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A B S T R A C T

Agricultural landscapes cover large areas of temperate regions and harbour key components of biodiversity that 
contribute to ecosystem functioning. Insectivorous bats act as natural enemies of crop pests, yet the ways 
agricultural practices influence their populations and associated functions remain insufficiently synthesised. We 
conducted a systematic map of peer-reviewed literature to provide the first structured cross-scale classification 
and quantitative mapping of existing evidence on agricultural practices affecting insectivorous bats in temperate 
agroecosystems. We searched Web of Science, Scopus, and Google Scholar, screened 8416 records, and identified 
164 eligible studies. Agricultural interventions were classified across three scales: local-scale practices, inte
grated farming systems, and landscape-scale management. Most studies focused on descriptive landscape-scale 
variables, highlighting the influence of landscape complexity, and agroecological infrastructures on bat activ
ity and community composition. Conversely, evidence on local-scale practices, such as pesticide use, irrigation, 
tillage, and grazing intensity, was understudied. Bat responses were most frequently assessed through acoustic 
surveys, and relatively few studies directly quantify pest suppression, dietary composition, or physiological 
endpoints, meaning that ecosystem service benefits are often inferred rather than experimentally demonstrated. 
Proposed conservation measures focus on habitat and landscape management. By clarifying where evidence is 
robust and where inference remains indirect, this systematic map identifies priority areas for experimental 
research and multi-scale integration. Strengthening causal inference will be essential to support biodiversity- 
based agricultural transitions that credibly align bat conservation with ecosystem service provision in 
temperate regions.

1. Introduction

Modern agriculture has undergone profound transformations in 
recent decades, particularly across temperate regions of Europe and 

North America, where intensification has reshaped landscapes and 
placed substantial pressure on biodiversity (Clough et al., 2020; Raven 
and Wagner, 2021; Tscharntke et al., 2012a). Practices such as mono
culture expansion, the removal of semi-natural habitats (e.g., 
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hedgerows, wetlands), and widespread reliance on pesticides and fer
tilizers have reduced habitat quality for many farmland species and 
disrupted ecological balances (Batáry et al., 2015; Díaz et al., 2019). In 
Europe, over 75% of agricultural habitats and their associated species 
are now considered to be in poor conservation status (European 
Environment Agency, 2020). Similar patterns are evident in other re
gions, and specifically in North America, where agricultural intensifi
cation has contributed to declines in insectivores, pollinators, and other 
service-providing organisms (Forister et al., 2011; Janousek et al., 2023; 
Stanton et al., 2018). Biodiversity losses threaten key ecosystem services 
essential for food production, such as pest control, pollination, and 
nutrient cycling, thus increasing the risk farming systems become reliant 
on costly and environmentally harmful inputs (Dainese et al., 2019; 
Tscharntke et al., 2012a). Conserving and restoring biodiversity within 
agroecosystem is therefore not only a conservation goal but also a 
cornerstone of resilient and sustainable food systems (Kremen and 
Merenlender, 2018; Rasmussen et al., 2024).

Among the species that contribute to the ecological processes un
derpinning agroecosystem functioning, insectivorous bats play a 
particularly important role as natural enemies of crop pests 
(Tuneu-Corral et al., 2023). Evidence for their role in pest control comes 
from dietary analyses confirming direct consumption of pest species 
(Charbonnier et al., 2021; Mata et al., 2021a), exclusion experiments 
demonstrating increased pest damage and reduced crop yields when 
bats are prevented from foraging (Beilke and O’Keefe, 2023; Maas et al., 
2013; Maine and Boyles, 2015), and studies showing spatial and tem
poral overlap between bat activity and pest abundance (Tortosa et al., 
2023). Boyles et al., (2011) estimated that bats provide pest control 
services worth billions of dollars annually to U.S. agriculture.

Despite their functional importance in agroecosystem, many bat 
species are of conservation concern, with populations declining at 
regional and global scales (Frick et al., 2020; Russo et al., 2018). In 
temperate regions, these declines are driven by multiple interacting 
pressures, including emerging diseases such as white-nose syndrome, 
which has caused dramatic population collapses in North American bats 
and generated cascading effects on ecosystem functioning and human 
well-being, notably through the loss of natural pest control (Frank, 
2024). Beyond disease, agricultural intensification remains one of the 
most widespread drivers of bat declines worldwide, affecting prey 
availability, habitat structure, and roosting opportunities (Frick et al., 
2020). Pesticide use significantly reduces insect abundance, contrib
uting to lower bat activity in conventionally managed fields compared to 
organic systems (Douglas and Tooker, 2016; Put et al., 2018). Similarly, 
practices such as intensive tillage or high grazing pressure simplify 
habitat structure and reduce prey availability, thereby limiting foraging 
opportunities (Barré et al., 2018; Dietzer et al., 2024; Paniccia et al., 
2025). At the landscape scale, homogenisation and the loss of 
semi-natural habitats, such as woodlands, hedgerows, and water bodies, 
also strongly influence bat activity and species richness (Frey-Ehrenbold 
et al., 2013; Valle et al., 2023). As highly mobile, central-place foragers, 
bats depend on these features, as well as on overall landscape compo
sition and connectivity, similarly to other mobile taxa such as birds and 
many pollinator groups (Frey-Ehrenbold et al., 2013; Priyadarshana 
et al., 2024; Vallé et al., 2023). These landscape elements provide 
essential resources for foraging, navigation, and access to roosts 
(Froidevaux et al., 2022b; Heim et al., 2015; Rodriguez-San Pedro et al., 
2019).

Bat responses to agricultural practices are far from uniform and are 
shaped by species-specific ecological traits. Different foraging guilds, 
defined by echolocation range, wing morphology, and flight behaviour, 
show contrasting sensitivities to habitat change (Boughey et al., 2011; 
Tarcy et al., 2025). Open-space foragers such as Nyctalus or Tadarida 
species can cover large areas to locate prey, which may buffer them 
against local habitat simplification, yet they remain sensitive to prey 
depletion and loss of structural heterogeneity at the landscape scale. In 
contrast, edge and narrow-space foragers (e.g., Myotis and Plecotus 

species) depend on landscape linear elements such as hedgerows, field 
margins, or riparian corridors for foraging and movement (Boughey 
et al., 2011). Beyond foraging guilds, traits such as diet, body size, 
and habitat specialization further shape species’ responses to agricul
tural practices (Carballo-Morales et al., 2021; Farneda et al., 2020; 
Froidevaux et al., 2023; García-Morales et al., 2013; Loeb, 2020; Mendes 
and Srbek-Araujo, 2021). This heterogeneity complicates the design of 
effective agri-environmental strategies and underscores the need for 
structured evidence syntheses examining how agricultural practices 
influence bat communities to clarify knowledge patterns, identify crit
ical gaps, and better inform both research priorities and management 
decisions.

Previous syntheses have made important progress in linking bats, 
agriculture, and ecosystem services. Park, (2015) reviewed the benefits 
of lower-intensity farming systems such as organic farming, agrofor
estry, and agri-environment schemes for bats as potential bioindicators, 
but drew on a limited number of studies and without systematic 
scale-based mapping of the evidence. Similarly, Williams-Guillén et al. 
(2016) distinguished habitat conversion from agricultural intensifica
tion in a global multi-scale review, documenting predominantly nega
tive effects on bat communities while highlighting the mitigating role of 
agroforestry systems. More recently, Tuneu-Corral et al. (2023) pro
vided a global review on bat pest control, synthesizing dietary and 
economic evidence, while Xavier et al. (2023) developed a global sys
tematic map of research on bats in agroecosystem, organising 309 
studies by cropping systems (e.g., soybean, rice, cultivated pasture) 
across biomes and highlighting broad trends and gaps. However, these 
syntheses primarily organise evidence around broad land-use categories 
and cropping systems rather than agricultural practices. Consequently, it 
remains challenging to determine which practices (e.g., pesticide re
gimes, tillage intensity, grazing pressure, crop diversification, irrigation 
strategies) have received substantial research attention and where evi
dence is sufficiently concentrated to inform management. Moreover, 
their global scopes, spanning diverse climates, production systems, and 
policies limit their direct applicability to temperate agroecosystems, 
where farming systems, bat communities, and regulatory instruments 
such as agri-environment schemes show greater comparability.

Here, we present a systematic map of peer-reviewed research on 
agricultural practices affecting insectivorous bats in temperate regions. 
In line with the Collaboration for Environmental Evidence guidelines 
(Collaboration for Environmental Evidence, 2022), we applied a PICO-C 
(Population, Intervention, Comparator, Outcome, Context) framework 
as a guiding structure for the search strategy, screening criteria, and data 
extraction. We classified interventions into local-scale agricultural 
practices (specific management decisions at field or farm level, e.g., 
pesticide use, tillage, irrigation), integrated farming systems (e.g., 
organic vs. conventional), and landscape-scale management (habitat 
composition and configuration beyond individual fields). We also 
documented the diversity of bat response metrics (e.g., activity, taxo
nomic and functional diversity, physiological indicators, pest control) 
and monitoring approaches (e.g., acoustic surveys, telemetry, capture 
methods). By explicitly structuring the evidence base around agricul
tural practices within a coherent temperate context, this map provides a 
structured diagnosis of the evidence base, identifying where knowledge 
is concentrated, where it remains fragmented, and where critical gaps 
constrain inference. In doing so, it offers a practice-oriented overview 
that is directly usable for informing research prioritisation and 
agri-environmental decision-making, while establishing a comparative 
framework for future targeted quantitative syntheses. Hence, we 
addressed the following questions: 

(1) Which agricultural practices have been investigated across local, 
system, and landscape scales?

(2) Which monitoring approaches and bat response variables have 
been used to assess these practices?
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(3) What mitigation or conservation measures are proposed in the 
literature?

(4) Where are the main evidence clusters and critical knowledge 
gaps?

2. Material and methods

2.1. Literature search and pre-scoping

To address the objectives of this systematic map, we conducted a 
literature search to identify all relevant peer-reviewed articles published 
in English. All searches were performed on April 6, 2024, across Web of 
Science Core Collection (WOS), Scopus (via institutional access from the 
Institut National de Recherche pour l′Agriculture, l′Alimentation et 
l′Environnement - INRAE, France), and Google Scholar, with no re
strictions applied to publication dates. The search in Google Scholar was 
limited to the first 400 results retrieved using Publish or Perish software 
(Harzing, 2017), with browser history and cookies cleared beforehand 
to reduce algorithmic biases from prior internet activity. Results were 
stored by relevance (default Google Scholar algorithm). The 400-result 
threshold follows established practice in systematic mapping and re
view studies, as Google Scholar ranks the most relevant studies first 
(Bonfanti et al., 2023; Haddaway et al., 2015; Triquet et al., 2024). The 
exact search strings used for literature search are presented in Table 1. 
The same Boolean structure was used across WOS and Scopus, with 
database-specific field tags applied (TS= in WOS; TITLE-ABS-KEY in 
Scopus). For Google Scholar, we applied a simplified version of the 
search string to account for platform limitations in query length and 
advanced Boolean operators.

The search terms used to reflect the PICO-C intervention component 
(agricultural practices) in our search strings were derived from a pre
liminary scoping of the literature. This phase allowed us to identify 
commonly used terms describing agricultural practices (Soil prepara
tion, Fertilization, Sowing, Irrigation, Crop protection, Harvesting, 
Mowing, Intermediate crop, grazing). Broader search terms such as 
‘agriculture’, ‘agroecology’, and ‘landscape(s)’ were also included to 
increase sensitivity and ensure comprehensive coverage.

The development of the final search string used for the literature 
search in WOS and Scopus (Table 1) resulted from an iterative process 
aimed at optimising both sensitivity and precision (Livoreil et al., 2017). 
This process, conducted in WOS, involved comparing the outputs of 
alternative search strings against a test list of 47 articles identified as 
highly relevant to the review question (Appendix A). We first tested a 
simplified baseline string that successfully retrieved 100% of the test list, 
confirming its high sensitivity. Despite this full retrieval rate, we decided 

to enrich this baseline string by incorporating additional terms previ
ously identified for the intervention component, in order to maximise 
comprehensiveness and minimize the risk of missing relevant studies. 
These additional terms were introduced stepwise, with each iteration 
tested as a distinct search string whose performance was evaluated 
against the benchmark list; all intermediate search strings and their 
outputs are reported in Appendix B.

All records retrieved from the different search engines were reported 
and merged into a single dataset. Duplicate records were removed prior 
to screening using the remove_duplicates function from the litsearchr R 
package (Grames et al., 2019), based on matching of titles and DOIs.

2.2. Study selection

We conducted a two-stage screening process on all records, system
atically applying predefined eligibility criteria (Table 2) at each stage. In 
the first stage, titles and abstracts were screened using Abstrackr 
(Wallace et al., 2012) by several members of the systematic map team. 
To ensure consistency in applying the selection criteria, the screeners 
conducted a test on a shared sample of 100 articles. Reviewer agreement 

Table 1 
Search strings used for the literature search in WOS, Scopus, and Google Scholar.

Search engine Search string

WOS and 
Scopus

(bat OR bats OR chiroptera*) AND (agri* OR agro* OR farm* OR 
crop* OR cultivated OR arable OR landscape$ OR "farming practice 
$" OR "agricultural practice$" OR wood* OR "semi-natural habitat$" 
OR “semi-natural element$” OR hedgerow$ OR "field boundar*" OR 
"field margin$" OR pasture$ OR bush* OR wetland$ OR marsh$ OR 
pond$ OR "water bod*" OR fallow$ OR grassland$ OR orchard$ OR 
vineyard$ OR "olive grove$" OR rice OR alfalfa OR sorghum OR 
soybean OR vegetable$ OR wheat OR barley OR rapeseed OR 
sunflower OR corn OR maize OR cotton OR till* OR plough* OR 
fertili* OR amendment$ OR compost OR manur* OR sow* OR 
irrigat* OR "crop protection" OR "pest control" OR "pest 
management" OR pesticide$ OR insecticide$ OR fungicide$ OR 
herbicide$ OR harvest* OR "residue management" OR "crop residue 
$" OR mow* OR cutting OR silage OR "cover crop*" OR grazing OR 
pasture$ OR livestock$ OR husbandr* OR cattle$ OR "antiparasitic 
drug$" OR ivermectin)

Google 
Scholar

(bat OR bats OR chiroptera*) AND (agri* OR agro* OR farm* OR 
crop* OR cultivated OR arable OR landscape OR "farming practice" 
OR "agricultural practice")

Table 2 
Eligibility criteria used in the screening process, arranged by PICO-C 
components.

PICO-C component Definition

Eligible Population 
(s)

Studies must include at least one insectivorous bat taxon, 
either as a focal group or in combination with other bat trophic 
guilds or taxonomic groups.

Eligible 
Intervention(s)

Studies must examine agricultural practices or management 
within the agricultural landscapes. Eligible interventions 
include: (i) local-scale agricultural practices (e.g., pesticide 
application, tillage, irrigation, grazing); (ii) integrated farming 
systems combining multiple practices at the field or farm scale 
(e.g., organic farming systems, agroforestry, grassland-based 
systems); or (iii) landscape-scale management, including 
landscape complexity (compositional or configurational 
heterogeneity), and agroecological infrastructures (e.g., 
hedgerows, ponds, wooded patches).

Eligible 
Comparator(s)

Studies must include a comparator (control treatment) that 
provides a baseline for examining the bat responses in relation 
to agricultural practices. Eligible comparators include: (i) 
contrasts in management intensity (e.g., sprayed vs. unsprayed 
fields, grazed vs. ungrazed grasslands or pastures); (ii) 
comparisons between farming systems (e.g., organic vs. 
conventional); (iii) spatial contrasts across land-cover types or 
landscape heterogeneity (e.g., habitat diversity, proportions of 
semi-natural habitats, or hedgerow density); (iv) gradients of 
landscape heterogeneity; and (v) temporal contrasts (e.g., 
before–after changes in management).

Eligible Outcome 
(s)

Studies must report at least one measurable biological 
response of bats, such as activity, species richness or 
taxonomic/functional diversity, community composition, diet, 
habitat selection, or physiological indicators (e.g., pesticide 
residues in tissues).

Eligible Context Studies must be conducted in temperate climatic regions, 
defined according to Köppen-Geiger climate classification. The 
included regions encompass: (i) temperate oceanic climates 
(Cfb, Cfc), (ii) temperate humid continental climates (Cfa), 
(iii) Mediterranean climates (Csa, Csb), and (iv) cool-summer 
continental climates (Dfb), which correspond to boreonemoral 
and other cool-temperate zones. The inclusion of 
Mediterranean zones ensures coverage of southern regions of 
Europe that share comparable agroecological characteristics, 
community compositions, and agricultural policy frameworks 
with the other temperate systems. For studies conducted in 
countries spanning multiple climatic zones (e.g., Sweden, 
Australia, Chile), inclusion was determined based on the 
specific study location reported in the article. If geographic 
coordinates were provided, they were verified against the 
Köppen-Geiger classification. If coordinates were unavailable, 
inclusion was based on the reported region (e.g., state or 
province), which was cross-checked against the Köppen- 
Geiger classification.
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was assessed using Fleiss’s Kappa coefficient (Fleiss, 1971), with values 
above 0.6 considered acceptable (Collaboration for Environmental Ev
idence, 2022; Frampton et al., 2017). We achieved a Kappa value of 
0.86, indicating a high level of agreement. All remaining disagreements 
were discussed and resolved before proceeding with the screening pro
cess. A conservative approach was applied during this stage (i.e., articles 
were retained for full-text screening if eligibility could not be deter
mined based on title and abstract alone). In the second stage, full texts of 
the remaining articles were reviewed by the first author, and in cases of 
uncertainty, inclusion or exclusion decisions were discussed with other 
team members.

2.3. Data extraction and coding

Data extraction was conducted by the first author using a stand
ardised coding framework. The coding process was piloted on a subset of 
studies to refine category definitions and ensure consistency before full 
extraction was completed. Ambiguous cases were discussed with other 
team members to ensure consistent interpretation of coding criteria. For 
each included study, we extracted bibliographic information as well as 
study characteristics, including study location and design. Bat species 
studied or recorded in each study were documented. A synthesis 
showing the frequency of reported species per geographic region is 
presented in Appendix C (Fig. C1).

We systematically extracted data on the agricultural practices 
assessed in each study. Consistent with the classification introduced 
above, practices were grouped into three main categories (Table 3; 
Appendix D), partly inspired by the typology proposed by (Bonfanti 
et al., 2023): local-scale agricultural practices, referring to specific 
management decisions implemented at field or farm level (e.g., crop 
protection, fertilization, irrigation and water management, livestock 
grazing management, field margin management, harvesting); (ii) inte
grated farming systems, referring to coordinated management regimes 
combining multiple practices under a unified framework (e.g., organic 
farming systems, grassland-based systems, farming systems under 
agri-environment schemes); and (iii) landscape-scale management, 
referring to landscape composition and configuration beyond individual 
fields. Within the landscape-scale category, we further distinguished 
three subcategories: (a) landscape complexity, encompassing composi
tional heterogeneity, which refer to the diversity and proportion of 
land-cover types and configurational heterogeneity, which relates to 
their spatial arrangement (Fahrig et al., 2011); (b) land-use, describing 
the use and preferences of bats for different land-cover types; and (c) 
agroecological infrastructures, defined as intentionally maintained or 
restored semi-natural habitats embedded within agricultural landscapes 
but located outside cultivated fields (e.g., hedgerows, ponds, wooded 

patches, flower strips).
We also extracted data on bat monitoring methods (e.g., acoustic 

surveys, radio tracking, faecal sampling) and on the biological de
scriptors used to assess bat responses. These descriptors encompassed 
biodiversity measures (e.g., abundance, activity, species richness, 
taxonomic/functional diversity) as well as other ecological and physi
ological responses such as diet composition, habitat use and speciali
sation, and pesticide concentrations in bat tissues. A detailed description 
of agricultural practice categories, monitoring methods, and biological 
response descriptors is provided in Appendix D.

Additionally, we documented the conservation measures proposed in 
the studies to mitigate the impacts of agricultural practices on bats. 
Based on the collected data, these measures were grouped into the 
following categories (Appendix D): adjustment of livestock manage
ment; education of farmers, landowners, and the public; habitat con
servation and restoration; enhancement of roost availability; promotion 
of landscape heterogeneity and habitat connectivity; implementation of 
monitoring and research; development of policy recommendations; and 
adoption of sustainable agricultural practices. All extracted data were 
recorded in a structured database (Appendix D). The relevant evidence 
was mapped using visual representations, including figures and heat
maps, to illustrate the volume of evidence and identify knowledge 
clusters and gaps.

3. Results

3.1. Literature searches and studies selection

The literature initially identified 12,804 records, of which 4388 
duplicates were removed prior to screening. After deduplication, 8416 
records (Appendix E) were screened, resulting in 164 studies that met 
the eligibility criteria and were included in this systematic map (Fig. 1; 
Appendix E).

3.2. Geographic distribution and temporal evolution

The studies included in this map were published between 1986 and 
2023. Their temporal distribution (Fig. 2) shows a clear increase in 
research effort over time. After a period of sporadic publication during 
the late 1980s and 1990s, the number of studies began to rise in the early 
2000s, followed by a more consistent growth from the late 2000s on
ward. Although annual outputs fluctuate, the general trend indicates 
sustained and expanding scientific interest in the effects of agricultural 
practices on insectivorous bats, with several peaks observed during the 
last decade.

Geographically, the evidence base is unevenly distributed (Fig. 3). 
Studies are strongly concentrated in Western Europe and North America. 
The United Kingdom (n = 29; 17.7%) and the United States of America 
(n = 26; 15.9%) stand out as major contributors, followed by Germany 
(n = 16; 9.8%), Italy (n = 13; 7.9%), Portugal (n = 13; 7.9%), and 
France (n = 12; 7.3%). In contrast, Eastern European countries are 
sparsely represented, with only isolated studies (e.g., Greece and 
Estonia; 1 study each). Outside Europe and North America, Australia 
(n = 5; 3%) and Chile (n = 5; 3%) contribute modestly, while other 
temperate regions remain weakly covered.

3.3. Agricultural practices

The evidence base is strongly concentrated on landscape-scale 
management. Landscape complexity (n = 72; 31.3%), land use 
(n = 71; 30.9%), and agroecological infrastructures such as hedgerows 
or isolated trees (n = 22; 9.6%) together account 71.8% of the evidence 
base, forming the largest cluster of studies (Fig. 4). Studies in the 
landscape complexity category typically explore how landscape 
composition and spatial heterogeneity affect bat populations (e.g., 
Ancillotto et al., 2021, 2017; Tortosa et al., 2023). Within the land use 

Table 3 
Agricultural practice categories used to classify publications by Intervention.

Practices and management group Practices and management 
category

local-scale agricultural practices Crop protection
Fertilization
Harvesting
Livestock grazing management
Field margin
Irrigation and water 
management

Integrated farming systems (Combination of 
various individual practices, studied under a 
unique system/method)

Agroforestry
Organic farming system
Conservation tillage system
Grassland systems
Farming systems under Agri- 
Environment Schemes

Landscape-scale management Landscape complexity
Land use
Agroecological infrastructures
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category, 45 studies focus on the habitat use and specialisation of one or 
a few bat species across different land-cover types, primarily using 
radio-tracking (e.g., Nelson and Gillam, 2017; Russo and Jones, 2003).

In contrast, local-scale practices (n = 35; 14.9%) and integrated 
farming systems (n = 30; 13.1%) are substantially underrepresented, 

revealing important gaps in the evidence base.
Among local-scale agricultural practices, field margins are the most 

frequently investigated (n = 21; 9.1%), with studies often comparing 
presence versus absence margins (Kelly et al., 2016; Toffoli, 2016) or 
different margin types (Lentini et al., 2012; McHugh et al., 2019).

Fig. 1. ROSES flow diagram illustrating the study selection process for the systematic map (adapted from Haddaway et al., 2017).

Fig. 2. Temporal evolution of studies included in the systematic map. Annual numbers (solid line) and trend (dashed line).
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Livestock grazing management (n = 5; 2.2%) is examined through 
comparisons of grazing intensity (Ancillotto et al., 2017), herd size 
(Costa et al., 2019), or livestock presence (Downs and Sanderson, 2010), 
with only one study assessing the impact of livestock water-trough 
modifications on bats (Tuttle et al., 2006). Crop protection practices 
are less addressed (n = 4; 1.7%) and covered heterogeneous dimensions 
of pesticide use and pest management, including comparisons of 
chemical input intensity (Jimenez-Navarro et al., 2023), AES schemes 
involving reduced pesticide use (MacDonald et al., 2012), experimen
tally testing the effect of herbivore-induced plant volatiles (Maynard 
et al., 2023), and pesticide residue analyses in bat tissues across gradi
ents of spraying intensity (Guillén et al., 1994). Irrigation and water 
management studies (n = 3; 1.3%) emphasize the ecological role of 
ponds and channels in semiarid regions, which support bat activity and 
species richness by providing essential foraging habitats (Lison and 
Calvo, 2011; Stahlschmidt et al., 2012). Other local-scale practices such 
as fertilisation (MacDonald et al., 2012) and harvesting techniques 
(Pluciński et al., 2015) are addressed in less than 1% (n = 1) of studies 
each. Within the farming integrated system category, organic farming 
receives the greatest attention (n = 14; 7.4%), most often in contrast 
with conventional systems. Two studies extend this comparison: the first 
includes fields in transition to organic farming (Fialas et al., 2023), 
while the second incorporates the conservation tillage system (Barré 
et al., 2018). Farming systems under AES account for only 2.2% 
(n = 5) of studies, and typically compare farms adopting AES versus 
non-participating farms without detailing the specific management 
measures implemented (Angell et al., 2019; MacDonald et al., 2019). 
Other integrated farming systems, such as grassland (n = 5; 2.2%) and 
agroforestry (n = 2; 0.9%), also remain marginal in the evidence base. 
Only 33 (20%) studies combined landscape-scale variables with 
local-scale agricultural practices within the same framework, and only 
10 statistically tested interaction effects between scales.

3.4. Monitoring methods

Acoustic surveys represent the predominant monitoring approach, 
used in 73% (n = 119) of the included studies (Fig. 5). They are applied 
across almost all categories of agricultural practices, with the highest 
concentration in studies addressing landscape complexity and land use. 
Radio tracking (n = 45; 27%) is the second most frequent method, pri
marily employed to study bat habitat use and specialisation by tracking 
individual movements and assessing how land-use changes influence bat 
behaviour. Capture-based methods, including mist netting and harp 
trapping, are used only occasionally (n = 9; 5%), primarily in studies 
addressing land-use changes. Importantly, the values reported here 
represent only studies in which capture methods were employed inde
pendently from radio-tracking procedures (i.e., not for attaching trans
mitters). These methods are mainly combined with acoustic surveys to 
refine species identification or to collect additional biological informa
tion. Tuttle et al., (2006) employed mist netting alongside infrared 
cameras to monitor bat activity at modified and unmodified livestock 
water troughs. In this study, black-and-white surveillance cameras with 
infrared illumination recorded nocturnal bat behaviour, while mist 
netting at the troughs allowed researchers to identify species and assess 
their reproductive status. Another study combined mist netting with 
direct observations (Krull et al., 1991), and a third did not specify the 
capture method used (Guillén et al., 1994). Faecal sampling (n = 5; 3%) 
is applied in studies addressing landscape-scale management, to eval
uate diet composition or biological control potential. Roost surveys 
(n = 3; 2%) and camera monitoring (n = 2; 1%) are uncommon.

3.5. Measured outcomes

Bat activity (measured as acoustic passes per night) is the most 
frequently measured outcome, reported in 60% (n = 99) of included 
studies (Fig. 6). Species richness (n = 64; 39%) and habitat use or 

Fig. 3. Geographic distribution of the studies included in the systematic map. The mapped values correspond to the number of studies conducted in each country. For 
countries spanning multiple climatic zones (Canada, USA, Sweden, Australia, Chile), only studies conducted within temperate regions, as defined by the 
Köppen–Geiger classification and detailed in Table 2, were included and therefore are represented here.
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specialisation (n = 55; 34%) are also widely reported. Habitat use or 
specialisation is analysed through comparative assessments of bat 
occurrence or activity across habitat types, and through indices such as 
the Species Specialization Index (SSI) and Community Specialization Index 
(CSI), which quantify species and community-level specialisation along 
habitat and landscape gradients (Blary et al., 2021; Lacoeuilhe et al., 
2018). These three metrics form the central outcome cluster in the 
literature and are strongly associated with landscape-scale studies. Ac
tivity and species richness predominate in landscape complexity studies, 
while habitat use or specialisation is strongly associated with land-use 
studies (Fig. 6).

Community composition (n = 16; 10%) is commonly assessed using 
ordination methods such as non-metric multidimensional scaling (NMDS) 
or dissimilarity indices (e.g., Bray–Curtis, ANOSIM) to analyse shifts in 
bat communities between habitats. Taxonomic diversity (n = 13; 8%) is 
less frequently assessed using indices such as Shannon or Simpson, while 
functional diversity (n = 8; 5%) remains poorly integrated. Only a few 
studies employ functional diversity metrics such as Functional Richness 
(FRic), Functional Evenness (FEve), Functional Divergence (FDiv), or Rao’s 
Quadratic Entropy (Rao’s Q) to evaluate the ecological roles of different 
bat species (Jakobsson et al., 2020). These diversity-based outcomes are 
mainly associated with studies on landscape complexity. Outcomes 
directly linked to demographic performance, ecosystem functioning or 
physiological exposure are rare. Diet composition (n = 6; 4%) is 

primarily assessed in studies addressing land use, and seldom combined 
with bat activity or species richness. Pest control service, pesticide res
idues in tissues, and colony size are each reported in only one study 
(Froidevaux et al., 2017; Puig-Montserrat et al., 2015).

3.6. Conservation measures to mitigate agricultural impacts on bats

Most studies proposed conservation measures (157 of 164 studies; 
Appendix D). These proposals (Fig. 7) largely reflect the landscape- 
oriented structure of the evidence base, with comparatively limited 
operational guidance for local-scale management adjustments.

Habitat conservation and restoration (29%) and the promotion of 
landscape heterogeneity and habitat connectivity (28%) are the most 
frequently recommended actions, with studies emphasizing the need to 
maintain and enhance suitable foraging and roosting environments 
within agricultural landscapes (Froidevaux et al., 2022, 2019; Heim 
et al., 2015).

The adoption of sustainable agricultural practices (12%), including 
organic farming and reduced pesticide use, is less frequently high
lighted. Within this category, promoting diverse on-farm and within- 
field vegetation (e.g., wildflower strips to support beneficial insect 
populations) is proposed as a means of enhancing foraging habitats and 
ensuring consistent food resources for bats (McHugh et al., 2019; Peter 
et al., 2021).

Fig. 4. Agricultural practices studied in temperate agroecosystem. Numbers and percentages respectively indicate the number of publications and relative pro
portions for each practice. Because individual studies may evaluate multiple practices, cell values represent the numbers of study–method–practice combinations, 
and totals therefore exceed the number of included studies. AES sys. = Farming systems under AES; Agroforest. = Agroforestry; Consv. Sys. = Conservation tillage 
system; Crop protec. = Crop protection; Ferti. = Fertilization; Grassland syst. = Grassland systems; Graz. = Livestock grazing management; Harvest. = Harvesting; 
Irrig. water manag. = Irrigation and water management; Organic syst. = Organic farming system.
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Implementation of monitoring and research (16%) constitutes a 
notable component of the proposed actions, stressing the necessity of 
long-term ecological studies to evaluate the effectiveness of conserva
tion strategies. The importance of long-term monitoring is emphasized, 
with calls for citizen science programs to better track bat population 
dynamics and assess the impact of agricultural policies (Olivier et al., 
2020).

In contrast, policy recommendations (7%) are relatively underrep
resented. Some proposals emphasize the need for stronger integration of 
biodiversity conservation within the EU’s Common Agricultural Policy, 
notably through the promotion of organic farming and agri- 
environmental measures aimed at enhancing landscape complexity 
and foraging opportunities (Toffoli and Rughetti, 2020). Zoning regu
lations and development guidelines around key bat habitats are also 
suggested to mitigate urban expansion (Duchamp et al., 2004). The need 
for management guidelines under AES is also highlighted to ensure that 
conservation measures are effectively targeted to benefit bat pop
ulations (McHugh et al., 2019; Razgour et al., 2011).

Finally, a small minority of studies (3%) emphasize the need for 
better education of farmers, landowners, and the public about the 
ecological role of bats, particularly their contribution to pest control 
(Anderson et al., 2020; Monck-Whipp et al., 2018).

4. Discussion

This systematic map provides the first structured synthesis of agri
cultural practices affecting bat populations in temperate farmland across 
spatial scales. Beyond cataloguing the distribution of studies, our anal
ysis reveals pronounced imbalances in research focus, methodological 
approaches, and response metrics. By reorganising the evidence around 
four main ecological pathways, structural habitat availability, trophic 
resource dynamics, toxicological exposure, and spatial configuration of 
landscapes, we distinguish relatively consistent behavioural patterns 

from persistent empirical blind spots. Importantly, by explicitly disen
tangling behavioural responses from demographic inference and 
ecosystem service claims, this map clarifies both the strengths and the 
limits of the current evidence base supporting bat-friendly agricultural 
transitions. We therefore examine not only mechanistic pathways but 
also interpretative constraints, methodological robustness, and policy 
implications shaping the translation of ecological evidence into agri
cultural action.

4.1. Mechanistic pathways structuring the evidence base

4.1.1. Structural habitat availability within agricultural landscapes
Agroecological infrastructures are among the most studied compo

nents at various spatial scales. Field margins represent the most 
frequently studied (n = 21) local-scale management component, though 
they still account for a modest share of the total evidence (9.1%). Studies 
primarily examine the presence, type, and management of margins, 
most often hedgerows, less frequently grassy or wildflower strips (e.g., 
Kelly et al., 2016; Lentini et al., 2012; McHugh et al., 2019; Toffoli, 
2016). Across studies, hedgerows and other agroecological in
frastructures along field edges consistently support higher bat activity 
and greater species richness, particularly for edge- and narrow-space 
foragers that use linear landscape elements for commuting and prey 
detection (Boughey et al., 2011; Lacoeuilhe et al., 2018). The ecological 
role of hedgerows, alongside other agroecological infrastructures 
(woodlands, isolated trees, water bodies, etc.), is also examined at 
landscape scales (9.6% of the evidence), highlighting their contribution 
to heterogeneity and structural habitat availability (Davy et al., 2007; 
Froidevaux et al., 2022b; Heim et al., 2018). However, most studies 
assess bat activity rather than roost availability or demographic out
comes. This distinction matters because increased activity indicates 
habitat use, but not necessarily increased fitness or population growth 
(Hayes, 1997; Jones et al., 2009). Despite the potential importance of 

Fig. 5. Distribution of bat monitoring methods used in studies assessing the effects of agricultural practices in temperate agroecosystem. The heatmap shows the 
number of times each monitoring method was applied within each agricultural practice category. Because individual studies may evaluate multiple practices, cell 
values represent the numbers of study–method–practice combinations, and totals therefore exceed the number of included studies. The barplot on the right indicates 
the total number of studies using each monitoring method. AES sys. = Farming systems under AES; Agroforest. = Agroforestry; Consv. Sys. = Conservation tillage 
system; Crop protec. = Crop protection; Ferti. = Fertilization; Grassland syst. = Grassland system; Graz. = Grazing; Harvest. = Harvesting; Irrig. water manag. 
= Irrigation and water management; Organic syst. = Organic system.
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roost loss under livestock intensification (Kunz and Lumsden, 2003), no study in our database explicitly links changes in farm buildings to roost 

Fig. 6. Distribution of outcomes measured in studies assessing the effects of agricultural practices on insectivorous bats in temperate agroecosystem. The heatmap 
shows the number of times each ecological outcome was assessed within each agricultural practice category. Because individual studies may evaluate multiple 
practices, cell values represent the numbers of study–outcome–practice combinations, and totals exceed the number of included studies. The barplot on the right 
indicates the total number of studies reporting each outcome. AES sys. = Farming systems under AES; Agroforest. = Agroforestry; Consv. Sys. = Conservation tillage 
system; Crop protec. = Crop protection; Ferti. = Fertilization; Grassland syst. = Grassland system; Graz. = Grazing; Harvest. = Harvesting; Irrig. water manag. 
= Irrigation and water management; Organic syst. = Organic system.

Fig. 7. Proposed conservation measures identified in the reviewed literature to mitigate the effects of agricultural practices on bats. Measures are grouped into eight 
categories: habitat conservation and restoration, promotion of landscape heterogeneity and habitat connectivity, adoption of sustainable agricultural practices, 
adjustment of livestock management, enhancement of roost availability, implementation of monitoring and research, development of policy recommendations, and 
education of farmers, landowners, and the public. Percentages indicate the proportion of publications recommending each category.
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loss and subsequent demographic responses in bat populations. This 
represents a critical blind spot as intensive livestock systems increas
ingly rely on enclosed, sealed structures that exclude bats (Kunz and 
Lumsden, 2003).

Future research should integrate roost monitoring, reproductive 
output, and colony persistence metrics to test whether structural habitat 
enhancements translate into population-level benefits. In livestock sys
tems, experimental evaluations of bat-friendly building adaptations (e. 
g., preserved roof spaces, access points in renovated barns) would be 
particularly valuable for assessing farm infrastructure as a conservation 
lever within landscapes.

4.1.2. Trophic resource dynamics: bottom-up mechanisms remain weakly 
quantified

Agricultural practices operate mainly through bottom-up effects on 
insect communities (Paniccia et al., 2025; Tuneu-Corral et al., 2023), yet 
this pathway, central to both bat conservation and biological control, 
remains strikingly underexplored. Pesticides are known to reduce insect 
biomass and diversity in agroecosystems (Douglas and Tooker, 2016; 
Goulson, 2013), but only three studies among those explicitly examined 
crop protection practices, addressed the effects of pesticide intensity on 
bats (Guillén et al., 1994; Jiménez-Navarro et al., 2023; MacDonald 
et al., 2012). Organic–conventional comparisons (n = 17; 7.4%) 
consistently report higher bat activity in organic systems (e.g., 
Ancillotto et al., 2023; Put et al., 2018), likely reflecting greater prey 
availability. However, few studies (e.g., Long and Kurta, 2014; Olimpi 
and Philpott, 2018) adopt a multi-trophic design by simultaneously 
monitoring bat activity and insect abundance. In these cases, the rela
tionship between bats and prey is generally assessed through correlative 
analyses of acoustic activity and insect biomass or abundance. While 
such studies provide support for prey-mediated responses, they rarely 
distinguish agricultural pests from non-pest taxa, and none experimen
tally demonstrate reductions in crop damage or improvements in yield 
attributable to bat predation. Consequently, the mechanistic chain 
linking pesticide reduction to insect community recovery, and measur
able pest control remains largely untested. The use of veterinary phar
maceuticals, especially antiparasitic agents like ivermectin, can have 
downstream ecological effects by contaminating dung, harm dung bee
tles (Ambrožová et al., 2021), which serve as prey for some bats (Downs 
and Sanderson, 2010). Despite the ecological significance of this 
pathway, we note the absence of studies on the impact of antiparasitic 
drugs on bat populations. Evidence for other agricultural practices is 
limited: Irrigation regimes and water management (n = 3; 1.3%), fer
tilisation (n = 1; 0.4%), and harvesting (n = 1; 0.4%) are marginally 
represented, while soil management was not investigated at all. Given 
their potential influence on insect availability (Guariento et al., 2023; 
Holland, 2004; Kohles et al., 2024), their underrepresentation consti
tutes a persistent blind spot.

Dietary metabarcoding confirms that many bat species consume 
agricultural pests (Mata et al., 2021b; Tuneu-Corral et al., 2023), but 
activity alone cannot determine whether increased foraging translates 
into measurable pest control (Kunz et al., 2011; Russo et al., 2018). 
Thus, while behavioural responses to structurally diverse or organic 
systems appear relatively robust, direct quantification of bottom-up 
trophic mediation remains limited. Multi-trophic study designs inte
grating insect monitoring, dietary metabarcoding (Charbonnier et al., 
2021; Tuneu-Corral et al., 2023), and pest abundance tracking are 
needed to clarify causal pathways.

4.1.3. Toxicological exposure and ecological trap risk
Beyond indirect trophic effects through prey depletion, bats may also 

experience direct exposure to pesticides via contaminated prey and 
environmental contact. Despite substantial ecotoxicological literature 
documenting residue accumulation and sublethal physiological effects 
(Sandoval-Herrera et al., 2025; Torquetti et al., 2021), only one study 
quantified pesticide residues in bat tissues (Guillén et al., 1994). This 

disconnect between bat ecology and ecotoxicology has important im
plications. Recent studies have explicitly highlighted the risk that 
habitat enhancement in farmland may inadvertently create ecological 
traps when broader anthropogenic pressures associated with agricul
tural intensification, including pesticide exposure, are not simulta
neously mitigated (Russo et al., 2024; Tanalgo et al., 2025). This concern 
is particularly relevant for agroecological infrastructures such as 
hedgerows and flower strips, which enhance habitat attractiveness and 
prey availability for bats (Frey-Ehrenbold et al., 2013). However, when 
embedded within intensively managed croplands, these otherwise suit
able features simultaneously expose bats to multiple stressors, including 
pesticide contamination, reduced prey quality and diversity, increase 
temporal instability of resource availability, habitat fragmentation, and 
recurrent agricultural disturbances. The co-occurrence of habitat 
attractiveness and chronic environmental stressors may therefore attract 
bats to habitats perceived as suitable for foraging while ultimately 
reducing survival or reproductive success, thereby potentially creating 
population sinks (Robertson and Hutto, 2006; Russo et al., 2024, 2018; 
Tanalgo et al., 2025). This mechanism highlights an underexplored risk 
in agroecological design: habitat restoration alone cannot be assumed to 
benefit bat populations if broader pressures associated with agricultural 
intensification persist (Hallmann et al., 2017; Russo et al., 2024, 2018).

Because most studies rely on activity-based metrics and rarely 
measure contaminant loads or fitness parameters concurrently, this risk 
may remain largely undetected. Bridging bat ecology with ecotoxicology 
through integrated designs combining contaminant analyses, physio
logical biomarkers, behavioural responses, and demographic moni
toring is therefore essential to determine whether agroecological 
infrastructures contribute to population persistence and reproductive 
success or instead function as attractive sinks within intensified agri
cultural landscapes.

4.1.4. Spatial configuration and functional connectivity of agricultural 
landscapes

Landscape complexity studies constitute the largest evidence cluster 
(n = 72; 31.3%). This prominence reflects broader patterns in agro
ecological research, where landscape-scale variables are frequently 
prioritised because of both their well-documented influence on the 
distribution, diversity, and community composition of highly mobile 
organisms such as bats, birds, and pollinators (Frey-Ehrenbold et al., 
2013; Priyadarshana et al., 2024; Vallé et al., 2023) and the relative 
accessibility of land-cover data. However, studies predominantly rely on 
descriptive metrics of landscape heterogeneity and don’t incorporate 
agricultural management at the landscape scale, such as crop succession, 
pesticide use, or farming systems (Brusse et al., 2024).

Most studies quantify landscape composition, for example, habitat 
diversity and percentage of semi-natural habitats, while comparatively 
few assess configuration, such as corridor continuity, network cohesion, 
or permeability. This distinction is critical because a high amount of 
semi-natural habitats does not necessarily ensure landscape connectiv
ity, as these habitats may remain fragmented when poorly connected or 
spatially isolated (Fahrig, 2013; Zeller et al., 2012). Furthermore, 
landscape–bat relationships are predominantly analysed using static, 
correlational metrics. Such approaches rarely incorporate temporal 
dynamics, such as seasonal crop phenology or canopy development, that 
can modify corridor quality and matrix permeability across the year 
(Tscharntke et al., 2012b). Consequently, compositional proxies may 
capture broad habitat gradients but fail to detect finer-scale constraints 
shaping bat movement and habitat use. For bats as highly mobile 
central-place foragers, spatial configuration likely influences energetic 
expenditure, commuting efficiency, and ultimately reproductive in
vestment (Flaquer et al., 2008; Rainho and Palmeirim, 2011). Yet few 
studies integrate landscape metrics with energetic proxies, or de
mographic indicators, limiting inference about the functional conse
quences of landscape structure.

As a result, evidence consistently supports positive associations 
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between habitat amount and bat activity or species richness, but the 
functional consequences of configuration for long-term population 
viability remain underexplored. Integrating fine-scale movement data, 
graph-based connectivity indices, energetic proxies, and hierarchical 
modelling frameworks would help determine how spatial configuration 
shapes not only behavioural responses but also demographic outcomes 
in agricultural landscapes.

4.2. Inference limitations and systemic biases

4.2.1. Monitoring and detectability biases
Acoustic surveys dominate the literature (n = 119; 73%), reflecting 

logistical efficiency (O’Farrell and Gannon, 1999). However, detect
ability varies across guilds and habitats, with clutter-adapted species 
such as Myotis or Plecotus likely underestimated in dense vegetation 
(Ferreira et al., 2022; Russo et al., 2018). More fundamentally, bat ac
tivity provides only a partial representation of ecological processes 
(Park, 2015; Zhu et al., 2024).

Call data rarely allow reliable discrimination between commuting, 
foraging, and social interactions (Russo and Voigt, 2016). Activity 
indices therefore capture presence and relative use rather than energetic 
profitability or resource acquisition. Moreover, bat activity correlates 
only weakly with their abundance and does not directly predict repro
ductive success or population growth (Hayes, 1997; Jones et al., 2009, 
2023). As a result, much of the literature documents behavioural re
sponses without resolving demographic consequences. This interpreta
tive limitation shapes the entire evidence base and constrains inference 
regarding long-term conservation effectiveness.

4.2.2. Ecosystem service inference versus direct evidence strength
Only one study (Puig-Montserrat et al., 2015) estimated the eco

nomic value of pest control in terms of avoided pesticide expenditure per 
hectare. In contrast, nearly all other studies infer ecosystem service 
potential from bat activity or species richness. However, bat activity 
correlates only moderately with prey consumption, and species richness 
does not necessarily reflect pest control capacity (Park, 2015; Zhu et al., 
2024). Functional diversity metrics are rarely applied, despite evidence 
from other taxa that functional diversity components, such as functional 
richness (FRic) or the dominance of a few key species, often predict 
ecosystem processes, including predation on prey, better than species 
richness alone (Mouillot et al., 2011; Rouabah et al., 2024). Conse
quently, a structural gap persists between ecosystem service promotion 
and empirical demonstration. While behavioural responses suggest po
tential service provision, direct quantification linking diet, pest popu
lation dynamics, and crop outcomes remains exceptionally scarce.

4.2.3. Cross-scale and bundled management effects
Farming systems operate through interacting management bundles 

rather than isolated practices (Beillouin et al., 2019; Deguine et al., 
2023). Yet most studies analyse agricultural practices separately and 
rarely incorporate cumulative-effects. As a result, nonlinear responses 
and threshold dynamics predicted by ecological theory (Didham et al., 
2007) remain insufficiently documented. This reductionist framing 
contrasts with the reality of agroecosystems as complex socio-ecological 
networks in which multiple practices interact (Deguine et al., 2023) and 
may generate cumulative impacts on bat populations. While studies 
focusing on pesticide use, fertilisation, or tillage provide important in
sights, systemic approaches are needed to assess their combined effects 
across management dimensions (Beillouin et al., 2019; Deguine et al., 
2023).

Multi-scale integration also remains limited. Although 33 studies 
included both local and landscape variables, only 10 explicitly tested 
interaction effects between scales (e.g., Millon et al., 2021; Olimpi and 
Philpott, 2018). This restricts detection of context dependency and hi
erarchical dynamics central to agroecological farming systems 
(Tscharntke et al., 2012a; Tyllianakis and Martin-Ortega, 2021). For 

instance, landscape heterogeneity may shape species richness, while 
local agroecological infrastructures such as hedgerows or field margins 
influence foraging efficiency and roost access (Froidevaux et al., 2022a, 
2019). Furthermore, the expected positive effects of non-cropped habi
tats on biological pest control may be modulated by pesticide applica
tion (Ricci et al., 2019), soil tillage and farming system (Chabert and 
Sarthou, 2017; Martin et al., 2020), and within-field plant diversity 
(Chaplin-Kramer and Kremen, 2012). Integrating these spatial levels 
within coherent analytical frameworks is therefore essential to capture 
the cumulative and scale-dependent drivers of bat population dynamics 
and ecosystem service provision.

4.2.4. Geographic biases
The evidence base shows marked geographic clustering in Western 

Europe and North America, limiting the transferability of findings to 
underrepresented temperate regions. This pattern mirrors broader bia
ses in ecological and agroecological research, where a large proportion 
of studies are concentrated in high-income temperate countries of the 
Global North (Di Marco et al., 2017; Skaldina and Blande, 2025).

Such concentration is problematic because agroecosystems in 
dominant study regions, often characterised by intensive monocultures, 
consolidated landholdings, and established hedgerow networks, differ 
markedly from Eastern Europe's fragmented post-socialist landscapes, 
smaller farm sizes (Frelih Larsen et al., 2024), or Australia's drier 
temperate systems. These contextual differences may moderate bat re
sponses to landscape-scale management, consistent with evidence that 
species responses to habitat structure are context dependent (Boughey 
et al., 2011; Froidevaux et al., 2019). Expanding standardized moni
toring efforts in underrepresented regions would be essential to test the 
generality of identified patterns and to identify context-dependent 
drivers of bat responses to agricultural management (Bonfanti et al., 
2025).

4.3. Evidence robustness and study quality limitations

Consistent with systematic map methodology, we did not conduct a 
formal risk-of-bias assessment (Pullin and Stewart, 2006). Nevertheless, 
recurring methodological features constrain inference strength and 
should inform interpretation of the evidence base. First, correlational 
designs predominate. Most studies rely on observational comparisons 
across land-use types or habitat configurations without experimental 
manipulation or randomisation. Paired or quasi-experimental ap
proaches (e.g., Barré et al., 2018; Put et al., 2018) and gradients of 
landscape heterogeneity (e.g., Ancillotto et al., 2023; Tortosa et al., 
2023) are common but remain vulnerable to unmeasured confound
ing, limiting causal inference. Second, replication is often limited. Many 
studies include fewer than ten sites per treatment or are geographically 
restricted, constraining statistical power and generalisability. Broadly 
replicated, multi-scale designs (e.g., Heim et al., 2015; Monck-Whipp 
et al., 2018) remain comparatively rare. Third, landscape covariates 
are inconsistently integrated. Although some analyses explicitly test 
cross-scale interactions (e.g., Millon et al., 2021; Olimpi and Philpott, 
2018), many assess local management effects without incorporating 
surrounding landscape composition or connectivity, increasing the risk 
of contextual confounding. Fourth, reliance on bat activity, often 
without detectability correction (Teets et al., 2019), may conflate 
ecological responses with variation in habitat structure, weather, or 
sampling design. Finally, temporal scope is typically short. Single-season 
monitoring with limited interannual replication restricts detection of 
lagged or cumulative responses and rarely captures demographic 
outcomes.

Collectively, these characteristics indicate that the evidence base 
primarily documents patterns of association rather than high-certainty 
causal relationships. Future systematic reviews or meta-analyses incor
porating structured quality appraisal criteria, including study design, 
replication level, landscape integration, detectability correction, and 
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demographic metrics, would strengthen inference and better distinguish 
robust from provisional findings.

4.4. From ecological evidence to agricultural action

4.4.1. Translating mechanistic evidence into operational management 
levers

The distribution of proposed conservation measures closely mirrors 
the dominant evidence clusters identified. Landscape complexity and its 
structural habitat availability, representing the largest and most 
consistent evidence bases, are directly reflected in the predominance of 
habitat conservation and restoration (29%) and promotion of landscape 
heterogeneity and connectivity (28%) among recommended actions. 
Frequently recommended actions include maintaining and restoring 
semi-natural habitats, particularly hedgerow and other linear landscape 
elements, reinforcing landscape connectivity, and protecting roosting 
structures within farm buildings (Froidevaux et al., 2019; Millon et al., 
2021). These structural measures build on well-established positive as
sociations between habitat amount, heterogeneity, and bat activity and 
species richness (Frey-Ehrenbold et al., 2013; Froidevaux et al., 2022a; 
Monck-Whipp et al., 2018) and therefore represent the most defensible 
starting point for bat-friendly agricultural transitions, even if responses 
remain primarily activity-based rather than demographic.

Sustainable agricultural management such as organic systems, 
pesticide reduction, conservation tillage, and floristically diverse AES 
account for 12% of proposed measures, yet direct quantifications of pest 
control, dietary shifts, or contaminant exposure remain scarce (4.2). 
Despite the imbalance between the strong empirical support for land
scape management and the weaker evidence for chemical thresholds or 
validated biological control claims, this does not undermine the 
importance of chemical reduction or agroecological transitions. Rather, 
it calls for precautionary and integrated strategies. Systemic approaches 
combining multi-scale habitat enhancement with progressive chemical 
reduction better reflect this multi-pathway reality (Beillouin et al., 2019; 
Deguine et al., 2023). Such systemic integration of practices also reflects 
farming realities, where combinations of practices are implemented 
rather than single measures (Jones et al., 2023). For example, coupling 
hedgerow restoration or agroforestry with reduced chemical inputs may 
enhance both connectivity and the availability of less contaminated 
prey.

Overall, the evidence supports prioritising structural landscape 
habitat measures at local and landscape scales. By contrast, evidence 
supporting specific chemical thresholds, irrigation regimes, or tillage 
prescriptions remains limited, and therefore insufficient to justify pre
cise management targets. However, durable bat conservation and reli
able pest control service require embedding these within integrated 
management strategies that also address trophic and toxicological 
pressures, dimensions still underrepresented in the evidence base.

4.4.2. Aligning conservation objectives with policy instruments
Despite the growing evidence on the effects of agricultural practices 

on bats, explicit policy recommendations appear in only 7% of studies, 
highlighting a persistent gap between ecological research and gover
nance. Where discussed, implications focus on integrating bat conser
vation into AES and the EU Common Agricultural Policy, particularly 
through support for organic systems, landscape complexity, and spatial 
targeting of floristically diverse habitats (Toffoli and Rughetti, 2017).

Policy instruments can operationalise the strongest evidence clusters 
identified in this systematic map, which primarily concern landscape 
complexity. Incentives for hedgerow maintenance, agroforestry estab
lishment, restoration of semi-natural habitats, and preservation of 
landscape heterogeneity directly translate these structural findings into 
practice. In parallel, regulatory and incentive-based instruments tar
geting pesticide reduction, Integrated Pest Management, and organic 
transitions may address toxicological pressures (Deguine et al., 2023).

Embedding bat conservation within broader frameworks such as the 

EU Biodiversity Strategy (European Commission, 2020) and the Kun
ming–Montreal Global Biodiversity Framework (CBD, 2022) may 
strengthen cross-sectoral coherence and increase political uptake. 
However, feasibility ultimately depends on farmer decision-making 
dynamics. Economic constraints, perceived risk, and short-term profit
ability shape adoption of biodiversity-friendly practices (Brown et al., 
2021; van Dijk et al., 2016, van Dijk et al., 2015). Without adequate 
financial incentives or compensation for opportunity costs, uptake may 
remain limited (Deguine et al., 2023; Moon and Cocklin, 2011). Aligning 
conservation objectives with agronomic viability is therefore central to 
policy effectiveness.

However, translating evidence into policy instruments is not suffi
cient; their ecological effectiveness must also be demonstrated. Evalu
ation design is therefore central to policy credibility. Yet few AES 
assessments use before–after designs, long-term monitoring, or de
mographic indicators capable of detecting sustained population-level 
responses. Most rely on short-term acoustic metrics, which may over
estimate effectiveness if ecological traps or landscape context remain 
unaccounted for (Russo et al., 2018). More broadly, existing AES eval
uations provide mixed evidence of effectiveness and rarely incorporate 
demographic or long-term population indicators, limiting robust con
clusions about sustained ecological benefits. As a result, schemes may 
align with structural evidence while lacking robust validation of 
long-term outcomes. Predictive ecological modelling can strengthen 
both targeting and evaluation. By simulating how alternative practices, 
such as pesticide reduction or habitat restoration, affect bat populations, 
modelling frameworks allow policymakers to anticipate ecological 
consequences before implementation and assess expected benefits more 
rigorously (Beillouin et al., 2019). Integrated into decision-support 
tools, such approaches support scenario testing and adaptive refine
ment of biodiversity-oriented schemes.

4.4.3. Strengthening the science–practice interface for adaptive 
implementation

Sixteen percent of studies call for improved monitoring and knowl
edge transfer, underscoring the need to reinforce the science–practice 
interface (e.g., Monck-Whipp et al., 2018; Toffoli and Rughetti, 2017). 
Translating ecological patterns into durable agricultural outcomes re
quires better data integration, participatory pathways, and adaptive 
governance.

Citizen science programmes such as Vigie-Chiro in France (Kerbiriou 
et al., 2015) and the National Bat Monitoring Programme in the UK 
(Barlow et al., 2015) generate extensive biodiversity datasets. Inte
grating these with fine-scale agricultural data would substantially 
strengthen causal inference and adaptive management (Isaac et al., 
2020; Jetz et al., 2012). However, detailed information on pesticide use, 
irrigation timing, livestock treatments, or mowing regimes often re
mains inaccessible or insufficiently resolved. Improving interoperability 
between biodiversity monitoring and agricultural databases is therefore 
strategic.

Adoption also depends on social and institutional dynamics. Farmer 
uptake is shaped not only by ecological effectiveness but by economic, 
cultural, and psychological drivers (Dessart et al., 2019; Mills et al., 
2017). Participatory approaches, including living Labs, provide plat
forms for co-designing locally adapted management bundles with 
farmers and advisors (Yousefi and Ewert, 2023). Such co-produced ap
proaches enhance legitimacy, feasibility, and long-term uptake.

Key messages 

− Evidence is heavily concentrated on landscape complexity (i.e. 
compositional and configurational heterogeneity), while direct as
sessments of local management practices remain comparatively 
scarce.

− Most studies measure bat activity or species richness; demographic, 
physiological, and functional indicators are rarely assessed.
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− Pest control service claims often rely on behavioural proxies rather 
than direct links between diet, pest dynamics, and crop outcomes.

− Advancing bat-friendly agriculture requires systemic, cross-scale 
approaches and more rigorous experimental designs.

5. Conclusion

This systematic map shows that evidence linking agricultural prac
tices and insectivorous bats in temperate regions is strongly concen
trated on descriptive metrics of compositional and configurational 
landscape heterogeneity, with comparatively limited investigation of 
specific local-scale practices such as pesticide regimes, fertilisation, 
tillage, irrigation, or grazing management. Most studies rely on bat ac
tivity and species richness, whereas functional, physiological, dietary, 
and demographic endpoints remain rare. Consequently, while behav
ioural responses to landscape management are consistently docu
mented, inference about long-term population viability and ecosystem 
service delivery remains constrained.

The evidence base therefore supports cautious but not definitive 
claims regarding bat-mediated pest control in agroecosystems. Land
scape heterogeneity emerges as the most consistently associated factor 
with bat activity and species richness, yet empirical validation of trophic 
regulation, pesticide exposure pathways, and fitness consequences re
mains limited. Translating bat-friendly farming into robust policy thus 
requires aligning ecological mechanisms, measurement approaches, and 
management scales.

By structuring the evidence around clearly defined intervention 
categories and response metrics, this map provides a transparent foun
dation for targeted meta-analyses and future empirical work. Strength
ening the evidence base will require more explicit testing of specific 
management practices, improved integration across spatial scales, and 
greater attention to functional responses and service delivery. Such 
advances are essential to inform evidence-based agricultural policies 
and agri-environment schemes aimed at reconciling production and 
biodiversity conservation in temperate agroecosystems.
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Balvanera, P., Brauman, K., Butchart, S., Chan, K.M.A., Garibaldi, L.A., Ichii, K., 
Liu, J., Subramanian, S., Midgley, G., Miloslavich, P., Molnár, Z., Obura, D., Pfaff, A., 
Polasky, S., Purvis, A., Razzaque, J., Reyers, B., Roy Chowdhury, R., Shin, Y.-J., 
Visseren-Hamakers, I., Willis, K., Zayas, C., 2019. global assessment report 
biodiversity ecosystem services Summary policy makers. Intergovernmental Science- 
Policy Platform Biodiversity Ecosystem Services.

Dainese, M., Martin, E.A., Aizen, M.A., Albrecht, M., Bartomeus, I., Bommarco, R., 
Carvalheiro, L.G., Chaplin-Kramer, R., Gagic, V., Garibaldi, L.A., Ghazoul, J., 
Grab, H., Jonsson, M., Karp, D.S., Kennedy, C.M., Kleijn, D., Kremen, C., Landis, D. 
A., Letourneau, D.K., Marini, L., Poveda, K., Rader, R., Smith, H.G., Tscharntke, T., 
Andersson, G.K.S., Badenhausser, I., Baensch, S., Bezerra, A.D.M., Bianchi, F.J.J.A., 
Boreux, V., Bretagnolle, V., Caballero-Lopez, B., Cavigliasso, P., Ćetković, A., 
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Schmack, J.M., Sciligo, A.R., Seymour, C., Stanley, D.A., Stewart, R., Stout, J.C., 
Sutter, L., Takada, M.B., Taki, H., Tamburini, G., Tschumi, M., Viana, B.F., 
Westphal, C., Willcox, B.K., Wratten, S.D., Yoshioka, A., Zaragoza-Trello, C., 
Zhang, W., Zou, Y., Steffan-Dewenter, I., 2019. A global synthesis reveals 
biodiversity-mediated benefits for crop production. Sci. Adv. 5, eaax0121. https:// 
doi.org/10.1126/sciadv.aax0121.

Davy, C.M., Russo, D., Fenton, M.B., 2007. Use of native woodlands and traditional olive 
groves by foraging bats on a Mediterranean island: consequences for conservation. 
J. Zool. 273, 397–405. https://doi.org/10.1111/j.1469-7998.2007.00343.x.

Deguine, J.-P., Aubertot, J.-N., Bellon, S., Côte, F., Lauri, P.-E., Lescourret, F., 
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Pluciński, T., Żmihorski, M., Pluciński, P., 2015. Impact of night-time crop harvesting on 
bat activity in agricultural landscape. Zool. Ecol. 25, 1–7. https://doi.org/10.1080/ 
21658005.2014.999501.

Priyadarshana, T.S., Martin, E.A., Sirami, C., Woodcock, B.A., Goodale, E., Martínez- 
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