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Abstract 

 

Driven by the unprecedented growth of human populations, cities all over the globe are 

expanding. Especially Asia and Africa are hotspots of current and future urbanization. As cities 

grow, they extend in area, sprawling into surrounding rural landscapes, creating a mosaic of 

urban developments and agricultural land-uses. At the same time, small-scale urban agriculture 

within city limits becomes increasingly popular. Given the alleged negative environmental 

impacts of urbanization, the question arises whether and how sustainable agriculture can be 

maintained in an increasingly urbanized world. In particular, functional biodiversity, 

indispensable for ecosystem services such as pollination or biological pest control, could be 

adversely affected. In my dissertation, I dwell on this question, focusing on the tropical south 

Indian megacity Bangalore. Megacities represent the most extreme form of urbanization. 

However, they have received only limited research attention so far, especially in tropical 

locations.  

As part of my dissertation, I conducted a systematic literature review on the effects of 

urbanization on pollination and pollinators and showed that urbanization is not always a threat 

for wildlife. To the contrary, I found that pollinator responses to urbanization are actually highly 

mixed with both positive and negative outcomes. Positive responses were often associated with 

urban sprawl, i.e. moderate levels of urbanization of rural, mostly agricultural land, whereas 

high levels of densification with high percentages of impervious area largely led to pollinator 

declines and loss of pollination. Furthermore, urbanization reduced pollinator diversity when 

compared to semi-natural areas, but also enhanced it when compared to intensified agricultural 

landscapes. In addition, I show that pollinator responses were commonly highly trait- and scale-

specific and identified local and landscape drivers of urbanization for pollinator diversity. I 

conclude that urbanization can be designed to be biodiversity-friendly and that it could make a 

valuable contribution to pollinator conservation, in particular in the face of the continued 

intensification of rural agriculture. However, it also became clear that qualitative research is 

missing from tropical locations in the global south. 

In my second chapter, I studied farmland birds within Bangalore’s rural-urban interface. 

As farmland birds are important biocontrol agents, they occupy a key role for sustainable 

agricultural production. I sampled birds via point counts on 36 farms across three seasons and 

along two urbanization gradients. I employed a paired site design to separate local and 

landscape effects. I found high bird species losses through urbanization. With an increase of 
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landscape-wide impervious surface area from 0 % to 20 %, farmland bird abundance and 

diversity were halved. Particularly high declines in invertebrate-feeding birds indicated a great 

decrease in biocontrol potential, especially amid the monsoon, the high crop season, during 

which I found a drop of overall bird abundance by 20 %. However, bird richness benefitted 

from woody vegetation in combination with fallow fields, which could be employed in 

conservation efforts. In conclusion, my second chapter, somewhat contrary to the encouraging 

results of the review, revealed that the urbanization of Bangalore causes dramatic, exponential 

losses of farmland birds both locally as well as on a landscape scale. A worrying finding, not 

only for bird conservation but also for urban farmers, as the provision of biological pest control 

by local bird communities may be undermined. 

Lastly, I conducted a pollinator exclusion experiment and sampled bees on small-scale 

lablab (Lablab purpureous) farms along an urbanization gradient in Bangalore. I found that 

wild bees benefited from initial to intermediate urbanization, confirming the results of the 

review. Both the abundance and richness of bees increased with increasing grey areas in the 

farms’ surroundings. In particular, large bodied and ground nesting species were more abundant 

under grey shares of up to 30 %. I argue that these positive effects were associated to a higher 

availability of forage and nesting resources near built-up areas, as well as a landscape-wide 

reduction in pesticide applications. I could also show that wild bees did significantly boost 

lablab yields and hence farmers’ income. However, I could not find any evidence for a better 

pollination due to urbanization, as pollination was unaffected by grey proportions or differences 

in local bee communities.  

Overall, I found that responses of farmland dwelling birds and bees to urbanization were 

diverged in the Bangalore area. Many of my results are partly contrasting to findings from 

temperate cities. This highlights that our knowledge of the effects of urbanization in the tropics 

is limited. In the face of dramatic urbanization prospects, more research efforts are desperately 

needed. 
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Introduction 

Background 

The world’s population continues to grow at rapid speed. Seven and a half billion people already 

inhabit the globe and until 2100 it is expected that this number will rise to 11 billion (United 

Nations, 2019). Driven by this unchecked population growth, human settlements constantly 

extent in area and density, a transition process called urbanization. Projections of future 

urbanization are astonishing. It is expected that by 2050 almost as much people will live in 

cities as currently altogether on the planet, which corresponds to a colossal 2.5 billion additional 

future city dwellers (United Nations, 2018a). However, 90 % of this dramatic increase will be 

confined to cites in developing regions in Africa or Asia (United Nations, 2018a). Here, a 

rapidly growing economy coupled with poverty and inequality lure people, that dream of better 

lives, into cities. Consequently, numerous so-called megacities have emerged in the global 

south in the last decades (Sorensen and Okata, 2011). Such mega-conurbations of urban areas, 

exceeding 10 million inhabitants, represent the most extreme form of urbanization (Kraas, 

2007).  

No other human land use form changes the physical appearance of landscapes in a more 

dramatic and persistent fashion than urbanization. Nowhere else is the human impact on the 

environment as palpable. In addition, cities ever increasing thirst for resources such as food, 

water and commodities means that their ecological impacts extent far beyond city limits 

(Cumming et al., 2014).   

Historically cities were founded near areas of very rich and arable soils, such as deltas 

or alluvial plains (Bintliff, 2014). Still most cities are embedded in productive agricultural 

landscapes that remain vitally important for global food security (Thebo et al., 2014). Yet, the 

unaltered spread of the urban sphere means that fertile agricultural lands are increasingly 

displaced by cities. Worldwide, three percent of arable lands have already disappeared due to 

urban developments and under current projections seven percent of arable lands might 

eventually be lost to urbanization (Angel et al., 2005). At the same time, urban sprawl at the 

periphery of cities creates new forms of peri-urban landscapes in which agricultural land-uses 

are increasingly intermixed with urban constructions and infrastructure. Such mixed landscapes 

will become a common and extensive phenomenon in metropolitan regions all over the world 

(Wandl and Magoni, 2017). At the same time small-scale, self-subsistence agriculture within 

city limits, so called urban agriculture also becomes increasingly popular. Overall, almost six
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percent of global croplands are situated in or near urban areas (Thebo et al., 2014), while 800 

million people earn their livelihood as urban farmers (Smith et al., 2006).  

But any form of agriculture is intrinsically dependent on the ecosystem and so-called 

ecosystem services (Vandermeer, 2011). However, urbanization is generally assumed to be 

erosive for ecosystem health and nature in general. Urban areas are associated to a whole string 

of potentially environmentally hazardous factors, such as air, noise or light pollution, urban 

warming, habitat fragmentation or soil compaction (Francis et al., 2009; Grubisic et al., 2018; 

Hamblin et al., 2018; Pickett et al., 2011). Not without reason, urbanization is regularly stated 

as one of the leading drivers of worldwide habitat destruction, biodiversity homogenization and 

biodiversity decline (McKinney, 2006). 

Although biodiversity conservation is imperative in its own right, biodiversity is also 

functionally indispensable (Schulze and Mooney, 2012). In particular, agriculture depends on 

functional biodiversity to provide crucial services, such as decomposition, crop pollination or 

biological control. Ecological functions that could be in jeopardy in increasingly urbanized 

landscapes. 

Against this backdrop, the question arises if and how agriculture can be maintained in 

and outside of urban areas. Despite its enormous relevance for global food security, as well as 

for the livelihood of millions of people, this question has so far received only limited research 

attention (Cumming et al., 2014). In particular, the new megacities of the global south are 

virtually unstudied in this regard, even though these areas are among the most biodiverse 

regions on the globe. In addition, as a large share of urbanization is yet to come, the challenge 

is also how to design the sustainable cities of the future. Cities that might be able to support 

people’s livelihoods while also contributing to the conservation of wildlife. 

My dissertation dwells on these questions. In particular, I ask how the urbanization of a 

tropical megacity shapes functional farmland biodiversity and associated service patterns along 

a dynamic rural-urban gradient. Hereby, I focus on two functionally important species groups: 

insect pollinators and farmland birds. Pollinators are believed to play a role in the pollination 

of 94 % of flowering tropical plants (Ollerton et al., 2011), while the monetary value of 

pollination services are estimated to contribute to almost 10 % of the global value of agricultural 

production (Gallai et al., 2009). Farmlands birds also provide vital services, such as biological 

pest control, seed dispersal, pollination and scavenging, but also disservices such as granivory 

(Whelan et al., 2015, 2008). Thus, both groups are indispensable for agricultural production 

and represent ideal taxon to study the effects of urbanization on functional biodiversity. 
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The FOR2432 Project 

My thesis was embedded in a larger DFG funded project, called FOR2432. The FOR2432 

project is an interdisciplinary research group that includes researchers from two German 

(University of Göttingen, University of Kassel) and one Indian university (University of 

Agriculture Sciences Bangalore). I was part of the first three-year phase of the project, which 

started in 2016.  

Focusing on Bangalore, the overarching aim of the project is to investigate how 

urbanization processes and the transition from rural to urban land uses change agricultural 

production, ecosystems and the makeup of society.  

For this purpose, the project has adopted a so called social-ecological systems 

framework (SES). Rooted in system theory an SES-framework assumes that environmental and 

societal components are closely interlinked and mutually dependent on each other (Ostrom, 

2009). Thus, the rural-urban interface of Bangalore was investigated as a coupled system of 

interrelated agro-ecological, economic, and social sub-systems. Grouped into four clusters and 

eleven subprojects the project aims to draw on and interlink the expertise of multiple 

disciplines, such as economics, social sciences, agronomy or remote sensing. 

My thesis was part of the ecologically orientated B01 subgroup. Divided into two 

subprojects, a field-study component and a modelling component, B01 focused on agricultural 

biodiversity patterns along Bangalore’s rural-urban interface. My responsibility within B01 was 

to conduct the on-site field work in Bangalore. 

 

Study area: Bangalore 

The city of Bangalore (alias Bengaluru) is the capital of the south Indian state Karnataka. 

Bangalore is situated east of the Western Ghats on the Deccan plateau on an altitude of 

approximately 900 meters. Formerly known as the ‘garden city’ or ‘city of lakes’ due to its 

many parks and water bodies, the city has experienced massive growth in the last decades (Nair, 

2005). Attracted by the relatively pleasant climate, numerous, mostly western information 

technology companies began to locate themself in Bangalore in the 1990s (Sudhira et al., 2007). 

This triggered a dramatic boom in the high-tech sector and among associated industries for the 

city and Bangalore has since become known as the ‘Silicon Valley of Asia’. Fueled by this 

development the city has grown by almost five and a half million inhabitants in just 30 year 

from 1981 until 2011 (Census of India, 2011). Today it is estimated that almost 11 million 

people live in the city, making Bangalore the third-most populous city in India (United Nations, 
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2016). Attracted by the opportunities of such a big city, Bangalore has drawn in people from 

all areas of India and the city has become a melting pot of cultures, religions, and languages 

(Nair, 2005). But Bangalore’s rapid urbanization also comes with problems. Air pollution, 

waste management, traffic jams and in particular water scarcity all have developed into pressing 

issues (Nagendra et al., 2012a, 2007; Sudhira et al., 2007).  

However, for the FOR2432 project Bangalore was the ideal in-situ laboratory. Here, 

most key characteristics of a rapid urbanization are present, while the city is still embedded in 

an agricultural landscape. Furthermore, as Bangalore continues to grow rapidly many 

urbanization processes that elsewhere took decades to unfold can here be observed at much 

higher speeds almost at real time. In addition, the conditions in Bangalore can largely be 

considered exemplary for other developing megacities in south Asia. 

Two research transects that cover a rural-urban gradient were established as part of the 

project. Both transects start within a highly urbanized context and extent approximately 40 km 

to the north and south into the rural matrix (Fig. 1). The majority of research efforts conducted 

within the entire project concentrated on these two transects. Additionally, a large agronomical 

experiment was set-up on the campus of the local partner Institution, the University of 

Agricultural Sciences Bangalore (UASB), which is situated at the base of the north transect 

(Fig. 1). Housing and storage facilities were also provided here by the partner institute and for 

most subprojects, mine included, the campus became a starting point and base for most research 

activities. 
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Figure 1: Satellite picture of Bangalore and the study locations. Farm sites are shown in yellow, lablab 

field in turquoise. The UASB campus is highlighted with a red diamond. Transect outlines (N & S) are 

marked in black. The location of Bangalore in south India is highlighted with a red star in the upper box. 

 

Bangalore 



Introduction 

12 

 

Course of my field studies 

My field work in Bangalore can be roughly divided into three phases or work packages. Starting 

in June 2016, my first task, in close cooperation with other project members was to select 36 

agronomic study sites within the transects. The original idea was to select spatially paired 

mono- and polycultures under different irrigation schemes. However, we quickly abandoned 

this idea as it did not reflect local realities. We discovered that the rural-urban interface of 

Bangalore is indeed a highly dynamic, constantly changing landscape that is temporally very 

unpredictable. In numerous field trips and dialogs with farmers we learned that farming 

practices fluctuate dramatically according to water and labor availability and constantly 

changing market prices. Depending on these factors, farmers decide spontaneously and almost 

intuitively if and what they would grow. In addition, close to the city, most farmlands are 

already sold due to ever rising land prices, making it very difficult to find suitable sites in direct 

proximity to urban areas. Thus, we had to adapt our approach. In the end we decided to employ 

a paired site design, in which we locally paired farms according to contrasting built-up 

intensities in their immediate surroundings. Our hope was that this design would enable us to 

investigate both local and landscape level effects of urbanization. In addition, we only selected 

farms that grew pollinator dependent vegetables. Next to the selection of sites, I also used this 

first phase of my dissertation to acclimatize myself to the city, find local field-assistant, meet 

with local partners, and organize transportation, equipment and accommodation. 

The second major work package, which took place between April and August 2017, was 

to conduct a pollination phytometer exclusion experiment within the selected sites. Phytometer 

experiments aim at directly quantifying pollination services to flowering crops by comparing 

fruit development and yields under different pollination treatments (pollinator exclusion, open 

pollination and ideally hand pollination). For this purpose, we selected cucumbers and chilies 

at first, as both crops are common in the area, while also being strongly dependent on insect 

pollination. We established four by four-meter plots within each of the selected farm sites in 

which we grew our phytometers (Fig. 2 f). However, we underestimated the effort necessary to 

manage 36 small agricultural plots scattered over such an extensive area. Even with a team of 

five assistants we were not able to bring the experiment to a successful end, as unusual dry 

weather, miscommunication with farmers and chronic traffic jams did not help our course. 

However, informed by our previous mistakes we repeated the experiment during the post-

monsoon months of the same year (September 2017 – January 2018). This time we decided to 

use a drought resistant Fabaceae bean commonly grown in the area, namely Lablab (Lablab 
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purpureous). We adopted a two-pronged approach in which we used potted lablab plants on the 

same 36 selected farm sites (Fig. 2 e), while also monitoring random lablab plants within 30 

additional selected lablab fields (Fig. 2 g). In particular, the second approach of sampling 

already existing lablab fields yielded robust data. Here, we were also able to collect extensive 

information on the lablab visiting bee communities, something we struggled to do with the 

potted plants, as their limited floral display did not attract much attention from pollinators. 

Consequently, I only present the data collected in lablab fields within this thesis. 

As the last major work package, I conducted a study on farmland birds occurring on the 

selected 36 farm sites. With the great help of a local, highly motivated ornithologist, we were 

able to collect an extensive data set on the diversity of farmland birds. Using 15-minute long 

point counts we completed six individual sampling rounds spread over a full year (September 

2017 – October 2018), including all three seasons (summer, monsoon, winter).  

Lastly, next to these three mayor work packages I also supervised the master thesis of 

an Indian student. We used yellow colored pan traps to sample bee communities on 131 fields 

in both transects. All sampled fields belonged to farmers that have participated in an extensive 

socioeconomic survey, which has been conducted by other project members. The data we 

collected on bees was later used to produce a manuscript that links local farming decisions to 

landscape wide biodiversity outcomes. This is one of the only interdisciplinary manuscripts that 

was produced during the first project phase. 

Altogether, aggregated over the course of six separate stays in India I spend one full 

year working in Bangalore to complete all necessary work packages. Impressions of local 

conditions and field work are given at the end of the introduction (Fig. 2). 

 

Outlook on chapters 

Over the course of my dissertation I completed four separate manuscripts as first author. 

The first manuscript, which is presented here in chapter I entitled ‘How urbanization is 

driving pollinator diversity and pollination – A systematic review’ was a systematic literature 

review. The motivation of this study was, at an early stage of my dissertation, to gain an 

overview over the existing trends in urban pollinator research as well as to identify potential 

research gaps to inform my own field research in Bangalore.  

In the second manuscript, presented in chapter II and entitled ‘High losses of farmland 

birds along an urbanization gradient in a tropical megacity’, I used the point count data on birds 

to analyze how the diversity of farmland birds is affected by the urbanization of Bangalore. 
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Specifically, I investigated how the landscape context of farms shapes farmland bird 

communities and if different bird guilds are affected differently according to their life history 

traits. 

The third manuscript, entitled ‘Bee diversity benefits from urbanization along a rural-

urban gradient in a tropical megacity’ is presented in chapter III. Here, using the data of the 

lablab phytometer experiment I examine how the diversity of lablab visiting bees and their 

associated pollination services change along Bangalore’s rural-urban gradient.  
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Figure 2: Impressions of local conditions and field work. An example of rural tomato and millet 

fields in the southern transect (a). Example of an urban cucumber farm in the north (b). Field 

assistants (c). A carpenter bee visiting a lablab flower (d). Potted and caged lablab phytometer 

plants (e). Four by four meter plot with cucumber and chili phytometers (f). Exclusion treatment 

within the lablab fields (g). 

(a) (b) 

(c) (d) (e) 

(f) (g) 
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Abstract 

Urban areas are growing worldwide and alter landscapes in a persistent fashion, thereby 

affecting biodiversity and ecosystem services such as pollination in a little understood way. 

Here we present a systematic review of the peer-reviewed literature to identify the drivers of 

urban pollinator populations and pollination. A total of 141 studies were reviewed and 

qualitatively analyzed. Pollinator responses to urbanization were contrasting. We contend that 

positive responses were often associated with urban sprawl, i.e. moderate levels of urbanization 

of rural, mostly agricultural land below 50 % impervious surface, whereas high levels of 

densification with high percentages of sealed and built-up area (above 50 %), largely led to 

pollinator declines and loss of pollination services. Further, urbanization generally reduced 

pollinator diversity when compared to natural or semi-natural areas, but enhanced it when 

compared to intensified agricultural landscapes. In addition, pollinator responses were 

commonly highly trait- and scale-specific. Cavity nesters and generalist species usually profited 

more from urbanization than ground nesters and specialists. Overall, urban pollinator 

communities still seem to provide sufficient pollination services to wild vegetation and crops. 

Pollinator diversity generally increased with the amount of urban green spaces at the landscape 

scale, and locally with availability of nesting resources and flowering plants. Positive effects of 

floral additions were largely independent of the plant’s origin, whether native or non-native. 

Only a few studies included landscape configuration. Likewise, abiotic urban drivers, e.g. heat 

island effects and air and light pollution, remain little studied. Tropical and developing regions, 

most heavily impacted by current and future urbanization, are strongly underrepresented. We 

conclude that biodiversity-friendly urbanization can make a valuable contribution to pollinator 

conservation, in particular in face of the continued intensification of rural agriculture. 
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Introduction 

The worldwide expansion of urban areas continues to accelerate at a dramatic scale. Today, half 

of the global population is living in cities and by 2050 as many people will live in urban areas 

as currently live on the entire planet (United Nations, 2018b). As no other anthropogenic land-

use alters landscapes in a more radical and persistent fashion, urbanization could have severe 

consequences for biodiversity and thus for ecosystem health and functioning (Mcdonald et al., 

2008). This has sparked a considerable increase in research efforts on urbanization in the last 

years. Especially, its impact on the vital group of pollinators has been a subject of great debate. 

Animals are thought to be involved in the pollination of 87 % of the world’s wild plants 

(Ollerton et al., 2011) and an estimated 70 % of global crop species dependent on pollination 

to some extent (Klein et al., 2007). However, significant declines have been reported for 

numerous pollinator groups in recent times (Potts et al., 2010). Substantial public concern has 

since been sparked over possible implications for plant and food production and how to preserve 

pollinators.  

Urbanization is repeatedly stated as one potential driver of this “pollinator crisis” 

(Tylianakis, 2013). At the same time urban agriculture is growing in importance, particularly 

within the urbanization “hotspots” of Asia and Africa (van Veenhuizen, 2006). An estimated 

15 - 20 % of global food production already takes place in or near urban areas (Armar-Klemesu, 

2000), and worldwide, approximately 800 million people earn their daily livelihood as urban 

farmers (Smith et al., 2006). Nevertheless, the ability of urban ecosystems and urban dwelling 

pollinators to provide pollination services is understudied. In this context, many researchers 

have recently turned their attention to cities and their potential impacts on pollinators and 

pollination. However, research outcomes are extremely mixed and contradictory with solid 

evidence for positive and negative, as well neutral impacts. On one side, many researchers see 

great potential in urban areas to be a pollinator refuge and call for urban conservation programs, 

especially against the background of modern, intensive agriculture and an increasingly 

simplified countryside (Hall et al., 2016). On the other side researchers take the view that 

urbanization is a significant threat to pollinators and predict future species losses (Bates et al., 

2014; Desaegher et al., 2018). Thus, the suitability of urban areas for pollinators and their 

response to urbanization remain controversial issues. 

The objective of this review is to help clarify this issue by summarizing the available 

published peer-reviewed literature on urban pollinators. We aim at providing a qualitative 

assessment of the current state of knowledge in this field and at identifying the main urban 
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drivers of pollinator diversity, health, behavior and pollination service provisioning to urban 

agriculture and urban vegetation in general. Furthermore, we ask what the causes of these 

contradictory results are and which underlying patterns and mechanisms can be found. Finally, 

we want to determine potential knowledge gaps and synthesize implications for future studies. 

Previous reviews in this field include an analysis of bees’ responses to anthropogenic 

disturbances (Winfree et al., 2009), a review on urban drivers of plant-pollinator interactions 

(Harrison and Winfree, 2015), as well as a paper of Hernandez et al. (Hernandez et al., 2009) 

that focus on the ecology of urban bees. These reviews are closely related, but they all have a 

limited or very specific scope on urban pollinators. To our knowledge, no other review has yet 

compiled a comprehensive overview of this subject. Furthermore, the majority of articles 

considered in this review have been recently published and are thus not covered by older works. 

Nevertheless, this review might include some overlaps to the aforementioned articles. 

 

Methods 

We based our review on an ISI Web of Science literature search using the search string: “urban* 

AND pollinat*" (last accessed 12th October 2018). We tested more complex search strings that 

included additional terms like “city” or “*bee” but found no relevant studies that were not 

already included in the previous search results. Overall, our query gave a holistic overview on 

the field of urban pollinator ecology. 

We did not set any limitation on the year of publication or study location. Initially our 

search query returned 693 papers. Our criteria on whether or not to include papers in the review 

process were that studies: i) had a focus on flower-visiting insects, ii) provided observational 

or experimental field data on flower-visiting insects, iii) were at least partly carried out in an 

urban or semi-urban setting, iv) were quantitative and reported statistical results, v) were 

published in international peer-reviewed journals, and vi) were retrievable. If articles were not 

available online, we directly contacted the corresponding authors. After application of our 

inclusion criteria we retained a total of 141 studies for our review (see Sup. I.1 for a complete 

list). 

We categorized all studies into four broad thematic groups according to their 

overarching topics: 1) “biodiversity studies” had a focus on pollinator richness, abundance, 

community composition, or functional traits, 2) “plant-pollinator studies” dealt with pollination 

services provisioning, flower choice or flower visitation, 3) “behavioral studies” investigated 

foraging ranges, flight patterns, nesting or colony development and 4) “other topics”. We placed 
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papers in multiple groups in cases where their research conformed to two or more of these 

thematic categories. 

We rated studies’ results on the suitability of urban areas as habitat for pollinators by 

categorizing them as either “positive”, “negative” or “neutral”. If we could not determine a 

clear directionality, for example in cases of complex and mixed responses, we rated studies as 

“neutral”. 

We decided to restrain from any further quantitative assessments due the heterogeneous 

nature of the underlying studies. Even if studies used the same basic design (i.e. gradient 

studies), they still varied strongly in other aspects of their methodologies (i.e. taxa, outcomes, 

spatial and temporal scales). Overall, this rendered a meta-analysis unfeasible and we decided 

to limit our review to a qualitative or semi-quantitative analysis only.  

 

Results & Discussion 

General overview 

The earliest studies were conducted in the year 2001. Studies were published in 61 different 

journals. Most studies were conducted in temperate and developed countries (117 and 120 

respectively), while tropical and developing study locations were less common (24 and 21). 

Development status was based on United Nations’ World Economic Situation and Prospects 

(2018). Most studies took place in Europe and North America (58 and 57). Fifteen studies were 

conducted in South- and Mesoamerica. Only five studies were conducted in Asia, five in 

Oceania and one in Africa (Fig. I.1). 

Overall, we rated 49 studies as positive (35 %), 26 as negative (18 %) and 66 as neutral 

(47 %) towards urbanization. Thematically, biodiversity studies were the most numerous (81 

studies: 43 % positive, 21 % negative, 36 % neutral) followed by plant-pollinators studies (40 

studies: 23 % positive, 9 % negative, 68 % neutral). Behavioral studies were relatively few (16 

studies: 56 % positive, 44 % neutral). We classified 16 studies under “others” (19 % positive, 

37 % negative, 44 % neutral).  

Investigated taxa vary but most papers studied bees or specific subgroups of bees, most 

notably bumble bees or honey bees (99 studies). Other pollinator groups like flies, beetles, 

wasps or moths and butterflies received considerably less attention from researchers and were 

only examined in a handful of articles (11 studies). However, a large portion of papers 

considered flower-visiting insects in general, without special emphasis for an individual group 

or species (35 studies). Few papers only targeted a single pollinator species.  
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Figure I.1: Expected urban population growth in millions until 2050 (United Nations 2018: red colors – top 50 

countries) and number of pollinator studies in urban landscapes per country. For visual clarity, the numbers of 

studies in Europe and South-East-Asia have been aggregated (blue circles). 

 

 

Pollinator responses 

Pollinator responses to urbanization were in general highly mixed. Authors’ conclusions reach 

from calls for urban conservation schemes (McFrederick and LeBuhn, 2006; Sattler et al., 2011; 

Sirohi et al., 2015) and the view of the city as a potential refuge (Baldock et al., 2015; Hall et 

al., 2016) at one end of the spectrum to predictions of significant species losses (Cardoso and 

Gonçalves, 2018; Lagucki et al., 2017; Martins et al., 2013) and the view of cities as ecological 

sinks or traps (Bates et al., 2014) at the other end. From the 141 studies in our review, 74 studies 

did directly quantify pollinator responses to urbanization. Out of this subset of 74 studies, 24 

% judged urbanization as negative, 37 % as positive and 39 % as neutral for pollinators.  

What causes these contrasting responses and leads to such divergent research 

perceptions? We contend that pollinator responses varied largely due to two key attributes of 

the underlying study system: the state of naturalness of the non-urban control habitat and the 

progression of urban densification (Fig. I.2). Urban densification describes an increase of 

intermediate urbanization levels within a limited area and is opposed to urban sprawl (Vergnes 

et al., 2014).  

Positive biodiversity outcomes were repeatedly connected to moderate or intermediate 

levels of urbanization, associated to urban sprawl (Carper et al., 2014; Fortel et al., 2014; 

Lowenstein et al., 2014; Martins et al., 2017; Sing et al., 2016; Theodorou et al., 2016). Urban 
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sprawl, the initial phase of urbanization, usually takes place at the city margins and results in 

low density, open residential housing areas, exhibiting only 20 to 50 % impervious surface. 

These areas were shown to favor pollinators due to large proportions of beneficial habitats, rich 

in forage and nesting resources, such as gardens, parks or extensive green areas, as well as 

remnant patches of native habitats (Kaluza et al., 2016; Majewska et al., 2018; Matteson et al., 

2013; Pellissier et al., 2013). Furthermore, they maintain a high degree of connectivity between 

them, as well as to the surrounding countryside, potentially further fostering species diversity 

by maintaining access to more and different resources (Hinners et al., 2012), as well as allowing 

for colonization from any available source habitats. Some authors also argue that the positive 

biodiversity responses to intermediate urbanization levels and urban sprawl could be linked to 

the intermediate disturbance hypothesis (Banaszak-Cibicka et al., 2018; Winfree et al., 2007). 

The theory states that intermediate disturbances, here in the form of moderate urbanization, 

facilitate biodiversity by increasing environmental heterogeneity. However, higher levels of 

urbanization (above 50 % impervious surface) and disturbance as a result of progressing urban 

densification led to negative responses in pollinator diversity, as shown in many studies (Bates 

et al., 2011; Glaum et al., 2017; Lagucki et al., 2017; Matteson et al., 2013; Sing et al., 2016). 

In the course of urban densification, beneficial habitats are increasingly replaced by impervious 

surface and abiotic elements with little to no flowering or nesting resources. Remaining habitat 

patches are also increasingly isolated and fragmented within a dense urban matrix, further 

disfavoring pollinator diversity (Fortel et al., 2014). Overall, due to their opposing impacts on 

pollinators, we think it is necessary to distinguish between two different forms of urbanization: 

urban sprawl and urban densification. 
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Figure I.2: Hypothesized patterns of biodiversity responses to urban transformation with different start points 

(natural or semi-natural areas vs. intensively managed modern agricultural landscapes) and ends (urban sprawl 

with 20-50% impervious surface vs. urban densification with impervious surface larger than 50 %). 

 

In addition, valuations of diversity outcomes were determined by the state of naturalness 

of the respective control habitat, i.e. the non-urban habitat considered. Responses were 

frequently negative, independent of urbanization intensity, in cases when urban pollinators were 

compared to pollinators from natural or semi-natural habitats (McIntyre and Hostetler, 2001; 

Tonietto et al., 2011; Verboven et al., 2014b). Simultaneously, responses were often positive 

or neutral, even when compared to highly urbanized areas, if the control habitat consisted of 

rural and thus mostly agricultural land uses (Baldock et al., 2015; Crowther et al., 2014; Ferreira 

et al., 2013; Tangtorwongsakul et al., 2018). Modern agriculture, particularly in densely 

populated areas and adjacent to cities, is often highly intensified and characterized by high 

levels of agrochemical inputs, monocultures and large fields (Cumming et al., 2014). 

Urbanization of such resource-poor landscapes could increase habitat and resource availability 

for pollinators and thus drive positive diversity responses. Findings of higher reproductive 

success, colony growth and survival of bumble bees in urban than agricultural land support this 

(Goulson et al., 2002; Samuelson et al., 2018), based on experimentally exposed nesting 

resources. Overall, urban areas have been shown to maintain a relatively high degree of 

pollinator diversity, higher than levels found in most rural and agricultural areas, but lower than 

in natural or semi-natural habitats (Figure I.2).  
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Few studies (15 studies – 11 %) quantified changes in the provisioning of pollination 

services with urbanization. Most of these studies focus on the pollination of native herbaceous 

non-food plants and while the number of studies is limited, a large proportion did not find 

negative effects of urbanization on native plant pollination (we rated 7 studies as positive, 7 as 

neutral and only 1 as negative). Most authors claim that pollination services can be maintained 

and ensure reproduction of most non-crop plant species within urbanized landscapes 

(e.g.Verboven et al. 2012, Lowenstein et al. 2014, Verboven et al. 2014a, Desaegher et al. 

2017). However, high levels of fragmentation and housing densities, as result of urban 

densification, also had negative impacts on pollination (Pellissier et al., 2013)  as well as on 

flower visitation (Andrieu et al., 2009). There are also single reports of dilution effects and 

reduced pollination efficiency due to an excessive supply of floral resources in garden rich areas 

(Leong et al., 2014), which could be of particular relevance for urban crop production. 

However, in general urban pollinators appear to provide sufficient pollination services to urban 

agriculture (Lowenstein et al., 2015; Potter and LeBuhn, 2015). Reports of spillover effects of 

urban pollinators to rural crop fields even highlight the potential for neighboring rural 

agriculture to profit from a rich urban pollinator community (Langellotto et al., 2018; Pereira-

Peixoto et al., 2014).  However, it is also noteworthy that pollination within an urban setting 

could also constitute a disservice or nuisance, i.e. in case of unwanted propagation of certain 

plants, such as invasives or notorious weeds.  

 

Trait shifts 

Species responses were also highly trait-specific (Banaszak-Cibicka et al., 2018), a further 

reason that may explain mixed research outcomes. While some ecological traits appear to 

facilitate survival and colonization of pollinators in urban landscapes, others seem detrimental. 

Urbanization can thus act as a filter on pollinator communities, promoting some species, while 

discriminating others (Tab. I.1).  

Nesting strategy seems to be of great importance. Ground-nesting species (75 % of all 

bee species) were repeatedly shown to be negatively influenced by urbanization, whereas 

cavity-nesting species were found to be more abundant (Banaszak-Cibicka and Zmihorski, 

2012; Cane et al., 2006; Cardoso and Gonçalves, 2018; Hinners et al., 2012; Wojcik, 2011). 

Urban landscapes can offer a wide variety of nesting opportunities in form of built structures, 

cracks and crevices, which benefit cavity nesters. Conversely, bare soil is replaced by 

impervious surface or intensively managed lawns, generally leaving less suitable areas for 
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ground nesters (Hinners et al., 2012). Non-sealed surface extent thus becomes an important 

factor in promoting ground nesting pollinators in urban environments (Neame et al., 2013; 

Rocha-Filho et al., 2018). 

 

Table I.1:  Pollinators species’ traits that have been shown to be affected by urbanization and their respective 

drivers. Plus signs indicate positive responses of species that have a particular trait, minus signs negative responses. 

The number of signs indicates how frequent the specific effect has been reported in the reviewed literature. 

 

Trait Effect Drivers Reference 

Nesting strategies 

Cavity nesting +++ More cavities in urban areas due to buildings and 
constructions 

Banaszak-Cibicka & Zmihorski 
2012, Cane et al. 2006, Cardoso 
& Gonçalves 2018, Hinners et 
al. 2012, Wojcik 2011 

Soil nesting --- Less bare soil due to high proportion of sealed 
surfaces or high intensity lawns 

Foraging strategies 

Specialization -- Native food plants are largely replaced by 
horticultural and exotic varieties 

Banaszak-Cibicka & Zmihorski 
2012, Bergerot et al. 2010, 
Geslin et al. 2013, Wray & Elle 
2015 

Generalization +++ Increases survival in heterogeneous urban 
landscapes characterized by scattered and very 
diverse floral resources. 

Others 

Sociality + Sociality permits ecological flexibility in 
heterogeneous urban areas. 

Banaszak-Cibicka & Zmihorski 
2012, Hinners et al. 2012, 
Cardoso & Gonçalves 2018 

Body size +/- Small sizes of habitat patches are not sufficient to 
satisfy resource demands of large species. 
However, large bodied species are more mobile and 
better adapted for traveling between patches. 

Banaszak-Cibicka & Zmihorski 
2012, Geslin et al. 2016, 
Hinners et al. 2012,  Martins et 
al. 2013, Merckx et al. 2018 

Phenology ++ Urban warming and exotic flowers extend flight 
periods until late in the year 

Stelzer et al. 2010, Wray & Elle 
2015  

 

 

Diet breadth was a further pivotal trait. Frequently, urban areas were found to be 

dominated by generalist species and an increase in generalism (Banaszak-Cibicka and 

Zmihorski, 2012; Bergerot et al., 2010; Geslin et al., 2013; Wray and Elle, 2015), while species 

with narrow diet breadths and specialized foraging strategies were negatively impacted by 

urbanization. Studies of urban plant-pollinator interaction networks also indicated lower 

network level specialization than rural or semi-natural habitats (Baldock et al., 2015), increased 

flower-visitor generalism and a predominance of generalized pollinator taxa in urban areas 

(Geslin et al., 2013; Jain et al., 2016; Jędrzejewska-Szmek and Zych, 2013). Multiple 

explanations are discussed. For example, Geslin et al. (2013) argue that this could be either due 

to changes in urban communities towards a dominance of species with broad ecological niches, 
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more suited to cope with the challenges of heterogeneous urban landscapes, or due to a change 

in foraging behavior of some species as a reason of increased competition for scattered floral 

resources. Banaszak-Cibicka and Zmihorski (2012), on the other hand, claim that an increase 

in generalist species might simply be driven by the dominance of exotic and horticultural 

flowers in urban habitats, a common trait of urban vegetation that will be discussed in more 

detail below.  

Authors also found an increase in social species in urban areas (Banaszak-Cibicka et al., 

2018; Banaszak-Cibicka and Zmihorski, 2012; Hinners et al., 2012). This might be due to the 

simple fact that social species are in general more abundant and ecologically dominant than 

solitary bee species (Chapman and Bourke, 2001). Hinners et al. (2012) report that the 

dominance of social species observed in their sample was simply driven by numerically 

abundant Halictus bees that had become dominant in species-poor areas. Sociality also permits 

behavioral and ecological flexibility and might thus facilitate survival in urbanized 

environments (Banaszak-Cibicka and Zmihorski, 2012). 

Urbanization affects also the phenology of pollinators, mediated by changes in plant 

phenology due to urban warming (Luder et al., 2018). Surprisingly, long flight periods and late 

emergence times were typical for urban communities, while early-flying pollinators were more 

restricted to natural habitats (Banaszak-Cibicka et al., 2018; Harrison et al., 2018; Wray and 

Elle, 2015). Banaszak-Cibicka and Zmihorski (2012) found that species that start their activity 

late in the season preferred the city center. This is contrary to what one would expect given 

urban heat island effects. But early emerging pollinator species often depend on spring 

blooming trees and shrubs as their main food source, a resource which can be scarce in dense 

urban areas, which are more dominated by annual ornamental plants (Banaszak-Cibicka and 

Zmihorski, 2012). Urbanization is thus filtering against early emerging species. On the other 

hand, urban floral resources remain available until late in the year, while floral resources in 

natural sites decline sooner, explaining the prolonged flying seasons (Wray and Elle, 2015). In 

a study in urban Britain, bumble bees queens and workers were even observed to be active 

during winter months, possibly indicating that rich winter foraging resources in urban parks can 

support a second generation of bee colonies (Stelzer et al., 2010).  

Some authors also report reductions in large-bodied species (Banaszak-Cibicka et al., 

2018; Banaszak-Cibicka and Zmihorski, 2012; Geslin et al., 2016; Hinners et al., 2012; Martins 

et al., 2013). This could be related to the often small size of resource rich habitats within the 

urban matrix, which might not be sufficient to account for the higher resource demands of larger 
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species. In contrast, Merckx et al. (Merckx et al., 2018) found increased body sizes, both at the 

inter- and intraspecific level for urban macro-moths. Large species are usually more mobile, 

which could mitigate resource patch isolation in fragmented urban landscapes. Large bodied 

bumble bees were also shown to benefit from urbanization when not limited by nesting 

resources (Crowther et al., 2014). In summary, the effect of urbanization on body size is 

disputable and demands further verification given its implications for the provision of 

pollinating services.  

 

Native vs. exotic flowers 

The large proportion of exotic and horticulturally modified flower species in urban areas could 

potentially impact native pollinators negatively, e.g. through displacement of endemic plants 

that pollinators are adapted to (Jain et al., 2016). Several studies addressed this issue but many 

come to the conclusion that the majority of pollinators do not discriminate between flowers of 

native or non-native origin within an urban setting and that exotic or horticultural flowers are 

not necessarily less attractive to urban pollinators (Garbuzov et al., 2015; Garbuzov and 

Ratnieks, 2014; Hinners and Hjelmroos-Koski, 2009; Majewska et al., 2018; Martins et al., 

2017; Matteson and Langellotto, 2011). Thus, the great majority of floral additions, regardless 

of their origin, could help maintain a rich pollinator community in urban areas. Nevertheless, a 

few highly specialized pollinator species, which depend on individual plant species for feeding 

or as larval host plants, can be disfavored by a prevalence of exotic flowers (Chrobock et al., 

2013; Fukase and Simons, 2016; Rocha-Filho et al., 2018). Therefore, some studies recommend 

that it would be better to prefer native over exotic plants in urban conservation measures to 

promote as many species as possible (Hanley et al., 2014; Jain et al., 2016). Floral morphology 

is a further selection criterion for urban flower additions, although this aspect is less studied in 

the reviewed articles. But works of Comba et al. (1999a and 1999b) and Corbet et al. ( 2001) 

found that single flowering plants have a higher nectar secretion and receive more insect visits 

than double-flowering cultivars with an elevated number of petals. Furthermore, they 

recommend deep flowers to promote long-tongue bees such as certain bumble bee species 

(Corbet et al., 2001). It is also noteworthy that some highly-bred ornamental plants do not 

develop any pollen or nectar anymore, rendering them useless for pollinators.  
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Local and landscape drivers 

At the landscape scale, pollinator outcomes were mostly influenced by urbanization intensity 

(Tab. I.2). Urbanization intensity can be seen as a proxy for the share of abiotic, man-made 

elements in a landscape and was most often quantified as the proportion of impervious surface 

(Geslin et al., 2016). However, studies varied in how they measured impervious surface. For 

instance, some studies performed classifications of satellite or aerial imagery for this purpose 

(Threlfall et al., 2015), while others simply merged urban land use classes obtained from public 

data sources (Desaegher et al., 2017). Such varying methods might lead to over- or 

underestimation of urbanized areas, which could have implications for study outcomes and 

comparisons. A further landscape element that was repeatedly found to positively influence 

pollinators was the landscape share of green areas (Banaszak-Cibicka and Zmihorski, 2012; 

Matteson et al., 2013; Sivakoff et al., 2018; Stewart et al., 2018). In contrastto urbanization 

intensity, green area extent can be seen as a proxy for the share of biotic, natural elements in a 

landscape, presumably rich in resources. However, a caveat of green area estimations is that 

they usually do not take into account the quality of the respective green area (i.e. golf course 

vs. garden). In addition to their proportional cover, the configuration of green areas is a further 

important driver of patterns in pollinator diversity. For example, green areas that stretch from 

the city margins towards the center can act as important corridors that promote pollinator 

diversity in central urban areas (Banaszak-Cibicka et al., 2016). Green spaces, such as parks 

and gardens can potentially be stepping-stones that penetrate the dense urban matrix and allow 

for the colonization of the city center from the belt of suitable habitats found at city margins, 

dominated by urban sprawl. The importance of configurational aspects is also highlighted by 

the work of Soga et al. (Soga et al., 2014). They distinguish between urban land-sharing (all 

lands developed equally) and urban land-sparing (maximal urbanized and non-urban “set-

aside” areas) and show that these approaches have significant implications for urban 

biodiversity, with higher total population sizes under land sparing. Unfortunately, such aspects 

have been rarely investigated by the reviewed studies, which mostly focus on the composition 

of urban matrices, while neglecting the configuration.  
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Table I.2: Urban drivers of pollinators and pollination 

 

 

 

At the local scale, it was the availability of floral and nesting resources that was 

repeatedly shown to be of importance for the presence of a diverse pollinator community (Ahrné 

et al., 2009; Bates et al., 2011; Hülsmann et al., 2015; Theodorou et al., 2017; Wojcik et al., 

2008). Studies conducted in flower-rich urban habitats all found a high diversity of pollinators, 

often higher than those in non-urban habitats (Baldock et al., 2015; Carper et al., 2014; Goulson 

et al., 2002). In particular, flowering city trees were found to play an important role as food 

source, as their flower density per area exceeds that of any herbaceous species (Hausmann et 
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al., 2015; MacIvor et al., 2014). Spring flowering tress also provide valuable resources during 

times of colony foundation of social insects, while trees that flower late can help mitigate food 

scarcity in late summer (Somme et al., 2016). Nesting site availability, usually measured in the 

form of bare ground cover or cavity abundance (Everaars et al., 2011; Quistberg et al., 2016; 

Theodorou et al., 2017; Vieira et al., 2016) had a similar positive influence on pollinator 

diversity locally (Table I.2).  

Pollinator interactions or pollination were also dependent on the landscape context 

(Fitch, 2017). Similar to biodiversity, outcomes of pollination experiments, such as yield and 

fruit or seed set were mediated by the extent of green spaces (Hausmann et al., 2015; Hennig 

and Ghazoul, 2011) and semi-natural areas (Phillips and Gardiner, 2015) at the landscape, as 

well as floral richness and abundance at the local scale (Hennig and Ghazoul, 2012; Lomov et 

al., 2010; Wojcik et al., 2008). 

A handful of papers compared the predicting power of landscape variables (i.e. 

impervious surface or green area extent) against local scale predictors (i.e. availability of floral 

resources or nesting sites). They unanimously found that landscape variables  performed worse 

than the local predictors (Ahrné et al., 2009; Everaars et al., 2011; Hülsmann et al., 2015; 

Quistberg et al., 2016; Shwartz et al., 2013). Many studies thus conclude that the presence of 

beneficial local habitat features can outweigh potential negative effects of urbanization at larger 

scales (Blackmore and Goulson, 2014; Gunnarsson and Federsel, 2014; Muratet and Fontaine, 

2015; Shwartz et al., 2013; Williams and Winfree, 2013). As a result, pollinators could be 

promoted by small-scale and cheap measures that would be relatively easy to implement, while 

“hard-to-change” factors, like the general composition of the urban matrix may not necessarily 

limit the effectiveness of local conservation measures (Makinson et al., 2017). Examples of 

such measures that could also be implemented by individual urban households include a 

reduction in the mowing frequency of lawns, termed the “lazy lawnmower” approach (Lerman 

et al., 2018), small-scale floral plantings (Simao et al., 2018), wildflower seed mixes 

(Blackmore and Goulson, 2014), tolerance of lawn owners towards wide spread lawn weeds, 

such as dandelions and clover (Larson et al., 2014), or the use of perennial ground cover plants 

in gardens (Masierowska et al., 2018). 

In short, urbanization per se does not appear to drive pollinator occurrences, but rather 

how green fragments, rich in nesting and food resources are distributed and locally connected 

within an otherwise hostile landscape matrix. 
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Knowledge gaps and future research 

Urban pollinator ecology is a rapidly developing field, yet large knowledge gaps remain. 

Especially, the urbanization “hotspots” of Africa and Asia are still dramatically understudied 

(we only found one study in Africa and five in Asia). Furthermore, the effects of abiotic factors 

on pollinators have been seldomly studied in urban areas. For example, despite studies 

indicating that species specific heat tolerance strongly shapes urban bee communities (Hamblin 

et al., 2017) and that site temperature can potentially be more important for predicting pollinator 

responses than impervious surface or floral resources (Hamblin et al., 2018), site temperatures 

were hardly considered in any other of the reviewed studies. Pollution, in the form of air, noise, 

soil and light contamination, is a further characteristic element of urban environments and some 

initial work showed that it may significantly influence pollinators and pollination services 

(Altermatt and Ebert, 2016; Grubisic et al., 2018; Hladun et al., 2015; Morgano et al., 2010; 

Sivakoff and Gardiner, 2017). Urban pesticide use, especially on lawns, could also have adverse 

effects on urban pollinators (Larson et al., 2014). Therefore, we suggest that future urban 

pollinator research should pay more attention to such pollutants or abiotic factors. In addition, 

more research on the configuration of the urban matrix and habitat isolation and their effects 

on pollinators is needed. As cities are three-dimensional landscapes, building height is a further 

aspect that needs to be considered in this context, particularly as high-rise buildings could 

significantly impair pollinator movement and thereby increase habitat fragmentation. An 

example of a way to include building heights into measures of urbanization can be found in the 

work of Matteson et al. (2010), who used “building units” that represent the number of all 

residential, commercial and office spaces within a building. Since tall buildings usually contain 

a higher number of such spaces, the index thus also becomes a proxy of vertical urbanization 

intensity. Future studies should also include non-bee taxa, as other pollinator groups like 

beetles, butterflies and, in particular, flies were largely neglected in the reviewed studies. This 

contrasts with their high potential to provide pollination services in anthropogenic habitats 

(Orford et al., 2015; Ssymank et al., 2008). Additionally, not all bees necessarily provide 

pollination services. For instance, cleptoparasites only visit flowers occasionally, but prey on 

other bees, potentially reducing overall net pollination services. The inclusion of such non-

pollinating bees as well as the neglectance of non-bees are common issues in pollinator 

research, which we think future studies should seek to avoid. 

While research on pollinator diversity is increasing, few studies address changes in 

pollination services with urbanization, despite its growing relevance for urban food production 
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in developing countries. We also see a need for more multi-annual and long-term studies. 

Pollinators can show great temporal variation in richness, abundance and visitation rates across 

days, seasons and even years (Fishbein and Venable, 1996; Olesen et al., 2008). Urban 

landscapes might also carry extinction debts (Soga and Koike, 2013), which would lead to an 

overestimation of pollinator abundance and richness in urban landscapes, since some pollinator 

species might occupy these landscapes as “living dead” only. Indeed, the few long term studies 

in this review all found significant negative effects of urbanization (Cardoso and Gonçalves, 

2018; Martins et al., 2013). Lastly, we suggest that simple categorical comparisons such as 

“urban” and “rural” fail to capture the complexity of urbanization processes. The definition of 

such categorical classes often seemed to us arbitrary and inadequate to address variations in 

surrounding landscape contexts. Furthermore, they do not capture the temporal and spatial 

aspects of urban transformation processes and their presumably non-linear relationships. 

Instead, we suggest that cities, urban areas, and their transitions from rural to urban, are studied 

best along urbanization gradients, and ideally under consideration of multiple spatial and 

temporal scales.  
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Conclusion 

We conclude that, in times of global pollinator declines, urban areas have the potential to make 

an important contribution to pollinator conservation. While this could be encouraging news in 

the view of future urbanization prospects, not all urban areas are, however, equally suitable. In 

particular, moderate levels of urbanization associated with urban sprawl, characterized by a 

high share of resource-rich green areas such as gardens and parks can provide refuges for 

pollinators from hostile agricultural areas. At the same time, simple urban conservation 

measures such as the “lazy lawnmower” approach or the use of wild seed mixes, as well as 

floral addition, mostly regardless of their origin, can buffer negative effects of urban 

densification. City-dwelling pollinators may also provide pollination services to urban and 

neighboring rural agriculture, potentially further benefiting peoples’ livelihoods. Lastly, as 

urban populations are living increasingly disconnected from nature, urban conservation 

programs could also help people to reconnect and raise awareness for conservation in general 

(Cumming et al., 2014). However, knowledge gaps remain, and further research is urgently 

needed in order to develop urban conservation strategies that are effective and feasible. 

Especially the urbanization “hotspots” of Asia and Africa must become a priority for future 

research and conservation efforts.  
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only 
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visiting 
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interaction
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2003 The Flowering-

Visiting Bees at 
the Ecological 
Station of the 

Universidade 
Federal de Minas 
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Neotropical 
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Bees Biodiversit
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only 
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trophic niche of 
stingless bee 
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remnants 
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Horizonte 

Stingless 

bees  

Biodiversit

y 

Urban 

only 
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2015 
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variation in the 
immunocompete

ncy of managed 
and feral honey 
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mellifera L.) in 

different urban 
landscapes 

Insects USA Raleigh, 
NC 

Apis 
mellifera 

Others Urban vs 
other 

Baldock et 

al. 2015 

2015 Where is the UK ’ 

s pollinator 
biodiversity? The 
importance of 

urban areas for 
flower-visiting 
insects 

Proc. R. 

Soc. B 

UK numerous Flower-

visiting 
insects 

Biodiversit

y, plant-
interaction
s 

Urban vs 

other 

Banaszak-
Cibicka and 
Żmihorski 

2012 

2012 Wild bees along 
an urban 
gradient: Winners 

and losers 

Journal of 
Insect 
Conservatio

n 

Poland Poznan Bees Biodiversit
y 

Urban vs 
other 
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Greening 
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al.  2011 
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along an urban-

rural gradient 

PLoS ONE UK Birmingha
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Bees and 
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Gradient 

Bates et 
al.  2014 

2014 Garden and 
landscape-scale 

correlates of 
moths of differing 
conservation 

status: Significant 
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habitat diversity 

PLoS ONE UK numerous Moths Biodiversit
y 
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Bergerot et 
al.,  2010 

2010 Preferences for 
exotic flowers do 

not promote 
urban life in 
butterflies 

Landscape 
and Urban 

Planning 
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y 
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only 

Blackmore 
and Goulson 
2014 
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effectiveness of 
wildflower seed 

mixes for 
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hoverfly 
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n and 

Diversity 

UK Stirlingshire Bumble 
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lepidoptera 

Biodiversit
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only 

Cane et 
al.,  2006 

2006 Complex 
responses within 

a desert bee 
guild 
(Hymenoptera: 

Apiformes) to 
urban habitat 
fragmentation 

Ecological 
Applications 

USA Tucson 
Basin, 

Arizona 

Apiformes Biodiversit
y 

Urban vs 
other 

Carper et 
al.,  2014 

2014 Effects of 
Suburbanization 
on Forest Bee 

Communities 

Environment
al 
entomology 

USA Raleigh- 
Durham, 
North 

Carolina 

Bees Biodiversit
y 

Urban vs 
other 

Chapman et 
al. 2003 

2003 Genetic analysis 
of spatial 
foraging patterns 

and resource 
sharing in 
bumble bee 

pollinators 

Molecular 
Ecology 

UK London Bumble 
bees 

Behavior, 
others 

Urban 
only 

Chrobock et 
al. 2013 

2013 The cobblers 
stick to their 

lasts: Pollinators 
prefer native over 
alien plant 

species in a 
multi-species 
experiment 

Biological 
Invasions 

Switzerlan
d 

Bern Flower-
visiting 

insects 

Plant-
interaction

s 

Urban vs 
other 
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Clermont et 
al.  2015 

2015 Correlations 
between land 

covers and 
honey bee colony 
losses in a 

country with 
industrialized and 
rural regions 

Science of 
the Total 

Environment 

Luxembou
rg 

numerous Apis 
mellifera 

Others Urban 
and 

other 

Cohen et al. 
2017 

2017 Vegetation 
Management and 
Host Density 

Influence Bee-
Parasite 
Interactions in 

Urban Gardens 

Environment
al 
Entomology 

USA Monterey, 
Santa 
Clara, 

Santa Cruz  

Apis 
mellifera, 
Bombus 

vosnesenski
i 

Others Urban 
only 

Crowther et 
al. 2012 

2012 Habitat and 
forage 

associations of a 
naturally 
colonising insect 

pollinator, the 
Tree Bumblebee 
Bombus 

hypnorum 

PloS ONE UK Norfolk Bomus 
hypnorum 

Biodiversit
y 

Urban 
and 

other 

Desaegher 
et al. 2017 

2017 Buzz in Paris: 
flower production 

and plant–
pollinator 
interactions in 

plants from 
contrasted urban 
and rural origins 

Genetica France Paris Flower-
visiting 

insects 

Plant-
interaction

s 

Urban vs 
other 

Dórea et al. 
2017 

2017 Bee life in the 
city: An analysis 
of the pollen 

provisions of 
Centris (Centris) 
flavifrons 

(Centridini) in an 
Urban Area 

Sociobiology Brazil João 
Pessoa city 

Centris 
flavifrons 

Behaviour Urban 
only 

Everaars et 

al. 2011 

2011 Microsite 

conditions 
dominate habitat 
selection of the 

red mason bee 
(Osmia bicornis, 
Hymenoptera: 

Megachilidae) in 
an urban 
environment: A 

case study from 
Leipzig, Germany 

Landscape 

and Urban 
Planning 

Germany Leibzig Osmia 

bicornis L. 
Behaviour Urban 

only 

Ferreira et 
al. 2013 

2013 Old Fragments of 
Forest Inside an 

Urban Area Are 
Able to Keep 
Orchid Bee 

(Hymenoptera: 
Apidae: 
Euglossini) 

Assemblages? 
The Case of a 
Brazilian 

Historical City 

Neotropical 
Entomology 

Brazil Ouro Preto Orchid bees Biodiversit
y 

Urban vs 
other 

Fischer et al. 
2016 

2016 Disentangling 
urban habitat and 

matrix effects on 
wild bee species 

PeerJ Germany Berlin Bees Biodiversit
y 

Urban 
only 
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Fitch 2017 2017 Urbanization-
mediated context 

dependence in 
the effect of floral 
neighborhood on 

pollinator 
visitation 

Oecologia USA Michigan Flower-
visiting 

insects 

Plant-
interaction

s 

Gradient 

Fortel et al. 

2014 

2014 Decreasing 

abundance, 
increasing 
diversity and 

changing 
structure of the 
wild bee 

community 
(hymenoptera: 
anthophila) along 

an urbanization 
gradient 

PLoS ONE France Lyon Bees Biodiversit

y 

Gradient 

Foster et al. 

2017 

2017 An assessment 

of bumblebee 
(Bombus spp) 
land use and 

floral preference 
in UK gardens 
and allotments 

cultivated for 
food 

Urban 

Ecosystems 

UK numerous Bumble 

bees 

Biodiversit

y 

Urban 

and 
other 

Fukase and 

Simons 
2016 

2016 Increased 

pollinator activity 
in urban gardens 
with more native 

flora 

Applied 

Ecology and 
Environment
al Research 

Canada Ottawa Flower-

visiting 
insects 

Plant-

interaction
s 

Urban 

only 

Garbuzov 

and 
Ratnieks 
2014 

2014 Quantifying 

variation among 
garden plants in 
attractiveness to 

bees and other 
flower-visiting 
insects 

Functional 

Ecology 

UK Sussex Flower-

visiting 
insects 

Plant-

interaction
s 

Urban 

only 

Garbuzov et 
al. 2014 

2014 Eating locally: 
dance decoding 
demonstrates 

that urban honey 
bees in Brighton, 
UK, forage 

mainly in the 
surrounding 
urban area 

Urban 
Ecosystems 

UK Brighton Apis 
mellifera 

Behaviour Urban 
only 

Garbuzov et 
al. 2015 

2015 Survey of insect 
visitation of 
ornamental 

flowers in 
Southover 
Grange garden, 

Lewes, UK 

Insect 
Science 

UK Lewes Flower-
visiting 
insects 

Plant-
interaction
s 

Urban 
only 

Geslin et al. 
2013 

2013 Plant Pollinator 
Networks along a 
Gradient of 

Urbanisation 

PLoS ONE France Paris Flower-
visiting 
insects 

Plant-
interaction
s 

Gradient 

Geslin et al. 
2016 

2016 The proportion of 
impervious 

surfaces at the 
landscape scale 
structures wild 

bee assemblages 
in a densely 
populated region 

Ecology and 
Evolution 

France Paris Bees Biodiversit
y 

Gradient 
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Glaum et al. 
2017 

2017 Big city Bombus : 
using natural 

history and land-
use history to find 
significant 

environmental 
drivers in 
bumble-bee 

declines in urban 
development 

Royal 
Society 

Open 
Science 

USA Michigan Bumble 
bees 

Biodiversit
y 

Gradient 

Goulson et 

al. 2002 

2002 Colony growth of 

the bumblebee, 
Bombus 
terrestris, in 

improved and 
conventional 
agricultural and 

suburban 
habitats 

Oecologia UK numerous Bombus 

terrestris 
Behavior Urban vs 

other 

Gunnarsson 

and 
Federsel 
2014 

2014 Bumblebees in 

the city: 
abundance, 
species richness 

and diversity in 
two urban 
habitats 

Journal of 

Insect 
Conservatio
n 

Sweden Gothenbur

g 

Bees Biodiversit

y 

Urban 

only 

Hamblin et 
al. 2017 

2017 Physiological 
thermal limits 
predict 

differential 
responses of 
bees to urban 

heat-island 
effects 

Biology 
Letters 

USA Raleigh, 
NC 

Bees Others Urban 
only 

Hanley et al. 

2014 

2014 Going native? 

Flower use by 
bumblebees in 
English urban 

gardens 

Annals of 

Botany 

England Plymouth Bumble 

bees 

Plant-

interaction
s 

Urban 

only 

Hausmann 
et al. 2015 

2015 Wild bees as 
pollinators of city 

trees 

Insect 
Conservatio

n and 
Diversity 

Germany Berlin Bees Biodiversit
y, plant-

interaction
s 

Urban vs 
other 

Henning and 

Ghazoul 
2011 

2011 Plant-pollinator 

interactions 
within the urban 
environment 

Perspectives 

in Plant 
Ecology, 
Evolution 

and 
Systematics 

Switzerlan

d 

Zurich Flower-

visiting 
insects 

Plant-

interaction
s 

Urban 

only 

Henning and 

Ghazoul 
2012 

2012 Pollinating 

animals in the 
urban 
environment 

Urban 

Ecosystems 

Switzerlan

d 

Zurich Bees and 

hoverflies 

Plant-

interaction
s 

Urban 

only 

Hinners and 

Hjelmroos 
2009 

2009 Receptiveness of 

Foraging Wild 
Bees to Exotic 
Landscape 

Elements 

The 

American 
Midland 
Naturalist 

USA Denver-

Boulder 

Bees Plant-

interaction
s 

Urban 

only 

Hinners et 
al. 2012 

2012 Roles of scale, 
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Urban 
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other 

Jain et al. 
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specialization of 
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bees 
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he Alb 
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other 
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y 
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alters 
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visiting 

insects 

Biodiversit
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Urban vs 
other 
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interactions with 

yellow starthistle 
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only 
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dynamics 
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phenology in 
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interaction
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2010 Pollination and 
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success in 
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interaction
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male-mediated 
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interaction
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remanent. 
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et al. 2015 

2015 Variable 
pollinator 
dependence of 

three Gastrodia 
species 
(Orchidaceae) in 

modified 
Canterbury 
landscapes 

New 
Zealand 
Journal of 

Ecology 

New 
Zealand 

Canterbury Flower-
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the dominant 
diurnal pollinator 
of native 
milkweed in a 

large urban park 

Ecology and 

Evolution 

Canada Toronto Bees Plant-

interaction
s 

Urban 

only 

Makinson et 
al. 2017 
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the bee's knees: 

local and 
landscape 
predictors of bee 

richness and 
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Journal of 
Apicultural 

Research 

USA Valdosta, 
GA 

Habropoda 
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only 
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2013 Multi-scale 

assessment of 
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bees 
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interaction
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pollen deposition 

in pumpkin 
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only 
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al. 2016 
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local correlates of 
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only 
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Urban 
only 
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Lucerne 
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al. 2016 

2016 Bumble bee 
species exhibit 
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Southern 
California 
landscape 
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USA San Diego, 
CA 

Bumble 
bees 

Biodiversit
y 
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Shwartz et 
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2013 Local and 
management 
variables 

outweigh 
landscape effects 
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Biological 
Conservatio
n 
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pollinating 

insects 

Biodiversit
y 

Urban 
only 

Sing et al. 
2016 

2016 Diversity and 
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perceptions of 

bees 
(Hymenoptera: 
Apoidea) in 
Southeast Asian 

megacities 
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Singapore, 
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Malaysia 

Bangkok, 
Klang 
Valley, 

Pearl River 
Delta, 
Singapore 

Bees Biodiversit
y 

Urban 
only 
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2015 

2015 Diversity and 
abundance of 

solitary and 
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a case study 
from 
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Conservatio
n 
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eusocial 
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Biodiversit
y 
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of the Royal 
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Plant-
interaction
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Functional 
Ecology 
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The 
Canadian 

Entomologis
t 
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Reproductive 

success of 
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Leuven, 

and 
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visiting 

insects 

Plant-
interaction
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Gradient 

Verboven et 

al. 2014 a 

2014 Pollination and 

seed set of an 
obligatory 
outcrossing plant 

in an urban-peri-
urban gradient 

Perspectives 
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Evolution 

and 
Systematics 

Belgium Leuven Flower-

visiting 
insects 

Biodiversit

y, Plant-
interaction
s 

Gradient 

Verboven et 

al. 2014 b 

2014 Different 

responses of 
bees and 
hoverflies to land 

use in an urban-
rural gradient 
show the 

importance of the 
nature of the 
rural land use 

Landscape 

and Urban 
Planning 

Belgium Mechelen 

and Leuven 

Bees and 

hoverflies 

Biodiversit

y 

Urban vs 

other 

Vieira et al. 

2016 

2016 Nesting stingless 

bees in urban 
areas: a 
reevaluation after 

eight years 

Sociobiology Brazil Minas 

Gerais 

Stingless 

bees 

Biodiversit

y, 
behavior 

Urban 

only 
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Winfree 

2013 

2013 Local habitat 
characteristics 

but not 
landscape 
urbanization 

drive pollinator 
visitation and 

Biological 
Conservatio

n 
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visiting 

insects 

Biodiversit
y, plant-

interaction
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Gradient 
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pollination in 
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Winfree et 
al. 2007 

2007 Effect of human 
disturbance on 

bee communities 
in a forested 
ecosystem 

Conservatio
n Biology 

USA New Jersey Bees Biodiversit
y 

Urban 
and 

other 

Wojcik 2011 2011 Bees 
(Hymenoptera: 
Apaoidea) 

Utilizing Tecoma 
stans (L.) Juss. 
ex Kunth 

(Bignoniaceae) in 
Urban 
Landscapes: A 

Comparison of 
Occurrence 
Patterns and 

Community 
Composition in 
Three Cities in 

Northwestern 
Costa Rica 

Journal of 
the Kansas 
Entomologic

al Society 

Costa 
Rica 

Liberia, 
Bagaces, 
Canas 

Bees Biodiversit
y, 
behavior 

Urban 
only 

Wojcik and 

McBride 
2012 

2012 Common factors 

influence bee 
foraging in urban 
and wildland 

landscapes 

Urban 

Ecosystems 

USA Berkeley Bees Biodiversit

y 

Urban 

only 

Wojcik et al. 
2008 

2008 Seasonality in 
Bees and Their 

Floral Resource 
Plants at a 
Constructed 

Urban Bee 
Habitat in 
Berkeley, 
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Journal of 
the Kansas 

Entomologic
al Society 

USA Berkeley Bees Plant-
interaction

s 

Urban vs 
other 

Wray and 
Elle 2015 

2015 Flowering 
phenology and 

nesting 
resources 
influence 

pollinator 
community 
composition in a 

fragmented 
ecosystem 

Landscape 
ecology 

Canada Vancouver 
Island 

Flower-
visiting 

insects 

Biodiversit
y 

Urban vs 
other 

Youngsteadr 

et al.. 2015 

2015 Urbanization 

increases 
pathogen 
pressure on feral 

and managed 
honey bees 

PLoS ONE USA Raleigh, 

Durham, 
Cary, NC 

Apis 

mellifera 
Others Gradient 

Zotarelli et 
al. 2014 

2014 A Comparison of 
Social Bee-Plant 

Networks 
between Two 
Urban Areas 

Neotropical 
Entomology 

Brazil São Paulo, 
Londrina 

Social bees Plant-
interaction

s 

Urban 
only 

Alburaki et 
al. 2018 

2018 Honey bee 
survival and 
pathogen 

prevalence: from 
the perspective 
of landscape and 

Insects USA Tenesse Apis 
mellifera 

Others Urban vs 
other 
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exposure to 
pesticides 

Banaszak-
Cibicka et al. 

2018 

2018 City parks vs. 
natural areas - is 

it possible to 
preserve a 
natural level of 

bee richness and 
abundance in a 
city park? 

Urban 
Ecosystems 

Poland Poznań Bees Biodiversti
y 

Urban 
only 

Cardoso et 
al.  

2018 Reduction by 
half: the impact 
on bees of 34 

years of 
urbanization 

Urban 
Ecosystems 

Brazil Curitiba Bees Biodiversit
y 

Urban 
only 

Desaegher 

et al. 2018 

2018 Floral 

morphology as 
the main driver of 
flower-feeding 

insect 
occurrences in 
the Paris region 

Urban 

Ecosystems 

France Paris Flower-

visiting 
insects 

Biodiversit

y 

Gradient 

Gunenat et 
al. 2018 

2018 Effects of 
urbanisation and 
management 

practices on 
pollinators in 
tropical Africa 

Journal of 
Applied 
Ecology 

Ghana Sunyani Flower-
visiting 
insects 

Biodiversit
y 

Gradient 

Hamblin et 
al. 2018 

2018 Wild bee 
abundance 
declines with 

urban warming, 
regardless of 
floral density 

Urban 
Ecosystems 

USA Raleigh Bees Biodiversit
y 

Urban 
only 

Harrison et 
al. 2018 

2018 Forest bees are 
replaced in 
agricultural and 

urban 
landscapes by 
native species 

with different 
phenologies and 
life-history traits 

Global 
Change 
Biology 

USA New Jersey Bees Biodiversit
y 

Urban vs 
other 

Kratschmer 
et al. 2018 

2018 Buzzing on top: 
Linking wild bee 
diversity, 

abundance and 
traits with green 
roof qualities 

Urban 
Ecosystems 

Austria Vienna Bees Biodiversit
y 

Urban 
only 

Langellotto 
et al. 2018 

2018 Garden 
pollinators and 
the potential for 

ecosystem 
service flow to 
urban and peri-
urban agriculture 

Sustainabilit
y 
(Switzerland

) 

USA Portland Bees Plant-
interaction
s 

Urban 
only 

Lerman et 
al. 2018 

2018 To mow or to 
mow less: Lawn 
mowing 

frequency affects 
bee abundance 
and diversity in 

suburban yards 

Biological 
Conservatio
n 

USA Springfield Bees Biodiversit
y 

Urban 
only 
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2018 

2018 Contrasting 
responses in 
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structure and 
phenology of 

migratory and 
non-migratory 
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and 

Distributions 

Switzerlan
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numerous Hoverflies Biodiversit
y  

Urban vs 
other 

Majewska et 
al. 2018 

2018 Do 
characteristics of 

pollinator-friendly 
gardens predict 
the diversity, 

abundance, and 
reproduction of 
butterflies? 

Insect 
Conservatio

n and 
Diversity 

USA Savannah Butterflies Biodiversit
y 

Urban 
only 

Masierowsk
a et al. 2018 

2018 Perennial ground 
cover plants as 
floral resources 

for urban 
pollinators: A 
case of 

Geranium 
species 
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Abstract 

Worldwide, urban areas are spreading at massive rates. Simultaneously, urban agriculture is 

growing in importance. However, urbanization effects on functional biodiversity on farmland 

remain poorly studied, especially in urbanization hotspots of the global south. Here, we sampled 

birds on 36 farms across three seasons and along two urbanization gradients in the Indian megacity 

Bangalore, using a paired site design to separate local and landscape effects. We found high bird 

species losses through urbanization. With an increase of landscape-wide impervious surface area 

from 0 % to 20 %, farmland bird abundance and diversity were halved. Particularly high declines 

in invertebrate-feeding birds indicate a great decrease in biocontrol potential, especially amid the 

monsoon, the high crop season, during which we found a drop of overall bird abundance by 20 %. 

However, bird richness benefitted from woody vegetation in combination with fallow fields, which 

could be employed in conservation efforts. In conclusion, we documented high losses of farmland 

birds and potential biocontrol in an Indian megacity due to intense and rapid urbanization, which 

is generally little studied but can be currently observed in many other tropical countries.  

 

Keywords: 

birds, urbanization, biological control, urban agriculture  
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Introduction 

Human populations in urban areas are expanding at a massive and ever-increasing rate. Already, 

half of the global population is living in cities (United Nations, 2018b) and it is expected that by 

2050 another 2.5 billion people will be added to this number. As more and more people move into 

cities, urban agriculture has grown in importance, especially within the urbanization hotspots of 

the global south (van Veenhuizen, 2006). Globally, almost six percent of all croplands are located 

in urban areas (Thebo et al., 2014), while approximately 800 million people work as urban farmers 

(Smith et al., 2006), producing an estimated 15 – 20 % of global crops (Armar-Klemesu, 2000).  

Urbanization is considered as one of the main drivers of worldwide biodiversity 

homogenization and loss (Faeth et al., 2011; Grimm et al., 2008; McKinney, 2006). Hardly any 

other anthropogenic land use alters the appearance of a landscape in such an extreme and persistent 

way as urbanization. Surface sealing, habitat loss, pollution, urban warming and high levels of 

disturbance are all associated with urbanization and its alleged detrimental impacts on biodiversity 

(Grimm et al., 2008; Marzluff, 2001; McKinney, 2008).  

A very conspicuous, yet functionally important component of biodiversity, also for 

agriculture, are birds. They provide farmers with crucial ecosystem services, such as pollination 

and biological pest control, but can also cause disservices, such as crop damages through granivory 

(Whelan et al., 2015, 2008). Due to their cultural significance, birds are important for the public’s 

perception of nature and are thus often considered a flagship group for conservation efforts. Birds 

are prevalent worldwide across all environments, while acting as mobile links within and among 

habitats. Altogether, this makes birds a highly relevant group to study the effects of anthropogenic 

land use such as urbanization on functional biodiversity.  

Urbanization’s general impact on birds can be expected to be overall negative (Batáry et 

al., 2018; Chace and Walsh, 2006). Many studies found reduced bird species richness in urban 

compared to rural areas, while bird abundance, on the other hand, was often enhanced 

(Chamberlain et al., 2017; Faeth et al., 2011; Máthé and Batáry, 2015), driven by the dominance 

of a few well-adapted species, so called ‘urban exploiters’. Such winners of urbanization are 

scavengers, seedeaters or omnivores, as well as species that nest on trees and buildings (Chace and 

Walsh, 2006; Chamberlain et al., 2017; Jokimäki et al., 2016). Among the losers of urbanization 

are insectivorous, ground nesting, forest and mostly native species (Chace and Walsh, 2006; Kark 

et al., 2007; Máthé and Batáry, 2015; White et al., 2005).  
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In farmland systems, birds are primarily endangered by intensive agriculture (Donald et 

al., 2001), mostly through the homogenization and simplification of the landscape, as well as 

indirectly through agrochemicals (Chiron et al., 2014; Goulson, 2014). In both urban as well as 

agricultural habitats negative impacts on birds can be buffered by semi-natural, green areas, often 

rich in woody, herbaceous vegetation and tree species diversity (Jha et al., 2019), which enhance 

foraging and nesting opportunities. Allotments, parks or gardens are urban examples of such 

habitats (Croci et al., 2008b; Máthé and Batáry, 2015), while in particular hedgerows (Batáry et 

al., 2010; Hinsley and Bellamy, 2000) and fallows (Meichtry‐Stier et al., 2018; Sanz‐Pérez et al., 

2019) are of great value for birds in an agricultural context.  

However, it is noteworthy that the majority of the current knowledge on the effects of 

urbanization or urban agriculture on birds comes from studies conducted in temperate regions in 

the developed world, while tropical and developing regions remain largely understudied (Chace 

and Walsh, 2006). This contrasts with the fact that the majority of ongoing and future urbanization 

will take place in tropical countries. Considering that these countries are also the most biodiverse 

this is a significant research gap. Additionally, there is a scarcity of bird studies along urbanization 

gradients. Most urbanization studies only focus on categorical comparisons of rural and urban land 

uses, although biodiversity responses to urbanization are often non-linear (Batáry et al., 2018). 

Furthermore, the investigated habitat types often differ significantly between rural and urban 

contexts, complicating unbiased comparisons of urbanization due to habitat changes. 

India is a hotspot of urbanization (Taubenböck et al., 2009) as well as bird biodiversity. 

With 1300 species, India accounts for 13 % of the world’s bird species (Grimmet and Inskipp, 

1998), and yet, the effects of India’s rapid urbanization on birds were studied by only a handful of 

studies conducted in smaller cities (Bhatt and Joshi, 2011; Kale et al., 2018; Naithani and Bhatt, 

2012), or with a limited focus on urban green spaces (Khera et al., 2009) or invasive bird species 

(Menon and Mohanraj, 2016). These studies indicate patterns of reduced bird richness but high 

abundance in urban environments. However, these studies do not consider non-linear changes and 

are limited to simple comparisons of different rural and urban habitats, while India’s growing 

megacities, which are unique in their rapid and strong dynamics, still remain virtually unstudied. 

Here we addressed these research gaps and studied the effects of urbanization on farmland 

birds in and around the south Indian megacity Bangalore. We employed standardized point counts 

on 36 farm sites across multiple seasons along urbanization gradients north and south of the city. 



Chapter II 

 

64 

  

Our study is unique, as we do not only keep the investigated habitat type constant along an 

urbanization gradient, but also because we take a multi-seasonal view on a highly dynamic urban-

rural interface, rather than comparing isolated urbanization categories. Furthermore, we employed 

a paired study design that allow us to separate local from landscape scale effects of urbanization. 

We ask how the landscape context of farms within Bangalore’s rural-urban interface shapes 

farmland bird diversity and communities. We expected a decrease in bird diversity with increasing 

urbanization intensities. Furthermore, we expected that higher landscape shares of beneficial 

habitats, such as fallows or woody green areas, can buffer negative impacts of urbanization. 

Additionally, we investigated how birds’ life history traits potentially mediate responses to 

urbanization. More precisely, we look at feeding, nesting and habitat preferences, as well as body 

size. 

 

Methods 

Study area 

Bengaluru (alias Bangalore), the capital of the south Indian state of Karnataka. The city is the main 

cultural and commercial hub in south India and often referred to as the ‘Silicon Valley of Asia’ 

due to its many IT and high-tech based companies. In earlier times the city was known as the 

‘garden city’ of India due its parks and widespread green spaces. Bangalore has experienced a 

massive and rapid growth over the last two decades and is still one of the fastest growing cities in 

India (Sudhira et al., 2007). The last official census in 2011 recorded 9.6 million inhabitants with 

an annual growth rate of 8 % (Census of India, 2011). The city is situated at an altitude of 920 m 

above sea level on the Deccan Plateau in the far south of the Indian peninsular, east of the Western 

Ghats (Fig. II.1a). Due to its geographic location, Bangalore enjoys a comparably comfortable 

climate with temperatures between 12 and 38 °C and an annual rainfall of about 880 mm spread 

over 60 rainy days. Bangalore experiences three distinct seasons: a hot and dry summer (March – 

June), a rainy and humid monsoon (July – October) and a mild and mostly dry winter (November 

– February). 

Bangalore is embedded in an ancient agricultural landscape, dominated by a mosaic of 

small-scale agriculture. The landscape is mostly open with individual rows of trees and shrubs 

between fields and occasional coconut or eucalyptus plantations. The diversity of grown crops is 
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high in the region. Farming decisions are usually made short-term, often based on market prices, 

seed supply and water availability. This leads to a high temporal dynamic of the agricultural 

landscape. The majority of agricultural activities is concentrated in the rainy monsoon and post-

monsoon seasons, while most fields lie fallow during the rest of the year. Farmlands at the edge of 

the city are also increasingly sold as real estate properties but often lie fallow many years before 

their urban development. 

 

 

 

Figure II.1: Map of India, red box highlights the study region (a). Bangalore and sampled farm localities (orange 

points) along two transects, north and south of the city (b). Colors indicate results of the automated land cover 

classification, while the turquoise diamond shows the city’s central point. Overview of proportional landscape 

composition of each farm site in a 500 m radius, separately for the northern (c) and southern (d) transect. Sites are 

ordered in increasing distance to the central point. Example of a farm site pair (e). The pink colored point indicates 

the “high” built up farm in direct vicinity to a village, while the turquoise colored point indicates the “low” built up 

farm site. Circles mark the 500 m buffer.  
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Study design 

We censured birds on 36 farm sites spread along two urbanization gradients north and south of the 

city (18 sites per transect – Fig. II.1b). Both transects were approximately 40 km long and extent 

from the inner city towards rural areas. Common to all selected sites was that they are smallholder 

farms that produce vegetables for commercial purposes. However, most farms also engage in a 

wide variety of other farming practices, such as dairy farming, fruit cultivation or cereal 

production. Farm sizes varied from 0.08 ha to 57.5 ha (mean = 6.1 ha, SD = 10.5). Farm sites were 

locally paired according to their impervious surface area in a surrounding 500 m buffer. We aimed 

at contrasting built-up intensities between paired sites to be able to investigate local urbanization 

effects. Thus, neighboring sites were always classified into one ‘high’ and one ‘low’ built-up site 

(mean difference of surrounding grey proportions: 7.2 %, SD = 8.0 %). We aimed for a minimum 

distance of 1 km between paired sites to minimize spatial correlation and ensure independence of 

observations.  

 

Bird survey 

In each farm site we employed standardized point counts within a fixed 50 m radius done by a 

single observer. We used a fixed-radius of 50 m to maintain similar detection probabilities within 

sites. Counts were always conducted from a central position that gave an optimal overview over 

the farm premise. All bird individuals identifiable by sight or song were recorded during a 

continuous 15-minute long observation period, divided into three separate five-minute sections. 

Surveys were always conducted by the same observer (VR) in the early morning hours between 6 

am and 8 am on calm and mostly dry days. Individuals that passed overhead and that were not 

observed to forage or land within the perimeter were recorded for completeness but excluded from 

further analysis. 

Over the course of one year, each site was visited twice per season, for a total of six visits, 

that is, we conducted a total of 216 individual point count observations and a sum of 54 observation 

hours. The monsoon sampling was conducted between 01.09.2017 and 15.10.2017, the winter 

sample between 01.12.2017 and 13.01.2018 and the summer sample between 18.04.2018 and 

30.05.2018. 
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Species data 

To analyze shifts in the functional composition of bird communities with urbanization, we utilized 

each species’ proportional use of seven different food source categories (invertebrate, vertebrate, 

scavenge, fruit, seed, nectar and other plant material), which add up to 100 % per species. Body 

sizes were measured as the total body mass in grams. Furthermore, all species were classified into 

four habitat guilds according to their preferred habitat associations (aquatic, forest, woodland, 

open) and into three nesting guilds following their preferred nesting locations (tree, ground or 

building). We excluded 22 species that were only associated to aquatic habitats, such as ducks, 

herons or cormorants from any further analysis (see Sup. II.4 for a full species list). 

Body mass and feeding information were obtained from the EltonTraits database (Wilman 

et al., 2014), while habitat associations and nesting locations were gathered from the Handbook of 

the Birds of the World (del Hoyo et al., 2019). We complemented the species data with information 

on the birds’ conservation status following the IUCN Red List (IUCN, 2019). 

 

Landscape data 

We extracted data on the surrounding landscape context of the 36 farm sites from a land cover map 

with 10 m spatial resolution. The map was produced from a cloud-free Sentinel-2 L1C imagery 

that was acquired in November 2016 and preprocessed to L2A data which was atmospherically 

corrected. A pixel-wise image classification was performed using a simple deep learning model, a 

so-called multilayer perceptron network (Awuah et al., 2018). The original seven land cover 

classes were distinguished: impervious surface, Trees, Grass/Shrub, Water bodies, Fallow land, 

crop field and Barren land. For this study the land cover classes were aggregated into grey area 

(impervious and sealed surfaces, such as roads, buildings and constructions in general), green areas 

(woody vegetation, such as hedges, tall shrubs or eucalyptus plantations), water bodies, cropland 

(cropped fields) and fallows (uncropped fields and margins, usually with some herbaceous 

vegetation). 

The proportional share of each of these five land cover classes was then calculated within 

circular buffers with varying radii (250m, 500 m, 1000 m, 1500 m) around each site. Furthermore, 

we calculated landscape diversity, using Simpson’s diversity index (Oksanen, 2019), within the 

same buffers for each site. Simpson’s diversity values range between one and zero, and describe 

in our case the probability that two pixels of the landscape classification, selected at random, 
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belong to different land cover classes (Simpson, 1949). Lastly, we measured the distance of each 

site to a central point in the city center, which we placed on the ‘Anil Kumble Circle’ on the 

‘Mahatma Gandhi Road’ (see Sup. II.5 for full 500 m-scale landscape data). 

 

Response variables 

For all response variables we summarized our data at the individual point count level (n = 216, see 

Tab S3 for full per count data). Our main response variables were bird species richness and 

abundance. We used the maximum number of individuals observed within a single five-minute 

section of the count as a conservative measure of abundance. Thereby, we minimized the risk of 

inflated abundances that might occur due to repeatedly detecting the same individuals during 

longer observation periods. Bird species richness was defined as the total sum of detected species 

during the full 15-min point count duration. Further response variables were abundance per habitat 

association and abundance per nesting guild (three levels each). However, for nesting guilds we 

only used the abundance data gathered during the main breeding season (winter) and excluded all 

non-breeding birds. Lastly, we used CWM (community weighted means) of the species-level data 

on proportional diet composition to extrapolate diet composition to the community-level. 

Similarly, we used CWM to estimate communities average body masses.  

 

Statistical analysis 

For all response variables we fitted generalized linear mixed-effects models with site set as random 

factor using the lme4 R-package (Bates et al., 2007).  For count data (richness, abundance and 

abundance per nesting and habitat group), we used Poisson family models. For the proportional 

response variables (CWMs of body mass and diets) we used binomial models with total 

abundances per point count as weights.  

We used Pearson’s correlation test to check for potential collinearity between landscape 

predictors. We found that distance, cropland as well as grey area were all correlated to each other 

(r > 0.65 across all comparisons). Consequently, we discarded distance and cropland in favor of 

grey area, as we wanted to maintain a direct measurement of urbanization intensity in our analysis. 

We log-transformed grey area, as it was not normally distributed. 

The explanatory variables in our models were the proportional share of grey, green, and 

fallow area, landscape diversity (Simpson index) and season (3 levels: monsoon, winter, summer). 
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All numeric predictors were scaled to facilitate model convergences. First, we individually fitted 

candidate models for each of the three landscape scales that included all explanatory variables and 

bird richness as response. Afterwards, we used the Akaike Information Criterion (AIC) to identify 

the best fitting model and scale (Sup. II.1). The best fit was obtained at the 500 m scale, which we 

used for all consequent models. A 500 m landscape scale was also commonly used in other urban 

bird studies (Melles et al., 2003; Rottenborn, 1999). We also tested for possible interactions among 

landscape predictors and consequently included an interaction term between green and fallow 

areas in all count data models, but not in the proportional data models, as the interaction was not 

significant here and AIC values indicated a better fit without interaction (delta AIC > 2). At this 

stage, we also tested if the previously discarded landscape variables of distance and cropland 

would improve model fits, but as this was not the case, we adhered to the simpler models. All 

models were examined for over- or underdispersion, homoscedasticity and residual normality 

assumptions, as well as outliers using diagnostic plots. Analysis were conducted in R version 3.5.2 

(R Core Team, 2019). 

 

Comparison of paired sites 

Finally, we tested for differences between the locally paired sites (‘high’ and ‘low’ built-up 

conditions (Fig. II.1e)). We employed paired t-tests for this purpose. Again, we used the data on 

the point count level (n = 216). Separate t-test were performed for overall farmland bird richness 

and abundance, as well as for the abundance per nesting and habitat guild, and finally between all 

proportional diet and foraging categories. We thus maintained the same response variables 

between the overall landscape models and the locally paired comparisons. 

 

Results 

Overall, we made 4190 observations of 11000 terrestrial individuals, belonging to 126 different 

species and 50 families. The five most abundant species were Acridotheres tristis (150), Psittacula 

krameri (132), Corvus macrorhynchos (130), Bubulcus ibis (118) and Pycnonotus jocosus (98). 

Only two species are non-native to the south Indian peninsular (Clanga clanga, 

Spilopelia chinensis), while 24 species are winter visitors and a single species (Elanus caeruleus) 

is a breeding visitor. All observed terrestrial species are categorized under ‘least concern’ in the 
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IUCN Red List, while three aquatic species (Anhinga melanogaster, Mycteria leucocephala, 

Threskiornis melanocephalus) are listed as ‘near threatened’. Chao 1 species richness estimation 

(Chao, 1987) indicated that we sampled 82.4 % of the estimated overall regional farmland bird 

richness. 

 

Model results 

Overall abundance and richness 

We found strong effects of the landscape context on the overall bird diversity per farm. In 

particular, the amount of grey area in a 500 m buffer had a clear negative effect on both abundance 

and species richness of birds (Fig. II.2a, b - see also Tab. II.1 for a full overview of all model 

estimates), with the greatest decline occurring between 0 % and 20 % of grey area, leveling off 

beyond this threshold. Specifically, an increase of surrounding grey area from 0 % to 20 % resulted 

in an average drop of bird abundance by 43 individuals (47 % of mean abundance), while bird 

species richness declined by 17 species (48 % of mean richness). However, a further increase of 

grey area from 20 % to 40 % only resulted in an additional average loss of four individuals and a 

single species.  

Bird abundance and richness increased with an increasing amount of fallow areas in the 

surrounding, but only in the presence of higher green area shares (significant interaction of fallow 

× green (Fig. II.2c, d)). For bird abundance there was also a significant effect of season, with the 

lowest abundance during the monsoon season (Fig. II.3a), while richness was marginally affected 

by season, with an increase during the winter months (Fig. II.3b). 

 



Farmland birds in Bangalore 

71 

 

 

 

Figure II.2: Non-linear decreases in bird abundance (a) and bird species richness (b) with increasing grey area shares 

in farm surroundings (mean predictions and 95 % confidence intervals displayed, points indicate observed values). 

Interaction effects of surrounding green and fallow area proportions on bird abundance (c) and bird species richness 

(d) (mean predictions and 95 % confidence intervals displayed, grey points indicate observed values). Displayed green 

shares correspond to the mean of observed green proportions plus and minus the standard deviation (med = 8.1 %, 

low = 1.3 %, high = 14.9 %). Significance levels: *** p < 0.001, ** p <0.01, * p <0.05. 
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*** 
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*** 
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Table II.1: Model parameter estimates. Significant p-values (p < 0.05) are highlighted in bold 

 

          

Response Parameters (Intercept) 
Grey 

(log) 
Green Fallow 

Simpson 

Index 
Summer Winter 

Green 

x 

Fallow 

Richness Estimate 3.01 -0.21 0.17 0.1 -0.01 0.01 0.06 0.15 
 std. Error 0.06 0.04 0.07 0.06 0.05 0.04 0.04 0.06 
 p <0.001 <0.001 0.011 0.07 0.916 0.893 0.097 0.02 

Abundance Estimate 3.9 -0.19 0.21 0.1 -0.07 0.21 0.16 0.21 
 std. Error 0.05 0.04 0.07 0.06 0.05 0.02 0.02 0.07 
 p <0.001 <0.001 0.002 0.071 0.139 <0.001 <0.001 0.001 

Abundance Estimate 2.78 -0.26 0.27 0.12 -0.02 0.29 0.25 0.24 

forest species std. Error 0.07 0.05 0.08 0.07 0.06 0.04 0.04 0.08 
 p <0.001 <0.001 0.002 0.091 0.729 <0.001 <0.001 0.003 

Abundance  Estimate 3.68 -0.27 0.24 0.14 -0.01 0.26 0.18 0.23 

woodland species std. Error 0.05 0.04 0.07 0.06 0.05 0.03 0.03 0.06 
 p <0.001 <0.001 <0.001 0.013 0.832 <0.001 <0.001 <0.001 

Abundance  Estimate 2.99 -0.14 0.16 0.07 -0.12 0.15 0.2 0.18 

open habitat species std. Error 0.09 0.07 0.12 0.1 0.08 0.04 0.04 0.11 
 p <0.001 0.052 0.168 0.443 0.149 <0.001 <0.001 0.103 

Abundance Estimate 2.25 -0.47 0.29 0.18 -0.21   
0.41 

ground nester std. Error 0.13 0.11 0.18 0.15 0.13   
0.17 

 p <0.001 <0.001 0.109 0.239 0.111   
0.017 

Abundance Estimate 3.57 -0.19 0.24 0.16 -0.1   
0.24 

tree nester std. Error 0.06 0.05 0.09 0.07 0.06   
0.08 

 p <0.001 0.001 0.005 0.024 0.096   
0.003 

Abundance Estimate 3.18 -0.12 0.03 0.06 0.05   
0.07 

on-building nester std. Error 0.05 0.04 0.07 0.06 0.05   
0.07 

 p <0.001 0.008 0.623 0.327 0.33   
0.274 

CWM  Estimate -0.48 -0.22 -0.02 -0.02 0.07 0 0.07  
Invertebrate diet (%) std. Error 0.05 0.05 0.06 0.06 0.05 0.05 0.05  
 p <0.001 <0.001 0.752 0.769 0.222 0.967 0.183  
CWM  Estimate -2.89 0.4 -0.16 -0.02 0.02 -0.23 -0.08  
Scavenger diet (%) std. Error 0.1 0.1 0.11 0.11 0.1 0.11 0.11  
 p <0.001 <0.001 0.158 0.855 0.804 0.039 0.45  
CWM  Estimate -2.15 0.13 -0.01 0.09 0.01 -0.03 0.22  
Vertebrate diet (%) std. Error 0.06 0.04 0.05 0.05 0.05 0.08 0.08  
 p <0.001 0.004 0.9 0.079 0.756 0.691 0.004  
CWM  Estimate -1.67 -0.04 0.04 0.03 0.06 0.07 -0.01  
Frutivore diet (%) std. Error 0.05 0.04 0.05 0.05 0.05 0.06 0.07  
 p <0.001 0.338 0.368 0.535 0.204 0.27 0.928  
CWM  Estimate -1.66 0.12 0.06 0 -0.19 -0.02 -0.21  
Granivorus diet (%) std. Error 0.06 0.06 0.07 0.07 0.06 0.06 0.07  
 p <0.001 0.03 0.35 0.981 0.002 0.735 0.002  
CWM  Estimate -2.6 0 0.01 -0.01 0.16 -0.02 -0.06  
Nectarvorus diet (%) std. Error 0.07 0.05 0.06 0.06 0.06 0.09 0.1  
 p <0.001 0.969 0.8 0.829 0.007 0.859 0.551  
CWM  Estimate -2.78 0.13 -0.06 -0.11 -0.12 0.08 -0.17  
Other plant diet (%) std. Error 0.08 0.06 0.07 0.06 0.06 0.1 0.11  
 p <0.001 0.023 0.39 0.1 0.043 0.403 0.106  
CWM  Estimate 5.16 0.11 0.02 0.05 -0.17 0.18 0.02  
Body mass (g) std. Error 0.06 0.06 0.07 0.07 0.06 0.06 0.06  

 p <0.001 0.082 0.747 0.473 0.007 0.006 0.698  
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Figure II.3: Mean predicted seasonal bird abundance (black circles). Error bars indicate the standard error of 

predictions. Significance levels: *** p < 0.001, † p < 0.1. 

 

 

Functional composition of bird communities 

Across all habitat associations, we found strong species-wide negative effects of increasing grey 

area in farm site surroundings on abundances within a 500 m radius. Again, effects were greatest 

below the 20 % grey area threshold (Fig. II.4a). Both the abundance of forest and woodland species 

increased with fallow areas but again only in conjunction with a simultaneously increase of green 

share in the surrounding (Tab. II.1).  

 

*** (a) † (b) 



Chapter II 

 

74 

  

 
Figure II.4: Non-linear declines of bird abundance per habitat (a) and nest-site guild (b) with increasing grey area 

shares in farm surroundings. Colors and line types indicate guild associations (mean predictions and 95 % confidence 

intervals displayed). All relationships significant at p < 0.001 (***). 

 

 

Effects were similar for the abundances per nest site guild, with a strong negative effect of initial 

grey shares across all three groups (Fig. II.4b). Only ground and tree nester abundances profited 

from larger fallow areas in the surrounding, but again, only with a simultaneous increase of green 

areas (Tab. II.1).  

The community weighted means of body masses were unaffected by all landscape cover classes 

but showed a significant decrease with decreasing landscape diversity (increasing Simpson Index) 

in the 500 m radius (Sub. SII.1a) and during the summer season (Tab. II.1). 

 

The proportion of communities insect feeding strongly declined with increasing grey areas within 

the 500 m buffers (Fig. II.5a), while the share of vertebrate feeding, scavenging, granivory, as well 

as forage on other plant materials (other than nectar or fruits) increased (Fig. II.5b). The share of 

granivory and other plant material also decreased with increasing landscape diversity, whereas 

nectar feeding slightly increased in landscapes that were more diverse (Sup. II.2). The proportional 

shares of some diet forms (granivory, other plant, and scavenge) were also slightly affected by 

seasons (Sup. II.3). 

 

*** (b) *** (a) 
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Figure II.5: Declines in community weighted invertebrate feeding proportion (a) with increasing grey shares in farm 

surroundings (mean predictions and 95 % confidence intervals displayed). Proportional increases in community 

weighted means of different diet categories with increasing grey shares (b). Colors and line types indicate different 

food source categories (mean predictions and 95 % confidence intervals displayed). Significance levels: *** p < 0.001, 

** p <0.01, * p <0.05. 

 

 

Results of paired farm comparisons 

Overall, bird abundance and species richness per individual point count were significantly lower 

in ‘high’ built-up sites than in their local site pair with a ‘low’ built-up context (Fig. II.6 a, b), with 

an average loss of approximately four bird species (t = 6.7, p < 0.001) and nine bird individuals (t 

= 4.6, p < 0.01). In addition, the high built-up reduced the abundance of woodland (mean 

difference: 9.8, t = 5.7, p < 0.001) and forest species (mean difference: 4.6 individuals, t = 4.2, p 

< 0.001), as well as in the abundance of ground (mean difference: 4.8 individuals, t = 6.5, p < 

0.001) and tree nesting species (mean difference: 4.0 individuals, t = 2.9, p < 0.001) towards the 

higher built up contexts. 

Community weighted means of diet shares were also affected. While the proportion of 

invertebrate diet slightly decreased (mean difference: 5 %, t = 4.9, p < 0.01), diets composed of 

vertebrate food items (mean difference: -1.8 %, t = -3.5, p < 0.01) and scavenge (mean difference: 

-2.8 %, t = - 6.1, p < 0.01) showed a small increase in proportion towards high built-up sites. The 

community weighted means of body masses did not differ between paired sites (mean difference: 

7.0 grams, t = 0.6, p > 0.05). 

b) *** (a) * 
* 

*** 

** 
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Figure II.6: Bird abundance (a) and bird species richness (b) per individual point count in ‘high’ versus ‘low’ built-

up conditions. Pairs are connected with colored lines. Orange lines indicate a decrease, while blue lines indicate an 

increase of abundance or richness towards the ‘low’ built-up context. Red circles show the overall means. Significance 

levels: *** p < 0.001. 

 

 

 

  

*** (a) *** (b) 
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Discussion 

General results 

We found a species-rich community of farmland birds in the rural, non-urbanized landscape 

around Bangalore. Species numbers and abundances were similar to other studies conducted in 

agricultural landscapes in India (Bhatt and Joshi, 2011; Naithani and Bhatt, 2012) and elsewhere 

in the tropics (Hughes et al., 2002; Marcacci et al., 2020; Reis et al., 2012). Nonetheless, our study 

clearly showed that the biodiversity of farm-dwelling birds was severely affected through 

urbanization. The proportion of impervious, grey area in a 500 m radius surrounding the sampled 

farm sites had strong negative effects on bird communities. We found a non-linear, strong loss in 

bird abundance and richness, with half of the birds and their species richness lost already from 0 

% to 20 % grey area in the surrounding landscape (Fig. II.2). The negative impact of urbanization 

was also evident in comparisons of locally paired farm sites. Here, we observed significant 

declines in bird abundance and richness towards the higher built-up context (Fig. II.6). We 

conclude that initial stages of urbanization already severely impact tropical farmland bird 

communities and that these impacts act on both the landscape and local scale. Our results are most 

likely transferable to other tropical megacities. 

 

Detrimental effects of initial urbanization 

In general, bird diversity can be expected to decrease with urbanization (Chace and Walsh, 2006). 

This has been also shown in the tropics (Chamberlain et al., 2017; Lim and Sodhi, 2004; Reis et 

al., 2012) as well as in India (Bhatt and Joshi, 2011; Kale et al., 2018). However, many studies 

claim that negative impacts of urbanization in terms of overall species numbers are relatively small 

(Blair, 1996; Marzluff, 2001; McKinney, 2008). Yet, strong community shifts due to urbanization 

are commonly observed. Urban-tolerant, often non-native, birds largely replace species that are 

less tolerant to urban environments, only leading to relatively small declines in species numbers 

between rural and urban conditions. In this context, the notion of ‘winners’ and ‘losers’ (McKinney 

and Lockwood, 1999) or ‘urban avoiders’ and ‘urban adapters’ (Croci et al., 2008a; Kark et al., 

2007; Leveau, 2013) is a common theme. However, our study shows that these mixed responses 

are not necessarily true for farmland bird communities in proximity of a megacity. Indeed, we 

found negative impacts of urbanization that were species-wide and much more dramatic than 

previously reported from other studies. Neither birds’ preferred nest site locations, nor species’ 
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habitat associations had significant alleviating effects on the steep negative impact of surrounding 

grey proportions (Fig. II.4). Although both traits that have been important to predict so-called 

winners and losers. For instance, birds that nest on trees or buildings did profit from urbanization 

in previous studies, while ground nesters or species associated to closed forest did not 

(Chamberlain et al., 2017; Evans et al., 2011; Jokimäki et al., 2016; Marzluff, 2001; Máthé and 

Batáry, 2015). Neither did we detect changes in community’s mean body masses with increases in 

grey shares, as may be expected in the case where small bodied species are more negatively 

affected by habitat fragmentation from urbanization than large species (Chamberlain et al., 2017; 

Major and Parsons, 2010). Overall, we found that the farmland bird community was largely 

affected as a whole and that the majority of birds can be considered ‘losers’ of urbanization in the 

setting of our study.  

The urban landscape around Bangalore is very novel and rapidly changing. Urbanization 

is still on going, large in scale and even accelerating (Nagendra et al., 2012b), with  new 

constructions sites springing up almost by the day. Furthermore, the city is densely populated and 

often gridlocked in severe traffic jams. Levels of pollution are extremely high (Nagendra et al., 

2007). This does not only encompass air pollution, but also noise and light pollution, which both 

have been shown to impact birds negatively (Francis et al., 2009). Overall, the exceptionally high 

levels of disturbance that originate in this dynamic megacity may play an important role for the 

observed farmland bird declines. Furthermore, these disturbances are most likely already 

associated to initial urbanization stages at the city edge, explaining the strong declines below 20 

% grey area. 

That disturbances are already linked to initial urbanization is also backed by our paired site 

analysis. This is particularly noteworthy because the difference in grey area between the paired 

‘high’ and ‘low’ built-up sites often only amounted to a few percentages. Nevertheless, we 

observed significant drops in bird richness and abundance towards the more urban sites, 

emphasizing the birds’ high sensitivity. Such sites were usually situated next to villages, while 

their ‘low’ built-up neighbor was further away (see Fig. II.1e for an example). As vicinity to a 

village usually means more disturbances in the form of noises, lights, cattle and pets, it seems 

likely that bird declines are rather driven by disturbances and less by sheer sealed surface area. 

However, in contrast to the detected species-wide declines in the overall landscape models, we 

found slightly diverging response patterns depending on species nesting and habitat guilds. Open 
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habitat species and species nesting on human-made structures did not significantly differ in 

abundance between local pairs. This suggests that open habitat species and building nesters might 

be less sensitive to local disturbances than forest and woodland species or tree or ground nesters. 

Declines in farmland birds, even at low levels of grey area, may furthermore accelerate 

with agricultural intensification in the peri-urban interface (Donald et al., 2001; Goulson, 2014). 

Higher demands for agricultural produce, accompanied by high land prices, can significantly boost 

farming intensities in proximity to large cities (Cumming et al., 2014; Vandercasteelen et al., 

2018). This also seems plausible in case of our paired sites, albeit due to different reasons. In 

Bangalore, high maintenance crops, such as commercial vegetables or flowers, which are 

commonly grown for religious purposes in the region, are preferably planted within walking 

distance of farmer’s homes for ease of management. This practice might boost farming intensities 

in the immediate village surrounding causing additional bird losses. 

While grey effects were very similar between habitat and nesting guilds, we found 

contrasting effects of grey area on communities’ diets. In particular, the proportion of invertebrate 

feeding declined strongly with increasing amounts of grey area in a 500 m radius (Fig. II.5). This 

was also the case in the paired site comparisons. Here, invertebrate feeding declined on average 

by 5 % towards the urban, ‘high’ built up contexts. Similar declines of invertebrate feeding birds 

through urbanization were also found in other studies (Chace and Walsh, 2006; Kark et al., 2007; 

Máthé and Batáry, 2015) and can most likely be explained by lower insect densities in urban 

landscapes (Jones and Leather, 2012). However, they may also be linked to the aforementioned 

intensification effects, as higher pesticide use near the city could have negative impacts on insect 

populations and thus deprive invertebrate birds from their main food source (Goulson, 2014; 

Grubisic et al., 2018). Either way, the strong decline of invertebrate feeding coupled with the 

exponential declines in abundances is a worrying finding for urban farmers, as it casts doubt on 

bird populations to provide biological control for urban crop production. To secure yields, urban 

famers might be forced to an even heightened use of pesticides, which might further aggravate the 

situation. Given the importance of urban agriculture, especially in large cities in the global south, 

this finding appears to be highly relevant. 
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Seasonal shifts 

Over the course of the year, bird species richness was relatively stable and varied only slightly 

with season with a small increase during the winter months. This increase was most likely driven 

by visiting overwintering species. Nonetheless, bird abundance dropped strongly by approximately 

20 % during the monsoon season (Fig II.3a), possibly further affecting biological control during 

the main cultivation period. This seasonal drop in abundance was also universal across all habitat  

guilds. However, we assume that these declines could also be influenced by lower detection 

probabilities during the wet season, as species are less active and thus harder to spot during foggy 

mornings. Additionally, we found some changes in the share of granivory, scavenge and vertebrate 

feeding over the seasons (Fig II.3b), but the differences, although statistically significant, were 

minute in terms of absolute percentage points (1 – 3 %). 

 

Positive effects of green and fallow areas 

Next to the strong negative effects of initial urbanization, our analyses also revealed positive 

effects of fallow and green landcover for birds. In particular, fallows and green areas in a 500 m 

buffer surrounding farms positively affected bird abundance and richness, as well as abundance of 

forest and woodland species. Due to the strong seasonality of precipitation, a large share of 

agricultural plots around Bangalore are left fallow during the dry summer and winter months. A 

further characteristic of the city is a large number of abandoned fields in the rural-urban interface. 

As land prices skyrocket in the immediate surrounding of Bangalore (Nagendra et al., 2012b), 

many former agricultural lands are already sold and await their urban development. These former 

croplands are no longer cultivated and can be considered permanent fallows, while grazing by free 

roaming cattle keeps the vegetation short. Both types of fallows are comparably rich in herbaceous 

vegetation and can offer birds more resources than cropped fields or impervious areas. However, 

many birds need also perching opportunities, especially species associated to forests and 

woodlands. Without perching opportunities, they are limited in their use of resource rich fallows 

(Meichtry‐Stier et al., 2018). Such perching opportunities can be provided by larger green spaces, 

which are rich in tall shrubs and trees, explaining why the positive effect of fallows only occurs in 

conjunction with ample green spaces in the surroundings, and vice versa (Fig. II.2c, d). Overall, 

this highlights the importance of protecting various less disturbed, semi-natural areas such as green 
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spaces or long-term fallows to enhance bird biodiversity in urbanized and agricultural landscapes 

(see also 23,59–61).  

 

Landscape diversity  

We also observed effects of landscape diversity in our models. In the case of Bangalore, landscape 

diversity is increasing close to the city, as different rural and urban land cover classes are present 

alongside at the city’s edge, while the rural landscape is comparably simple in structure (see also 

Fig. II.1 c, d). In particular, the birds’ average body mass and the percentage of granivory in their 

diet increased with greater landscape diversity (Sup. II. 2). These results point to urbanization 

implications that promote landscape heterogeneity and are not captured by effects of grey area 

shares.  

 

Extension to other localities 

The various detrimental effects of urbanization on bird communities found in this study do not 

appear to be confined to Bangalore but are common characteristics of many developing megacities 

in the global south. To the best of our knowledge, this is the first study of local and landscape 

urbanization effects conducted in a highly dynamic tropical megacity, while most previous studies 

were conducted in temperate locations, smaller cities and over much shorter sampling spans. In 

particular, previous studies on bird communities mainly focus on cities with a longer history of 

urbanization and where urbanization processes were slower (Jokimäki et al., 2016). Here, bird 

communities had more time to adapt. Additionally, we think that many studies might misjudge 

negative effects of urbanization due to their sampling design, as many studies do not keep the 

investigated habitat type between urban and rural contexts constant, but rather compare opposing 

habitat types and thus very different communities (Batáry et al., 2018). In this setup, losses of birds 

associated to the primary, non-urbanized habitat are offset by increasing numbers of urban 

adapters. Such findings can obscure the fact that functionally important species might be lost 

through urbanization. Therefore, we see an urgent need to study tropical megacities in more detail, 

as the established knowledge on the effects of urbanization on birds in many cases cannot be 

directly transferred. 
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Conclusions 

Our study revealed that the urbanization of Bangalore causes dramatic, exponential losses of 

farmland birds both locally as well as on a landscape scale. We found that initial urbanization 

stages are already very detrimental to birds and that in particular invertebrate feeders are affected. 

Altogether, these are worrying findings not only for bird conservation but also for urban farmers, 

as the provision of biological pest control by local bird communities may be undermined. 

Furthermore, given the important role that birds play for people’s perception of nature, their strong 

decline is alarming, as it might further distance urban citizens from nature. We showed that semi-

natural areas, such as urban green spaces or fallows, benefited birds and can thus help to buffer 

negative effects of urbanization on farmland birds. This finding should be incorporated in urban 

conservation schemes and future city planning. Lastly, the negative effects of urbanization on 

farmland birds were universal and much stronger than in many previous studies. We contend that 

this is because tropical megacities currently undergo extremely intense and rapid urbanization, 

causing levels of disturbance and pollution that are much higher than in cities of the global north. 

Conservation and management schemes in tropical megacities need to catch up with these 

developments to avoid irretrievable losses in bird diversity. 
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Supplement II 

 

Supplement II.1: AIC, AICc and BIC scores of the full landscape model fitted in four different scales (radii around 

farm sites) with bird species richness as response. Explanatory landscape variables are: log of grey area, fallow area, 

green area and landscape diversity (Simpson index). 

 

Landscape scale 

(radius) 
AIC AICc BIC 

250 m 1228.4 1229.1 1255.4 

500 m 1227.9 1228.6  1254.9 

1000 m 1231.0 1231.7 1258.0 

1500 m 1235.0 1235.7 1262.0 

 

 

 

 

Supplement II.2: Community weighted means of proportional diet shares (indicated by line types and colors) versus 

(a) (mean predictions and 95 % confidence intervals displayed).  

Declines of community-weighted means in body masses in gram with decreasing landscape diversity (b) (mean 

predictions and 95 % confidence intervals displayed). Grey circles indicate observed values. Significance levels: ** p 

<0.01, * p <0.05. 

 

  

** (b) (a) ** 

** 

* 



Chapter II 

 

88 

  

 

Supplement II.3: Predicted community weighted means of proportional diet shares (indicated by line types and 

colors) over the seasons. Error bars indicate the standard error of predictions. Significance levels: ** p <0.01, * p <0. 

 

**  

**  
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Supplement II.4: Index of all encountered bird species and their life history traits, local breeding status and conservation status. 

 

species common name family aquatic wetlands forest woodland open tree building ground sedentary 
breeding 

visitor 

winter 

visitor 

non 

native 
status 

Accipiter badius Shikra Accipitridae 0 0 1 1 0 0 1 0 1 0 0 0 lc 

Acridotheres fuscus Jungle Myna Sturnidae 0 0 1 1 0 1 1 0 1 0 0 0 lc 

Acridotheres tristis Common Myna Sturnidae 0 0 0 1 1 1 1 0 1 0 0 0 lc 

Acrocephalus dumetorum Blyth’s Reed-warbler Acrocephalidae 0 0 1 1 0 0 0 1 0 0 1 0 lc 

Acrocephalus stentoreus Clamorous Reed-warbler Acrocephalidae 1 1 0 0 0 0 0 0 1 0 0 0 lc 

Aegithina tiphia Common Lora Aegithinidae 0 0 1 1 0 0 1 0 1 0 0 0 lc 

Alauda gulgula Oriental Skylark Alaudidae 0 1 0 0 1 0 0 1 1 0 0 0 lc 

Alcedo atthis Common Kingfisher Alcedinidae 1 1 0 0 0 0 0 0 1 0 0 0 lc 

Amandava amandava Red Avadavat Estrildidae 0 1 0 0 1 0 0 1 1 0 0 0 lc 

Amaurornis phoenicurus White-breasted Waterhen Rallidae 1 1 0 0 0 0 0 0 1 0 0 0 lc 

Anas poecilorhyncha Indian Spot-billed Duck Anatidae 1 1 0 0 0 0 0 1 1 0 0 0 lc 

Anastomus oscitans Asian Openbill Ciconiidae 1 1 0 0 0 0 0 0 1 0 0 0 lc 

Anhinga melanogaster Oriental Darter  Anhingidae 1 1 0 0 0 0 0 1 1 0 0 0 nt 

Anthus godlewskii Blyth's Pipit Motacillidae 0 0 0 0 1 0 0 1 0 0 1 0 lc 

Anthus rufulus Paddyfield Pipit Motacillidae 0 0 0 0 1 0 0 1 1 0 0 0 lc 

Anthus trivialis Tree Pipit Motacillidae 0 0 1 1 0 0 0 1 0 0 1 0 lc 

Apus affinis Little Swift Apodidae 0 0 1 1 1 1 0 0 1 0 0 0 lc 

Aquila fasciata Bonelli's Eagle Accipitridae 0 0 1 1 1 0 1 0 1 0 0 0 lc 

Ardea cinerea Grey Heron Ardeidae 1 1 0 0 0 0 0 0 1 0 0 0 lc 

Ardea intermedia Intermediate Egret Ardeidae 1 1 0 0 0 0 0 0 1 0 0 0 lc 

Ardea purpurea Purple Heron  Ardeidae 1 1 0 0 0 0 0 0 1 0 0 0 lc 

Ardeola grayii Indian Pond-heron Ardeidae 1 1 0 0 0 0 0 0 1 0 0 0 lc 

Artamus fuscus Ashy Woodswallow Artamidae 0 0 0 1 0 1 1 0 1 0 0 0 lc 

Athene brama Spotted Owl Strigidae 0 0 1 1 0 1 1 0 1 0 0 0 lc 

Bubulcus ibis Cattle Egret Ardeidae 0 1 0 0 1 1 0 0 1 0 0 0 lc 

Cacomantis passerinus Grey-billed Cuckoo Cuculidae 0 0 1 1 1 0 0 0 1 0 0 0 lc 
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Cecropis daurica Red-rumped Swallow Hirundinidae 0 0 0 1 1 1 0 0 1 0 0 0 lc 

Centropus sinensis parroti Greater Coucal Cuculidae 0 0 0 1 1 0 1 0 1 0 0 0 lc 

Ceryle rudis Pied Kingfisher Alcedinidae 1 1 0 0 0   0 1 0 0 0 lc 

Chloropsis jerdoni Jerdon's Leafbird  Chloropseidae 0 0 0 1 1 0 1 0 1 0 0 0 lc 

Chrysocolaptes festivus White-naped Woodpecker Picidae 0 0 0 1 0 0 1 0 1 0 0 0 lc 

Chrysomma sinense Yellow-eyed Babbler Sylviidae 0 0 0 1 1 0 1 1 1 0 0 0 lc 

Cinnyris asiaticus Purple Sunbird Nectariniidae 0 0 1 1 0 1 1 0 1 0 0 0 lc 

Cinnyris lotenius Loten's Sunbird Nectariniidae 0 0 1 1 0 0 1 1 1 0 0 0 lc 

Circaetus gallicus Short-toed Snake-eagle Accipitridae 0 0 0 0 1 0 1 0 1 0 0 0 lc 

Circus aeruginosus Western Marsh-harrier Accipitridae 0 1 0 0 1 0 0 1 1 0 0 0 lc 

Circus pygargus Montagu's Harrier  Accipitridae 0 0 0 0 1 0 0 1 0 0 1 0 lc 

Cisticola juncidis Zitting Cisticola Cisticolidae 0 1 0 0 1 0 0 1 1 0 0 0 lc 

Clamator jacobinus Jacobin Cuckoo Cuculidae 0 0 0 1 0 0 0 0 1 0 0 0 lc 

Clanga clanga Greater Spotted Eagle Accipitridae 0 1 1 1 0 0 1 0 0 0 1 1 lc 

Columba livia Rock Dove Columbidae 0 0 0 0 1 1 0 0 1 0 0 0 lc 

Copsychus fulicatus Indian Robin Muscicapidae 0 0 0 1 1 1 0 1 1 0 0 0 lc 

Copsychus saularis Oriental Magpie-robin Muscicapidae 0 0 1 1 0 1 1 0 1 0 0 0 lc 

Coracias benghalensis Indian Roller Apodidae 0 0 0 1 1 1 1 0 1 0 0 0 lc 

Corvus macrorhynchos Large-billed Crow Corvidae 0 0 1 1 0 0 1 0 1 0 0 0 lc 

Corvus splendens House Crow Corvidae 0 0 0 0 0 1 1 0 1 0 0 0 lc 

Cyornis tickelliae Tickell's Blue-flycatcher Muscicapidae 0 0 1 1 0 0 1 0 1 0 0 0 lc 

Cypsiurus balasiensis Asian Pam-swift Coraciidae 0 0 0 1 0 1 1 0 1 0 0 0 lc 

Dendrocitta vagabunda Rufous Treepie Corvidae 0 0 0 1 0 0 1 0 1 0 0 0 lc 

Dendrocygna javanica Lesser Whistling-duck Anatidae 1 1 0 0 0 0 0 1 1 0 0 0 lc 

Dicaeum erythrorhynchos Pale-billed Flowerpecker Dicaeidae 0 1 1 1 0 0 1 0 1 0 0 0 lc 

Dicrurus leucophaeus Ashy Drongo Dicruridae 0 1 1 1 0 0 1 0 0 0 1 0 lc 

Dicrurus macrocercus Black Drongo Dicruridae 0 0 0 1 1 1 1 0 1 0 0 0 lc 

Dinopium benghalense Black-rumped Flameback Picidae 0 0 1 1 0 0 1 0 1 0 0 0 lc 

Dumetia hyperythra Tawny-bellied Babbler Timaliidae 0 0 0 1 0 0 0 1 1 0 0 0 lc 



Farmland birds in Bangalore 

91 

 

Egretta garzetta Little Egret Ardeidae 1 1 0 0 0 0 0 1 1 0 0 0 lc 

Elanus caeruleus Black-winged kite Accipitridae 0 0 0 1 1 1 0 0 0 1 0 0 lc 

Eremopterix griseus Ashy-crowned Sparrow-lark Alaudidae 0 0 0 0 1 0 0 1 1 0 0 0 lc 

Eudynamys scolopaceus Western Koel Cuculidae 0 0 0 1 0 0 0 0 1 0 0 0 lc 

Euodice malabarica Indian Silverbill Estrildidae 0 0 0 0 1 1 1 0 1 0 0 0 lc 

Ficedula parva Red-breasted Flycatcher Muscicapidae 0 0 1 1 0 1 1 0 0 0 1 0 lc 

Francolinus pondicerianus Grey Francolin Phasianidae 0 0 0 0 1 0 0 1 1 0 0 0 lc 

Gallus sonneratii Grey Junglefowl Phasianidae 0 0 1 1 0 0 0 1 1 0 0 0 lc 

Halcyon smyrnensis White-breasted Kingfisher Alcedinidae 0 1 0 1 1 0 0 1 1 0 0 0 lc 

Haliastur indus Brahminy Kite Accipitridae 0 1 0 1 1 1 1 0 1 0 0 0 lc 

Hieraaetus pennatus Booted Eagle Accipitridae 0 0 1 1 0 1 0 0 0 0 1 0 lc 

Hierococcyx varius Common Hawk-cuckoo Cuculidae 0 0 1 1 0 0 0 0 1 0 0 0 lc 

Hirundo rustica Barn Swallow Hirundinidae 0 1 0 0 1 0 1 0 0 0 1 0 lc 

Hirundo smithii Wire-tailed Swallow Hirundinidae 0 0 0 1 1 0 1 0 1 0 0 0 lc 

Hydrophasianus chirurgus Pheasant-tailed Jacana Jacanidae 1 1 0 0 0 0 0 1 0 0 1 0 lc 

Iduna caligata Booted Warbler Acrocephalidae 0 0 0 1 1 0 0 1 0 0 1 0 lc 

Iduna rama Sykes's Warbler Acrocephalidae 0 0 0 1 1 1 0 0 0 0 1 0 lc 

Lalage melanoptera Black-headed Cuckooshrike Campephagidae 0 0 0 1 0 1 0 0 1 0 0 0 lc 

Lanius cristatus Brown Shrike Laniidae 0 0 0 1 1 1 0 0 0 0 1 0 lc 

Lanius schach Long-tailed Shrike Laniidae 0 0 0 1 1 1 0 0 1 0 0 0 lc 

Lanius vittatus Bay-backed Shrike Laniidae 0 0 0 1 1 1 0 0 1 0 0 0 lc 

Leptocoma zeylonica Purble-rumped Sunbird Nectariniidae 0 0 1 1 0 1 1 0 1 0 0 0 lc 

Lonchura malacca Tricoloured Munia Estrildidae 0 1 0 0 1 1 0 1 1 0 0 0 lc 

Lonchura punctulata Scaly-breasted Munia Estrildidae 0 0 0 0 1 1 0 0 1 0 0 0 lc 

Lonchura striata White-rumped Munia Estrildidae 0 0 0 1 1 1 0 0 1 0 0 0 lc 

Psilopogon viridis White-cheeked Barbet Megalaimidae 0 0 1 1 0 1 0 0 1 0 0 0 lc 

Merops orientalis Asian Green Bee-eater Meropidae 0 0 0 1 0 0 0 1 1 0 0 0 lc 

Merops philippinus Blue-tailed Bee-eater Meropidae 0 0 0 1 0 0 0 1 0 0 1 0 lc 

Microcarbo niger Little Cormorant Phalacrocoracidae 1 1 0 0 0 0 0 0 1 0 0 0 lc 
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Milvus migrans Black Kite Accipitridae 0 1 0 1 1 1 1 0 0 0 1 0 lc 

Mirafra affinis Jerdon's Bushlark Alaudidae 0 0 0 1 1 0 0 1 1 0 0 0 lc 

Mirafra erythroptera Indian Bushlark Alaudidae 0 0 0 1 1 0 0 1 1 0 0 0 lc 

Motacilla alba White Wagtail Motacillidae 0 1 0 0 1 0 1 0 0 0 1 0 lc 

Motacilla cinerea Grey Wagtail Motacillidae 0 1 1 1 0 0 1 0 0 0 1 0 lc 

Motacilla flava Western Yellow Wagtail Motacillidae 0 1 0 0 1 0 0 1 0 0 1 0 lc 

Motacilla maderaspatensis White-browed Wagtail Motacillidae 0 1 0 0 1 0 1 0 1 0 0 0 lc 

Muscicapa dauurica Ashy Brown Flycatcher Muscicapidae 0 0 0 1 0 1 0 0 1 0 0 0 lc 

Mycteria leucocephala Painted Stork Ciconiidae 1 1 0 0 0 0 0 0 1 0 0 0 nt 

Nycticorax nycticorax Black-crowned Night-heron Ardeidae 1 1 0 0 0 0 0 1 1 0 0 0 lc 

Ocyceros birostris Indian Grey Hornbill Bucerotidae 0 0 0 1 0 1 0 0 1 0 0 0 lc 

Oriolus kundoo Indian Golden Oriole Oriolidae 0 0 0 1 0 1 0 0 0 0 1 0 lc 

Oriolus xanthornus Black-hooded Oriole Oriolidae 0 0 1 1 0 1 0 0 1 0 0 0 lc 

Orthotomus sutorius Common Tailorbird Cisticolidae 0 0 0 1 0 0 0 1 1 0 0 0 lc 

Parus cinereus Cinereous tit Paridae 0 0 1 1 0 1 1 0 1 0 0 0 lc 

Passer domesticus House Sparrow Passeridae 0 0 0 0 1 1 1 0 1 0 0 0 lc 

Pastor roseus Rosy Starling Sturnidae 0 0 0 0 1 1 1 0 0 0 1 0 lc 

Pavo cristatus Indian Peafowl Phasianidae 0 0 0 1 0 0 0 1 1 0 0 0 lc 

Pelecanus philippensis Spot-billed Pelican Pelecanidae 1 1 0 0 0 0 0 0 1 0 0 0 lc 

Pellorneum ruficeps Puff-throated Babbler Pellorneidae 0 0 1 1 0 0 0 1 1 0 0 0 lc 

Perdicula asiatica Jungle Busg-quail Phasianidae 0 0 1 1 0 0 0 1 1 0 0 0 lc 

Pericrocotus cinnamomeus Small Minivet Campephagidae 0 0 1 1 0 1 0 0 1 0 0 0 lc 

Pernis ptilorhynchus Eastern Honey-buzzard Accipitridae 0 0 1 1 0 1 0 0 1 0 0 0 lc 

Petrochelidon fluvicola Streak-throated Swallow Hirundinidae 0 1 0 0 1 0 1 0 0 0 1 0 lc 

Phaenicophaeus viridirostris Blue-faced Malkoha Cuculidae 0 0 0 1 0 0 0 1 1 0 0 0 lc 

Phalacrocorax carbo Great Cormorant Phalacrocoracidae 1 1 0 0 0 0 0 2 1 0 0 0 lc 

Phalacrocorax fuscicollis Indian Cormorant Phalacrocoracidae 1 1 0 0 0 0 0 0 1 0 0 0 lc 

Phylloscopus affinis Tickell's Leaf-warbler Phylloscopidae 0 0 0 1 0 0 0 1 0 0 1 0 lc 

Phylloscopus nitidus Green warbler Phylloscopidae 0 0 1 1 0 0 0 1 0 0 1 0 lc 
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Phylloscopus trochiloides Greenish warbler Phylloscopidae 0 0 1 1 0 1 0 1 0 0 1 0 lc 

Ploceus philippinus Baya Weaver Ploceidae 0 0 0 0 1 1 0 0 1 0 0 0 lc 

Prinia hodgsonii Grey-breasted Prinia Cisticolidae 0 0 0 1 0 0 0 1 1 0 0 0 lc 

Prinia inornata Plain Prinia Cisticolidae 0 0 0 1 0 0 0 1 1 0 0 0 lc 

Prinia socialis Ashy Prinia Cisticolidae 0 0 0 1 0 0 0 1 1 0 0 0 lc 

Prinia sylvatica Jungle Prinia Cisticolidae 0 0 0 1 0 0 0 1 1 0 0 0 lc 

Pseudibis papillosa Red-naped Ibis Threskiornithidae 0 1 0 0 1 1 1 0 1 0 0 0 lc 

Psilopogon haemacephalus Coppersmith Barbet Megalaimidae 0 0 0 1 0 1 1 0 1 0 0 0 lc 

Psittacula cyanocephala Plum-headed Parakeet Psittacidae 0 0 1 1 0 1 0 0 1 0 0 0 lc 

Psittacula eupatria Alexandrine Parakeet Psittacidae 0 0 1 1 0 1 0 0 1 0 0 0 lc 

Psittacula krameri Rose-ringed Parakeet Psittacidae 0 0 1 1 0 1 0 0 1 0 0 0 lc 

Pycnonotus cafer Red-vented Bulbul Pycnonotidae 0 0 1 1 0 1 0 0 1 0 0 0 lc 

Pycnonotus jocosus Red-whiskered Bulbul Pycnonotidae 0 0 0 1 0 1 0 0 1 0 0 0 lc 

Pycnonotus luteolus White-browed Bulbul Pycnonotidae 0 0 0 1 1 1 0 0 1 0 0 0 lc 

Rhipidura albogularis White-spotted Fantail Rhipiduridae 0 0 1 1 0 1 0 0 1 0 0 0 lc 

Rhipidura aureola White-browed Fantail Rhipiduridae 0 0 0 1 0 1 0 0 1 0 0 0 lc 

Saxicola caprata Pied Bushchat Muscicapidae 0 0 0 1 1 1 1 1 1 0 0 0 lc 

Spilopelia senegalensis Laughing Dove Columbidae 0 0 0 1 0 1 0 0 1 0 0 0 lc 

Spilornis cheela Crested Serpent-eagle Accipitridae 0 0 1 1 0 1 0 0 1 0 0 0 lc 

Spilopelia chinensis Eastern Spotted Dove Columbidae 0 0 1 1 0 1 1 0 1 0 0 1 lc 

Streptopelia decaocto Eurasian Collared-dove Columbidae 0 0 0 1 1 1 1 0 1 0 0 0 lc 

Streptopelia tranquebarica Red Turtle-dove Columbidae 0 0 0 1 1 1 0 0 1 0 0 0 lc 

Strix ocellata Mottled Wood-owl Strigidae 0 0 0 1 0 1 0 0 1 0 0 0 lc 

Sturnia malabarica Chestnut-tailed Starling Sturnidae 0 0 0 1 0 1 1 0 0 0 1 0 lc 

Sturnia pagodarum Brahminy Starling Sturnidae 0 0 1 1 0 0 0 0 1 0 0 0 lc 

Sylvia althaea Hume's Whitethroat Sylviidae 0 0 1 1 0 1 0 1 0 0 1 0 lc 

Tachybaptus ruficollis Little Grebe Podicipedidae 1 1 0 0 0 0 0 1 1 0 0 0 lc 

Tephrodornis pondicerianus Common Woodshrike Vangidae 0 0 1 1 0 1 0 0 1 0 0 0 lc 

Terpsiphone paradisi Indian Paradiise-flycatcher Monarchidae 0 0 1 1 0 1 0 0 1 0 0 0 lc 
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Threskiornis melanocephalus Black-headed Ibis Threskiornithidae 1 1 0 0 0 0 0 1 1 0 0 0 nt 

Turdoides affinis Yellow-billed Babbler Leiotrichidae 0 0 1 1 0 1 0 0 1 0 0 0 lc 

Turnix suscitator Barred Buttonquail Turnicidae 0 0 0 1 1 0 0 1 1 0 0 0 lc 

Tyto alba Common Barn-owl Tytonidae 0 0 0 1 1 1 1 0 1 0 0 0 lc 

Upupa epops Common Hoopoe Upupidae 0 0 0 1 1 1 1 0 1 0 0 0 lc 

Vanellus indicus Red-wattled Lapwing Charadriidae 0 1 0 1 1 0 0 1 1 0 0 0 lc 

Vanellus malabaricus Yellow-wattled Lapwing Charadriidae 0 1 0 0 1 0 0 1 1 0 0 0 lc 

Zosterops palpebrosus Oriental White-eye Zosteropidae 0 0 1 1 0 1 0 0 1 0 0 0 lc 
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Supplement II.5: Full landscape data per site. Proportional values refer to a 500 m circular buffer around sites. 

site_id 
grey area 

(%) 

fallow area 

(%) 

green area 

(%) 

crop area 

(%) 

water area 

(%) 

distance 

(km) 

N_U01a 44.94 29.82 12.05 12.57 0.61 10.15 

S_U01a 74.16 7.71 8.13 8.36 1.63 10.70 

S_U01b 72.10 12.04 6.70 8.32 0.84 11.03 

N_U01b 19.13 28.08 7.76 17.79 27.24 11.72 

S_U02a 43.70 30.97 12.41 12.23 0.67 13.39 

S_U02b 42.88 28.68 9.94 18.40 0.10 14.32 

N_U02b 18.09 52.24 6.51 22.39 0.78 14.32 

N_U02a 22.35 25.81 10.41 28.34 13.09 14.95 

S_U03a 14.29 33.20 15.58 36.81 0.11 15.39 

N_U03a 28.62 38.64 4.11 28.28 0.36 15.98 

S_U03b 18.83 31.23 15.67 34.11 0.15 16.57 

N_U03b 6.13 45.93 6.55 41.37 0.01 17.12 

N_P01a 19.79 23.61 18.23 37.90 0.47 17.54 

N_P01b 5.07 65.19 2.51 25.93 1.31 18.13 

S_P01a 5.41 48.75 5.23 36.73 3.88 18.70 

S_P01b 1.03 49.30 7.13 42.50 0.04 19.73 

S_P02b 2.53 28.43 17.57 51.11 0.36 20.02 

N_P02a 20.34 37.57 3.50 37.44 1.15 20.37 

N_P02b 1.70 33.14 3.98 61.16 0.02 20.95 

S_P02a 15.39 32.61 25.33 26.57 0.10 21.12 

S_P03b 5.14 26.24 9.72 36.45 22.44 23.87 

S_P03a 6.44 41.33 9.28 42.89 0.05 24.37 

N_P03b 2.12 65.71 0.46 31.71 0.00 25.28 

S_R01a 6.64 72.62 1.44 19.08 0.22 25.86 

N_P03a 4.96 41.29 3.00 50.71 0.04 26.11 

S_R01b 0.75 64.39 2.74 31.77 0.36 26.33 

S_R02a 4.77 45.56 10.09 38.63 0.94 30.00 

S_R02b 4.32 57.26 5.90 32.23 0.28 30.01 

S_R03a 5.14 24.14 23.13 47.57 0.01 30.22 

N_R01a 2.61 45.54 2.35 49.49 0.00 30.62 

S_R03b 0.85 22.44 22.63 53.93 0.14 31.06 

N_R01b 1.44 43.66 0.51 54.39 0.00 31.71 

N_R02a 2.27 51.24 0.62 45.88 0.00 39.71 

N_R02b 0.31 55.95 1.15 42.60 0.00 39.82 

N_R03a 0.19 59.50 0.40 39.90 0.00 44.06 

N_R03b 0.93 65.48 0.31 33.25 0.03 44.71 
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Abstract 

How urbanization affects crop pollination has scarcely been studied, especially in the tropics. Here, 

we focus on the richness and abundance of wild bees and their pollination services to 30 small-

scale fields of Lablab purpureus, a globally wide-spread grain legume, in the Indian megacity 

Bangalore. Farms were selected along a gradient of urbanization, measured as percentage of 

impervious surface (grey area) at the landscape scale, ranging from 0% to 30%. We found that the 

abundance of lablab-visiting wild bees increased with increasing grey proportion on the landscape 

scale and that, in particular, ground-nesting and large-bodied bees benefitted, as well as Xylocopa 

bees. The higher availability of forage and open soils in low-density urban areas appeared to 

enhance bee populations in Bangalore. When pollinating insects were experimentally excluded, 

lablab plants produced 36% less and 31% lighter fruits. Yet, we did not detect any changes of 

pollination outcomes along the urbanization gradient, as lablab seem to receive stable pollination 

services. Finally, we found that the local bee richness was negatively affected by the number of 

on-field pesticide applications, resulting in 35% fewer species after 3 application rounds. In 

summary, we conclude that low density urbanization can be beneficial for wild bees in lablab 

farms, but intensive pesticide use could counteract this positive effect. Large and ground-nesting 

farmland bees benefited most from urbanization, but more studies on different crops in tropical 

cities are urgently needed.  

 

Keywords:  

bee, pollination, pollinators, pesticides, urbanization, ecosystem service, lablab   
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Introduction 

Fueled by worldwide population growth, urban areas are spreading at dramatic scales. By 2030 it 

is expected that five billion people will live in cities (United Nations, 2015), while the urban sphere 

will cover 1.2 million km2 of land by this time, nearly three times the extent of 2000 (Seto et al., 

2012).  

Simultaneously urban and peri-urban agriculture is growing in scale, especially in tropical 

and developing regions (van Veenhuizen, 2006). Over 800 million people are practicing farming 

in or near urban areas (Smit et al., 2001), producing an estimated 15 – 20% of global crops (Armar-

Klemesu, 2000). Given the projections of future urban expansions, the role of agriculture within 

urban conurbations for food security will gain importance. In addition, urban agriculture has also 

the potential to increase the sustainability of cities, as it can moderate their ecological footprints, 

offer habitat for wildlife, while also raising awareness for nature (Potter and LeBuhn, 2015). 

But farming in urbanized landscapes, depends, like any form of agriculture, on the 

provision of ecosystem services. In particular the pollination by insects is an essential service for 

most arable crops (Klein et al., 2007; Ollerton et al., 2011). However, pollinating insects and most 

notably wild bees have seen a worrying decline in the recent past (Mathiasson and Rehan, 2019; 

Potts et al., 2010; Tylianakis, 2013). These declines are usually associated to agricultural 

intensification with landscape homogenization and the widespread use of pesticides, which are 

considered the main culprits (Goulson et al., 2015), potentially jeopardizing pollination services 

to crops (Kremen et al., 2002). Pesticides, a collective term for fungicides, herbicides and 

insecticides, can have indirect, or in case of the latter, direct and severe detrimental effects on 

flowers-visiting insects, reducing pollinator richness and abundances (Brittain et al., 2010; 

Mallinger et al., 2015), also within urbanized environments (Baldock, 2020).  

But urban agriculture mainly involves small-scale, subsistence cropping practices which 

could be less harmful to wildlife and insects (Happe et al., 2018). Many studies have recently focus 

on pollinators in urban areas and a majority reach the conclusion that some pollinators can indeed 

benefit from certain forms of urbanization (Baldock et al., 2019, 2015; Larson et al., 2014; 

Theodorou et al., 2017). However, responses to urbanization differ between functional groups 

(Banaszak-Cibicka and Dylewski, 2021; Cane et al., 2006). In particular, generalist and cavity-

nesting species often benefit from urban landscape elements, such as flower-rich green spaces or 

nesting opportunities in buildings (Banaszak-Cibicka and Zmihorski, 2012). On the contrary, 



Bees along a tropical rural-urban gradient 

99 

 

specialist and ground-nesting species are negatively affected (Cane et al., 2006; Cardoso and 

Gonçalves, 2018; Neame et al., 2013). 

 On the landscape scale, positive outcomes of pollinator biodiversity are typically 

associated to low or intermediate urbanization levels (Wenzel et al., 2019), which is usually 

measured as the percentage of impervious or ‘grey’ areas. While, adverse effects of urbanization, 

such as surface sealing, fragmentation, urban warming or pollution (Baldock, 2020; Hamblin et 

al., 2018; Harrison and Winfree, 2015) usually become increasingly severe at higher urbanization 

intensities. 

However, studies have also repeatedly underlined the importance of parameters that 

describe the local habitat quality for urban pollinators, such as the availability of flowering 

resources, nest site densities or garden sizes (Baldock, 2020). There are multiple examples where 

such local parameters are more predictive than any landscape-wide grey proportions (Ahrné et al., 

2009; Everaars et al., 2011; Hülsmann et al., 2015). In addition, local management, such as the use 

of pesticides are equally important to investigate. 

Surprisingly, the provision of pollination services in or in direct proximity to cities has only 

been quantified by a few studies so far (Wenzel et al., 2019), albeit with encouraging results, with 

indications of sufficient pollination services to both crop (Lowenstein et al., 2015; Potter and 

LeBuhn, 2015) and non-crop plants (Verboven et al., 2014, 2012) and even indications of potential 

boosts in pollination services in proximity to urban areas  (Theodorou et al., 2020). 

Nevertheless, the majority of research conducted on urban pollinators or pollination so far 

comes only from temperate locations in the global north, while cities in tropical regions are still 

underrepresented (Wenzel et al., 2019). But the few studies that do exist point towards a similar 

beneficial potential of low urbanization densities for pollinators and pollination (Sing et al., 2016; 

Zakardjian et al., 2020) Nevertheless, Asia’s growing megacities remain virtually unstudied, 

despite the higher prevalence and importance of urban or peri-urban agriculture here. Given the 

fact that tropical regions will also be most affected by future urbanization, while also being highly 

biodiverse (Seto et al., 2012), we believe this is a significant research gap. 

Here we address this research gap. We studied the diversity of wild bees and quantified the 

provision of pollination services to Lablab purpureus, a bee pollinated legume, through a 

pollinator exclusion experiment. We conducted our research in the context of the rapidly growing 

Indian megacity Bangalore on small-scale lablab fields along a rural-urban gradient. Bangalore 
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has experienced massive growth over the last decades, making it an ideal in-situ laboratory to study 

the effects of urbanization on bees and pollination within a tropical setting. Specifically, we 

investigated how richness and abundance of lablab-visiting wild bees and lablab pollination 

outcomes might be mediated, on the landscape scale, by urbanization and, on the local scale, by 

floral resource availability and pesticide applications. Furthermore, we ask how lablab pollination 

outcomes are impacted by changes in their bee visiting community along the rural-urban gradient. 
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Material and methods 

 

Study area 

Bangalore (alias Bengaluru) is the capital of the south Indian state Karnataka. Fueled by a growing 

IT and high-tech sector, the city has grown by over 1000% between 1973 and 2017 (Ramachandra 

et al., 2019). Still, Bangalore is among the fastest growing cities in the world (United Nations, 

2016), while it is estimated that over 11 million people live in the city (Census of India, 2011). 

The city is embedded in a traditional agriculture landscape dominated mostly by extensive, 

small-scale farming. But farmlands in Bangalore’s direct proximity are progressively under 

pressure of urban sprawl and many farms are nowadays encroached by urban developments. 

Agriculture is strongly seasonal and depends on monsoon rains. But seasonal rains are increasingly 

unpredictable and water scarcity has become a pressing issue in the region (Patil et al., 2019).  

 

Study plant 

Lablab or hyacinth bean (Lablab purpureus) is a plant from the Fabaceae family. Native to Africa, 

the crop is grown throughout the tropics (Maass et al., 2010). While the wild variety is perennial, 

most cultivars are annual plants (Murphy and Colucci, 1999). The legume pods can contain up to 

six edible seeds, but it is the whole pod that is sold. In south India, lablab is widespread and usually 

sown in with the onset of the monsoon and grown over 90 to 120 days. The crop is popular because 

once established it has exceptional drought resistance and does not require irrigation (Maass et al., 

2010). Lablab is pollinated by bees and predominately by large-bodied carpenter bees (Xylocopa) 

(Baddiyavar, 2013; Kukade and Jaikiran, 2014). While the dominant mode of reproduction is self-

pollination (Kukade and Jaikiran, 2014), lablab yields can be significantly increased by insect-

mediated cross-pollination (Baddiyavar, 2013). 

 

Study design  

We selected a total of 30 smallholder farm plots on which Lablab was grown. Farms were selected 

in Bangalore’s rural-urban interface along a gradient of decreasing built-up intensity in the 

surroundings and increasing distance to the central point of the city (min = 11 km, max = 40 km), 

which was placed on the ‘Anil Kumble Circle’ (12°58'35.6"N 77°36'06.5"E). Lablab plot sizes 

varied between 283 m2 and 9153 m2 (mean = 1647 m2). Next to lablab cultivation, most farms also 
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engaged in other agricultural activities, such as dairy farming, fruit cultivation or cereal production 

on neighboring fields.  

 

Pollination experiment 

The inflorescence of lablab is an erect raceme. Flowers are grouped on multiple nodes along the 

inflorescence (Fig. S7). New flowers are formed from the top down. Per field, we selected at 

random 15 plants with a single fresh inflorescence. Using colored wire, we marked the height on 

the inflorescence above which all nodes carried only unopened flowers (Fig. S7 b). If present, we 

removed all open and unopened flowers, buds or developing pods below this marking (Fig. S7 c,d) 

to minimize plant compensatory growth. Five plants were covered with a pouch made of a fine 

gauze (exclusion treatment) (Fig. S7 a), while 10 plants were left uncovered (open treatment). 

After 21 days, we counted both the number of nodes and the total number of developing or ripe 

pods on all plants of both treatments. Subsequently, on the individual plant level, we weighted all 

ripe pods, counted the number of seeds and took the total seed weight. To account for differences 

in plant size, we standardized the weight measurements by multiplying the mean plant-level pod 

and seed weight with the overall mean number of nodes (7.4 nodes per plant) and pods (4.3 pods 

per plant). The final fruit set was estimated by relating the number of realized pods to the maximum 

possible number of pods (number of nodes per plant multiplied by 3, which is the usual maximum 

of pods per node). Any damaged pods were excluded from the analysis, except for estimating fruit 

set. Overall, we had 383 complete observations, (135 excluded, 248 open) for the final fruit set 

and 304 for pod and seed weights (90 excluded, 210 open). 

We conducted all fieldwork during the post-monsoon winter months in the period between 

the 7th November 2017 and the 4th January 2018. 

 

Bee sampling and bee variables 

We employed two methods to sample bee communities: netting and pan trapping (i.e. ‘bee bowls’) 

Netting was conducted on sunny days between 10 am and 3 pm during slow paced, zigzag transect 

walks within the fields over 30 minutes. Within this period, bees observed to interact with open 

lablab flowers were caught. Two rounds of netting were conducted per site 3 weeks apart. The 

second netting round only consisted of 26 observations due to access restriction or because lablab 

was already harvested in the meantime, leading to a total of 56 observations. 
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Additionally, once per site (n = 30), we placed four yellow pan traps (500-ml plastic soup 

bowls sprayed with yellow UV-bright color and filled with unscented soapy water). Traps were 

installed on the same day when the first netting round was performed, placed on the field margins 

near flower rich herbaceous vegetation on a similar height level (between 0.5 m and 1.2 m) and 

exposed for 48 hours. Specimen were first stored in alcohol, pinned, and later identified to genus- 

or ideally species-level. 

For each individual bee specimen, we measured the inter-tegula distance. Using the R-

package ‘pollimetry’ (Kendall et al., 2018a) measured IT-distances were used to estimate 

specimen’s dry body mass (in mg) and tongue length (in mm). In addition, we classified specimens 

as either ‘big’ or ‘small’ (lightest and heaviest 25% of specimen) or else ‘medium’. The use of 

predictive allometry with package ‘pollimetry’ has been shown to be effective for pollinators 

worldwide (Kendall et al., 2018b). Finally, we gathered information on nest site preferences 

(ground, open comb, cavity, parasitic) per species or genus (Krombein, 1967; Michener, 2007; 

Rasmussen, 2013). 

Subsequently, we calculated the following bee variables from the netting observations (n 

= 56): total abundance of flower visits (note that we define abundance in the context of our study 

as the sum of observed lablab flower interactions), abundance of big- and small-bodied bees, 

abundance of ground and cavity-nesting bees, abundance of Xylocopa bees and the community 

weighted mean (CWM) of body weight. To describe local bee community richness, we utilized 

the aggregated species richness of netting and pan trap observations (n = 30), as we wanted a 

measure of the overall species richness, which also includes species that were not observed to 

forage on lablab.  

  

Landscape variables 

To obtain information on the landscape context of each site, we extracted land cover data from a 

land cover map with 10 m spatial resolution (for further details see Marcacci et al., 2021). The 

following six land cover classes were distinguished: grey area (impervious and sealed surfaces, 

such as roads and buildings), green areas (any form of non-crop vegetation such as forests, 

grasslands or shrubs), water bodies, cropped fields, fallow fields (uncropped fields) and finally 

barren lands (uncultivated wastelands with almost no vegetation).  
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For all land cover classes we obtained their proportional share within multiple circular 

buffers around the field’s centroids (250 m, 500 m, 1000 m and 1500 m radius). To identify the 

best fitting scale, we fitted individual poisson models with bee richness (combined richness from 

both sampling methods) and abundance as responses and the four respective grey area values (grey 

was our main landscape variable of interests) within each individual buffer as predictors (see Tab 

S7 and S8 for coefficient tables). For both abundance and richness goodness of fit measures 

(Nagelkerk R2 and AICc) indicated that models performed best at the 500 m scale (see Fig S4), 

which was subsequently used. A 500 m landscape scale was also used in other urban pollinators 

studies (Banaszak-Cibicka and Zmihorski, 2012; Basu et al., 2016; Geslin et al., 2016). Lastly, 

using the Simpson’s diversity index (Simpson, 1949) we calculated the landscape diversity within 

circular buffers. 

All landscape variables were checked for potential correlations (see Fig. S1 a) and we 

subsequently dropped fallow area and landscape diversity from the analysis, as they were 

correlated to grey area (r > 0.65), which we wanted to retain as proxy for urbanization intensity. 

We also decided not to use barren lands as its overall landscape share was negligible (mean = 

2.6%). 

Grey area varied between 0.3% and 31.3% (mean = 10.7%, sd = 9.5%). Thus, the 

urbanization intensity in the context of our study can be described as low to intermediate at most. 

 

Local variables 

To describe the local availability of floral resources we counted all flower units per flowering plant 

species once per site on the same day when pan traps were installed and when we performed the 

first netting round. Flower units were counted within one- by one-meter counting grids (see Tab 

S1 for the full list of flowering plant species) and defined as either a single flower, or in the case 

of multi-flowered stems, a single umbel, head, spike or capitulum. Four counting grids were 

randomly placed inside lablab fields, while another four squares were placed on field margins 

within a 10 m wide buffer zone. Separately for both the field and buffer zone we averaged the four 

counts to obtain the mean flower abundances per square meter for field and buffer. We then 

extrapolated these averaged counts to the respective overall area of the field and buffer (field and 

buffer zone areas in square meter were estimated via satellite imagery). Finally, we considered 3 

variables that describe the local flower community and floral resources: ‘total flower richness’ and 
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‘flower abundance of non-lablab plants’ (both refer to the field plus buffer area) as well as ‘flower 

abundance of lablab’ (only refers to the focal field area). 

In the very end, we also conducted a short questionnaire with all participating farmers. We 

asked what final yield they had achieved on the focal fields and to what price they have sold their 

lablab harvest. Furthermore, we asked how many application rounds of pesticides (fungicides, 

insecticides, or herbicides) were performed during the lablab grow cycle, to obtain an 

approximation of farming intensities. 

 

 

Figure 1: Satellite image of Bangalore, the surrounding landscape and its metro area border (left panel). Sampled 

lablab farms are marked with green points. The city’s central point from which distances where measured is marked 

in blue. The panels on the right (A,B,C) show three examples for lablab farm sites along the distance gradient and 

varying levels of surrounding grey area (letters indicate farm’s positions within the map). The panels on the far right 

show the same farms in the context of the classified land cover map. The blue circles depict the 500 m radius in which 

land cover proportions were estimated. 
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Statistical analysis 

To test for the effects of the exclusion treatments we fitted linear mixed models for each plant-

level yield outcome (final fruit, standardized pod and seed weight), with ‘treatment’ as a fixed 

variable and ‘site’ as random factor with a fixed slope. Pod and seed weight variables were log-

transformed to achieve normality. 

To evaluate the influence of landscape and local conditions on our pollinator variables we 

used mixed effects models. Again, ‘site’ was set as random factor. The full set of explanatory 

variables were ‘grey area’, ‘green area’, ‘crop area’, ‘flower abundance lablab’, ‘flower abundance 

non-lablab’, ‘flower richness’, ‘number of pesticide applications’ and finally as control ‘sample 

round’. Both flower abundance variables were log-transformed, as they were heavily skewed, to 

obtain more robust predictions. We also specified interaction terms between ‘sample round’ and 

‘flower abundance lablab’ to control for the fact that lablab might have exceeded its peak flowering 

time in between sample rounds. In the same fashion, we specified the model for aggregated bee 

species richness, but without the random and sample round terms as they did not apply in the case 

of an aggregated variable. Poisson generalized mixed models were used for richness and all 

abundance outcomes, while a linear mixed model was used for the CWM of body weight. 

First, we fitted global models that included all explanatory variables. We would then 

perform model selections using the R function ‘dredge’ with ‘grey area’ specified as a fixed 

variable. We used the Aikaike Information Criterion to identify the most parsimonious models 

(lowest AICc). Only the results of these top models are presented here in the main text. However, 

other candidate models that were within two AICc values of the best performing model must be 

considered as equally explanatory and supportive (Burnham and Anderson, 1998). Hence, we also 

report the results of any such competing models in the Appendix (Tab. S2). Finally, to relate the 

observed pollinator community to pollination outcomes we used the average difference between 

‘excluded’ and ‘open’ treatments on the site-level, for all three pollination parameters as responses 

(n = 29). As predictors we used the overall ‘bee abundance’ and ‘Xylocopa bee abundance’, which 

we judged a priori as the most promising variables to impact pollination outcomes. All other bee 

variables were checked for correlation. We defined the exclusion threshold at r > 0.6, which is 

stricter here than for our landscape variables, as we aimed to reduce our many bee variables 

upfront. Subsequently, ‘CWM of body weights’ was added as additional parameter, as all other 

variables were correlated either to ‘abundance’ or ‘Xylocopa abundance’ (see Fig S5). As lablab 
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was in peak flowering during the first visit we only used the data of the first netting round. In a 

second set of models, we used ‘grey’, ‘pesticides’ and ‘non-lablab flower abundance’ as predictors 

to investigate if differences in pollination outcomes might be explained by any indirect effects of 

urbanization or management not captured by our bee variables. No model selection was performed 

for any of the pollination models. 

All fitted models were examined for over- or underdispersion, homoscedasticity and residual 

normality assumptions, as well as outliers using diagnostic plots. We performed all analysis in R 

(R Core Team, 2019) using the packages lme-4 (Bates et al., 2007) and MuIN (Barton, 2020).  
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Results 

 

Overview: Bee diversity 

Overall, we collected 575 bee specimens belonging to 45 species and 3 families (Apidae, 

Halictidae, Megachilidae) (see Tab. S3 for a complete list). Via netting, we caught 417 individuals 

belonging to 34 species foraging on lablab flowers. On average 7.4 bees and 3.9 species were 

caught per individual netting round. The pan traps caught a total of 158 specimen belonging to 28 

bee species. Here, we caught on average 5.3 bees and 2.4 species per individual pan trap collection. 

Only 17 species (37% of all recorded species) were caught with both sampling methods. 

The most dominant species were Xylocopa sp. 1 (73), Ceratina binghami (67) and 

Hoplonomia westwoodi (43) in the sweep net collection and Lasioglossum sp. 1 (73) and Apis 

florea (16) in the pan trap collection. All local honey-bee species (Apis florea, Apis cerana and 

Apis dorsata) were present in the sample, but as bee keeping is not common in the area, we 

considered them to be wild bees. Thirty-six percent of specimen caught in the lablab fields 

belonged to the genus Xylocopa. 

Chao 2 species estimators (Chao, 1987) indicated that we encountered 82.6% of the 

estimated regional bee species pool in our combined overall collection. 

 

Lablab pollinators 

Landscape effects 

The total abundance of lablab flower-visiting bees caught via netting was positively affected by 

surrounding grey proportions within a 500 m buffer around fields (Fig. 2a, Tab. S4). The fitted 

model predicts an increase from five to ten individuals to be present in the sample, if grey 

proportions increase from 0 to 30%. We found a similar positive effect of grey proportions for 

Xylocopa bees (Fig. 2b, Tab. S4), the main pollinators of lablab, as well as big-bodied bees in 

general. Indicating that in particular large bees seem to be able to benefit from impervious surfaces 

around farms. An increase in surrounding grey area also resulted in more ground-nesting bee 

individuals to be present in the lablab fields (Fig. 2c, Tab. S4). Worth noting is that the model 

predicts no ground-nesting bees to be present in lablab fields at all without any neighboring grey 

area cover. Grey proportions did not have any effect on bee richness, small-bodied bees, cavity-

nesting bees and mean body weight (see Fig S8 for non-significant relationships). It is noteworthy 
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that we could not detect any negative impact of grey area on any of our response variables in our 

study. 

Next to the impacts of grey area, we also found that green area cover in the landscape 

around farms had a positive impact on the abundance of cavity-nesting bees (see Fig S6, Tab S4), 

while the amount of surrounding cropped areas did not have any effect on any of our responses.  

 

 

Figure 2:  Increasing abundance of lablab visiting wild bees with increasing grey proportions (percentage cover of 

impervious surface within a 500 m radius around field centroids) (A).  Increasing abundance of lablab visiting big-

bodied (solid line), ground-nesting (dotted line) and Xylocopa bees (dashed line) with increasing grey proportions (B). 

Mean predictions and 95 % confidence intervals are displayed. All relationships are significant at p < 0.01 or p < 0.001 

(for ground-nesting bees). 

 

Local effects 

We found that aggregated bee species richness (combined netting and pan trapping collections) 

was significantly and negatively impacted by the number of pesticides applications to the focal 

lablab field. Our model suggests that with every individual pesticide application performed by the 

farmer one bee species is lost from the local species pool, resulting in a species loss of 35% after 

3 application rounds (Fig. 3a, Tab. S4). In addition, the abundance of small-bodied bees caught 

was also negatively affected by the number of pesticide applications to the focal-field (Fig. 3b, 

Tab. S4). Furthermore, fitted models indicate that the abundance of ground-nesting bees is 



Chapter III 

110 

 

negatively related to the abundance of lablab flowers on the focal field. We did not find any further 

effects of any local floral resource parameters. 

 

 

Figure 3:  Decreasing wild bee species richness (A) and abundance of lablab visiting small-bodied bees (B) with 

increasing numbers of pesticide applications to the focal-field. Mean predictions and 95 % confidence intervals are 

displayed. Both relationships are significant at p < 0.05. 

 

Pollination experiment 

Overall, we observed a clear difference in pollination outcomes between the open, insect pollinated 

and excluded treatments (Tab. S6). Our model indicates that on average the final fruit set increases 

from approximately 17.3% in the excluded to 23.6% in the open treatment (Fig. S3a). That means 

that insect pollinated lablab plants produced a total of 36.2% more pods. Next, to carrying more 

fruits, insect pollinated plants also yielded heavier pods and seeds (Fig. S3b, c). Here, models 

predict a mean increase in pod weight by 31% as well as 34.8% heavier seeds. 

According to our farmer questionnaire, we estimated that on average 2865 kg of ripe lablab 

pods per hectare were harvested. The average achieved price for lablab pods was 32 rupees per kg 

(approximately 0.42 US$). Assuming that insect pollination results in 36% more pods and 31% 

heavier pods, as our results suggest, we conclude that without insect pollination farmers would 

lose approximately 10 470 rupees (approximately 138 US$) of income per hectare lablab 

cultivation.  
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However, we could not establish any relationship between local differences in pollination 

outcomes and bee communities, urbanization, or local site parameters, as mean proportional 

treatment differences were independent of all pollinator predictors, grey percentages, local flower 

abundance and the number of pesticide applications (Tab. S5 and S9). This suggests that the 

urbanization gradient did not affect pollination services. 

 

Discussion 

In our study we found that bees benefitted from moderate urbanization levels with large-bodied, 

ground-nesting and Xylocopa bees the main beneficiaries. But we also found that pesticide 

applications harmed bee communities. Furthermore, experimental exclusion of bees led to overall 

lower lablab yield, but pollination outcomes did not change along our urbanization gradient, nor 

with local conditions  

 

Lablab pollinators 

We observed a positive impact of landscape-wide impervious, grey area on the abundance of 

lablab-visiting bees. Higher ‘grey’ shares in the surroundings of the farm were associated with 

lablab flowers receiving more visits by bees, in particular by big-bodied bees and Xylocopa bees, 

which are known to be the main pollinators of lablab. However, local bee species richness was 

unaffected by urbanization. As grey area is a commonly used proxy to measure urbanization and 

its intensity, we conclude that urbanization in the rural-urban interface of Bangalore seem to 

benefit parts of the lablab-visiting bee community. However, it is important to stress that the 

urbanization intensity in our study must be described as low to maximal intermediate (grey 

percentages did not exceed 30%) and that any such positive impacts must not necessarily hold true 

for higher urbanization intensities. Beneficial aspects of urbanization might be increasingly lost 

with advancing urban densification, as regularly reflected by negative outcomes in studies that 

took place in more dense urban environments (Lagucki et al., 2017; Matteson et al., 2013; Sing et 

al., 2016). In addition, positive impacts of urbanization were trait or group specific as not all 

species seem to profit equally. This is reflected by the fact that only a subset of functional groups 

we investigated increased in abundance, while the overall species richness did not change. 

Positive effects of low or moderate urbanization on bees or other pollinators have already 

been repeatedly reported for temperate cities (Carper et al., 2014; Lowenstein et al., 2015; 
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Theodorou et al., 2016).  A common explanation is a high availability of floral resources in 

urbanized areas (Ahrné et al., 2009; Baldock, 2020; Hülsmann et al., 2015; Wojcik and McBride, 

2012). Urban habitats such as gardens, front yards, vacant lots, or roadside green strips, are often 

rich in horticultural or other herbaceous plants and flowers and can be hotspots of pollinators in 

urban areas (Baldock et al., 2019; Banaszak-Cibicka et al., 2018, 2016; Geslin et al., 2015). These 

urban habitats are often very small in scale and resources are mostly concentrated into small 

patches (i.e. flowerbeds) but moderately urbanized cityscapes can contain a high density of such 

resource patches, which may partly explain the association between beneficial effects and low 

landscape ‘grey’ proportions. In addition, rural landscapes outside of the city, are often 

increasingly simplified by modern, intensive agriculture. Overall, this can lead to an increased 

concentration of flower-visiting insects in urban areas.  

We contend that also in Bangalore urbanization is associated with a higher landscape-wide 

availability of floral resources, which leads to increasing bee populations. The dry climatic 

conditions in south India outside of the rainy season may also enhance this effect. While the floral 

abundance in the landscape declines shortly after seasonal rains, small gardens and front yards in 

built-up areas are usually irrigated throughout the year. This ensures a continuous rich floral 

display that benefits local bee populations, consolidating the observed positive relationship of low 

to intermediate grey areas, floral resources, and bee abundance. 

However, it is noteworthy that we did not observe any large effects of the local flower 

parameters on our bee responses as landscape wide grey proportions were more predictive. This 

was surprising, since it is generally assumed that small-scale, local habitat features are often more 

relevant in predicting pollinator responses within urban settings (Wenzel et al., 2019). Geslin et 

al. (2016) also found that local flower composition had no effect on urban bees and underline in 

their discussion that it would have been necessary to also investigate the ecological value of plant 

species for bees to really establish the connection between flower and bee assemblages, something 

we did not do. Also, our flower parameters were based on projects of a few local count grids, as 

such they can only provide a rough estimation here. 

Moderately urbanized landscapes may also provide more nesting opportunities for bees. 

Human-made structures and buildings can offer little cracks and cavities, and therefore, it is 

generally believed that urbanization is particularly beneficial for cavity-nesting species (Cane et 

al., 2006). While we could not find any effects of increasing grey shares on cavity-nesting bees in 
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general, we did observe a clear increase of Xylocopa bees, which are cavity nesters. We also found 

a significantly positive relationship between the landscape proportion of green areas, such as 

shrubs and trees, and the abundance of all cavity-nesting bees. This is in line with the fact that 

most cavity-nesting species depend on woody vegetation for nesting (Loyola and Martins, 2009) 

and the importance of green spaces for this group was also shown previously (Threlfall et al., 

2015).  

Interestingly, ground-nesting bees showed a similar positive response to increasing grey 

proportions. Ground-nesting species need bare soil to borrow their nests in; a habitat feature that 

has become increasingly rare in many western cities, as it is common practice to grow extensive 

lawns on any open spaces, while at the same time courtyards or parking lots are often paved (Cane 

et al., 2006). Consequently, ground-nesting bees are considered as particularly threatened by 

urbanization (Cane et al., 2006; Geslin et al., 2016; Neame et al., 2013; Rocha-Filho et al., 2018). 

However, this seems not to be the case in Bangalore. We assume that this might be driven by the 

fact that most plots, courtyards, or parking lots are here simply left barren after development, 

particularly in less developed areas at the city’s fringes. As the soil is usually compacted during 

development and additionally aided by the dry conditions, these barren yards remain less vegetated 

for a long time and could thus create nesting opportunities for ground-nesting species. Future 

studies should consider exploring this in more detail, for instance by quantifying bare soil 

availability or determine nest densities. Nevertheless, his finding showcases that established 

findings of urban bee studies, largely conducted in temperate locations, might not necessarily apply 

in a tropical setting.  

A further finding was that big-bodied bee species showed an increase in abundance in the 

context of more grey area, while this was not the case for small-bodied bees. The effect of 

urbanization on pollinator body sizes is disputed. While some authors report fewer large species 

in urbanized habitats (Banaszak-Cibicka and Zmihorski, 2012), others found increasing body sizes 

of pollinators (Geslin et al., 2016; Merckx et al., 2018). Larger species can usually be expected to 

be more mobile, hence they might be more suited for survival in urbanized landscape and less 

impacted by the fragmentation or isolation of habitat patches. Our results indicate that the latter 

might be true in the context of our study. 
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Pesticide applications 

Lastly, we also documented a negative impact of on-field pesticide applications on the local bee 

species richness and the abundance of small-bodied bees. That pesticides and most notably 

insecticides are generally associated to insect and pollinator declines is well established (Brittain 

et al., 2010; Goulson et al., 2015). Similar findings of a declining local on-field wild bee richness 

or abundance in agricultural systems due to pesticides are well documented (Kovács-Hostyánszki 

et al., 2011; Park et al., 2015) also from the tropics (Otieno et al., 2015) and India (Basu et al., 

2016). Still, tropical smallholder systems are understudied in that regard, especially within urban 

or periurban settings. Here we are among the first to document such negative impacts of pesticides 

on local bee populations. However, when directly modeled, pesticide applications did not affect 

any of our measured pollination outcomes, nor did we find impacts on any of the key pollinators 

of lablab, which are mostly large-bodied. Only the abundance of small-bodied bees was negatively 

affected. Small-bodied bees are believed to be particular vulnerable to agrochemicals. They are 

more likely to be exposed to higher doses of toxins per unit of body mass and because they take up 

larger amounts of toxins in relation to their body size when feeding than their larger relatives (Sgolastra 

et al., 2019), which might explain the impact pesticides had on smaller bees in our study. 

However, we must caution that our pesticide results are only based on an aggregated 

pesticide variable (i.e. we could not distinguish between insecticides, herbicides or fungicides). In 

addition, we could not measure pesticide quantities directly, but based our analysis on the number 

of applications rounds as declared by the farmer. As such, we think future studies should look into 

these aspects in more detail. Overall, this topic is of high and timely relevance, as farming 

intensities generally increase in proximity to large cities due to high demands for agricultural 

products and monetary pressure through high land prices (Cumming et al., 2014; Vandercasteelen 

et al., 2018). 

 

Lablab pollination 

In general, we observed a clear positive impact of pollination by wild bees on lablab’s overall fruit 

set and standardized pod and seed weights. Based on our results, we valued pollination services at 

138 US$ per hectare lablab cultivation, which is a significant sum for local smallholders. This 

positive influence of pollination on crop yields is by no means a surprising finding, given the 

previous knowledge of its pollinator dependency (Baddiyavar, 2013).  
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However, the positive effect that grey areas had on the abundance of key lablab pollinators, 

such as carpenter bees did not translate into additional pollination benefits for lablab. The bee 

parameters we measured could not explain the differences in observed pollination outcomes 

between treatments. Similarly, we could also not detect any indirect effect of local or landscape 

parameters. Potentially, pollination was sufficient everywhere for lablab to achieve its full fruiting 

potential under the given field conditions, even on fields where we observed comparably low 

visitation. We contend that that it is likely that there is currently no pollination limitation for lablab 

in our study area. Stable pollination services in urbanized environments were also shown by other 

studies (Potter and LeBuhn, 2015; Verboven et al., 2012). For instance, Verboven et al. (2012) 

assume that mobile pollinators, such as bumble bees, and in our case potentially carpenter bees, 

can ensure pollination services even in fragmented urban landscapes. However, it is also 

noteworthy that our average field sizes were very small (average field size: 1647 m2), when 

compared to the more intensely managed agricultural landscape in Europe or North America. 

Hence, distances to beneficial habitat patches, such as semi-natural areas, flower-rich margins or 

hedges are shorter, while their overall density is also presumably higher. As such pollinators in 

our study area should suffer less from isolation effects or other detrimental impacts of 

homogenized landscapes (Hass et al., 2018; Tscharntke et al., 2021). This could also partly explain 

the absent of pollination limitation in our study, as pollinating insect might be present in sufficient 

densities everywhere to ensure ample pollination. However, further investigations are required. 

For example, it is regrettable that we did not perform any supplementary hand pollination, but also 

additional management parameters or site and crop characteristics could have helped to explore if 

fruiting is limited by pollination or rather by other factors such as local site conditions.   

 

Conclusion 

Urban areas can play an important role for pollinator conservation. However, there is a lack of 

studies on pollinators and their services in tropical regions. Here we showed that lablab pollination 

is economically important and that the lablab-visiting bee community benefits from low levels of 

urbanization in a tropical megacity. We found a higher abundance of bees to be present in lablab 

fields that had more grey area in the surrounding landscape. We contend that this might be due to 

more nesting and foraging resources close to the city, leading to a concentration of bees. 
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Specifically, ground-nesting bees, often negatively impacted by urbanization in temperate 

locations were positively affected in our study. However, we also found that pesticide applications 

harm bee richness, which may counteract beneficial urbanization effects. As the largest share of 

urbanization in the global south still to come, there is an urgent need for research like ours to 

inform new and sustainable urbanization strategies. 
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Supplement III 

 
Figure S1: Spearman correlation matrices for all landscape variables within a circular 500 m radius buffer around the 

centroids of the focal lablab fields. Colors indicate strengths of correlations: the darker the color the stronger the 

correlation. Red indicates a positive and blue a negative correlation. The following variables were used: grey = grey 

area proportions (impervious surfaces), green = Green area proportions (Shrubs and woody vegetation), fallow = 

Fallow area proportions, crop = Cropped area proportions, simpson = Landscape diversity measured via Simpson 

Index. 
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Figure S2: Mean predicted differences between sweep net sampling rounds for the abundance of small-bodied species 

(lightest 25 % of species) (A) and the mean community tongue length in mm (B). Black circles represent the estimated 

means. Error bars indicate the standard error of predictions. Significance levels:  p < 0.05 (A) and p < 0.1 (B). 
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Figure S3: Mean predictions (circles) for percent final fruit set in percent (a), standardized pod weight in gram (b) 

and standardized seed weight in gram (c). Error bars indicate the standard error of predictions. Significance levels: p 

< 0.001 (a), p < 0.01 (b, c). 

 

 

 

Figure S4: Nagelkerke R2 and AICc for abundance (A, B) and richness (C,D) models in which grey area was the sole 

predictor. Four different landscape scales for grey area were used (calculated in 250m, 500m  1000m and 1500m radii 

around sites) which are displayed on the x-axis. 
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Table S1: Index of encountered plant species. 

Species Author Common_name 

Achyranthes aspera L. L. Chaff-flower 

Aeschynomene indica L. Indian jointvetch 

Ageratum conyzoides L. 1753  Goat weed 

Alternanthera philoxeroides (Mart.) Griseb. Alligator weed 

Alternanthera sp.1 Forssk. Joyweeds 

Argemone mexicana L. Mexican prickly poppy 

Barleria cristata L. Philippine violet 

Bidens pilosa L. Black-jack 

Brassica juncea (L.) Czern. Indian mustard 

Cajanus cajan (L.) Millsp. Pigeon pea (Tur) 

Cardiospermum halicacabum L. Ballon plant 

Celosia argentea L.  Cock's comb 

Chromolaena odorata (L.) R.M.King & H.Rob. Communist Pacha 

Chrysanthemum morifolium (Ramat.) Hemsl. Florist's daisy 

Chrysanthemum sp. 1 L. Chrysanths 

Cleome chelidonii  L.f. Celandine Spider Flower 

Coccinia grandis  (L.) Voigt Ivy Gourd 

Cocos nucifera  Coconut palm 

Commelina benghalensis L.  Benghal dayflower 

Corchorus trilocularis L. Wild jute 

Crossandra infundibuliformis (L.) Nees Firecracker flower 

Crotalaria pallida Aiton American Crotalaria 

Croton bonplandianum Baill. Croton 

Cucumis sativus L.  Cucumber 

Cyanotis cristata  (L.) D.Don Nabhali 

Diodella teres (Walter) Small Rough buttonweed 

Emilia sonchifolia (L.) DC. ex Wight Lilac tasselflower  

Emilia sp. 1 Cass Tasselflower 

Eucalyptus sp. 1 L'Hér. 1789 Eucalyptus 

Euphorbia heterophylla L. Mexican fireplant 

Euphorbia hirta L. Asthma-plant 

Euphorbia milii Des Moul. Crown of thorns 

Evolvulus alsinoides (Linn.) Linn. Slender dwarf morning-glory 

Gomphrena globosa L. Globe amaranth 

Hibiscus lobatus (Murray) Kuntze Lobed Leaf Mallow 

Hibiscus sp. 1 L. Hibiscus 

Indigofera linnaei  Ali. Birdsville indigo 

Ipomoea coccinea L. Red morning glory 

Ipomoea sp. 1 L. Morning glories 

Ipomoea sp. 2 L. Morning glories 

Ipomoea sp. 2 L. Morning glories 
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Ipomoea sp. 3 L. Morning glories 

Ipomoea sp. 4 L. Morning glories 

Jasminum officinale L. Jasmin 

Lablab pupureus (L.) Sweet Lablab  

Lagascea mollis Cav. Silk leaf 

Lantana camara L. Lantana 

Leucas aspera (Willd.) Link. Thumba 

Macroptilium atropurpureum (DC.) Urb. Purple bush-bean 

Malachra capitata  (Linn.) Linn. Gombo mallow 

Mesosphaerum suaveolens (L.) Kuntze Pignut 

Momordica charantia  L. Bitterourd 

Moringa oleifera Lam. Drumstick tree 

Nerium oleander L. Oleander 

Oxalis stricta L. Common yellow woodsorrel  

Phyllanthus niruri L.  Stonebreaker 

Physalis minima L. Sunberry 

Plumeria pudica Jacq. Bridal bouquet 

Richardia scabra L.  Rough Mexican Clover 

Senna occidentalis (L.) Link, 1829 Septicweed 

Senna sp. 1 Mill. Sennas 

Senna tora (L.) Roxb. Sickle Senna 

Sida acuta Burm. F. Common wireweed 

Sida cordifolia L. Flannel weed 

Sida rhombifolia L.  Arrowleaf sida 

Solanum lycopersicum L.  Tomato 

Solanum nigrum L.  Bacl nightshade 

Spermacoce hispida L.  Shaggy Button Weed 

Spermacoce sp. 1 L.  False buttonweed 

Stachytarpheta indica (L.) Vahl Blue snake weed 

Synedrella nodiflora (L.) Gaertn. Nodeweed 

Trianthema portulacastrum L.  Horse purslane 

Tribulus terrestris L. Goat's-head 

Trichosanthes dioica Roxb. Pointed gourd 

Tridax procumbens L. Coatbuttons 

Vigna unguiculata (L.) Walp. Cowpea 
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Table S2: Overview over the most parsimonious and competing models (within ΔAICc < 2) after global model 

selection. First ranked models are presented in the main manuscript. Estimates, AICc, ΔAICc and Akaike weights (wi) 

are displayed. 

  

Response (Intercept) Grey Pesticides
Flower 

Richness
Crop Green

Flower 

Abundance 

Lablab (log)

Flower 

Abundance 

non-lablab 

(log)

family df logLik AICc delta weight sample

Combined wild bee richness 2.01 0.08 -0.14 poisson(log) 3 -67.53 141.98 0 0.21

Combined wild bee richness 2.02 0.04 0.12 poisson(log) 3 -68.11 143.14 1.16 0.12

Combined wild bee richness 2.01 0.09 -0.12 0.08 poisson(log) 4 -66.87 143.35 1.37 0.11

Combined wild bee richness 2.01 0.06 -0.11 0.08 poisson(log) 4 -66.88 143.36 1.38 0.11

Combined wild bee richness 2.02 0.06 poisson(log) 2 -69.5 143.45 1.46 0.1

Combined wild bee richness 2.01 0.15 -0.16 0.1 poisson(log) 4 -66.94 143.48 1.5 0.1

Combined wild bee richness 2.01 0.07 -0.15 0.07 poisson(log) 4 -67.01 143.61 1.63 0.09

Combined wild bee richness 2.02 0.07 0.10 poisson(log) 3 -68.41 143.75 1.76 0.09

Combined wild bee richness 2.01 0.08 -0.14 -0.06 poisson(log) 4 -67.15 143.89 1.91 0.08

Abundance lablab visiting bees 1.96 0.19 poisson(log) 3 -152.31 311.08 0 0.09

Abundance lablab visiting bees 1.89 0.19 poisson(log) 4 -151.36 311.51 0.43 0.07 +

Abundance lablab visiting bees 1.96 0.17 -0.13 0.11 poisson(log) 5 -150.21 311.62 0.54 0.07

Abundance lablab visiting bees 1.96 0.20 -0.09 poisson(log) 4 -151.47 311.72 0.64 0.07

Abundance lablab visiting bees 1.96 0.19 -0.09 poisson(log) 4 -151.5 311.79 0.71 0.06

Abundance lablab visiting bees 1.89 0.17 -0.13 0.12 poisson(log) 6 -149.13 311.97 0.89 0.06 +

Abundance lablab visiting bees 1.96 0.18 -0.11 0.10 poisson(log) 5 -150.46 312.12 1.04 0.05

Abundance lablab visiting bees 1.89 0.20 -0.09 poisson(log) 5 -150.47 312.13 1.05 0.05 +

Abundance lablab visiting bees 1.96 0.20 -0.10 -0.1 poisson(log) 5 -150.47 312.14 1.06 0.05

Abundance lablab visiting bees 1.96 0.17 0.07 poisson(log) 4 -151.79 312.37 1.29 0.05

Abundance lablab visiting bees 1.89 0.19 -0.09 poisson(log) 5 -150.59 312.38 1.3 0.05 +

Abundance lablab visiting bees 1.96 0.18 0.07 poisson(log) 4 -151.84 312.46 1.38 0.05

Abundance lablab visiting bees 1.89 0.19 -0.12 0.10 poisson(log) 6 -149.44 312.6 1.52 0.04 +

Abundance lablab visiting bees 1.96 0.14 -0.08 poisson(log) 4 -151.95 312.68 1.59 0.04

Abundance lablab visiting bees 1.89 0.20 -0.10 -0.1 poisson(log) 6 -149.51 312.73 1.65 0.04 +

Abundance lablab visiting bees 1.89 0.18 0.07 poisson(log) 5 -150.78 312.76 1.68 0.04 +

Abundance lablab visiting bees 1.96 0.18 -0.08 -0.13 0.1 poisson(log) 6 -149.54 312.79 1.71 0.04

Abundance lablab visiting bees 1.96 0.08 -0.13 0.11 poisson(log) 5 -150.82 312.83 1.75 0.04

Abundance lablab visiting bees 1.89 0.18 0.07 poisson(log) 5 -150.84 312.89 1.81 0.04 +

Abundance cavity nesting bees 1.43 0.10 -0.17 0.22 poisson(log) 5 -136.37 283.94 0 0.12

Abundance cavity nesting bees 1.43 0.09 0.19 poisson(log) 4 -137.6 283.99 0.04 0.12

Abundance cavity nesting bees 1.43 0.32 -0.19 0.26 -0.2 poisson(log) 6 -135.32 284.35 0.4 0.1

Abundance cavity nesting bees 1.42 0.13 -0.18 poisson(log) 4 -137.86 284.51 0.57 0.09

Abundance cavity nesting bees 1.43 0.12 poisson(log) 3 -139.17 284.8 0.85 0.08

Abundance cavity nesting bees 1.43 0.11 -0.17 0.19 -0.14 poisson(log) 6 -135.62 284.95 1 0.07

Abundance cavity nesting bees 1.43 0.25 0.19 -0.18 poisson(log) 5 -136.88 284.97 1.02 0.07

Abundance cavity nesting bees 1.42 0.10 0.15 -0.13 poisson(log) 5 -136.92 285.05 1.11 0.07

Abundance cavity nesting bees 1.43 0.24 0.18 poisson(log) 4 -138.32 285.42 1.48 0.06

Abundance cavity nesting bees 1.42 0.15 -0.13 -0.19 poisson(log) 5 -137.12 285.45 1.5 0.06

Abundance cavity nesting bees 1.43 0.20 -0.18 0.15 0.17 poisson(log) 6 -135.87 285.45 1.51 0.06

Abundance cavity nesting bees 1.43 0.29 -0.16 0.24 poisson(log) 5 -137.15 285.5 1.55 0.06

Abundance cavity nesting bees 1.43 0.25 -0.20 0.19 0.12 -0.16 poisson(log) 7 -134.74 285.81 1.87 0.05

Abundance ground nesting bees 0.23 0.55 -0.39 poisson(log) 4 -95.07 198.94 0 0.36

Abundance ground nesting bees 0.24 0.34 -0.29 -0.36 poisson(log) 5 -94.05 199.32 0.38 0.3

Abundance ground nesting bees 0.22 0.53 -0.47 0.17 poisson(log) 5 -94.59 200.4 1.46 0.18

Abundance ground nesting bees 0.22 0.57 -0.16 -0.44 poisson(log) 5 -94.69 200.6 1.67 0.16

Abundance big bodied bees 1.48 0.21 0.12 poisson(log) 4 -136.05 280.88 0 0.18

Abundance big bodied bees 1.47 0.24 poisson(log) 3 -137.21 280.89 0.01 0.17

Abundance big bodied bees 1.48 0.12 -0.14 0.16 poisson(log) 5 -135.13 281.46 0.58 0.13

Abundance big bodied bees 1.48 0.25 0.09 poisson(log) 4 -136.59 281.96 1.08 0.1

Abundance big bodied bees 1.48 0.22 0.08 0.11 poisson(log) 5 -135.57 282.35 1.47 0.08

Abundance big bodied bees 1.47 0.23 0.06 poisson(log) 4 -136.98 282.75 1.87 0.07

Abundance big bodied bees 1.48 0.24 -0.06 poisson(log) 4 -136.98 282.75 1.87 0.07

Abundance big bodied bees 1.48 0.21 0.12 0.06 poisson(log) 5 -135.8 282.8 1.92 0.07

Abundance big bodied bees 1.47 0.20 -0.06 poisson(log) 4 -137.04 282.87 1.99 0.06

Abundance big bodied bees 1.48 0.23 0.05 poisson(log) 4 -137.04 282.87 1.99 0.06

Abundance small bodied bees 0.48 0.23 -0.35 poisson(log) 5 -118.93 249.05 0 0.54 +

Abundance small bodied bees 0.48 0.21 -0.37 -0.14 poisson(log) 6 -118.48 250.68 1.63 0.24 +

Abundance small bodied bees 0.48 0.22 -0.36 -0.12 poisson(log) 6 -118.6 250.92 1.87 0.21 +

Abundance Xylocopa bees 0.82 0.25 poisson(log) 3 -120.9 248.26 0 0.21

Abundance Xylocopa bees 0.81 0.27 -0.17 poisson(log) 4 -120.09 248.96 0.71 0.15

Abundance Xylocopa bees 0.82 0.43 -0.23 0.24 poisson(log) 5 -119.09 249.39 1.13 0.12

Abundance Xylocopa bees 0.81 0.26 -0.13 poisson(log) 4 -120.49 249.75 1.5 0.1

Abundance Xylocopa bees 0.82 0.35 0.15 poisson(log) 4 -120.51 249.81 1.56 0.1

Abundance Xylocopa bees 0.80 poisson(log) 2 -122.83 249.89 1.64 0.09

Abundance Xylocopa bees 0.82 0.24 0.09 poisson(log) 4 -120.64 250.06 1.81 0.08

Abundance Xylocopa bees 0.82 0.26 0.08 poisson(log) 4 -120.72 250.22 1.97 0.08

Abundance Xylocopa bees 0.82 0.25 -0.20 0.14 poisson(log) 5 -119.52 250.23 1.98 0.08

Mean community body weight 99.36 5.10 gaussian(identity)5 -313.99 639.18 0 0.39 +

Mean community body weight 100.97 6.63 -13.16 gaussian(identity)6 -313.04 639.79 0.62 0.29 +

Mean community body weight 81.60 6.58 gaussian(identity)4 -316.01 640.8 1.63 0.17

Mean community body weight 99.93 4.17 7.39 gaussian(identity)6 -313.67 641.06 1.88 0.15 +
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Table S3: Index of encountered bee species. 
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