm scale habitat descriptors
for the evaluation of biodiversity. Ecol. Indic. 77, 205-217. https://doi.org/
10.1016/j.ecolind.2017.01.010.

Hietala-Koivu, R., Jarvenpad, T., Helenius, J., 2004. Value of semi-natural areas as
biodiversity indicators in agricultural landscapes. Agric. Ecosyst. Environ. 101, 9-19.
https://doi.org/10.1016/50167-8809(03)00273-1.

Hilbe, J.M., 2011. Negative Binomial Regression, 2nd ed. Cambridge University Press,
Cambridge.

Hsieh, T.C., Ma, K.H., Chao, A., 2016. iNEXT: an R package for rarefaction and
extrapolation of species diversity (hill numbers). Methods Ecol. Evol. 7, 1451-1456.

Hu, R., Klein, N., Herzog, F., Jan, B., Zheng, H., Wang, L., 2025. Vegetation structure of
farmland ditches and its role in promoting bird diversity. Agric. Ecosyst. Environ.
389, 109711. https://doi.org/10.1016/j.agee.2025.109711.

Huang, C., Zhou, K., Huang, Y., Fan, P., Liu, Y., Lee, T.M., 2023. Insights into the
coexistence of birds and humans in cropland through meta-analyses of bird exclosure
studies, crop loss mitigation experiments, and social surveys. PLoS Biol. 21,
€3002166. https://doi.org/10.1371/journal.pbio.3002166.

TUCN Red List of Threatened Species. Version 2023-1. https://www.iucnredlist.org,
2023.

Jeanneret, P., Liischer, G., Schneider, M.K., Pointereau, P., Arndorfer, M., Bailey, D.,
Balazs, K., Baldi, A., Choisis, J.-P., Dennis, P., Diaz, M., Eiter, S., Elek, Z.,

Fjellstad, W., Frank, T., Friedel, J.K., Geijzendorffer, L.R., Gillingham, P.,
Gomiero, T., Jerkovich, G., Jongman, R.H.G., Kainz, M., Kovacs-Hostyanszki, A.,
Moreno, G., Nascimbene, J., Oschatz, M.-L., Paoletti, M.G., Sarthou, J.-P.,
Siebrecht, N., Sommaggio, D., Wolfrum, S., Herzog, F., 2021. An increase in food
production in Europe could dramatically affect farmland biodiversity. Commun.
Earth Environ. 2, 1-8. https://doi.org/10.1038/543247-021-00256-x.

Johnson, R.J., Jedlicka, J.A., Quinn, J.E., Brandle, J.R., 2011. Global perspectives on
birds in agricultural landscapes. In: Campbell, W.B., Ortiz, S.L. (Eds.), Integrating
Agriculture, Conservation and Ecotourism: Examples from the Field. Springer,
Dordrecht, pp. 55-140.

Klein, N., Grét-Regamey, A., Herzog, F., van Strien, M.J., Kay, S., 2023. A multi-scale
analysis on the importance of patch-surroundings for farmland birds. Ecol. Indic.
150, 110197. https://doi.org/10.1016/j.ecolind.2023.110197.

Klein, N., Adde, A., Grét-Regamey, A., Guisan, A., Herzog, F., Jeanneret, P., Kay, S.,
2025. Identifying focus zones for the conservation and promotion of priority birds in

12

Ecological Indicators 183 (2026) 114666

Swiss farmland. Conserv. Sci. Pract. 7, e13286. https://doi.org/10.1111/
csp2.13286.

Korner-Nievergelt, F., Roth, T., von Felten, S., Guélat, J., Almasi, B., Korner-
Nievergelt, P., 2015. Bayesian data analysis in ecology using linear models with R,
BUGS, and STAN. In: Bayesian Data Analysis in Ecology Using Linear Models with R,
BUGS, and STAN. Academic Press, Boston, pp. xi—xii. https://doi.org/10.1016/
B978-0-12-801370-0.04001-6.

Lee, M.-B., 2022. Small farmlands can serve as open habitat for birds in subtropical cities
of southern China. Ecol. Res. 37, 658-669. https://doi.org/10.1111/1440-
1703.12336.

Lee, M.-B., Goodale, E., 2018. Crop heterogeneity and non-crop vegetation can enhance
avian diversity in a tropical agricultural landscape in southern China. Agric. Ecosyst.
Environ. 265, 254-263. https://doi.org/10.1016/j.agee.2018.06.016.

Lee, M.-B., Martin, J.A., 2017. Avian species and functional diversity in agricultural
landscapes: does landscape heterogeneity matter? PLoS ONE 12, e0170540. https://
doi.org/10.1371/journal.pone.0170540.

Lee, M.-B., Chen, D., Zou, F., 2022. Winter bird diversity and abundance in small
farmlands in a megacity of southern China. Front. Ecol. Evol. 10. https://doi.org/
10.3389/fev0.2022.859199.

Lee, M.-B., Chen, D., Liu, F., Zou, F., 2024. Effects of spatial and temporal crop changes
on bird diversity in peri-urban agricultural lands. Basic Appl. Ecol. 80, 138-145.
https://doi.org/10.1016/j.baae.2024.09.007.

Li, L., Hu, R., Huang, J., Biirgi, M., Zhu, Z., Zhong, J., Lii, Z., 2020a. A farmland
biodiversity strategy is needed for China. Nat. Ecol. Evol. 4, 772-774. https://doi.
org/10.1038/541559-020-1161-2.

Li, D., Lee, M.-B., Xiao, W., Tang, J., Zhang, Z., 2020b. Noncrop features and
heterogeneity mediate overwintering bird diversity in agricultural landscapes of
Southwest China. Ecol. Evol. 10, 5815-5828. https://doi.org/10.1002/ece3.6319.

Liao, J., Liao, T., He, X., Zhang, T., Li, D., Luo, X., Wy, Y., Ran, J., 2020. The effects of
agricultural landscape composition and heterogeneity on bird diversity and
community structure in the Chengdu plain, China. Glob. Ecol. Conserv. 24, e01191.
https://doi.org/10.1016/j.gecco.2020.e01191.

Liu, Y., Duan, M., Yu, Z., 2013. Agricultural landscapes and biodiversity in China. Agric.
Ecosyst. Environ., Landscape Ecol. Biodiversity Agri. Landscapes 166, 46-54.
https://doi.org/10.1016/j.agee.2011.05.009.

Liu, L., Liu, Z., Gong, J., Wang, L., Hu, Y., 2019. Quantifying the amount, heterogeneity,
and pattern of farmland: implications for China’s requisition-compensation balance
of farmland policy. Land Use Policy 81, 256-266. https://doi.org/10.1016/j.
landusepol.2018.10.008.

Liu, J., Jin, X., Han, B., Lin, J., Zhang, X., Liang, X., Zhou, Y., 2022. Connotation,
characteristics and recognition of semi-natural habitats in agricultural space. Acta
Ecol. Sin. 42, 9199-9212. https://doi.org/10.5846/stxb202106121567.

Liu, J., Jin, X., Lin, J., Liang, X., Zhang, X., Zhou, Y., 2024a. Identification and
characteristic analysis of semi-natural habitats in China’s economically developed
areas: new insights to inform cultivated land system ecological conservation.

J. Environ. Manage. 351, 119804, https://doi.org/10.1016/j.jenvman.2023.119804.

Liu, J., Jin, X., Song, J., Zhu, W., Zhou, Y., 2024b. Semi-natural habitats: a comparative
research between the European Union and China in agricultural landscapes. Land
Use Policy 141, 107115. https://doi.org/10.1016/j.]landusepol.2024.107115.

Loki, V., Dedk, B., Lukacs, A.B., Molnar, V.A., 2019. Biodiversity potential of burial
places — a review on the flora and fauna of cemeteries and churchyards. Glob. Ecol.
Conserv. 18, e00614. https://doi.org/10.1016/j.gecco.2019.e00614.

Lu, X., Zhao, H., Sun, J., Yang, G., 2019. Bird diversity during the breeding period in
different habitats in an agricultural landscape in the Huang-Huai plain (in Chinese).
Acta Ecol. Sin. 39, 3133-3143. https://doi.org/10.5846/stxb201712132246.

Marcacci, G., Gremion, J., Mazenauer, J., Sori, T., Kebede, F., Ewnetu, M., Christe, P.,
Arlettaz, R., Jacot, A., 2020. Large-scale versus small-scale agriculture: disentangling
the relative effects of the farming system and semi-natural habitats on birds’ habitat
preferences in the Ethiopian highlands. Agric. Ecosyst. Environ. 289, 106737.
https://doi.org/10.1016/j.agee.2019.106737.

Martin, E.A., Dainese, M., Clough, Y., Baldi, A., Bommarco, R., Gagic, V., Garratt, M.P.D.,
Holzschuh, A., Kleijn, D., Kovacs-Hostyanszki, A., Marini, L., Potts, S.G., Smith, H.G.,
Al Hassan, D., Albrecht, M., Andersson, G.K.S., Asis, J.D., Aviron, S., Balzan, M.V.,
Banos-Picon, L., Bartomeus, ., Batary, P., Burel, F., Caballero-Lépez, B.,
Concepcioén, E.D., Coudrain, V., Danhardt, J., Diaz, M., Diekétter, T., Dormann, C.F.,
Duflot, R., Entling, M.H., Farwig, N., Fischer, C., Frank, T., Garibaldi, L.A.,
Hermann, J., Herzog, F., Inclan, D., Jacot, K., Jauker, F., Jeanneret, P., Kaiser, M.,
Krauss, J., Le Féon, V., Marshall, J., Moonen, A.-C., Moreno, G., Riedinger, V.,
Rundlof, M., Rusch, A., Scheper, J., Schneider, G., Schiiepp, C., Stutz, S., Sutter, L.,
Tamburini, G., Thies, C., Tormos, J., Tscharntke, T., Tschumi, M., Uzman, D.,
Wagner, C., Zubair-Anjum, M., Steffan-Dewenter, 1., 2019. The interplay of
landscape composition and configuration: new pathways to manage functional
biodiversity and agroecosystem services across Europe. Ecol. Lett. 22, 1083-1094.
https://doi.org/10.1111/ele.13265.

Martinez-Ntnez, C., Rey, P.J., Manzaneda, A.J., Garcia, D., Tarifa, R., Molina, J.L., 2021.
Insectivorous birds are not effective pest control agents in olive groves. Basic Appl.
Ecol. 56, 270-280. https://doi.org/10.1016/j.baae.2021.08.006.

Mayne, S.J., King, D.I., Andersen, J.C., Elkinton, J.S., 2023. Crop-specific effectiveness of
birds as agents of pest control. Agric. Ecosyst. Environ. 348, 108395. https://doi.
org/10.1016/j.agee.2023.108395.

McGarigal, K., Cushman, S.A., Ene, E., 2023. FRAGSTATS v4.2: Spatial Pattern Analysis
Program for Categorical Maps. https://www.fragstats.org.

Miller, J.R., Cale, P., 2000. Behavioral mechanisms and habitat use by birds in a
fragmented agricultural landscape. Ecol. Appl. 10, 1732-1748. https://doi.org/
10.1890/1051-0761(2000)010%255B1732:BMAHUB%255D2.0.CO;2.


https://doi.org/10.1111/cobi.12812
https://doi.org/10.1016/j.agee.2014.11.018
https://doi.org/10.1016/j.agee.2014.11.018
http://refhub.elsevier.com/S1470-160X(26)00063-4/rf0100
https://doi.org/10.1016/j.ecolind.2020.106728
https://doi.org/10.1016/j.ecolind.2020.106728
https://doi.org/10.1111/1365-2664.14604
https://doi.org/10.1016/j.agee.2015.03.013
https://doi.org/10.1016/j.agee.2015.03.013
https://doi.org/10.5539/mas.v7n2p11
https://doi.org/10.1038/s41598-020-80362-6
https://doi.org/10.1098/rspb.2014.1358
https://doi.org/10.1046/j.1365-2664.1998.355349.x
http://ornis.hu/articles/OrnisHungarica_vol12-13_p11-25.pdf
http://ornis.hu/articles/OrnisHungarica_vol12-13_p11-25.pdf
https://doi.org/10.1016/j.eiar.2024.107452
https://doi.org/10.1016/j.eiar.2024.107452
https://doi.org/10.1177/1536867X1201200412
https://doi.org/10.1177/1536867X1201200412
https://www.proquest.com/docview/2135257817/abstract/DB5272CB6584BB9PQ/1
https://www.proquest.com/docview/2135257817/abstract/DB5272CB6584BB9PQ/1
https://doi.org/10.1016/j.ecolind.2017.01.010
https://doi.org/10.1016/j.ecolind.2017.01.010
https://doi.org/10.1016/S0167-8809(03)00273-1
http://refhub.elsevier.com/S1470-160X(26)00063-4/rf0165
http://refhub.elsevier.com/S1470-160X(26)00063-4/rf0165
http://refhub.elsevier.com/S1470-160X(26)00063-4/rf0170
http://refhub.elsevier.com/S1470-160X(26)00063-4/rf0170
https://doi.org/10.1016/j.agee.2025.109711
https://doi.org/10.1371/journal.pbio.3002166
https://www.iucnredlist.org
https://doi.org/10.1038/s43247-021-00256-x
http://refhub.elsevier.com/S1470-160X(26)00063-4/rf0190
http://refhub.elsevier.com/S1470-160X(26)00063-4/rf0190
http://refhub.elsevier.com/S1470-160X(26)00063-4/rf0190
http://refhub.elsevier.com/S1470-160X(26)00063-4/rf0190
https://doi.org/10.1016/j.ecolind.2023.110197
https://doi.org/10.1111/csp2.13286
https://doi.org/10.1111/csp2.13286
https://doi.org/10.1016/B978-0-12-801370-0.04001-6
https://doi.org/10.1016/B978-0-12-801370-0.04001-6
https://doi.org/10.1111/1440-1703.12336
https://doi.org/10.1111/1440-1703.12336
https://doi.org/10.1016/j.agee.2018.06.016
https://doi.org/10.1371/journal.pone.0170540
https://doi.org/10.1371/journal.pone.0170540
https://doi.org/10.3389/fevo.2022.859199
https://doi.org/10.3389/fevo.2022.859199
https://doi.org/10.1016/j.baae.2024.09.007
https://doi.org/10.1038/s41559-020-1161-2
https://doi.org/10.1038/s41559-020-1161-2
https://doi.org/10.1002/ece3.6319
https://doi.org/10.1016/j.gecco.2020.e01191
https://doi.org/10.1016/j.agee.2011.05.009
https://doi.org/10.1016/j.landusepol.2018.10.008
https://doi.org/10.1016/j.landusepol.2018.10.008
https://doi.org/10.5846/stxb202106121567
https://doi.org/10.1016/j.jenvman.2023.119804
https://doi.org/10.1016/j.landusepol.2024.107115
https://doi.org/10.1016/j.gecco.2019.e00614
https://doi.org/10.5846/stxb201712132246
https://doi.org/10.1016/j.agee.2019.106737
https://doi.org/10.1111/ele.13265
https://doi.org/10.1016/j.baae.2021.08.006
https://doi.org/10.1016/j.agee.2023.108395
https://doi.org/10.1016/j.agee.2023.108395
https://www.fragstats.org
https://doi.org/10.1890/1051-0761(2000)010&percnt;255B1732:BMAHUB&percnt;255D2.0.CO;2
https://doi.org/10.1890/1051-0761(2000)010&percnt;255B1732:BMAHUB&percnt;255D2.0.CO;2

H. Zheng et al.

Ministry of Agriculture and Rural Affairs of the People’’s Republic of China, 2021. The
national well-facilitated farmland construction plan (2021-2030) [WWW
Document]. URL. http://www.ntjss.moa.gov.cn/zcfb/202109/t20210915 6376511.
htm (accessed 19 July 2024) (accessed 7.19.24).

Ministry of Ecology and Environment of the People’’s Republic of China, 2024. China’s
biodiversity conservation strategy and action plan (2023—2030) (in Chinese).
https://www.mee.gov.cn/xxgk/hjyw/202401/W020240123333807288143.pdf.

Morelli, F., Pruscini, F., Santolini, R., Perna, P., Benedetti, Y., Sisti, D., 2013. Landscape
heterogeneity metrics as indicators of bird diversity: determining the optimal spatial
scales in different landscapes. Ecol. Indic. 34, 372-379. https://doi.org/10.1016/j.
ecolind.2013.05.021.

Muchika, I., Ngunyi, A., Mageto, T., 2020. Modeling burglar incidents data using
generalized and quasi Poisson regression models: a case study of Nairobi City county,
Kenya. Am. J. Theor. Appl. Stat. 9, 256-262. https://doi.org/10.11648/j.
ajtas.20200905.19.

Miihlner, S., Kormann, U., Schmidt-Entling, M., Herzog, F., Bailey, D., 2012. Structural
versus functional habitat connectivity measures to explain bird diversity in
fragmented orchards. J. Landsc. Ecol. 3, 52-64. https://doi.org/10.2478/v10285-
012-0023-2.

Mupepele, A.-C., Bruelheide, H., Briihl, C., Dauber, J., Fenske, M., Freibauer, A.,
Gerowitt, B., Krii8, A., Lakner, S., Plieninger, T., Potthast, T., Schlacke, S.,

Seppelt, R., Stiitzel, H., Weisser, W., Wagele, W., Bohning-Gaese, K., Klein, A.-M.,
2021. Biodiversity in European agricultural landscapes: transformative societal
changes needed. Trends Ecol. Evol. 36, 1067-1070. https://doi.org/10.1016/j.
tree.2021.08.014.

Neilan, W.L., Barton, P.S., McAlpine, C.A., Wood, J.T., Lindenmayer, D.B., 2019.
Contrasting effects of mosaic structure on alpha and beta diversity of bird
assemblages in a human-modified landscape. Ecography 42, 173-186. https://doi.
org/10.1111/ecog.02981.

Olimpi, E.M., Garcia, K., Gonthier, D.J., Kremen, C., Snyder, W.E., Wilson-Rankin, E.E.,
Karp, D.S., 2022. Semi-natural habitat surrounding farms promotes
multifunctionality in avian ecosystem services. J. Appl. Ecol. 59, 898-908. https://
doi.org/10.1111/1365-2664.14124.

Pasher, J., Mitchell, S.W., King, D.J., Fahrig, L., Smith, A.C., Lindsay, K.E., 2013.
Optimizing landscape selection for estimating relative effects of landscape variables
on ecological responses. Landsc. Ecol. 28, 371-383. https://doi.org/10.1007/
s10980-013-9852-6.

Perkins, A.W., Johnson, B.J., Blankenship, E.E., 2003. Response of riparian avifauna to
percentage and pattern of woody cover in an agricultural landscape. Wildl. Soc. Bull.
31, 642-660.

Pithon, J.A., Beaujouan, V., Daniel, H., Pain, G., Vallet, J., 2016. Are vineyards important
habitats for birds at local or landscape scales? Basic Appl. Ecol. 17, 240-251. https://
doi.org/10.1016/j.baae.2015.12.004.

Qin, C., Su, J., Xiao, Y., Qiang, Y., Xiong, S., 2023. Assessing the beautiful China
initiative from an environmental perspective: indicators, goals, and provincial
performance. Environ. Sci. Pollut. Res. 30, 84412-84424. https://doi.org/10.1007/
s11356-023-27997-w.

Qin, C., Xue, Q., Zhang, J., Lu, L., Xiong, S., Xiao, Y., Zhang, X., Wang, J., 2024.

A beautiful China initiative towards the harmony between humanity and the nature.
Front. Environ. Sci. Eng. 18, 71. https://doi.org/10.1007/s11783-024-1831-4.

R Core Team, 2024. R: A Language and Environment for Statistical Computing.

Reiley, B.M., Benson, T.J., 2019. Differential effects of landscape composition and patch
size on avian habitat use of restored fields in agriculturally fragmented landscapes.
Agric. Ecosyst. Environ. 274, 41-51. https://doi.org/10.1016/j.agee.2018.12.017.

13

Ecological Indicators 183 (2026) 114666

Rime, Y., Luisier, C., Arlettaz, R., Jacot, A., 2020. Landscape heterogeneity and
management practices drive habitat preferences of wintering and breeding birds in
intensively-managed fruit-tree plantations. Agric. Ecosyst. Environ. 295, 106890.
https://doi.org/10.1016/j.agee.2020.106890.

Rosch, V., Hafner, G., Reiff, J.M., Entling, M.H., 2023. Increase in breeding bird
abundance and diversity with semi-natural habitat in vineyard landscapes. PloS One
18, e0284254. https://doi.org/10.1371/journal.pone.0284254.

Salek, M., Kalinov, K., Dankovd, R., Grill, S., Zmihorski, M., 2021. Reduced diversity of
farmland birds in homogenized agricultural landscape: a cross-border comparison
over the former Iron curtain. Agric. Ecosyst. Environ. 321, 107628. https://doi.org/
10.1016/j.agee.2021.107628.

Salek, M., Kalinova, K., Reif, J., 2022. Conservation potential of semi-natural habitats for
birds in intensively-used agricultural landscapes. J. Nat. Conserv. 66, 126124.
https://doi.org/10.1016/j.jnc.2021.126124.

Schaub, M., Martinez, N., Tagmann-loset, A., Weisshaupt, N., Maurer, M.L., Reichlin, T.
S., Abadi, F., Zbinden, N., Jenni, L., Arlettaz, R., 2010. Patches of bare ground as a
staple commodity for declining ground-foraging insectivorous farmland birds. PloS
One 5, e13115. https://doi.org/10.1371/journal.pone.0013115.

Sekercioglu, C.H., 2006. Increasing awareness of avian ecological function. Trends Ecol.
Evol. 21, 464-471. https://doi.org/10.1016/j.tree.2006.05.007.

Stanton, R.L., Morrissey, C.A., Clark, R.G., 2018. Analysis of trends and agricultural
drivers of farmland bird declines in North America: a review. Agric. Ecosyst.
Environ. 254, 244-254. https://doi.org/10.1016/j.agee.2017.11.028.

Tagmann-loset, A., Schaub, M., Reichlin, T.S., Weisshaupt, N., Arlettaz, R., 2012. Bare
ground as a crucial habitat feature for a rare terrestrially foraging farmland bird of
Central Europe. ACTA OECOLOGICA-int. J. Ecol. 39, 25-32. https://doi.org/
10.1016/j.actao.2011.11.003.

Tarjuelo, R., Benitez-Lopez, A., Casas, F., Martin, C.A., Garcia, J.T., Vinuela, J.,
Mougeot, F., 2020. Living in seasonally dynamic farmland: the role of natural and
semi-natural habitats in the movements and habitat selection of a declining bird.
Biol. Conserv. 251, 108794. https://doi.org/10.1016/j.biocon.2020.108794.

Tscharntke, T., Tylianakis, J.M., Rand, T.A., Didham, R.K., Fahrig, L., Batdry, P.,
Bengtsson, J., Clough, Y., Crist, T.O., Dormann, C.F., Ewers, R.M., Friind, J., Holt, R.
D., Holzschuh, A., Klein, A.M., Kleijn, D., Kremen, C., Landis, D.A., Laurance, W.,
Lindenmayer, D., Scherber, C., Sodhi, N., Steffan-Dewenter, 1., Thies, C., van der
Putten, W.H., Westphal, C., 2012. Landscape moderation of biodiversity patterns and
processes - eight hypotheses. Biol. Rev. 87, 661-685. https://doi.org/10.1111/
j-1469-185X.2011.00216.x.

Tschumi, M., Birkhofer, K., Blasiusson, S., Jorgensen, M., Smith, H.G., Ekroos, J., 2020.
Woody elements benefit bird diversity to a larger extent than semi-natural grasslands
in cereal-dominated landscapes. Basic Appl. Ecol. 46, 15-23. https://doi.org/
10.1016/j.baae.2020.03.005.

Whelan, C.J., Wenny, D.G., Marquis, R.J., 2008. Ecosystem services provided by birds.
Ann. N. Y. Acad. Sci. 1134, 25-60. https://doi.org/10.1196/annals.1439.003.

Whittingham, M.J., Krebs, J.R., Swetnam, R.D., Thewlis, R.M., Wilson, J.D.,
Freckleton, R.P., 2009. Habitat associations of British breeding farmland birds. Bird
Study 56, 43-52. https://doi.org/10.1080/00063650802648150.

Wiens, J.A., 1989. Spatial scaling in ecology. Funct. Ecol. 3, 385-397. https://doi.org/
10.2307/2389612.

Wright, J.R., Powell, L.L., Matthews, S.N., Tonra, C.M., 2020. Rusty blackbirds select
areas of greater habitat complexity during stopover. Ornithol. Appl. 122, duaa040.
https://doi.org/10.1093/condor/duaa040.

Zhang, L., 2018. 2017 National Biodiversity Observation Report Brings Insights (in
Chinese) [WWW Document]. Guangming Dly. URL https://news.sciencenet.cn/h
tmlnews/2018/5/412908.shtm (accessed 12.21.24).


http://www.ntjss.moa.gov.cn/zcfb/202109/t20210915_6376511.htm
http://www.ntjss.moa.gov.cn/zcfb/202109/t20210915_6376511.htm
https://www.mee.gov.cn/xxgk/hjyw/202401/W020240123333807288143.pdf
https://doi.org/10.1016/j.ecolind.2013.05.021
https://doi.org/10.1016/j.ecolind.2013.05.021
https://doi.org/10.11648/j.ajtas.20200905.19
https://doi.org/10.11648/j.ajtas.20200905.19
https://doi.org/10.2478/v10285-012-0023-2
https://doi.org/10.2478/v10285-012-0023-2
https://doi.org/10.1016/j.tree.2021.08.014
https://doi.org/10.1016/j.tree.2021.08.014
https://doi.org/10.1111/ecog.02981
https://doi.org/10.1111/ecog.02981
https://doi.org/10.1111/1365-2664.14124
https://doi.org/10.1111/1365-2664.14124
https://doi.org/10.1007/s10980-013-9852-6
https://doi.org/10.1007/s10980-013-9852-6
http://refhub.elsevier.com/S1470-160X(26)00063-4/rf0345
http://refhub.elsevier.com/S1470-160X(26)00063-4/rf0345
http://refhub.elsevier.com/S1470-160X(26)00063-4/rf0345
https://doi.org/10.1016/j.baae.2015.12.004
https://doi.org/10.1016/j.baae.2015.12.004
https://doi.org/10.1007/s11356-023-27997-w
https://doi.org/10.1007/s11356-023-27997-w
https://doi.org/10.1007/s11783-024-1831-4
http://refhub.elsevier.com/S1470-160X(26)00063-4/rf0365
https://doi.org/10.1016/j.agee.2018.12.017
https://doi.org/10.1016/j.agee.2020.106890
https://doi.org/10.1371/journal.pone.0284254
https://doi.org/10.1016/j.agee.2021.107628
https://doi.org/10.1016/j.agee.2021.107628
https://doi.org/10.1016/j.jnc.2021.126124
https://doi.org/10.1371/journal.pone.0013115
https://doi.org/10.1016/j.tree.2006.05.007
https://doi.org/10.1016/j.agee.2017.11.028
https://doi.org/10.1016/j.actao.2011.11.003
https://doi.org/10.1016/j.actao.2011.11.003
https://doi.org/10.1016/j.biocon.2020.108794
https://doi.org/10.1111/j.1469-185X.2011.00216.x
https://doi.org/10.1111/j.1469-185X.2011.00216.x
https://doi.org/10.1016/j.baae.2020.03.005
https://doi.org/10.1016/j.baae.2020.03.005
https://doi.org/10.1196/annals.1439.003
https://doi.org/10.1080/00063650802648150
https://doi.org/10.2307/2389612
https://doi.org/10.2307/2389612
https://doi.org/10.1093/condor/duaa040
https://news.sciencenet.cn/htmlnews/2018/5/412908.shtm
https://news.sciencenet.cn/htmlnews/2018/5/412908.shtm

	Semi-natural habitats enhance bird diversity in intensively managed farmlands in North China
	1 Introduction
	2 Methods
	2.1 Study area
	2.2 Transect selection
	2.3 Data collection
	2.3.1 Bird data
	2.3.2 Habitat data
	2.3.3 Habitat structure data

	2.4 Data analysis
	2.4.1 Habitat and bird diversity at patch scale
	2.4.2 Habitat and bird diversity at local (100 ​m buffer) and broader local scale (200 ​m buffer)
	2.4.3 Habitat structure and bird diversity at local (100 ​m buffer) and broader local (200 ​m buffer)


	3 Results
	3.1 Habitat and bird data
	3.2 Habitat and bird diversity at patch scale
	3.3 Habitat and bird diversity at local (100 ​m buffer) and broader local (200 ​m buffer) scales
	3.4 Habitat structure and bird diversity at local (100 ​m buffer) and broader local (200 ​m buffer) scales

	4 Discussion
	4.1 Importance of semi-natural habitats at patch scale
	4.2 Importance of semi-natural habitats at local (100 ​m buffer) and broader local (200 ​m buffer) scales
	4.3 Importance of habitat structure at local (100 ​m buffer) and broader local (200 ​m buffer) scales

	5 Limitations
	6 Conclusion
	CRediT authorship contribution statement
	Funding sources
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	Data availability
	References


