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Urban expansion often accompanies a loss of natural habitats and arable lands
but an increase in urban population. In China, vegetable-dominant small farmlands
are common in urban/peri-urban areas. Some farmlands are also associated with
government policy that aims to enhance local farmers’ livelihoods as well as increase
food availability for city citizens. While small urban farmlands create open greenery cover
that may provide birds with resources such as food and shelter, little attention has been
given to understanding bird diversity in urban farmlands. Using two hierarchical models
(multi-species occupancy model and N-mixture model), we examined how species
richness and abundance of birds were associated with environmental characteristics
within and surrounding urban farmlands in Guangzhou, one of the largest cities in
China. We conducted crop and bird surveys at urban farmlands during two winter
seasons between December 2019 and January 2021. Species richness increased
with non-woody (herbaceous) vegetation cover within a farmland. Abundance of three
species was also positively associated with the local non-woody vegetation variable.
Two species were more abundant at farmlands with higher crop diversity. Compositional
features of matrix surrounding a farmland (a 500-m circular area) did not affect species
richness. However, species richness and abundance of one species tended to decrease
with increasing farmland fragmentation (patch density of farmlands) within a 1-km
circular area. These findings suggest that (1) birds could be more influenced by
environmental features within farmlands than matrix features surrounding farmlands, (2)
local uncultivated herbaceous vegetation is an important environmental feature, and (3)
diverse crops in farmlands may benefit some birds. They also indicate that the landscape
pattern of farmlands, such as degree of fragmentation, could affect bird diversity in
urban farmlands.

Keywords: abundance, bird diversity, farmland, fragmentation, greenery cover, hierarchical model, scale, urban
agriculture

INTRODUCTION

Urbanization is a significant driver of land cover changes, causing habitat loss and fragmentation
and consequently altering ecosystems and associated biological communities (Grimm et al., 2008;
McDonald et al., 2008, 2013; Seto et al., 2012). Urbanization also raises a concern for food security,
particularly in a city with high food demand, as urban development produces declines in arable land
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(Satterthwaite et al., 2010). A recent study forecasts that
approximately 80% of global agricultural land loss from urban
expansion would take place in Asia and Africa, with the highest
loss in Asia (d’Amour et al., 2017). China and India are also
expected to be centers of global urban expansion by 2030 (Seto
et al., 2012). This land use change is critical to China because
food security in China has been under pressure due to its large
population size (Veeck, 2013; Grumbine, 2014).

There has been growing interest in urban or peri-urban
agriculture as one of the options that can create “productive”
cities, increasing the accessibility of food and supporting local
farmers’ livelihoods (De Bon et al., 2010; Lin et al., 2015).
Urban agriculture is broadly defined as agricultural production
in any built environment, i.e., the production of a variety
of crops (mostly vegetables and fruits) and livestock goods
within cities, suburban, and peri-urban areas (Mougeot, 2000;
McClintock, 2010). A majority of urban agriculture research has
been centered on “food production” per se or human well-being
(e.g., healthy food). Recent emphasis on urban agriculture is
shifting to its ability to “greening cities” (WinklerPrins, 2017).
Urban farmland is increasingly considered as a main component
of non-built areas that may improve the sustainability of cities
(La Rosa et al., 2014). However, relatively little attention has
been given to the potential value of urban farmlands as semi-
natural habitat for animals and their role in urban biodiversity
conservation (but see urban garden studies; Egerer et al., 2020;
Van Helden et al., 2020).

Green space is an essential component of urban infrastructure
important to both human inhabitants and urban biodiversity,
especially bird diversity (Sandström et al., 2006; Tzoulas et al.,
2007; Aronson et al., 2014; Beninde et al., 2015; Filazzola
et al., 2019). The positive effect of amount of greenery cover
on diversity and abundance of birds is well-known (Chace
and Walsh, 2006; Ortega-Álvarez and MacGregor-Fors, 2009;
MacGregor-Fors and Schondube, 2011; among others). However,
most studies have been conducted in tree/shrub-dominant green
spaces such as forest remnants and urban parks. Recent studies
suggest that in urban and peri-urban areas, open green space (e.g.,
recreational grassland and mixed weedy vegetation in vacant lots)
can also be species-rich and benefit open habitat birds (Villaseñor
et al., 2020; Pithon et al., 2021). Urban farmlands are frequently
used for the cultivation of vegetables, which are herbaceous
plants and structurally different from trees and shrubs. Some
farmlands contain small patch of trees as well as uncultivated
herbaceous vegetation (non-woody or weedy vegetation) between
crops, along edges, and in unused part of farmlands. These
farmlands may provide birds with a number of resources such
as food and shelter. Vegetable-dominant farmlands may also
be favored by open habitat species, i.e., birds preferring open
habitats such as grasslands, early successional habitats, and
other open areas.

In China, small-scale farming is common in most cities.
Urban farming often occurs in the vicinity of residential areas
and riverbanks, and urban fringes (Horowitz and Liu, 2017).
Herbaceous edible crops, i.e., a variety of vegetables including
leafy greens, starchy vegetables, and fruit, are major crops in
urban farmlands (Horowitz and Liu, 2017; Lee et al., 2019).

Several urban farmlands are also permanently preserved and
supported by government policies such as “Vegetable Basket”
and “urban modern agriculture.” These policies have been
initiated to ensure both food supplies for city citizens and
local farmers’ livelihoods (Peng et al., 2015; Zhong et al.,
2019). Crop diversity (richness and evenness of crops) also
somewhat varies by farmlands. As far as we know, only one
study (Lee et al., 2019) specifically considered urban farmlands
as part of open green spaces. Lee et al. (2019) report that
herbaceous vegetation in weedy patches and crops in urban
farmlands may serve as open habitats for birds in a subtropical
city of southern China. While this implies a positive effect
of urban farmlands on birds, the effect remains speculative
because the study did not distinguish between crop cover and
weedy vegetation cover. There is also a considerable lack of
knowledge on the bird diversity–environment relationship in
urban farmlands of China.

Our study aimed to quantify environmental characteristics
affecting bird community (species richness) and population
(abundance) in urban farmlands in Guangzhou, a subtropical
city of Guangdong province, China. South Guangdong
including Guangzhou and its peri-urban areas is part of
the Indo-Burma biodiversity hotspot. Based on 2,000 data,
approximately 92% of total urban areas across all biodiversity
hotspots in China take place in the Indo-Burma biodiversity
hotspot (Güneralp and Seto, 2013). A major portion of the
total urban area is concentrated in south Guangdong. The
largest urban expansion is also expected to take place in
Guangdong and Guangxi in China (Güneralp et al., 2015).
It is thus a pressing matter to develop sound management
plans that minimize biodiversity loss in the city but at the
same time ensure food availability for city citizens. Urban
farmland may contribute to accomplishing both, i.e., urban
biodiversity conservation and crop production. To assess the
possibility, it is critical to understand biodiversity patterns
in urban farmlands and environmental factors associated
with those patterns.

We choose birds as focal taxon because they are relatively
easy to survey and commonly used in urban biodiversity
studies, and they contribute both direct and indirect ecosystem
services such as pest control, seed dispersal, and pollination,
and provide recreational activity, e.g., birdwatching (Sekercioglu,
2006; Beninde et al., 2015; Whelan et al., 2015). We also focused
on winter bird community because urban winter bird diversity
is less frequently studied (Lepczyk et al., 2017). Moreover,
in southern China, bird diversity is higher in winter than
summer due to a great number of winter migrants. A previous
study also found a significant effect of crop features (e.g.,
crop diversity) on species richness and occupancy of birds in
agricultural landscapes of southern China during winter (Lee
and Goodale, 2018). Two hierarchical models, multi-species
occupancy model and N-mixture model, were employed to
estimate species richness and abundance, respectively. Most
urban farmlands in China are small and embedded in a
heterogeneous matrix composed of different extents of built-
up structure, natural and semi-natural vegetation (weeds,
trees/shrubs), open water, and other farmlands in some areas.
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Characteristics of matrix surrounding urban parks can have an
impact on birds (Jokimäki, 1999; MacGregor-Fors and Ortega-
Alvarez, 2011; Claudia and Christian, 2015; Canedoli et al.,
2018). Similarly, birds in urban farmlands may be influenced by
environment characteristics within farmlands and their matrix
features as well. Thus, we adopted a multiple scale approach,
considering both environmental features within a farmland
(local scale) and matrix features surrounding urban farmlands
(landscape scale). We expected that natural and semi-natural
vegetation within and surrounding an urban farmland would
have a significant effect on species richness of birds given the
importance of greenery cover to bird diversity in urbanized
landscapes. In particular, open habitat species should show a
strong response to uncultivated non-woody vegetation cover
because herbaceous vegetation is known to have a positive impact
on grassland and farmland birds in agricultural landscapes
(Henderson et al., 2000; Conover et al., 2009; Vickery et al.,
2009; Josefsson et al., 2013). Crop diversity at a local scale
may also benefit some species by increasing the availability
of more and more diverse resources required by the species
(Lee and Goodale, 2018).

MATERIALS AND METHODS

Study Area
Our study was performed in vegetable-dominant farmlands in
the city of Guangzhou, the capital of Guangdong province,
China (Figure 1). Guangzhou is home to 18.7 million people.1

Guangzhou has a subtropical climate with hot and humid
summer and mild and dry winter. Annual rainfall and mean
annual temperature are 1,720 mm and 22.2◦C, respectively.2

We selected 37 farmlands and established one sample point
at the center or > 50 m from an edge of each farmland in 2019
(Figure 1). These farmlands were chosen considering their size,
accessibility, and distance between farmlands to ensure spatial
independence. In 2020, 7 farmlands could not be surveyed due to
development, abandonment, or other accessibility issues. While
maintaining the other 30 farmlands, we established another seven
new farmlands (Figure 1). All farmlands were large enough to
cover a 50 m circular area (7,850 m2) used for bird surveys:
29,900 ± 21,400 m2 (mean ± standard deviation), ranging from
8,900 to 108,800 m2. Distance between points was 1.66± 0.99 km.
Percent cover of built-up structure (e.g., building, house, road,
and other impervious surfaces) within a 500 m radius area
surrounding a sample point was 59.69± 14.33%.

Bird Survey
We performed bird surveys during winter for 2 years: December
2019–January 2020 and December 2020–January 2021. We used
a combination of 5-min point count and 5-min area search
methods to increase detectability (Lee and Goodale, 2018; Lee
et al., 2019). Each point was visited twice in the morning between
7:30 and10:30 a.m. during each winter. Survey orders of points

1https://www.gz.gov.cn
2https://en.climate-data.org

between visits were alternated to avoid an effect of time-of-day.
One observer recorded birds seen or heard within a 50-m circular
area (site, hereafter) of a sample point. Before starting a bird
survey, the observer collected survey-specific information that
could be related to the detectability of birds by influencing bird
activities or the observer: temperature, the number of people seen
within a site for 1 min, and noise level (decibel meter reading
every 10 s for 1 min, a total of 7 readings). All bird surveys were
conducted by the same observer.

Environmental Data at Multiple Scales
We collected local scale environmental data within a 50-m
circular area, i.e., the survey site. At each site, crop and
non-crop features such as non-woody vegetation (weedy or
herbaceous vegetation including grasses/forbs, Bidens spp., and
other herbaceous vegetation), woody vegetation (trees and tall
shrubs), open water (small pond, water channel, etc.), plowed
area, and built-up structure (small storage and shelter) were
identified and marked on a printed satellite image of Google
Earth, which was taken between 2018 and 20203. Many farmlands
were composed of a diversity of crops, but each crop was planted
in a regular-size strip. Thus, we divided the site into blocks
considering the size of strips. Within a block, we identified
crop types, counted the number of strips of each crop, and
calculated the relative frequency of each crop type from the
sum of all counts. The frequency data were converted to “area”
by multiplying each with the size of the block. Block and
non-crop features were delineated in ArcGIS to calculate their
area and percent cover of each crop and non-crop features at
the local scale.

As a main landscape scale that could capture compositional
characteristics of matrix in which urban farmlands are embedded,
we used a 500-m circular area surrounding a sample point
(Rottenborn, 1999; Pennington et al., 2008; Lee et al., 2019). To
create the land cover map of the 500-m scale, satellite images were
downloaded from Google Earth and georeferenced. The images
were taken between 2018 and 2020. Using the georeferenced
images as a basemap, we delineated 3 main green cover types that
could be used by birds and calculated a percentage of each type
in ArcGIS: cropland (vegetable-dominant farmland), non-woody
vegetation (largely herbaceous vegetation at abandoned lands
and construction sites, and lawn), and woody vegetation (trees
and tall shrubs and in some cases, fruit trees including longan,
citrus, and tree-like plants such as banana and papaya). We also
delineated farmlands within a 1-km radius circular area (the
1-km scale). As a measurement of fragmentation of farmlands
within a landscape, we calculated farmland patch density (PD),
which is the number of farmlands per unit area, using Fragstats
v 4.2.1 (McGarigal et al., 2012). Although patch density is a
simple metric, it is often used to indicate habitat connectivity
and fragmentation (e.g., McGarigal and McComb, 1995; Grand
et al., 2004; Chambers et al., 2016; Bosco et al., 2019). Patch
density values at the 500-m and 1-km scales were correlated
(Pearson’s correlation, r = 0.8). However, we chose PD at the 1-
km scale because percent cover of farmland was less correlated

3https://www.google.com/earth/
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FIGURE 1 | Location of study region (Guangzhou inset map) and urban farmlands (closed circles) sampled. Years 1, 2 represent study sites surveyed in the first
winter and in the second winter, respectively. Both indicates farmlands surveyed in the first and second winters.

with PD at that scale (r = 0.39) than PD at the 500-m scale
(r = 0.42). A 1-km circular area was also large enough to contain
any farmland (including farmlands with the size of 1,500 m2)
other than the sample site.

Based on the genus of each crop, we calculated crop diversity
(Shannon-Wiener diversity index). Although there were over
110 crop types across study sites, most of them were very
minor and shared similar biological features because some
vegetables are variants of the same plant species. Thus, genus-
level classification was used to minimize a potential bias
associated with minor crops (see Supplementary Table 1 for
the list of 78 genera and their mean percent cover per site).
We included crop diversity as an indicator of environmental
heterogeneity at the local scale given the finding of a positive
relationship between crop diversity and species richness of
winter birds in agricultural landscapes (Lee and Goodale,
2018). As environmental variables for analysis, we focused on
three local variables [crop diversity (CropD), percent cover
of non-woody vegetation (Non-wood), and percent cover of
woody vegetation including orchard (Wood)], 3 matrix variables
representing the compositional aspect of landscape matrix
[percent cover of farmland (Crop500), non-woody vegetation
(Non-wood500), and woody vegetation (Wood500)], and 1
other landscape variable [patch density of farmlands (PD1km)].
Pearson correlations between 3 local variables and between 4
landscape variables were all ≤ 0.45, which indicates low chance
of having a multicollinearity problem in our analysis. The mean

and standard deviation of each variable are summarized in
Supplementary Table 2.

Data Analysis
To account for imperfect detection (i.e., species or individuals
may not be detected even if they are present at a site) in
our bird data, we employed two hierarchical models: multi-
species occupancy model (Zipkin et al., 2009) and N-mixture
model (Royle, 2004). Ignoring imperfect detection can lead
to biased parameter estimates. The importance of imperfect
detection is well recognized in wildlife surveys and numerous
models have been developed (Williams et al., 2002; Royle
and Dorazio, 2008). Both models have been widely adopted
to incorporate imperfect detection into the estimation of
species richness and occupancy (multi-species occupancy model)
and abundance (N-mixture model). Multi-species occupancy
models based on Bayesian modeling framework also provide
several advantages over single species occupancy models
because multi-species occupancy model deals with heterogeneous
detection among species. The model also produces both
community-level response (species richness) and species-level
response (species occupancy), allows for occupancy estimates
of rare species, and improves the estimate of species richness
(Royle and Dorazio, 2008; Zipkin et al., 2009). Multi-species
occupancy model uses presence/absence data of multiple
species, whereas N-mixture model uses count data of species,
i.e., abundance data.
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The two hierarchical models have a similar model
structure, linking two regression models: a state process
model that estimates the latent state such as occupancy or
abundance, and an observation model that the observed
state is estimated as a product of detection probability
(the probability of detecting species or individual when it
is present) and the latent state (Kéry and Schaub, 2012).
The main difference is whether a state process model is
based on binomial or Bernoulli distribution (multi-species
occupancy model) vs. Poisson distribution (N-mixture model).
Both hierarchical models also require repeated surveys,
i.e., replicates during a certain period, and assume a closed
population. Our bird surveys were completed within 3–4 weeks
with 10–13 days apart between 2 visits and thus our data
satisfied the assumption.

We pooled 2 years of data to increase the effective sample
size, resulting in a total of 74 samples (30 sites × 2 years + 7
sites in 2019 + 7 sites in 2020). For multi-species occupancy
modeling, we considered 31 bird species detected at more
than one site across all visits (Supplementary Table 3 for
the list of species). For N-mixture modeling, we selected
seven species abundant enough to perform the analysis
as well as showing variations in abundance across sites:
Common Tailorbird (Orthotomus sutorius), Japanese White-
eye (Zosterops japonicus), Light-vented Bulbul (Pycnonotus
sinensis), Olive-backed Pipit (Anthus hodgsoni), Plain Prinia
(Prinia inornata), Stejneger’s Stonechat (Saxicola stejnegeri),
and Yellow-bellied Prinia (Prinia flaviventris). Although
Scaly-breasted Munia (Lonchura punctulata) was the most
abundant, we did not include the species due to relatively
imprecise count in several cases due to flushed flocks during
surveys.

We built a model following two steps to avoid
overparameterization. First, we chose survey-specific variables
(detection covariates: noise, the number of people, and
temperature) potentially affecting the detection of birds. We
ran a model with these three detection covariates but without
any environmental variables. Second, with the detection
covariate(s) that showed an effect, we constructed two models,
a local model including 3 variables (CropD, Non-wood,
and Wood) and a landscape model including 4 variables
(Crop500, Non-wood500, Wood500, and PD1km). Both
models also included one additional variable, “year” (the first
winter = 1 and the second winter = 2). We incorporated
“year” into a model as a random or fixed effect to minimize
the issue associated with temporal autocorrelation that
could violate the assumption of independence (see below
subsections). Our inferences were made based on these two
models. We standardized all local and landscape variables
to a mean of 0 and a standard deviation of 1 to improve
model convergence.

Spatial dependence was also examined before final analyses.
We performed Moran’s I test with the residuals of each of
two generalized linear models (local model and landscape
model) using observed detection of each species except Red-
billed Starling (Spodiopsar sericeus) and White-rumped Munia
(Lonchura striata). These two species were excluded from the

test due to an error that may be caused by few detections.
Spatial dependency was found in only 2 of 58 models (29
species × 2 models). For seven species selected for N-mixture
modeling, we conducted another Moran’s I test with the
residuals of each linear model using observed abundance
(a maximum count across two visits). Spatial dependency
was negligible (P > 0.06) in all cases. Thus, we assumed
that the effect of spatial autocorrelation on our inferences
would be minimal. Moran’s I test was carried out in SAM
(Rangel et al., 2010).

Multi-Species Occupancy Modeling
While 95% Bayesian Credible Intervals (BCIs) of all three
detection covariates widely overlapped 0, the number of
people had a somewhat stronger effect on detection probability
compared to the other two variables: the number of people,
−0.031 ± −0.130 to 0.068 (estimated coefficient ± 95% BCI);
temperature, 0.019 ± −0.079 to 0.115; noise, 0.009 ± −0.089 to
0.108. Thus, the number of people was included for final analysis.
It should also be noted that the detection part of our multi-
species occupancy models had a species-level intercept that was
modeled as a random effect, which accounts for heterogeneous
detection among species.

In our model, the latent occupancy state is represented by
Zij, which is defined as a binary variable: if species i is present
at site j, Zij = 1 and Zij = 0 otherwise. Zij is assumed to follow
a binomial distribution with occupancy probability ψij (the
occurrence of species i at site j). The observed occupancy state is
indicated by yijk, which is also binary: if species i is detected at
site j during a survey (replicate) k, yijk = 1 and yijk = 0 otherwise.
It is assumed to be drawn from a binomial distribution with Zij
and detection probability pijk (the probability of detecting species
i at site j during survey k): yijk ∼ binomial (Zij, pijk). Species-,
site-, or survey-specific factors that could affect ψij and pijk are
incorporated into the model through a logit-link function. In our
study, ψij and pijk are modeled as follows:

for local model

logit(ψij) = ui + α1iCropDj + α2iNonwoodj
+ α3iWoodj + εk(j)

for landscape model

logit(ψij) = ui + α4iCropj + α5iNonwood500j

+ α6iWood500j + α7iPD1kmj + εk(j)

for both models

logit(pijk) = vi + βPeoplejk

where ui and vi are species-level intercepts that are modeled as
species-specific random effects, β is a coefficient related to the
overall effect of the number of people on the detection of species
at site j during survey k, εk(j) is a random effect of year in which
site j was surveyed, and α1i,α 2i,α 3i, α 4i, α 5i, α 6i, and α 7i are
coefficients representing the effects of the relevant environmental
variables on the occupancy probability of species i.
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All seven coefficients in ψij are also random effects that
have their own mean and variance, called hyper-parameters (see
Supplementary Material for model code). The hyper-parameters
describe the community-level response. In particular, the mean
value indicates a mean effect of the relevant environmental
variable across all species, which can be interpreted as an effect of
the variable on species richness. Our inferences are largely based
on the mean value. We added a random year effect in the models
to account for potential temporal autocorrelation between years.
Model convergence and mode fit were also investigated with the
Gelman–Rubin statistic (R) and Bayesian P-value, respectively.
We ran three parallel chains for 80,000–90,000 iterations and
thinned by 2. Half of the iterations were discarded. Both local
model and landscape model converged (R< 1.1) and their model
fit was adequate (Bayesian P-value = ∼0.48). We conducted all
analyses using “rjags” package (Plummer, 2016) in R (version
4.0.2; R Core Team, 2020).

N-Mixture Modeling
Abundance analysis was carried out in R with “unmarked”
package (Fiske and Chandler, 2011). The Poisson N-mixture
model is the basic form of N-mixture modeling. The latent
abundance at site j is described by a Poisson distribution with
local abundance λj: Nj ∼ Poisson (λj). Environmental variables
are incorporated into λj through a log-link function. Like multi-
species occupancy model, the observed state is assumed to
follow a binomial distribution: yjk = binomial (Nj, pjk). However,
Poisson N-mixture models cannot handle overdispersion that
is common in count data, which influences model fit and
“uncertainty assessments” (Kéry and Royle, 2016). Zero-inflated
Poisson (ZIP) and negative binomial (NB) N-mixture models
are often considered as alternatives to take into account
overdispersion. We built a Poisson N-mixture model for each
species and performed a goodness of fit (GOF) test on the model
using “AICcmodavg” package (Mazerolle, 2020). None of the
models fit the data well (P < 0.05). Thus, we ran ZIP and
NB N-mixture models that are implemented in unmarked. We
chose a model with lower AICc (Akaike Information Criterion
adjusted for small sample size) and again conducted a GOF test
on the model. NB N-mixture models showed good fit in all
cases (P > 0.07). Thus, we used NB N-mixture model for all
analyses of abundance.

The relationship between detection covariates and detection
of birds varied by species and 5 species showed a significant
response (see Supplementary Table 4 for detail). During the
bird surveys, detection probability of Light-vented Bulbul and
Stejineger’s Stonechat was associated with noise, Olive-backed
Pipit and Yellowed-bellied Prinia with temperature, and Japanese
White-eye with the number of people. Final models of each of
these five species included the significant detection covariate.

Both local models and landscape models were also compared
with null model (intercept only model) based on differences in
AICc values (Burnham and Anderson, 2002). If the null model
was the top model or AICc difference between the null model and
the top model (local or landscape model) was < 2, we concluded
that there was no association between the species’ abundance
and local or landscape variables considered. Unlike multi-species

occupancy models, “year” was considered as a fixed effect because
random effect is not allowed in unmarked. We included year
in all models (null, local, and landscape models) and tested its
effect. Year did not have an impact on abundance of any species
except Common Tailorbird. Relationships between abundance of
six other species and environmental features remained the same
whether year was considered or not. Given that year was not the
interest of our study, we excluded year from the final analyses of
the six species.

RESULTS

General Patterns
A total of 2,437 individuals of birds were observed across all sites
for two winters. White Wagtail (Motacilla alba), Plain Prinia,
Light-vented Bulbul, and Common Tailorbird were detected at
over 65% of sites (Supplementary Table 3). However, the most
abundant species were Scaly-breasted Munia (4.22 individuals
per site) and Japanese White-eye (2.01 individuals per site).
Among 78 genera of crops, 73 were composed largely of
vegetables and several fruits, and 5 were used for medicine
(Supplementary Table 1).

Species Richness–Environment
Relationship
Estimated species richness from multi-species occupancy model
was greater than observed species richness (Supplementary
Figure 1). Mean and standard deviation of observed species
richness per site were 8.9 and 2.2, respectively. Mean estimated
species richness was 19.5 with a standard deviation of 1.1.
However, wide 95% BCIs of estimated species richness indicated
that the precision of estimates was relatively low, which could
be affected by scarce detection of some species and minimum
sampling efforts (two repeated visits per site).

Among environmental variables, percent cover of non-woody
vegetation at the local scale showed a consistently positive
effect on species occupancy within a community: that is, species
richness increased with percent cover of weedy herbaceous
vegetation within a farmland (Table 1). In particular, occupancy
probability of open habitat species, Stejneger’s Stonechat,

TABLE 1 | Summary of community-level parameters for the occupancy covariates,
which indicate effects of local and landscape variables on species richness.

Scale Parameters Mean Standard
deviation

95% BCI

Local CropD 0.059 0.330 −0.627 to 0.707

Non-wood** 0.960 0.651 0.130–2.708

Wood −0.078 0.450 −0.999 to 0.824

Landscape Crop500 −0.530 1.071 −3.071 to 1.542

Non-wood500 0.545 0.825 −0.701 to 2.648

Wood500 −0.108 0.634 −1.456 to 1.224

PD1km* −1.181 1.040 −3.950 to 0.070

Parameter estimates whose Bayesian credible intervals (BCIs) did not include 0 or
only slightly crossed 0 are indicated ** and *, respectively.
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FIGURE 2 | Species-level responses generated from multi-species
occupancy model. The estimate is on the logit scale, that is, the value is not
back-transformed. Species whose 95% Bayesian credible intervals (error bars
on the graph) did not cross 0 or slightly overlapped with 0 are shown. Asterisk
(*) indicates open habitat species (grassland species, early successional
species, and other species preferring open areas).

Eurasian Tree Sparrow (Passer montanus), and Yellow-bellied
Prinia consistently increased as non-woody vegetation increased
within a farmland (Figure 2). Ten other species also showed a
tendency of positive response given that their 95% BCIs only
slightly crossed 0 (Figure 2). Most landscape variables did not
have a strong effect on species richness; however, species richness
tended to decrease with increasing patch density of farmlands
within a 1-km circular area (Table 1).

Japanese White-eye was the only species showing a consistent
response to crop diversity: its occupancy probability was high
at farmlands with diverse crops (1.48 and 0.13–3.35, estimate
and 95% BCI). Woody vegetation cover at the local and
landscape scales was not strongly associated with occupancy of
species except Fork-tailed Sunbird (Aethopyga christinae), which
responded weakly to woody vegetation cover at the local scale
(1.53 and −0.67 to 4.80). Species preferring open habitat such as
Richard’s Pipit (Anthus richardi) and Zitting Cisticola (Cisticola
juncidis) showed a tendency of positive response to landscape
scale crop cover and negative response to patch density of
farmlands (Supplementary Figure 2).

Abundance-Environment Relationship
Abundance of most species was related to local variables more
than landscape variables: the local model was a top model in
4 species and the landscape model in 1 species (Table 2). Two
species, Olive-backed Pipit and Plain Prinia, showed no clear
association with environmental variables considered: their top
model was the null model and AICc differences between the

null model and the other models were >2 (Table 2). Crop
diversity had a positive effect on abundance of Japanese White-
eye and Yellow-bellied Prinia (Figure 3). Light-vented Bulbul,
Stejnerger’s Stonechat, and Yellow-bellied Prinia were abundant
in farmlands covered with more non-woody vegetation, which
was similar to the patterns found in occupancy of these species
(Figures 2, 3). Abundance of Common Tailorbird was strongly
negatively affected by patch density of farmlands but positively
by woody vegetation cover at the landscape scale. Although
explanatory power of the landscape model was low compared to
the local model, abundance of Japanese White-eye decreased with
percent cover of farmlands within a landscape.

DISCUSSION

Our study suggests that species richness and abundance of birds
in urban farmlands are more influenced by local environmental
features than characteristics of the landscape matrix in which
urban farmlands are embedded. In particular, the strong positive
effect of non-woody vegetation indicates the importance of open
natural and semi-natural vegetation to birds in cities where green
spaces are otherwise dominated by trees and shrubs. The positive
effect of crop diversity on abundance of two species also implies
that diverse crops contribute to environmental heterogeneity that
may benefit some birds. Although the relationships between birds
and matrix features are weak, the tendency of decreasing bird
species richness with increasing patch density of farmlands shows
that birds may be susceptible to farmland fragmentation.

Given the well-known positive relationship between greenery
cover and birds in urbanized landscapes (Chace and Walsh,
2006; Beninde et al., 2015), we expected that natural and semi-
natural vegetation cover could have a positive impact on birds.
The significant effect of local non-woody (herbaceous) vegetation
cover partly supports the prediction. It is also consistent with
the positive role of herbaceous vegetation for the conservation
of birds, especially grassland birds in intensively managed
agricultural landscapes (Conover et al., 2009; Josefsson et al.,
2013; Evans et al., 2014; among others). However, woody
vegetation (trees and tall shrubs) cover did not have an effect on
most species despite little difference between percent covers of
non-woody and woody vegetations at the local scale. One may
point out that species’ habitat preference could influence this
pattern. Compared to tree/shrub bird species (species favoring
trees and tall shrubs), open habitat species are more related with
herbaceous and short shrubby vegetation (Lee et al., 2019). Our
surveys were conducted within a vegetable-dominant farmland
that could serve as open habitat. Local woody vegetation cover
is unlikely a main resource required by open habitat species.
Tree/shrub species would also prefer woody patches. However, it
is important to note that tree/shrub species (e.g., Japanese White-
eye and Red-whiskered Bulbul, Pycnonotus jocosus) showed
positive responses to local non-woody vegetation cover and no
species showed a negative response to this variable. This indicates
the importance of herbaceous vegetation cover, i.e., open natural
and semi-natural vegetation cover to both open habitat and
tree/shrub species in a city.
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TABLE 2 | Comparisons of three abundance models for each species based on AICc.

Species Model Number of parameters AICc Delta AICc AICc weights

Common Tailorbird Landscape 8 304.91 0.00 0.96

Null 4 311.47 6.56 0.04

Local 7 314.37 9.47 0.01

Japanese White-eye Local 7 484.02 0.00 0.79

Landscape 8 486.63 2.61 0.21

Null 3 497.34 13.33 0.00

Light-vented Bulbul Local 7 539.39 0.00 0.70

Landscape 8 541.91 2.52 0.20

Null 3 543.21 3.82 0.10

Olive-backed Pipit Null 3 413.89 0.00 0.76

Local 7 417.43 3.55 0.13

Landscape 8 417.80 3.91 0.11

Plain Prinia Null 3 483.28 0.00 0.70

Local 6 485.84 2.56 0.20

Landscape 7 487.12 3.83 0.10

Stejneger’s Stonechat Local 7 253.47 0.00 0.93

Null 3 259.18 5.71 0.05

Landscape 8 261.03 7.55 0.02

Yellow Prinia Local 7 259.80 0.00 0.70

Null 3 262.12 2.33 0.22

Landscape 8 264.18 4.38 0.08

Null model has only intercept. Local and landscape models include three local and three landscape variables, respectively. Delta AICc represents AICc difference between
top model and subsequent model. Note that all three models of Common Tailorbird include year as a fixed effect.

Another local variable, crop diversity, was positively
associated with abundance of two species, Japanese White-
eye and Yellow-bellied Prinia. Recently, a number of studies
have explored the possibility that crop diversity or crop
heterogeneity can contribute to environmental heterogeneity
in agricultural landscapes (Fahrig et al., 2011; Sirami et al.,
2019 for review). Environmental heterogeneity is often assumed
to influence animal diversity positively by increasing the
availability of different resources required by species or
complimentary/supplementary resources available to different
species (Rosenzweig, 1995; Tews et al., 2004). Thus, crop
diversity may be a promising option to improve biodiversity
without reducing croplands or agricultural production (Fahrig
et al., 2011). Findings from previous studies are not conclusive.
More studies have also reported a stronger association of
biodiversity with spatial arrangement of farmlands or structural
diversity of crops than crop diversity per se (Fahrig et al., 2015;
Josefsson et al., 2017). In southern China, Lee and Goodale
(2018) tested this possibility in rice- and sugarcane-dominant
agricultural landscapes. They found that species richness and
occupancy increased with crop diversity during winter when
natural resources were relatively scarce. In the current study,
although species richness of birds was not affected by crop
diversity, the positive response of two insectivorous species
suggests that diverse crops at urban farmlands can benefit
some bird species. Yellow-bellied Prinia generally prey on a
wide range of small insects including flies, ants, lepidopteran
caterpillars, and butterflies (Madge et al., 2020). Abundance of

cabbage white butterfly (Pieris rapae) tended to increase with
crop diversity across our study sites (unpublished data). We also
often observed many small flies and caterpillars at farmlands
that contained weeds and different crops. These patterns could
explain the positive response of Yellow-bellied Prinia. However,
one may ponder the response of Japanese White-eye, usually
considered as a tree/shrub species. During our surveys, we
observed Japanese White-eyes foraging for insects at flowers of
green onions and moving around or perching on trellis and vine
crops, which are relatively common in farmlands with diverse
crops. Japanese white-eyes may also use flowering crops (the
mallow family Malvaceae) and fruit trees in farmlands although
we did not find a significant relationship between percent cover
of fruit trees and their abundance. In some farmlands, bananas
and trees are common along the edge and used as a fence. This
woody vegetation could attract Japanese White-eyes; Japanese
white-eye often detected during surveys can be individuals
moving from these trees to other trees or crops within a farmland
(spillover effect; Tscharntke et al., 2012). Crop diversity may
be intercorrelated with all of these aspects. Understanding the
response of Japanese White-eyes to crop diversity will require
more detailed observation of their behaviors and resource use
patterns in urban farmlands.

Weak or no association of birds with landscape variables is
somewhat unexpected as characteristics of matrix surrounding
a patch can affect individuals, populations, and communities
of animals and plants (Prevedello and Vieira, 2010). Matrix
type and quality influence birds’ movement, dispersal, extinction
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FIGURE 3 | Relationships between environmental variables and abundance of five species: (A) Common Tailorbird, (B) Japanese White-eye, (C) Light-vented
Bulbul, (D) Stejneger’s Stonechat, (E) Yellow-bellied Prinia. Estimates are from each of local and landscape models. They are on the log scale and error bars
represent standard errors. See the methods for the full name of local (CropD, Non-wood, and Wood) and landscape (Crop500, Non-wood500, Wood500, and
PD1km) variables. Significance: *0.01 ≤ P < 0.05; **P < 0.01.

threshold, and occurrence (Antongiovanni and Metzger, 2005;
Boesing et al., 2018). Considering that urban farmlands are
largely surrounded by built-up structure, we expected that
an increasing amount of greenery cover within a landscape
would have a positive effect on birds. The low explanatory
power of landscape variables, especially matrix features, may be
related to landscape complexity. In agroecosystems, landscape
complexity based on the percentage of non-crop area can
influence the relative effectiveness of local and landscape
characteristics or management on ecosystem services and local
biodiversity (the intermediate landscape complexity hypothesis;
Tscharntke et al., 2012). Local characteristics are more effective
in simple (1% non-crop area) or complex (>20% non-crop area)
landscapes, whereas landscape characteristics can be stronger in

intermediately complex landscapes (1–20% non-crop area). In
urban ecosystems, non-crop area other than built-up structures
consists of greenery cover (woody and non-woody vegetations)
and open water. In our study, mean greenery cover, i.e., the sum
of mean non-woody and woody vegetation covers is > 20% and
mean of open water cover is 3.38%, indicating the complexity
of our landscapes may not be considered intermediate under
that hypothesis. Most landscapes contain all of the non-built-up
structures. These aspects seem to explain the stronger effect of
local environmental features than landscape matrix features. It is
also possible that the landscape size of our study may be related
to the weak effects of landscape variables. We selected landscape
sizes (e.g., a 500-m circular area) by considering not only scales
used in previous studies (Rottenborn, 1999; Concepción et al.,
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2008; Pennington et al., 2008; Lee and Goodale, 2018) but also
logistics, especially manual creation of land cover map (onscreen
digitization) to increase accuracy and precision of the map. While
high correlation between landscape variables across scales is
common (Lee and Carroll, 2014), the relative effects of landscape
variables can be scale-dependent and inconsistent among species
(Smith et al., 2011). Birds may respond to environmental features
at larger scales than ours. It is unclear whether the weak effects of
landscape variables on birds would remain similar at larger scales.

However, it is still puzzling that occupancy and abundance of
even tree/shrub species were rarely related to percent cover of
woody vegetation within a landscape. Only one case, abundance
of Common Tailorbird, was influenced by landscape woody
vegetation cover. In another study (in review), we examined
winter bird diversity at woody patches and urban farmlands
in two subtropical cities. Similar patterns were found: richness
and abundance of tree/shrub species were not associated with
landscape woody vegetation cover. Although we do not have
a clear explanation of this pattern, environmental conditions
of woody vegetation cover may influence the pattern in our
study. Heterogeneity in vegetation composition and structure
is one of the key features affecting birds in urban areas and
forests (Freemark and Merriam, 1986; Gil-Tena et al., 2007;
Evan et al., 2009; Lee and Carroll, 2018). Some woody patches
surrounding urban farmlands have dense vegetation with little
herbaceous ground cover. This would lower structural diversity
of vegetation within the patch, which may not be favored by
birds. Small patches of tree/shrub vegetation are often found in
residential areas. However, local people heavily use these patches
for daily recreational activities (singing, playing instrument, and
dancing) and increase the degree of human disturbance, which
can negatively affect occupancy of birds (Lee et al., 2019). Another
possibility is a seasonal effect. We performed our surveys in
winter, i.e., the non-breeding period. Birds can show seasonal
variations in their habitat preference or use (Whelan and Maina,
2005; Šálek et al., 2018). Woody vegetation may be important to
tree/shrub species during the breeding period as it could provide
critical resources such as nest sites and foods (e.g., more flowers
and small fruits in trees during spring and summer).

It is noteworthy that species richness in farmlands tended
to be low in landscapes with highly fragmented farmlands
(i.e., high patch density), whereas species richness was not
influenced by percent cover of farmlands. This suggests that birds
may be susceptible to the fragmentation of urban farmlands.
Patch density is one of landscape metrics representing habitat
fragmentation (e.g., McGarigal and McComb, 1995; Gorresen
and Willig, 2004; Wang et al., 2014; Bosco et al., 2019). Patch
density is often correlated with the habitat amount available
in a landscape lineally or parabolically (Neel et al., 2004;
Wang et al., 2014). In our study, the correlation was not
strong at the 500-m scale. The correlation between percent
cover of farmland at the 500-m scale and patch density
of farmland at the 1-km scale was also low. Wang et al.
(2014) found a weak correlation between habitat amount and
patch density when the habitat amount is 10–30%, which is
similar to our case. While this in part supports the effect
of patch density independent from the amount of farmland,

we need further investigation to verity the effect, especially at
different scales.

Overall, our study provides valuable insights into how
environmental characteristics within and surrounding an urban
farmland would affect bird diversity and abundance. With rapid
urban growth, small farmlands scattered throughout a city in
China have been increasingly converted to built-up structure.
While slightly larger-scale farmlands at city fringe areas are less
susceptible to development, these farmlands often have only 1–3
types of cash crops with little herbaceous vegetation. Our findings
suggest that creating herbaceous vegetation at field margins or
unused areas of the farmlands could improve bird diversity.
Crop diversification may also contribute to maintain populations
of some species. The habitat value of small farmlands, which
often contains different types of crops mixed with uncultivated
herbaceous vegetation, needs to be considered in urban planning.
However, we acknowledge that our study did not assess the
relative importance of urban farmlands and other green spaces
(e.g., urban forest, park, and weedy area) for the conservation
of urban bird diversity. Our study was centered on identifying
environmental drivers associated with birds in urban farmlands.
We also focused on winter bird community. Although urban
farmlands could be important to open habitat species, we do
not know how good they are at improving urban bird diversity
compared to other green spaces, how birds respond different
types of green spaces, and whether there is seasonal variation in
the responses. We recommend that a future study consider both
urban farmlands and other green spaces, by adopting a landscape
design such as sampling multiple sites within a landscape (e.g.,
2 km × 2 km in size) and surveying multiple seasons. The
landscape design requires intensive sampling (Brennan et al.,
2002); however, it will enable us to partition diversity, i.e., α

(within community) and β (among communities) diversity as
well as to compare bird diversity between different types of
green spaces. We also emphasize a need for future research on
environmental conditions of urban farmlands, e.g., agrochemical
usage and heavy metal accumulation in soil and crop, which
could be linked to air pollutants and reuse of wastewater in a city.
These conditions influence not only human health but also birds,
e.g., their chick survival, brood size, and body fat (Brown and
Jameton, 2000; Boatman et al., 2004; Mineau and Palmer, 2013;
Antisari et al., 2015). This is of particular importance to China
as the country has experienced serious environmental problems
of high air pollution and heavy usage of fertilizer, pesticide, and
herbicide (Kan et al., 2012; Lam et al., 2013). Developing eco-
friendly environmental conditions of urban farmlands could
contribute to increasing the habitat quality of these farmlands for
birds and multifunctionality of urban agriculture, improving the
sustainability of urban agroecosystems that balances agricultural
production and biodiversity conservation in a city.
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