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Abstract 

Background: The role of linear transportation infrastructures (roads, railways, oil and gas pipelines, power lines, rivers 
and canals) in fragmenting natural habitats is fully acknowledged. Up to now, the potential of linear transportation 
infrastructures verges (road and railway embankments, strips of grass under power lines or above buried pipelines, 
or waterway banks) as habitat or corridor for biodiversity, remains controversial. In a context of decreasing natural 
habitats, the opportunities of anthropogenic areas for contributing to wildlife conservation have to be considered. 
The present paper is the first synthesis of evidence about the potential of linear transportation infrastructure verges as 
corridor and/or habitat for insects in temperate landscapes.

Methods: A systematic literature survey was made using two online publication databases, a search engine and by 
sending a call for literature to subject experts. Identified articles were successively screened for relevance on titles, 
abstracts and full texts using criteria detailed in an a priori protocol. We then used six specific questions to categorize 
and to critically appraise the retained studies. These questions encompassed the potential of verges as habitats and 
corridors for insects, and the effects of management and landscape context on these potentialities. A user-friendly 
database was created to sort the studies with low and medium susceptibility to bias. We used these studies to synthe-
size results of each specific question in a narrative synthesis. Finally, studies that met the meta-analysis requirements 
were used for a quantitative synthesis.

Results: Our searches identified 64,206 articles. After critical appraisal, 91 articles that reported 104 studies were 
included in our review. Almost all of them had “control-impact” design, only two studies used “before-after-control-
impact” design, and one study used “before-after” design. In some cases, artificialization of transportation infrastruc-
tures lowered insect biodiversity while vegetation restoration had a moderate positive effect; the trend remained 
unclear for mowing/grazing practices. Urbanization and agriculture in the surroundings tended to lower the biodi-
versity hosted by verges, while natural and forested areas tended to promote it. No study dealt with the influence 
of management or surrounding landscape on insect dispersal along the verge. The small number of studies that 
compared the dispersal along verges and in habitats away from transportation infrastructures, together with the 
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Background
For the last decades, human activities have resulted in a 
worldwide erosion of biodiversity [1]. The loss of natu-
ral habitats associated with landscape urbanization and 
fragmentation stands among the reasons for these extinc-
tions [2]. Landscape fragmentation includes the loss and 
the split of natural habitats into multiple isolated patches 
of reduced size [3, 4]. The theory of island biogeogra-
phy predicts that the species richness of a habitat patch 
decreases with its reduction in size and its increasing 
isolation [5]. The breaking apart of habitats per se has 
immediate and time-delayed effects on biodiversity [6], 
independently of habitat losses [7]. In the short term, 
fragmentation has negative consequences for habitat 
selection, abundance and species diversity [8–10]. In the 
long term, fragmentation limits or disrupts migration 
and dispersal of juveniles and adults, which can substan-
tially impair meta-population dynamics [11, 12]. Individ-
ual species are then exposed to various stochastic threats, 
leading in some cases to extinction cascades [13] and 
extinction debts [14]. Thus habitat fragmentation ulti-
mately leads to ecosystem decay [15].

Both urbanization and the development of linear trans-
portation infrastructures (LTIs) are causes of landscape 
fragmentation [16, 17]. LTIs lead to a net disruption of 
the natural habitats that they cross, splitting them into 
several distinct patches [18]. LTIs induce an indirect 
decrease of abundance and species diversity in the sur-
rounding landscape [19, 20]. They also cause direct 
animal mortality due to vehicle, fence or catenary line 
collisions, electrocutions and drownings of individuals 
attempting to cross the infrastructures [21–23]. Over 
several generations, LTIs have also been shown to lead to 
a genetic isolation of populations [24–26].

To overcome fragmentation issues, corridors have 
received an increasing interest in conservation biology 
[27]. However, well-designed studies to evaluate corridor 
effectiveness through demography, genetics or dispersal 

investigations are not so common [28]. In the last dec-
ades, scientists and policymakers have paid attention to 
the potential of blue–green infrastructures, i.e. networks 
of ecological land and aquatic continuities, aiming to 
decrease habitat fragmentation in the short term [29]. 
Moreover, in the long term, maintaining a network of 
ecological corridors could mitigate the effects of climate 
change through enhanced dispersal of species to newly 
suitable areas [30]. In the context of such biodiversity 
losses, the potential of anthropogenic areas for preserv-
ing nature deserves to be considered [31].

Up to now, studies about habitat fragmentation have 
considered LTIs transversally, i.e. they have focused on 
biodiversity dispersal flows perpendicular to LTIs. Yet, 
the potential of LTIs verges considered longitudinally, i.e. 
focusing on biodiversity dispersal flows parallel to LTIs, 
remains unclear. LTIs are generally made of a transpor-
tation lane (road, railway, pipeline, powerline, river or 
canal) and of verges (road and railway embankments, 
strips of grass under power lines or above buried pipe-
lines, or waterway banks, etc.). A verge is a strip along, 
between, above or below the carriageway(s), inside the 
LTI boundaries, not directly used for transportation and 
managed by the LTI owner. In most cases, verges are cov-
ered by vegetation and may potentially constitute semi-
natural habitats. This vegetation can either be “natural”, 
dominated by exotic species or mono-specific. It is thus 
of interest to assess whether, despite their fragmenting 
effect, LTI verges could contribute longitudinally to a 
network of blue-green infrastructures and thus to biodi-
versity conservation.

At first sight, the studies that have considered LTI 
verges longitudinally seem to have provided con-
trasted results. For instance, according to Bolger et  al. 
[32], revegetated highway rights-of-way could serve 
as ecological corridors for Californian native rodents 
and fragmentation-tolerant bird species. On the con-
trary, Benítez-López et  al. [33] showed that population 

inconsistencies of their results, prevented us from drawing conclusions. Meta-analyses were performed on 709 cases 
from 34 primary studies that compared biodiversity in verges vs. other habitats. Overall insect species richness did not 
differ between LTI verges and compared habitats. Globally, insect abundance seemed higher on LTI verges than in 
compared habitats, a result driven by the higher abundance of pollinators and primary consumers on non-highway 
road verges than in habitats away from roads.

Conclusions: A major knowledge gap regarding the potential of linear transportation infrastructure verges as cor-
ridors for insects has been identified. Thus, we encourage more research on this topic. Infrastructure practitioners 
could benefit from our results about linear transportation infrastructure verges as habitat for certain taxa and about 
the impact of their management practices on insect abundance and species richness.

Keywords: Coleoptera, Diversity, Green infrastructure, Hymenoptera, Intervention, Invertebrates, Lepidoptera, 
Movement, Right of way, Roadside
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densities of mammals and birds, but not raptors, declined 
with their proximity to infrastructures. In addition, a 
verge management practice can be beneficial for some 
species and detrimental for other ones [34, 35]. Finally, 
some management practices that would be positive for 
biodiversity may be impossible to perform for safety rea-
sons [36].

As far as we know, there is thus no consensus in the 
scientific community regarding the topic. Therefore, 
LTI managers and the French ministry in charge of the 
Environment requested a systematic review, taking into 
account all accessible studies and synthesizing their 
results. Such a review might be of interest to LTI manag-
ers and policy makers by identifying the conditions under 
which LTI verges could play a role of habitat and/or cor-
ridor for biodiversity. Previous reviews on the influence 
of one specific type of LTI on biodiversity have already 
been published [37, 38] but they do not fulfill the stand-
ard of systematic review [39]. To date, no systematic 
review addressed the potential role LTIs may play on bio-
diversity as corridors or habitats.

In France, the concept of green infrastructures led 
to the development of a public policy project named 
“Trame Verte et Bleue” in 2007. This project was devel-
oped by the “Ministère de l’Environnement de l’Énergie 
et de la Mer” (MEEM, Ministry in charge of the environ-
ment). Accordingly, French administrative regions have 
identified ecological networks and are currently develop-
ing action plans for preserving and restoring these conti-
nuities. This issue has also to be considered in local urban 
planning. Through different spatial scales, various stake-
holders work on the issue of habitat fragmentation.

As the LTI network is very dense in France, LTI manag-
ers might substantially contribute to ecological networks. 
For instance, the French road network, with over a mil-
lion kilometer long, is the longest (¼ of the European net-
work) and one of the densest (1.77  km/km2) of the 
European Union. As a comparison, Spain, which has an 
area close to the one of France, has a road density six 
times lower (0.32 km/km2). SNCF Réseau manages more 
than 30,000 km of railway lines in use (out of 50,000 km), 
which constitutes the longest railway network of Europe. 
Meanwhile, such a dense LTI network means a consider-
able inherent surface of verges. The total area of French 
road verges is indeed estimated to 4500 km2, thus supe-
rior to the total area of 3450 km2 of the seven terrestrial 
national parks [40]. Accordingly, LTI verges could sub-
stantially contribute to green infrastructures. Aware of 
these issues, several French LTI managing companies 
have gathered in an informal group, named “Club des 
Infrastructures Linéaires & Biodiversité” (CILB), aiming 
at acting for biodiversity conservation. Among the mem-
bers of the CILB, motorway, railway, power line, pipeline 

and waterway French stakeholder companies1 decided to 
evaluate whether their LTI verges could contribute to 
blue-green infrastructures for improving the manage-
ment of these verges for that purpose.

The systematic review was assumed to be a relevant 
scientific method for providing a sound answer to this 
practical questioning from LTI managers. The French 
ministry in charge of the environment undertook a call 
for tender for a systematic review. This call was devel-
oped through its research incentive program relative to 
transportation ecology, named “Infrastructures de Trans-
port Terrestre, Écosystèmes et Paysage” (ITTECOP), 
with the help of the CILB and the “Fondation pour la 
Recherche sur la Biodiversité” (FRB), a French founda-
tion supporting research in biodiversity.

The “Muséum national d’Histoire naturelle” 
(MNHN) was then chosen for conducting the project. 
The review team also gathered teams of the “Institut 
national de recherche en sciences et technologies pour 
l’environnement et l’agriculture” (Irstea), the University 
of Pierre and Marie Curie (UPMC), the “Centre d’études 
et d’expertise sur les risques, l’environnement, la mobilité 
et l’aménagement” (Cerema) and of the “Institut national 
de la recherche agronomique” (Inra).

The protocol of the systematic review which covers all 
the kinds of biodiversity has previously been published 
[41]. However, due to the very large number of articles 
collected, we decided to split the review process by taxa. 
Therefore, this first systematic review focuses on insects, 
as they constitute an essential functional group which is 
often overlooked in reviews about LTIs [33, 38, 42].

Objective of the review
The objective of the review is to assess if LTI verges can 
provide habitats for insects and if they can be used as 
corridors by insects. The review also aims at assessing 
the effect of management practices (mowing, grazing, 
etc.), and of surrounding landscape on the potential of 
LTI verges for insect biodiversity. The review first lists 
the relevant studies in a database. We then used narrative 
syntheses to summarize the evidence about the potential 
of LTI verges as corridors or habitats for insects and the 
influence of verge management and surrounding land-
scape. Finally, whenever the nature of primary studies 
allowed this quantitative approach, we used meta-anal-
yses to quantify the effect of LTIs on insect biodiversity 
and test whether variability in insect response differed 
with species characteristics and could be explained by 
key moderators such as LTI type.

1 Réseau Ferré de France, Voies Navigables de France, Réseau de Transport 
d’Électricité, GRT Gaz, Transport et Infrastructures Gaz France and Élec-
tricité Réseau Distribution France.
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Broad review question
The broad review question is: can linear transportation 
infrastructure verges constitute habitats and/or corridors 
for insects in temperate landscapes?

Specific synthesis questions
We split the above broad review question into six more 
specific synthesis questions detailed in Table 1. This split 
was used during the critical appraisal of the studies and 
the synthesis of the evidence (see below). Questions 2, 4, 
5 and 6 are Population, Exposure, Comparator, Outcome 
(PECO) questions, where Exposure is the LTI verge in 
questions 2 and 4 and the type of surrounding landscape in 
questions 5 and 6. Questions 1 and 3 are Population, Inter-
vention, Comparator, Outcome (PICO) questions, where 
Intervention is the management practices of LTI verge.

Components of the broad review question
The present study does not consider the transversal 
effects of LTIs on biodiversity, such as barrier effect, 
which have already been documented [19, 43, 44]. It 
focuses exclusively on the longitudinal effects of LTI 
verges on insect diversity and dispersal. Potential positive 
(role of corridor/habitat, etc.), neutral, as well as negative 
(dispersal of invasive species, sink habitat effect, resist-
ance to insect dispersal, etc.) longitudinal effects of LTI 
verges on insects are considered.

Table  2 displays the components of the broad review 
question2: population, exposure/intervention, compara-
tor, outcome (PECO/PICO).

Our systematic review focused on linear transportation 
infrastructures, thus, we only considered verges of navi-
gable waterways (navigable rivers and canals) as relevant 
exposures.

Regarding “nearby habitats away from LTIs” (compara-
tor in Table  2), we included the comparisons of verges 
with both similar and dissimilar ecosystems because 
these comparisons support two meaningful research 
questions. Indeed, studies that compare LTI verges with 
nearby similar semi-natural habitats evaluate if verges 
can constitute optimal or sub-optimal habitats for spe-
cies. Studies comparing LTI verges with nearby dissimi-
lar habitats evaluate the influence of LTI construction 
on biodiversity at the construction site, nearby habitats 
being considered as proxies of the initial habitat before 
LTI construction.

Methods
Search strategy
We searched for literature using online publication data-
bases and a search engine. In addition, we sent a call for 
literature to subject experts to collect grey literature. 

2 LTI managers funding the study were met at the beginning of the project 
to list the types of verges that they own and the management practices that 
they apply on those.

Table 1 Details of the six specific synthesis questions 
of the review

a The spatial scale of the surrounding landscape can range from the land use 
directly adjacent to the LTI verge, to radii of hundreds of meters

Number Details Short question

Question 1 Which LTI verge management 
practices increase, decrease 
or have no effect on insect 
biodiversity?

Habitat/management 
practices

Question 2 Is the insect biodiversity of LTI 
verges equal to, higher, or 
lower than the biodiversity of 
habitats away from the LTIs?

Habitat in LTI verges 
vs. at proximity

Question 3 Which LTI verge management 
practices increase, decrease 
or have no effect on insect 
dispersal?

Dispersal/manage-
ment practices

Question 4 Is insect dispersal on LTI verges 
equal to, higher, or lower 
than their dispersal in habi-
tats away from the LTI?

Dispersal in LTI verges 
vs. at proximity

Question 5 Is the insect biodiversity of LTI 
verges dependent on the 
surrounding landscape?a

Habitat/surrounding 
landscape

Question 6 Is insect dispersal on LTI verges 
dependent on the surround-
ing landscape?a

Dispersal/surrounding 
landscape

Table 2 Description of the PECO/PICO items of the primary 
question

a The Köppen–Geiger Climate Classification was used to identify articles with a 
study zone in the temperate climate. As the funders of the study are interested 
in western Europe, the Cfa, Cfb, Cfc, Csa, Csb and Csc temperate zones were 
included in the scope of our study. See http://people.eng.unimelb.edu.au/
mpeel/koppen.html (accessed 17 November 2015) for the GoogleEarth layers of 
the Köppen–Geiger Climate Classification

Population All insect species and communities of the temperate 
climatic  zonea

Exposure LTI verges (road, railway, power line and pipeline verges 
and waterway banks)

Intervention Management practices or human-induced disturbances 
of LTI verges

Comparator Both temporal and spatial comparators, including but not 
restricted to:

  Temporal comparators
      Ecosystem present before infrastructure construction
      Verge before management intervention
   Spatial comparators
      Nearby habitats away from LTIs
      Unmanaged verges or verges managed with a differ-

ent practice

Outcome All outcomes relating to corridor or habitat assessment, 
including but not restricted to, species dispersal, species 
richness, abundance and community composition

http://people.eng.unimelb.edu.au/mpeel/koppen.html
http://people.eng.unimelb.edu.au/mpeel/koppen.html
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Searches in the publication databases and in the search 
engine were undertaken using English terms only, but 
articles written in either English or French languages and 
found with the English search strings were included. At 
this stage, no date nor type of publication restrictions 
were applied.

Online publication databases
We first listed the databases to which the members of our 
review team had access.

The database selection was then based on three criteria 
[41]:

  • topic: database(s) had to cover ecology,
  • accessibility/reproducibility/sustainability: database(s) 

had to be accessible by the whole review team, and 
by researchers all over the world (as a guarantee of 
reproducibility and further reviewing),

  • comprehensiveness: number of articles indexed in 
the database(s) among the 102 articles of the test 
list,3,4 (see Additional file 2).

These criteria led us to select two databases: Web of 
Science Core Collection (WOS CC, 84 articles indexed 
out of the 102 articles of the test list) and Zoological 
Records (ZR, 51 articles out of the 102 articles).

Search strings
The search terms identified by the review team are dis-
played in Additional file 1.5

3 We first requested experts to send us the five scientific articles that they 
considered the most relevant regarding our research topic. Following the 
e-mail request, 77 scientific articles were sent to us by 21 experts. Out of 
these articles, 50 were collectively assessed, by the research team, as rel-
evant considering our scientific question. Studies that were excluded of 
the list mostly dealt with road-kills, habitat fragmentation, wildlife over-
passes, green infrastructures in general, environmental impact assessment 
of LTI construction, naturalist inventories out of the temperate climatic 
zone and pedology of LTI verges. Those subjects were considered by the 
research team as subsidiary to the scientific question. On top of these 50 
articles provided by experts, 23 scientific articles, known by the members of 
the research team to address our scientific question, were added to the list. 
Nevertheless, at that stage, few articles of the list were related to pipelines, 
waterways and railways. Thus, 29 relevant scientific articles were searched 
on Google Scholar in order to balance the proportion of articles of the list 
related to each LTI. The final list of 102 approved key articles is detailed in 
Additional file 2.
4 E-mail addresses of experts were obtained through mailing lists in ecol-
ogy (Ecodiff, Transenviro, Wftlistserv and IENE, detailed in the following 
endnotes) and directories owned by members of our research team. The 
directories contain the contact details of 1902 persons working on green 
infrastructures, including scientists, LTI managers and government offic-
ers. Most of these persons work in France but the directories also include 21 
international contacts, coming from 14 countries.
5 For all keywords listed, wildcards may be used, to allow the use of deriva-
tions of the word’s root and to account for the possibility of finding a word 
in various spellings (English from Great Britain or from the United States) 
and with various endings (singular or plural).

We tested a first search string combining some of the 
search terms with Boolean operators of Web of Science 
Core Collection. To assess the relevance of the search 
string, we compared the search hits to the articles of 
the test list (see footnotes 3, 4, Additional file 2) identi-
fied by 25 subject experts indexed in the database. Then, 
we modified the search string by removing some of the 
search terms and including new ones, to increase the 
number of articles of the test list recovered [41].

A first scoping of search hits revealed that a global 
search string including all LTIs brought many irrelevant 
results linked to waterways. Consequently, we split the 
search into a first string concerning all LTIs except water-
ways and a second string specific to waterways, which 
reduced the total number of search hits without decreas-
ing comprehensiveness.

For each of the non-waterway and waterway searches, 
we developed two different search strings in parallel 
(strategies 1 and 2, Table 3), reaching similar high levels 
of comprehensiveness. As no argument justified choos-
ing one rather than the other, we retained both strings; 
we merged results and discarded duplicates. Both search 
strings included LTI synonyms, verge synonyms and 
outcomes categories, and the terms within each cat-
egory were combined using the Boolean operator “OR” 
(Table  3). However, while strategy 2 combined each of 
the three categories with the Boolean operator “AND”, 
strategy 1 combined the categories of verge synonyms 
and outcomes with the Boolean operator “OR” and the 
category of LTI synonyms to the two other categories 
with the Boolean operator “AND”. Strategy 1 considered 
that neither the list of verge synonyms nor the list of 
ecological outcomes were exhaustive. Thus, it combined 
both of them with the Boolean operator “OR” hoping that 
articles about unlisted outcomes were found by the use 
of a verge synonym and conversely. Strategy 2 separated 
verges’ and outcomes’ synonyms in different strings but 
allowed synonyms with a broader meaning to obtain a 
high comprehensiveness anyway.

We applied the four search strings specified in Table 3 to 
the searches in the online databases (WOS CC and ZR).

Search engine
We performed internet searches using Google Scholar 
(https://scholar.google.fr/). Search strings had to be sim-
plified as Google Scholar could only handle a very limited 
number of search terms and did not allow the use of all 
“wildcards”. Thus, we developed a search string for each 
of the five LTIs (Additional file 3). Results were sorted by 
relevance, with the boxes “include patents” and “include 
citations” unchecked. For each of the five search strings, 
we retrieved the first 20 hits.

https://scholar.google.fr/
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Call for literature
To retrieve grey literature, we contacted by e-mail 
national and international experts of transportation ecol-
ogy, through the Ecodiff,6 Transenviro, Wftlistserv and 

6 Ecodiff is a French mailing list about ecology and evolution, which counts 
around 7000 subscribers. http://www.sfecologie.org/ecodiff/, Accessed 22 
September 2015.

IENE7 mailing lists and by posting a call on social media 
(https://fr.linkedin.com/). We contacted nearly two thou-
sand people (N =  1902) by individual email. Organiza-
tions funding the systematic review also provided us with 
their unpublished reports.

Specialist websites
Due to the large number of documents received in response 
to the call for grey literature (N  =  495), we considered 
searches on specialist websites as redundant. Actually, 
most of the contacted experts are part of the organiza-
tions whose specialist websites had been identified in the 
protocol of the present review [41]. We are thus confident 
that most of the grey literature from the specialist websites 
identified in the protocol was sent to us by e-mail.

Screening and inclusion criteria
Scientific articles
We assessed scientific articles collected in online publi-
cation databases for inclusion at three successive levels: 
first on titles, second on abstracts and third on full-texts. 
At each stage, in case of uncertainty, we retained articles 
for assessment at the following stage. Articles about non 
insects species were put aside during the workflow of 
title, abstract and full-text screenings.

At each stage, article eligibility was based on a list of 
selection criteria. At the title screening stage, these cri-
teria encompassed both the subject (ecology and related 
disciplines) and the population of the article (Table  4). 
The same criteria were used at the abstract screening 
stage, to which we added criteria regarding the exposure/
intervention, the comparator, the outcomes or the study 
type (Table  5). Articles without abstract were excluded. 
Finally, the same criteria as for the abstract stage were 
used for the full-text screening stage, to which we added 
inclusion/exclusion criteria specific to the full-text stage 
regarding the language, the climate, the type of publica-
tion or the specific questions covered (Table 6).

Grey literature
Grey literature, which does not comply with scientific 
publishing standards, was assessed on title and full-text 
(with the same criteria as those listed above for published 
literature). Ph.D. theses were first screened to determine 
their eligibility. Each potentially relevant chapter/article 
was then treated separately as a unique full-text.

7 Transenvirod, Wftlistservd and IENE are international mailing lists about 
transportation ecology. Together, the Transenviro and Wftlistserv mailing 
lists gather about 600 contacts and the IENE mailing list counts around 300 
contacts. http://www.itre.ncsu.edu/CTE/Lists/index.asp#wftlistserv, http://
www.iene.info/, Accessed 22 September 2015.

Table 3 Search  stringsa,b,c selected and used in WOS CC 
and ZR

a The asterisk (*) represents any group of characters, including no character
b The dollar sign ($) represents zero or one character
c The quotation marks (“ ”) allow to look for an exact phrase

LTI Strategy Search string

Roads, railways, 
pipelines and 
power lines

1 LTIs: (“transport* infrastructure*” OR 
road* OR highway$ OR motorway$ 
OR freeway$ OR rail* OR pipeline$ 
OR powerline$ OR “power line” OR 
“power lines” OR “transmission line*” 
OR “electric* line” OR “electric* lines” 
OR “electric* pylon*”)

AND
Verges/outcomes: (corridor$ OR dis-

persal$ OR habitat$ OR refuge$ OR 
“right* of way*” OR verge$ OR abun-
dance OR richness OR composition$ 
OR *diversity OR communit*)

2 LTIs: (road* OR highway* OR motorway* 
OR rail* OR “transmission line* cor-
ridor*” OR powerline* OR pipeline* 
OR “electric* pylon*”)

AND
Verges: (corridor* OR habitat* OR verge* 

OR right$-of-way* OR proximity OR 
contiguous OR line$)

AND
Outcomes: (dispers* OR population* OR 

communit* OR abundan* OR distri-
bution$ OR “species composition*” 
OR attendance)

Waterways 1 LTIs/verges: (riparian OR riverside$ OR 
riverbank$ OR “river* *bank*” OR 
((waterway$ OR canal$ OR channel$) 
AND *bank*))

AND
Outcomes: (corridor$ OR dispersal$ OR 

habitat$ OR refuge$ OR abundance 
OR richness OR *diversity OR compo-
sition$ OR communit*)

2 LTIs: (river* OR channel$ OR stream$)
AND
Verges: (riparian$ OR *bank* OR proxim-

ity OR bridge$)
AND
Outcomes: (dispers* OR communit* OR 

richness OR diversity OR drowning 
OR roosting OR “alien plant*”)

http://www.sfecologie.org/ecodiff/
https://fr.linkedin.com/
http://www.itre.ncsu.edu/CTE/Lists/index.asp%23wftlistserv
http://www.iene.info/
http://www.iene.info/
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Test of consistency of reviewers’ inclusion/exclusion 
decisions
Before the onset of screening, the reviewers taking part 
in the assessment process tested the consistency of their 
inclusion/exclusion decisions. For each of the sets of arti-
cles about waterways and other LTIs and for each of the 

title and abstract screening stages, we randomly selected 
a sample of articles and each of the reviewers screened 
them independently of each other. As more than two 
reviewers took part in each article inclusion assess-
ment, we computed Randolph’s Kappa coefficients in 
R 3.3.2 [45]. A coefficient of 0.6 was set as the minimal 

Table 4 List of exclusion/inclusion criteria at the stage of title screening

Include Exclude

For all LTIs

Articles dealing only partially with the role of habitat or corridor of the 
verges

Articles regarding invasive species if the role of corridor or habitat of 
verges is mentioned

Articles regarding soil biodiversity
Articles dealing with the effects of chemical, noise or light pollution on 

verge biodiversity (even if the pollution comes from the infrastructure 
itself )

Articles out of the temperate climatic zone (this criteria is assessed at the 
full-text reading stage)

Articles regarding wildfires (they are assessed at the full-text reading 
stage)

Studies regarding green infrastructures in general without considering the 
specific case of LTIs

Studies regarding overpasses/underpasses or fragmentation due to LTIs 
considered transversally, without considering the roles of habitat and 
corridor of verges

Studies regarding paleontology, phylogenetics, phylogeography and tax-
onomy (including studies describing newly discovered species)

Genetic studies without any relation to a natural habitat (in particular biodi-
versity meta-genomics studies)

Pedological studies without any relation to biodiversity
Studies regarding medicine, toxicology or chemical, noise or light pollution 

without any relation to biodiversity

Specifically for fluvial LTIs (waterways)

Articles whose title mentions the words floodplain, riparian, wetland, sea-
sonal pond, intermittent stream or spawning (in which case the article is 
considered to deal with the semi-aquatic part of the river, that is to say 
the banks, emerged during the dry season and immersed during the 
wet season, which is part of the scope of the review)

Articles regarding amphibious species
Articles regarding seed dispersal through waterway flow (hydrochory)
Articles regarding the role of waterway banks in animal drownings
Articles recommending management actions to perform under bridges 

(hanging bat roosting boxes for instance)
Articles regarding streams (they are assessed at the full-text reading stage)

Articles regarding exclusively aquatic species, except if the title mentions 
the words floodplain, riparian, wetland, seasonal pond, intermittent 
stream or spawning (in which case the article is considered to deal with 
the lateral part of the river, that is to say the banks, sometimes immersed 
other times emerged, which is part of the scope of the review)

Articles regarding lakes and islands or sand banks in the middle of rivers
Articles regarding river debris (organic matter, tree trunks, underwater 

leaves decomposition, except if the article deals with the submerged part 
of the bank, etc.)

Articles regarding drownings without any relation to the role of habitat of 
the banks

Specifically for non-fluvial LTIs (roads, railways, power lines, pipelines)

Articles regarding the role of verges in animal collisions
Articles recommending verge management actions to perform (including 

fencing to avoid collisions)

Articles regarding animal collisions without any relation with the role of 
habitat or corridor of the verges

Table 5 List of inclusion criteria at the stage of abstract screening

a The Köppen–Geiger Climate Classification used to identify articles with a study zone in the temperate climate. As the funders of the study are interested in western 
Europe, the Cfa, Cfb, Cfc, Csa, Csb and Csc temperate zones were included in the scope of our study. See http://people.eng.unimelb.edu.au/mpeel/koppen.html 
(accessed 17 November 2015) for the GoogleEarth layers of the Köppen–Geiger Climate Classification

Type of criteria Description

Relevant population(s) All insect biodiversity (at the species, community and ecosystem level) of the temperate climatic  zonea, including 
exotic invasive species

Types of exposure/intervention Any article exposing biodiversity to a LTI verge (road, railway, power line or pipeline verges or waterway banks), to 
a LTI verge management (mowing, pesticide spreading, pruning, planting, fence laying, beehive setting up, bird 
nesting box and bat roosting box hanging, reptile artificial refuge setting up, etc.) or to a LTI verge disturbance 
(chemical, air, noise and light pollution and wildfires)

Types of comparator Unexposed/intervention-free control site or before-exposure/before-intervention control site

Types of outcome All outcomes relating to corridor and habitat assessment or effects of verge management, such as dispersal (includ-
ing species invasions, hydrochory and seed dispersal by vehicles), species richness, Shannon index, Simpson 
index, beta diversity, community composition and abundance of different taxonomic or functional groups of 
organisms

Types of study All type of studies should be included apart from modelling (theoretical) articles, articles making recommendations 
without making experimentation and articles making experimentations in laboratory conditions

http://people.eng.unimelb.edu.au/mpeel/koppen.html
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acceptable level of estimated agreement between review-
ers. When the coefficient was lower than 0.6, review-
ers in disagreement discussed until choosing common 
selection criteria. Then, they re-tested the consistency of 
their inclusion/exclusion decisions on a new set of arti-
cles and computed Randolph’s Kappa coefficients. This 
operation was repeated until reaching a coefficient supe-
rior to 0.6. The final scores ranged from 0.667 to 0.780 
(mean =  0.740). We performed this test of consistency 
on the articles obtained from Web of Science Core Col-
lection publication database, which was the first database 
processed. We did not repeat this process for the Zoo-
logical Records publication database, but since the same 
reviewers performed both database screenings, we are 
confident on the consistency of their inclusion/exclusion 
decisions.

Although it is good practice to perform a test of con-
sistency of reviewers’ inclusion/exclusion decisions at the 
full text stage we were unable to do this due to logistical 
constraints and time limitation.

We took care that reviewers never had to screen or 
critically appraise articles they authored by themselves.

Moderators potentially accounting for heterogeneity 
in the insect responses to LTI verges
We recorded the following potential effect modifiers as 
stated in the protocol of the present review [41]:

  • geographic location,
  • biological group of insects studied,
  • site characteristics: type of LTI, type of habitat of the 

verge and type of habitat of the compared site,
  • verge management practices (mowing, grazing, veg-

etation burning, pesticide use, etc.),
  • comparator type (spatial/temporal, etc.),
  • selection of sample location (randomization, fixed 

distances or grids versus opportunistic sampling).

Although identified as a potential reason for heteroge-
neity in the protocol of the present review [41], we even-
tually considered the absence of replicates as a important 
source of bias. Accordingly, those articles without repli-
cates were discarded during critical appraisal.

Study validity assessment
In order to develop the critical appraisal of the stud-
ies included following full-text screening, eight external 
experts in landscape connectivity and transportation 
ecology and seven scientists of the review team were 
gathered and consulted during a 1-day workshop [41]. 
During the workshop, we discussed the gold standard 
protocol of an ideal study answering our primary ques-
tion with unlimited resources. The criteria used to assess 
the relevance and the susceptibility to bias were based on 
these discussions.

We considered that a study was not relevant to the pur-
pose of the review, and thus discarded it, if:

  • the comparator was inappropriate (comparison 
between different seasons, comparator difficult to 
interpret for the purposes of this review, etc.),

  • the results included biological groups and/or expo-
sures that were not under the scope of the review, 
with no possibility to extract results scoping the 
review (e.g. results combining insects and non-
insects: macro-invertebrates, results combining paths 
and paved roads).

Since we checked data redundancy (data already pub-
lished in another article included in the review) during 
critical appraisal, we added this factor as an exclusion 
cause, although it is not strictly a quality criterion.

We considered that a study was unreliable because of a 
high susceptibility to bias, and therefore excluded it from 
the review, if there was:

Table 6 List of inclusion criteria at the full-text stage

a The Köppen–Geiger Climate Classification used to identify articles with a study zone in the temperate climate. As the funders of the study are interested in western 
Europe, the Cfa, Cfb, Cfc, Csa, Csb and Csc temperate zones were included in the scope of our study. See http://people.eng.unimelb.edu.au/mpeel/koppen.html 
(accessed 17 November 2015) for the GoogleEarth layers of the Köppen–Geiger Climate Classification
b Only navigable rivers and canals are transportation infrastructures, unfortunately, this information is rarely provided. Thus, we included all articles with stream order 
above three, canals and rivers; we excluded all articles with stream order equal or below three and articles with no information

Type of criteria Description

Language Full text written in English or French

Climate Articles with study zone(s) of the temperate  climatea

Type of publication Articles different from editorial material, meeting abstracts, news items and review

Comparator Articles with control/compared site (not observational studies)

Road type Articles with paved road (not unpaved road, path, gravel road, forest road)

Waterway type Articles with stream order above three, canals or  riversb

Specific questions Articles that give relevant results for the six specific synthesis questions detailed in Table 1

http://people.eng.unimelb.edu.au/mpeel/koppen.html
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  • a total absence of replications,
  • an inadequate methodology (for example for ques-

tion #4: statistical analysis of movement data that did 
not allow to distinguish LTI verges from other habi-
tats),

  • a method description strongly insufficient (i.e. when 
it is not possible to know where the sampling was 
done: within or without LTI verges),

  • major confounding factors.

We considered the studies that had the characteristics 
detailed below as having medium susceptibility to bias:

  • absence of transparent and systematic procedure for 
the selection of sample plot location (i.e. randomiza-
tion, fixed distances, grids),

  • comparator-intervention and before-after-interven-
tion study designs (as opposed to before-after-com-
parator-intervention study designs) for the specific 
questions involving verge management (questions 1 
and 3),

  • absence of true spatial replication of the study (for 
example study with repetition of measures on a 
unique site),

  • attrition bias (difference in the loss of samples 
between control and treatment),

  • method description slightly insufficient (some minor 
details were missing but did not challenge our under-
standing of the methods).

Studies that were not considered to have high and 
medium susceptibility to bias were considered to have 
low susceptibility to bias.

For articles dealing with more than one specific ques-
tion (Table  1), we performed critical appraisal for each 
question separately, that we considered being different 
studies.

The critical appraisal was performed as follows: first, each 
study was critically appraised by one reviewer. Then, a sec-
ond reviewer critically appraised again the uncertain cases. 
We compared conclusions of the two reviewers, and when 
they differed, they discussed disagreements until reaching a 
consensus and asked for a third reviewer if necessary.

Studies that did not display any statistical comparison 
between treatments and controls were included in the 
review. These studies can provide data for meta-analyses, 
but they were not included in the narrative syntheses.

Study coding and data extraction
We produced a database of the articles included after 
critical appraisal (low and medium susceptibility to bias). 
We used the coding tool displayed in Table 7. If an arti-
cle dealt with more than one of our specific questions, we 

coded each question in a different row. The database is 
freely accessible and easily searchable (Additional file 4).

Data extraction strategy
Narrative syntheses
For all specific questions, we first extracted results into 
tables. Only the statistically tested results were included. 
For each species or group of species, we extracted the 
effects of exposure/intervention and categorized them 
as positive, negative or neutral. Neutral effects referred 
to comparison between control and treatment that were 
statistically non-significant, i.e. there was no difference 
between the two. One reviewer performed data extrac-
tion, and a second reviewer double checked all uncertain 
cases.

Meta‑analyses
We performed meta-analyses for the specific question #2 
that gathered enough homogeneous (in terms of com-
parators and outcomes) studies with the required statis-
tics. As specific inclusion criteria for the meta-analysis, in 
addition to those used for the whole review, primary stud-
ies had to report mean, sample size and some measure-
ment of variation for insect abundance or species richness 
for both LTI and another habitat away from LTI serving as 
control. In details, insect species richness, abundance and 

Table 7 Coding tool for the included studies database

Coding variable Details/examples

Reference Authors, year, title, publisher

Publication type Book chapter, journal paper, thesis, report, 
etc.

Article language English/French

Specific question Question #1, 2, 3, 4, 5 or 6

Study country

Study region(s)

GPS coordinates

Biological group(s) Carabid, wild bees, etc.

LTI(s) Roads/railways/power lines/pipelines/
waterways

Type of habitat of the verge Grassland, shrubland, hedge, forest, etc.

Comparison Questions #2 and 4: type of habitat of the 
control site

Questions #1 and 3: management 
practices (mowing, pesticide spreading, 
pruning, planting, fence laying, beehive 
setting up, etc.)

Question #5 and 6: landscape metric(s) and 
spatial scale(s)

Study design Spatial/temporal/spatial and temporal 
comparisons

Measured outcomes Abundance, species richness, Shannon 
index, etc.

Susceptibility to bias Low/medium
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its proxies (density, number of burrows/mounds, but not 
occurrence) were used as response variables in the meta-
analyses. In each primary study, for both LTI verges and 
control sites away from LTIs, we extracted sample sizes, 
outcome means, and measures of variation (standard 
deviation, standard error, variance or confidence interval) 
from tables, text, published raw data (e.g. in appendices), 
data provided to us by the authors, and graphs (using 
Get-Data Graph Digitizer 2.26). In addition, when meas-
ures of variance were missing, they were either recalcu-
lated from raw data, retrieved from statistical test values, 
or estimated via data imputation [46]. Abundances for 
either species groups or individual species were extracted. 
If a study reported the abundances for both a group and 
its component individual species, we only used the latter. 
Five studies measured the biodiversity of insects at vari-
ous distances from LTI verges [47–51]. In these cases, we 
used values of the furthest distance as controls.

To address our research question, we investigated in 
meta-analyses a set of candidate moderators (Table  8) 

from three broad categories: (1) LTI type; (2) habitat 
contrast between verges and compared habitats; and 
(3) attributes of insect species/groups. Finally, we tested 
moderators related to (4) the design of the studies in 
order to check for potential biases.

We used five LTI categories (1): railways, pipelines, power 
lines, waterways, highways and other roads. We discrimi-
nated highways from non-highway roads because road 
width, verge width and disturbances (traffic, noise, light, 
pollution) can vary considerably between the two types.

In addition to LTI type, we recorded the contrast 
between LTI verge and the compared habitat as a poten-
tial moderator (2). The contrast was considered as low 
when the vegetation types were roughly similar (e.g. 
grassy verges compared to grassland, meadow, natural 
open vegetation), as medium when grassy verges were 
compared to arable field, and as high when the vegetation 
types were dissimilar (e.g. grassy verges vs. forest stands).

To evaluate whether heterogeneity in insect response 
to LTI could be accounted for by species-specific traits 
(3), we assigned individual species and groups of species 
to a trophic level (primary consumers—e.g. herbivores, 
pollinators, secondary consumers—e.g. predators and 
omnivorous). Scavengers were classified as secondary 
consumers and insects consuming dead wood and dead 
plant as primary consumers. In addition, we extracted 
habitat preference for each individual species of but-
terflies, bees, bumblebees, ground beetles and ants. We 
encoded habitat preference in three categories: general-
ist, specialist of open habitats and specialist of forest hab-
itats. We extracted trophic level and habitat preference 
information from databases and literature [48, 52–67], 
and, whenever possible, completed missing information 
for trophic level with expert knowledge. Finally, we clas-
sified individual species according to their conservation 
status. We based this classification on information given 
by the authors: we classified threatened, endangered and 
rare species as species of conservation value; we classified 
pest, invasive (exotic) species, and species causing infes-
tation as pest/invasive species; in the absence of such 
information, we classified species as other species.

To test for potential methodological bias, we extracted 
moderators related to the design of the studies (4) (i.e. 
type of literature, type of replication, sample plots loca-
tion and study duration).

Data synthesis and presentation
Narrative syntheses
For each specific question, we produced a narrative table 
that summarized the key results of relevant studies and 
we wrote a narrative synthesis that includes descriptive 
statistics and explanatory text. Whenever possible, we 
organized the findings from included studies by grouping 

Table 8 Candidate moderators by category

Category Variable Description

(1) LTI LTI type LTI category: railway, pipe-
line, power line, waterway, 
highway, other roads

(2) Habitat contrast Habitat contrast Contrast between vegeta-
tion type of LTI verges and 
habitats away from LTI. 
Coded as low, medium, 
high

(3) Insect Trophic level Feeding guild of group and 
individual species: primary 
consumer, pollinator, 
secondary consumer, 
omnivore

Habitat specialization Habitat preference of indi-
vidual species: generalist, 
specialist of open habitats, 
specialist of forest habitats

Conservation status Category for individual spe-
cies: species of conserva-
tion value, pest/invasive 
species, other species

(4) Study design Type of literature
Replication

Grey versus non-grey 
literature

True spatial replication 
versus other cases

Sample location Transparent and systematic 
procedure for the selec-
tion of sample plots loca-
tion selection (randomiza-
tion, fixed distances, grids) 
versus other cases

Study duration Number of sampling years: 
single year versus more 
than 1 year
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them into categories based on taxonomic group, type of 
LTI, intervention and/or comparator.

Meta‑analyses
We used the Hedge’s d standardized mean difference as 
a measure of the effect size for both species richness and 
abundance [68]:

where X̄G1 and X̄G2 were the means of group 1 (control 
sites away from LTIs), and group 2 (treatment sites on 
LTI verges) respectively. Thus, the effect size d was posi-
tive if the species richness or abundance was higher in 
LTI verges than in habitats away from LTIs.

Spooled was the pooled standard deviation of the two 
groups:

where SD = standard deviation, and  nG1 and  nG2 were the 
sample sizes of group 1 and group 2.

J was a correction term that mitigated small sample size 
bias.

The variance for Hedge’s d can be calculated with:

If within a study, the cases were not independent (e.g. 
several treatments were compared to the same control), 
an overall corrected sample size  Ncorrected was calculated 
for the non-independent cases as the effective sample 
size on the field, therefore counting the sample size of 
the control only once, following the method described in 
Gleser and Olkin [69]:

With  nG1 the sample size of the control and  nG2i the 
sample sizes of each treatment compared to the same 
control.

Spooled, J, Hedge’s d and the variances for Hedge’s d for 
those cases were corrected using  Ncorrected instead of the 
sum of  nG1 and  nG2:

(1)d =
X̄G2 − X̄G1

Spooled
J

(2)Spooled =

√

(nG2 − 1)SD2
G2 + (nG1 − 1)SD2

G1

nG1 + nG2 − 2

(3)J =

[

1−
3

4(nG1 + nG2 − 2)− 1

]

(4)var =
nG1 + nG1

nG1nG2
+

d2

2(nG1 + nG2)

(5)Ncorrected = nG1 +

i
∑

1

nG2i

(6)
Spooled.corrected =

√

(nG2 − 1)SD2
G2 + (nG1 − 1)SD2

G1

Ncorrected − 2

A matrix of variance–covariance of the effect-size esti-
mates was calculated and used as the variance compo-
nents in the subsequent models [69].

The statistical significance of the moderator effects 
was tested using mixed models with the restricted 
maximum-likelihood estimator (REML). We nested 
the study cases within the studies as random effects 
for each analysis, which allowed effect size estimates to 
vary not only owing to sampling error, but also owing to 
biological or environmental differences between organ-
isms and studies. A study case referred to an individual 
effect size extracted from a study (e.g. abundance of a 
particular insect species); a given study possibly gath-
ering multiple study cases (e.g. abundance of several 
insect species).

Under a mixed model, the weight assigned to each 
effect size (w*) was set as the inverse of the sum of two 
variance components w* = 1/(w + τ2), where w (= 1/se2) 
was the unique sampling variance for each study (within-
study error) and τ2 was the estimated pooled variance 
of the true effects across all studies (between-studies 
variance).

In a first step, we computed the grand mean effect size 
for each response variable (i.e. abundance and species 
richness) by combining data from all LTIs and species. 
Additionally, the data sets were analyzed for publication 
biases using funnel plots, plots of the mean cumulative 
meta-analysis by publication year (Additional file 8), and 
the fail-safe number modified by Rosenberg [70]. At this 
stage, we also tested the effects of the design of studies.

Then, for testing the effects of the moderators (type 
of LTI, habitat contrast between verge and compared 
habitat, attributes of insect species/groups, Table 8), we 
avoided problems associated with confounding factors 
by constructing independent subsets of data in a hierar-
chical approach (see Fig. 7). We restricted our analyses 
to categorical moderators that ensure at least two stud-
ies in each resulting categories. Thus, in some cases, we 
either combined similar categories to increase the sam-
ple size or deleted the categories that did not meet the 
sample size criteria. In particular, we combined pipelines 
and power lines to overcome small sample sizes, and 
because these two LTIs have similar verges (i.e. strips 
of grass or shrub under power lines and above buried 
pipelines).

Concerning the abundance, we tested the “habitat spe-
cialization” effect comparing models with and without 

(7)Jcorrected =

[

1−
3

4(Ncorrected − 2)− 1

]

(8)varcorrected =
1

nG1
+

1

nG2
+

d2

2(Ncorrected)
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interaction terms with AIC and Anova. We did not use 
the AIC corrected for small sample size (AICc) because 
the sample sizes were large enough in regards to the 
numbers of parameters of the models. We tested (1) the 
interaction between habitat specialization and trophic 
level for the subset of data on highways (the only LTI 
with enough data), and (2) the interaction between habi-
tat specialization and LTI type for the subset of data on 
pollinators (the only trophic level with enough data). The 
“forest specialist” category was discarded as it only gath-
ered five cases. Given the absence of statistically signifi-
cant interaction in both cases (the AIC of the model with 
interaction was not lower by 2 points or more than the 
AIC of the model without interaction), the “habitat spe-
cialization” factor was not taken into account in further 
meta-analyses. We pooled all species irrespective of their 
habitat specialization for subsequent analyses.

We evaluated the effect of the trophic level on the 
abundance of insects for each LTI type separately (see 
Fig. 7). Despite the large number of cases for abundance 
(N = 661), their distribution between moderator catego-
ries prevented us to run a model using the conservation 
status of each species as moderator (N pest/invasive = 2, 
see Additional file 7). In a last step, we checked if contrast 
between verges and compared habitats did not affect our 
results by testing the interaction between habitat contrast 
(low/medium vs. high) and trophic level for the subset of 
data on highways (the only LTI with enough data).

For species richness, the uneven distribution of effect 
sizes and their small number (N =  48) prevented us to 
evaluate the effect of trophic level. We were thus unable 
to move further beyond evaluating the effect of LTI type.

For all data analyses, total heterogeneity,  QT, was par-
titioned into heterogeneity explained by the model,  QM, 
and heterogeneity not explained by the model,  QE (i.e. 
 QT = QM + QE). The statistical significance of  QM and  QE 
were tested against a χ2 distribution.

Because some case studies may not be fully independ-
ent as they came from the same primary study, we per-
formed a sensitivity analysis to assess the robustness of 
the main results (Additional file 9).

Meta-analyses were conducted in R 3.3.2 [45] using the 
metafor R package [71].

Results
Descriptive statistics of the systematic review
Searches, screening and quality assessment
We performed the searches in the Web of Science Core 
Collection publication database, Zoological Records 
publication database and in Google Scholar on April 
27nd 2015, February 1st 2016 and March 4th to 9th 
2016 respectively. For homogeneity of the year of pub-
lication between the two publication databases, we did 

not include the articles issued from Zoological Records 
released in 2016 (N = 5). We performed the call for grey 
literature on April 21nd, 2015.

Details on search results and outcomes of the screen-
ing and quality assessment processes are summarized in 
Fig. 1.

Fig. 1 Flow diagram of the review. From the 104 studies included in 
the database, 63 that provided statistical results were included in the 
narrative syntheses. The 34 studies relevant to the question #2 provid-
ing appropriate data were included in the meta-analyses. Twenty-six 
studies were included in both the meta-analyses and the narrative 
synthesis. Both the narrative syntheses and the meta-analyses con-
stitute the systematic review. Therefore, the studies included in the 
database but which did not provide statistical results nor appropri-
ate data for the meta-analyses were not included in the systematic 
review. *Literature screened on title and full text
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Searches based on title, abstract and keywords with 
English search terms returned a total of 44,581 articles 
in the Web of Science Core Collection publication data-
base, and 19,030 articles in Zoological Records publica-
tion database. Of the test list of 102 key articles identified 
by subject experts, 84 were indexed in the Web of Sci-
ence Core Collection and 83 were found with our search 
strings combination; 51 were indexed in the Zoologi-
cal Records and 49 were found with the search strings. 
By combining both Web of Science Core Collection and 
Zoological Records searches, 8 articles published in 
non-indexed journals out of the 102 articles of the test 
list were not found (see Additional file 2). The search on 
Google Scholar and the call for grey literature returned 
100 and 495 documents respectively, the 495 grey litera-
ture documents originating from 52 persons.

The removal of duplicates led to 46,174 documents 
from which 8528 articles remained after title screen-
ing. Of them, 1472 articles were included after abstract 
screening of which we were unable to retrieve 80 full-
texts, leaving 1392 full-texts to screen. At full text screen-
ing, the most common reasons for exclusions were: 
non-temperate climate, incorrect type of study (reviews, 
modeling studies and studies making policy recommen-
dation without making experimentations), and language 
(e.g. title and abstract in English, but with whole-text in 
German). During the full text screening, 38 articles were 
relevant to our broad question but answered other spe-
cific synthesis questions than the six listed in Table  1, 
and thus excluded from subsequent steps. After full-text 
screening 173 articles remained.

These 173 articles contained reports on 206 studies that 
were critically appraised individually (an article was split 
into different studies when the article dealt with more 
than one of our specific questions). Critical appraisal 
furthermore excluded 102 studies: 4 studies because 
of data redundancies, 42 studies that had irrelevant 
comparator(s) for the purpose of our review, 29 studies 
because of an inappropriate data format (i.e. studies that 
did not allow separating relevant results from irrelevant 
ones -exposures/population not under review scope), and 
27 studies with high susceptibility to bias. The main rea-
sons for high susceptibility to bias were major confound-
ing factors, unclear sampling design and/or protocol, and 
the absence of any replication.

Figure 2 shows the number of studies with low, medium 
and high susceptibility to bias for each specific question.

After critical appraisal, 91 articles remained. They con-
stituted 104 studies listed in Additional file 4.

Additional file  5 lists the studies which were rejected 
on full-text assessment and critical appraisal, together 
with the reasons for exclusion. This file also contains the 
list of articles that we did not find in full-text.

Narrative synthesis of included studies
Among the 91 included articles, 84 came from the 
searches in scientific publication databases (WOS CC 
and ZR). The grey literature call provided only 6 other 
documents and one article was only retrieved on Google 
Scholar. Ten of the articles were in French, the other ones 
in English. The most common type of document was sci-
entific journal articles (N = 84), 4 Ph.D. chapters, 2 tech-
nical reports and one MSc report were also included.

Among the 104 included studies (Additional file  4), 
31 studies evaluated the effect of verge management on 
insect biodiversity (question #1) and 55 studies compared 
insect biodiversity in verges to the one of other habitats 
(question #2). No study dealt with the influence of verge 
management on insect dispersal (question #4), neither 
with the influence of surrounding landscape on disper-
sal along the verges (question #6). Three studies com-
pared insect dispersal along verges with insect dispersal 
in habitats away from LTIs (question #3). Fifteen studies 
focused on the influence of the surrounding landscape on 
the biodiversity hosted by verges (question #5).

Most of the studies were conducted in Europe (N = 62), 
particularly in France, United Kingdom, Poland and 
Netherlands (Figs.  3, 4), 20 studies took place in North 
America (all of them in the United States of America), 10 
studies were conducted in Australia-Oceania, while the 
other continents were poorly represented (Asia N =  6, 
Africa N = 5 and South America N = 1).

The language criteria (English or French) used during 
screenings and the dominant nationality of the panel of 

Fig. 2 Number of studies with low, medium and high susceptibil-
ity to bias for each specific question. Questions 3 and 6 are absent 
because no study deals with them. For details on the questions, see 
Table 1
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experts contacted can explain the high number of stud-
ies conducted in France. Indeed, 8 of the 18 studies 
conducted in France belonged to documents written in 
French, and we collected 7 of these 8 studies through our 
call for grey literature.

The oldest retrieved study included in this review was 
published in 1972. Altogether a global increase in the num-
ber of studies can be observed along the decades (Fig. 5a).

Roadside verges were by far the most studied type 
(N = 65), followed by waterway banks (N = 30), railway 

Fig. 3 Number of included studies by country. The colors group countries by continent

Fig. 4 Map of the included studies. Light grey indicates regions outside temperate climate. The other colors represent the number of studies for 
each country included in the temperate region
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embankments (N  =  7), power line (N  =  6) and pipe-
line verges (N  =  1). The specific question that com-
pares insect biodiversity along and away from LTI verges 
focused disproportionately on roads (44 among 58 stud-
ies, question #2 Fig. 5b), and the only studies about insect 
dispersal focused on road verges. On the contrary, water-
way banks gathered more than half studies about the 
effect of management practices on insect biodiversity (19 
among 32 studies, question #1 Fig. 5b).

Coleoptera and butterflies were the most studied taxa 
(N =  47, Fig.  6). Sixteen studies focused on composite 
groups: on one side, studies on invertebrates or arthro-
pods that include insects, and on the other side, studies 

on insects without precision about which insects the 
study dealt with. Ants were investigated by 13 studies 
and bees and/or bumblebees by 10 studies. The other 
taxa were, among others, Odonata, Diptera, Hemiptera, 
Orthoptera and Heteroptera.

Among the outcomes, more than 3/4 of the studies 
used measures related to abundance (abundance, density, 
occurrence, frequency, patch occupancy…), of group or 
individual species. Nearly 2/3 of the studies presented 
indices of species richness (species richness, Shannon, 
Simpson, Hill, evenness index, Piélou equitability…). 
Nearly 1/3 of the studies used indices of similarity or 
dissimilarity between communities (Jaccard, Sørensen, 

Fig. 5 Year of publication of the studies that addressed our six specific questions (a), and LTIs under study for our specific questions (b). In b, the 
sum exceeds the number of studies included in the database because one study can imply more than one type of LTI. Questions 3 and 6 are absent 
because no study dealt with them. For the details on the questions Q1 to 6, see Table 1
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Renkonen indices, Bray–Curtis dissimilarity…), and the 
same proportion focused on community composition 
(species traits, feeding guilds, relative abundance…).

Of the 104 included studies, 101 had a control/inter-
vention or control/exposure design, two studies had a 
BACI design and the remaining one had a before/after 
design.

Details about the studies (language, specific question 
addressed, country, biological group, LTI, study design, 
outcomes, susceptibility to bias etc.) are available in 
Additional file 4.

Data synthesis and presentation
For each specific question, we first began with a narra-
tive synthesis of the studies and summarized key results 
in a table. The lack of studies, or the broad variation in 
the type of investigations conducted, prevented us from 
using formal meta-analytical techniques for the questions 
3, 4, 6 and 1, 5 respectively.

For the specific question gathering the most retained 
articles, i.e. question #2 (Habitat in LTI verges vs. at prox-
imity), both narrative synthesis and meta-analyses were 
conducted. The narrative synthesis provides the con-
text and background for the quantitative meta-analyses. 
In addition, some of the articles, which did not provide 
suitable data to be included in the meta-analyses, pre-
sented results that can be included in a narrative synthe-
sis. The meta-analyses especially focus on LTI types and 
species traits (trophic level and habitat preference), and 

go deeper than the narrative synthesis on these aspects. 
Thus, the narrative synthesis and the meta-analyses are 
complementary, both providing a different perspective.

Narrative syntheses
The narrative syntheses of secondary review questions 
were based on 63 studies out of the 104 included studies. 
We put aside the studies (indicated in Additional file 4) 
that met our inclusion criteria but that did not provide 
statistical results to compare control and treatment. The 
qualitative tables synthesizing key results are provided in 
Additional file 6.

Question #1: Do LTI verge management practices increase, 
decrease or have no effect on insect biodiversity?
Seventeen articles included in our systematic review 
provided statistical results relevant to this specific 
question. Their key results are provided in Additional 
file 6: Table A1.

Among the different types of verge managements,

  • 6 articles (group a in Additional file 6: Table A1) dealt 
with the modification of vegetation composition: 
alien plant management, plantation, sowing [72–77].

  • 5 articles (group b) studied the influence of physical 
modifications: type of embankment, channelization, 
pavement, type of bottom [78–82].

  • 6 articles (group c) concerned mowing and/or graz-
ing [83–88].

Fig. 6 Taxonomic insect groups of the included studies. The sum exceeds the number of included studies because some studies included more 
than one taxonomic group
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Management of verges aiming at restoring vegeta-
tion seemed to have positive to neutral effects on insect 
biodiversity.

Indeed, the modification of vegetation composition to 
restore “initial” or “natural” vegetation had no effect on 
the abundance of aquatic insects [72], on the composi-
tion of ant communities [73], and on the abundance of 
Apis mellifera [74]. Similarly, the modification of vegeta-
tion did not affect the abundance of 9 Odonata species 
[75], and the ground beetle biodiversity indices [76].

Nevertheless, modifications of vegetation composition 
aiming at getting rid of non-native species promoted bee 
species richness and abundance [74], the species rich-
ness, abundance, taxonomic distinctiveness of Odonata 
and the abundance of 13 Odonata species [75], as well 
as the abundance of aquatic insects [77]. The only con-
trasting result referred to the abundance of Chlorolestes 
umbratus, a rare Odonata species, which was lower 
along restored riparian corridors when compared to sites 
invaded by alien trees [75].

Human impact (artificialization) on the LTIs (mineral 
and synthetic embankment, channelization and pave-
ment) appeared to have mainly negative to neutral effects 
on the biodiversity of the verges.

The pavement of railway verges lowered Orthoptera bio-
diversity (in comparison with unpaved verges [81]), and 
the use of synthetic bottom in stormwater retention ponds 
(dig near highways to retain stormwater runoff and pol-
lutants) lowered the richness of Odonata species (in com-
parison with natural bottom [82]). Moreover, Cavaillé et al. 
[78] observed a lower number of Coleoptera in artificial 
riverbank embankments as compared to vegetated one, 
similar to the observation of Paetzold et al. [80] that chan-
nelization lowered the abundance and species richness of 
rove beetles in riverbanks with hydropeaking flow regime. 
On the contrary, Dymitryszyn [79] found no difference in 
carabid abundance and diversity before and after roadside 
reconstruction (replacement of the substratum and partial 
paving of the shoulders), like Paetzold et al. [80] who did 
not observe difference in ground beetle’ species richness 
and abundance between channeled and unchanged river-
banks. Similarly, Ruspolia nitidula abundance (Orthop-
tera) appeared similar between paved and unpaved railway 
verges [81], and Cavaillé et  al. [78] found similar num-
bers of Coleoptera species in vegetal and mixed (vegetal 
and mineral) river embankments. Only 2 studies [78, 80] 
showed a positive influence of artificialization of verges 
on some insects: the frequency of exotic Coleoptera spe-
cies appeared higher for mixed as well as for mineral river-
banks when compared to vegetal riverbanks [78]. Similarly, 
Paetzold et al. [80] showed that channelization increased 
the abundance and species richness of rove beetles in riv-
erbanks with a natural flow regime.

The currently available results about the influ-
ence of mowing intensity were inconsistent among 
taxonomic groups. Ward and Mill [87] observed 
that disturbance by cattle reduced the occurrence of 
Calopteryx splendens (Odonata). Higher mowing fre-
quency resulted in higher numbers of butterfly road-
kills and the occurrence of blackspot sites [86], while 
no effect of mowing was observed for ants [85]. The 3 
remaining studies [83, 84, 88] compared practices that 
combined various parameters of mowing management 
(frequency, period, removal or not of hay, and leav-
ing of unmown parts or not), so that the independent 
effect of each parameter was difficult to extract. Over-
all, many comparisons of management regimes were 
not statistically significant. In Noordijk et al. [83], hay 
removal did not affect insect abundance and flower 
visits in roadsides, similarly to their results published 
in 2010 [84] where no effect was detected on spe-
cies richness of ground beetles and ants. However, 
the authors also found that hay removal sometimes 
increased the species richness of weevils. Mowing fre-
quency did not consistently influence the species rich-
ness of weevils [84]. Noordijk et  al. [84] showed that 
mowing once a year favored ant species richness in 
comparison to non-mowing and mowing twice a year, 
whereas they showed in their 2009 and 2010 studies 
that ground beetle species richness, insect abundance 
and flower visits were higher in roadsides mown twice 
a year than in roadsides non-mown or mown once a 
year. Finally, Wynhoff et al. [88] observed that partial 
mowing of road verges was beneficial for ant abun-
dance, especially Lasius flavus and Lasius niger, while 
late mowing favored ant abundance of some other 
species, especially Myrmica rubra.

Question #2: Is the biodiversity of LTI verges equal to, higher, 
or lower than the biodiversity of habitats away from the LTI?
The key results of the studies included in the narrative 
synthesis are provided in Additional file 6: Table A2.

Among the 37 studies with relevant statistics that com-
pared the biodiversity hosted by LTI verges to the biodi-
versity of habitats away from the LTIs, we distinguished 5 
main categories:

  • Coleoptera (mostly Carabidae) along terrestrial LTIs 
(group d) [48, 66, 67, 79, 89–94].

  • pollinators (bees, bumblebees, hoverflies and butter-
flies) along terrestrial LTIs (group e) [31, 74, 95–100].

  • “unwanted species” (invasive species, pests…) along 
roads (group f ) [101–107].

  • other taxa along terrestrial LTIs (group g) [49, 67, 90, 
91, 100, 108–113].

  • various taxa along waterways (group h) [114–116].
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In most of the articles (28 among 37), the habitats on 
the LTI verges and away from the LTIs were rather simi-
lar (e.g. comparison of herbaceous road verges with 
grasslands). In one paper, the compared habitat greatly 
differed from the LTI verge: Silverman et  al. [94] com-
pared an open deforested pipeline corridor to the intact 
adjacent forest representing the initial habitat before the 
pipeline construction. Eight articles compared the LTI 
verges with several types of habitats in each study, both 
similar and dissimilar [48, 79, 89, 92, 96, 98, 101, 115], 
sometimes relating the results with species habitat or 
feeding preferences [48, 79, 115]. In the meta-analyses, 
we tested whether this heterogeneity between compari-
sons influenced the results (see “Meta-analyses” section).

Detecting trends on the potential of terrestrial LTI 
verges as habitats for Coleoptera was challenging. Most 
of the comparisons made between LTI verges and other 
habitats were statistically non-significant [48, 66, 67, 79, 
90–92]. Depending on the indices considered, LTI verges 
hosted higher, similar or lower insect biodiversity than 
other habitats [93], and the results for individual spe-
cies abundances were also diverse [91, 94]. The differ-
ences for Coleoptera between the biodiversity of verges 
and the one of the habitats away from LTIs depended on 
the nature of the habitats compared [48, 66, 79, 92], and 
sounded congruent with the habitat preference classifi-
cation used by the authors [48, 66]. Indeed, Knapp et al. 
[48] showed that the species richness of forest specialist 
ground beetles and large rove beetles was lower on road-
sides than in forest habitats, whereas the species richness 
of open specialists was higher on roadsides than in forest 
habitats. Similarly, the species richness of ground beetles 
stenotopic for heathland/drift sand areas was statisti-
cally lower in roadside verges than in heathland nature 
reserves [66].

Globally, terrestrial LTI verges seemed to host similar 
to richer pollinator communities than habitats away from 
LTIs.

Indeed, no difference was found (i) for pollinators (of 
several groups) in roadsides and power line corridors 
(in comparison with forests and forest edges [96]), (ii) 
for hoverflies along railway embankments (in compari-
son with grasslands [31]), and (iii) for butterflies in high-
way verges (in comparison with controls not detailed 
[100]). LTI verges sometimes hosted more abundant 
and diverse pollinator communities than habitats out-
side verges. Indeed, Hanley and Wilkins [97] showed a 
higher bumblebee abundance along road verges than in 
adjacent (unplowed) field margins. Similarly, Moroń et al. 
[31] outlined higher abundance and species richness of 
bees and butterflies along railway embankments than in 
grasslands, close to the observations of Russell et al. [99] 

who found more bees in power line corridors than in 
grasslands.

Finally, some studies showed more complex responses 
of pollinators. Osgathorpe et al. [98] found that bee abun-
dance differed between years; in Bailey [95] abundance of 
bees and bumblebees differed between periods (over the 
same year) and species. In addition, in Mallard [50], the 
results are inconsistent between sites: butterfly species 
richness and abundance were higher along verges than in 
forests in some sites, and lower in others.

Mainly, road verges appeared to host comparable to 
greater abundance of “unwanted species” than habi-
tats away from roads. Indeed, proxies of abundance of 
“unwanted species” between road verges and other habi-
tats were not different for mosquitoes [101], which was 
consistent with the results for the invasive red fire ant 
Solenopsis invicta in Texas (as compared with grasslands 
[105]), and for the monarch butterfly parasite Lespesia 
archippivora (in comparison with prairies [107]). On 
the other side, Braun and Flückiger [102] recorded more 
abundant apple aphids Aphis pomi on road verges than 
in control sites, which tallied the results of Loch and 
Zalucki [104] for the pink wax scale Ceroplastes rubens 
(when compared to gardens), and that of Vogt [106] for 
the imported red fire ant Solenopsis invicta in Mississippi 
(in comparison with similar habitats in vicinity).

One exception was the study by Kline [103], who 
reported that the abundance of Culicoides ssp. larvae was 
lower in road ditches than in adjacent salt marshes.

Finally, (non-pest) ants, (non-pest) aphids, Odonata 
and Heteroptera were the last other groups covered by 
the comparison of insect biodiversity between terrestrial 
LTI verges and other habitats. We also included in this 
category the results from studies that only used generic 
terms such as “insects”.

These taxonomic groups showed mostly similar to 
higher biodiversity on terrestrial LTI verges than in other 
habitats.

All studies except Ditsworth et  al. [108], Freitag et  al. 
[109] and Wilkaniec et al. [113] reported no statistically 
significant differences between the biodiversity of verges 
and those of the compared similar habitats for at least 
one of their comparisons. However, Ditsworth et al. [108] 
reported that a power line corridor hosted more individ-
uals of Cicadellidae, Aphididae, Lepidoptera and Thysa-
noptera than pynion-juniperus woodland.

Three studies agreed on higher abundance of ants in 
road verges than in similar habitats away from LTIs: 
Freitag et  al. [109] for Formica pratensis, Itzhak [110] 
for Messor semirufus, Tapinoma israele and of T. errati-
cum, and Major et  al. [91] for 3 ant morphospecies. 
Le Viol et  al. [67] also indicated that 2 Odonata and 3 
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Heteroptera families were more abundant in man-made 
highway stormwater retention ponds than in natural 
ponds. Martinez and Wool [112] evidenced that aphids 
inducing galls on Pistacia trees were mainly more abun-
dant on Pistacia trees of roadsides than on Pistacia 
trees in the shrub land, and interpreted this fact with the 
higher water supply along roads, which favors both tree 
and aphid growth. Similarly, Wilkaniec et al. [113] calcu-
lated a Shannon–Weaver index of aphids higher in road-
sides than in the shrub habitats.

In very few studies, the abundance of insects was lower 
in verges than in habitats away from LTIs. In fact, Le Viol 
et  al. [67] documented one Odonata and 2 Heteroptera 
families less abundant in highway retention ponds than 
in natural ponds, and Ditsworth et  al. [108] reported 
that the abundance of Coccoidea (Hemiptera) was lower 
below a power line than in pynion-juniperus woodland.

We were not able to draw any general pattern from the 
last 3 articles that compared the insects in riverbanks 
and in other habitats, as the conclusions depended i) on 
the taxonomic groups: Schipper et al. [116] found higher 
abundance of Coleoptera and Diptera in floodplain but 
no difference for the other taxonomic groups tested 
(Caelifera, Heteroptera, Homoptera, Hymenoptera, Lepi-
doptera and Siphonaptera); ii) on the biodiversity indices 
considered: Houston et al. [115] outlined higher species 
richness but lower abundance of termites in riparian for-
est than in pasture.

To summarize, the insect biodiversity hosted by the 
LTI verges seems mostly similar to the one supported by 
habitats away from LTIs. In a number of cases, LTI verges 
may support richer communities. The meta-analyses that 
follow enlighten the causes of the inconsistencies.

Question #3: Do LTI verge management practices increase, 
decrease or have no effect on insect dispersal?
No study evaluated the influence of verge management 
on insect dispersal.

Question #4: Is insect dispersal on LTI verges equal to, higher, 
or lower than to their dispersal in habitats away from the 
LTIs?
There were very few studies dealing with the dispersal of 
insects along LTI verges.

Only 2 articles provided relevant statistical results to 
compare dispersal along the verge to dispersal meas-
ured in another habitat. Their key results are provided in 
Additional file 6: Table A3.

Brunzel et  al. [117] compared the colonization events 
of a moth species in sites linked or not with the nearest 
population by a road and noticed that the presence of a 
road increased the probability of colonization of Tyria 
jacobaeae. Vermeulen [118] evaluated carabid dispersal 

thanks to the mark release recapture method and found 
that the rate of movements of Pterostichus lepidus, a 
wingless species specialist of open habitat, was lower 
along road verges than in the adjacent open areas.

To summarize, given the lack of evidence on the insect 
dispersal along LTI verges, we cannot conclude on the 
influence of verge management on dispersal and on 
the potentialities of LTI verges as corridors for insect 
dispersal.

Question #5: Is the insect biodiversity of LTI verges dependent 
on the surrounding landscape?
Nine articles included in our systematic review provided 
us with relevant statistical results to answer this specific 
question. Their key results are provided in Additional 
file 6: Table A4.

Among them,

  • 7 articles studied the influence of urbanization 
(group i).

  • 5 articles included agriculture in the surroundings 
(group j).

  • 4 articles evaluated the effect of protected areas and 
(semi-)natural habitats in the vicinity (group k).

  • 3 articles included the proportion of forested areas 
(group l).

The spatial scale studied, which can explain the vari-
ability between results, varied considerably among arti-
cles. It ranged from the land use directly adjacent to the 
LTI verge [119], to land uses in radii of a few hundred 
meters [81, 120], up to the global catchment scale [121]. 
The landscape metrics were generally continuous (e.g. 
proportion of urban area), but 3 studies were based on 
the comparison of sites classified according to their sur-
rounding landscape (e.g. rural-natural versus urban land-
scape) [119, 122, 123].

It seemed that urbanization in the surrounding land-
scape has negative to neutral effects on the insect biodi-
versity hosted by LTI verges. Indeed, Dallimer et al. [120], 
Scher and Thièry [82], Verboven et  al. [123], Tagwireyi 
and Sullivan [122] and Penone et  al. [81] all converged 
toward the fact that surrounding urbanization decreased 
the species richness of verges for butterflies and Odonata, 
and both species richness and abundance for bees, hover-
flies, ants and Orthoptera. Similarly, Verboven et al. [123] 
noticed a lower Shannon index of hoverflies in urban 
sites, while Penone et al. [81] showed that the Commu-
nity Specialization Index of Orthoptera declined with 
the rise of urban surfaces. Verboven et al. [123] reported 
that hoverfly communities were more similar (Sorensen 
index) between verges surrounded by urban sites than 
between verges surrounded by rural-agricultural sites. 
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Nevertheless, more than half of the comparisons of urban 
sites with both rural-agricultural and rural-natural sites 
were statistically non-significant for bee and hoverfly bio-
diversity indices (abundance, species richness, and Shan-
non index [123]). Lastly, Dallimer et  al. [120] showed 
multi-faceted and non-linear trends: the effect of the 
distance to the city center on species richness of butter-
flies was inconsistent between sites, and species richness 
of butterflies peaked at intermediate densities of human 
population.

Agricultural development—another type of human 
pressure—also seemed to have negative to neutral 
effects on insect biodiversity in LTI verges. Indeed, in 
comparison with rural-natural sites, rural-agricultural 
sites hosted lower bee species richness and Shannon 
index [123]. Similarly, Magierowski et al. [121] reported 
a decrease of the ETP (Ephemeroptera-Trichoptera-
Plecoptera) richness and % ETP along with the increase 
of the proportion of crops and grazing areas at the catch-
ment scale. On the other hand, when evaluated at the 
local scale, the proportion of crops and grazing areas had 
no visible effect on % ETP [121]. Bailey [95] could not 
detect any effect of the proportion of oilseed rape fields 
on the abundance of individual bee species. In addition, 
many comparisons of rural-agricultural sites with rural-
natural sites [123] were statistically non-significant for 
bees (abundance, Sorensen index) and hoverflies (abun-
dance, species richness, Shannon, Sorensen indices). 
Lastly, Tagwireyi and Sullivan [122] did not find dissimi-
larity between ant communities in riverbanks in agricul-
tural reaches and those in urban reaches.

The proximity and the proportion of natural habi-
tats or protected areas in the surroundings appeared to 
have mainly neutral to positive effects. Indeed, ETP rich-
ness and % ETP increased with the proportion of pro-
tected areas at the catchment scale, whereas they had 
no effect on % ETP at the local scale [121]. Moroń et al. 
[31], observed that the species richness of hoverfly in the 
verges increased with the increase of the proportion of 
extensive grasslands in the surrounding landscape while 
the abundance of bees declined. As previously stated, 
some bee and hoverfly indices were higher in rural-nat-
ural sites than in urban or rural-agricultural sites, even 
if many comparisons were statistically non-significant 
[123]. The abundance, species richness and Shannon–
Weaver diversity index of butterflies did not statistically 
differ between road verges adjacent to intensive agricul-
tural or urban areas and those adjacent to semi-natural 
biotopes [119].

Forested areas in surroundings showed mainly neutral 
to positive effects on insects of the LTI verges. Indeed, 
Moroń et  al. [31] evidenced that the species richness 
of bees, hoverflies and butterflies increased with the 

proportion of woodland whereas the abundance of bees 
decreased and the abundance of hoverflies and butterflies 
were not affected. ETP richness and   % ETP increased 
with the proportion of forests at the catchment scale, 
while they had no effect on   % ETP at the local scale 
[121].

Question #6: Is insect dispersal on LTI verges dependent 
on the surrounding landscape?
No study evaluated the influence of the surrounding 
landscape on insect dispersal in LTI verges.

Meta‑analyses
Description of the data
Quantitative data were extracted from 34 studies among 
the 55 included in the database for question #2 (Habitat 
in LTI verges vs. at proximity). Five studies that appeared 
in the narrative synthesis were not included in the meta-
analyses because the statistical information provided by 
authors was not sufficient to calculate effect sizes (see 
details of these studies in Additional file  4). Conversely, 
8 studies that did not appear in the narrative synthesis 
(because of missing statistical tests) were included in the 
meta-analyses as the available data allowed us to calcu-
late effect sizes (Additional file 4).

Among the 709 study cases extracted, 48 cases in 20 
studies referred to species richness (data provided in 
Additional file 7) and 661 cases in 29 studies referred to 
species or group abundance (Additional file 7). We esti-
mated the variance of cases with data imputation (i.e. 
filling this missing variance by using the available data 
from the other studies) for less than 10% of the total data 
(N = 59 out of 709).

Most of the study cases were conducted along roads 
(highways: 47%, non-highway roads: 12%), power lines 
(26%) and railways (11%), few of them were on waterways 
(5%) or pipelines (1%). Two-thirds of the cases were from 
Europe, the others were equally distributed between 
North America (all in the United States of America) and 
Australia. Africa and Asia represented less than 1% of the 
data.

Among these 709 cases, 41% concerned Hymenoptera, 
20% Lepidoptera, 19% Coleoptera and 13% Hemiptera. 
Table  9 reports the distribution of sample sizes (abun-
dance and species richness) among LTI type, trophic 
guild and habitat specialization.

Global meta‑analyses and publication bias
The overall grand mean effect size for abundance was sta-
tistically different from zero: insects were more abundant 
along verges than in habitats away from LTIs (d = 0.174, 
95% CI 0.000, 0.348, p = 0.050). There was a statistically 
significant heterogeneity in the effect sizes (Q = 2303.16, 
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p  <  0.001, n =  661), indicating variations in the differ-
ences of abundance between verges and habitats away 
from LTIs that could be explained by moderators. The 
funnel plot, the plot of the mean cumulative meta-anal-
ysis by publication year (Additional file 8) and the Rosen-
berg test fail safe number  (Nth = 3315 < Nobs = 36,991) 
did not show obvious publication bias. The type of litera-
ture (grey/non-grey literature) had no effect on the effect 
sizes for abundance  (QM =  4.181, p =  0.124, n =  661). 
None of the variables related to the design of the stud-
ies showed statistically significant effect (susceptibility 
to bias (low/medium):  QM = 3.748, p = 0.154, n = 661; 
study duration (1  year/more):  QM  =  4.069, p  =  0.131, 
n =  661; true spatial replication (yes/no):  QM =  4.733, 
p =  0.094, n =  661; sample location (random/not ran-
dom):  QM = 5.353, p = 0.069, n = 661).

The overall grand mean weighted effect size for spe-
cies richness was not statistically different from zero 
(d = 0.269, 95% CI − 0.049, 0.587, p = 0.097). There was 
a statistically significant heterogeneity in the effect sizes 
(Q = 243.75, p < 0.001, n = 48), indicating variation in the 
differences of species richness between verges and habi-
tats away from LTIs. The funnel plot, the plot of the mean 
cumulative meta-analysis by publication year (Additional 
file 8) and Rosenberg test  (Nth = 250 < Nobs = 705) did 
not show obvious publication bias. The type of literature 
(grey/non-grey literature) had no effect on the effect sizes 
for species richness  (QM =  2.686, p =  0.261, n =  48). 
None of the variables related to the design of the stud-
ies showed statistically significant effect (susceptibility 
to bias (low/medium):  QM =  2.498, p =  0.287, n =  48; 
study duration (1  year/more):  QM  =  3.828, p  =  0.148, 
n  =  48; true spatial replication (yes/no):  QM  =  4.162, 
p  =  0.125, n  =  48; sample location (random/not ran-
dom):  QM = 4.161, p = 0.125, n = 48).

Effects of moderators on abundance
We discarded the railway as a type of LTI from the analy-
sis because the cases belonged to a unique study. For the 
same reason, some trophic levels were discarded (Figs. 7, 
8).

There was no statistically significant interaction 
between habitat specialization and trophic level for the 
abundance of insects of the “highway” subset (model 
with interaction AIC  =  227.8, model without interac-
tion AIC = 227.9, Anova p = 0.147), nor between habitat 
specialization and LTI type for the abundance of pollina-
tors (model with interaction AIC = 211.5, model without 
interaction AIC = 207.3, Anova p = 0.612). We therefore 
pooled the cases to improve the statistical power in fur-
ther analyses.

For highways, we found that the trophic level did 
not influence the response of insect abundance. Their 

abundance were similar in verges and in habitats away 
from LTIs (see statistical results in Fig. 7).

For non-highway roads, both pollinators and primary 
consumers were more abundant along verges than in 
habitats away from LTIs (Fig. 8), with a statistically signif-
icant stronger effect for pollinators (see statistical results 
in Fig. 7).

For waterways, the responses of primary consum-
ers and pollinators were not statistically different 
 (QM = 4.11, p = 0.13, n = 20). Pollinators seemed to be 
less abundant in waterway banks than in controls but this 
result was only based on 3 cases from 2 studies (Fig. 8).

For pipelines/power lines, we could only test pollina-
tors and they had similar abundance between verges and 
controls.

Habitat contrast between verges and compared habi-
tats did not influence our results: the interaction between 
habitat contrast and trophic level was not statistically 
significant for the abundance of insects in the “highway” 
subset (model with interaction AIC = 280.3, model with-
out interaction AIC = 278.4, Anova p = 0.91).

Effects of moderators on species richness
We detected a statistically significant effect of the LTI 
type on insect species richness: we found that insect 
species richness was greater on non-highway road 
verges than in controls away from non-highway roads 
(see statistical results in Fig. 7 and illustration in Fig. 9); 
whereas the species richness did not differ between 
verges and habitats away from waterways, pipelines/
power lines, highways and railways. However, we were 
not able to evaluate the response of each trophic level 
separately. Consequently, these results could be biased 
by an uneven distribution of trophic levels studied 
between LTI types. So, they should be taken with great 
caution and further research is needed to confirm our 
result.

The sensitivity analyses we performed show that our 
main results for abundance and species richness were 
robust to the fact that some case studies may not be fully 
independent as they came from the same primary study 
(Additional file 9).

Discussion
Evidence of effects
Overall, we found variations in the results of the studies 
that deal with our six specific questions, and outcomes 
seemed difficult to predict. However, we did find some 
patterns, as shown by the Table 10 that summarizes the 
main results coming from the narrative syntheses.

We identified major knowledge gaps for the three spe-
cific questions related to insect dispersal in verges (ques-
tions 3, 4 and 6 in Table 10). Technical constraints that 
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challenge the studies of insect movements are not the 
only factor responsible for these gaps. Indeed, if the small 
body size of the insects has so far precluded the use of 
most radio-tracking equipment, it is still possible to 
evaluate their dispersal through mark-recapture method, 
genetic analysis or direct observation. There is a number 
of studies that evaluated insect movements near LTIs 
[124], but nearly all of them aimed at evaluating the bar-
rier effect of LTIs, hence focusing on transversal move-
ments but not on longitudinal ones [125–127]. Therefore, 
the fragmentation effect of LTIs seems to have received 
all scientific and monitoring interests, leaving their 
potential corridor effects largely unexplored, at least for 
insects in temperate regions.

The negative to neutral effect of the artificialization of 
the LTI (use of non-natural material, channelization) is 
not surprising and converges to the general trend of neg-
ative effects of habitat loss, habitat degradation and eco-
system functioning disruption on biodiversity [128]. The 

positive to neutral effect we found for management prac-
tices that aim to restore a more “natural” vegetation along 
verges is of conservation interest for LTI owners. The 
positive effect is driven by studies where management 
practices consisted in getting rid of exotic invasive plants 
species along waterways. We were not able to draw a gen-
eral trend for the effect of grazing and mowing of the LTI 
verges on insect biodiversity. More studies are needed to 
conclude on these vegetation management practices and 
advise those that favor insect biodiversity.

Previous reviews focused on the comparison of ani-
mal abundance near LTIs and in other habitats. Indeed, 
Muñoz et  al. [19] found that in 50% of the studies that 
they reviewed, the abundance and/or diversity of insects 
increased from the roadsides to the non-altered habi-
tats, implying a negative effect of the roads. Our results 
were more nuanced and even contrasted (question #2 in 
Table 10). This discrepancy can be explained by the fact 
that we included not only road verges, and that, contrary 

Fig. 7 Summary flow chart of the meta-analyses and results. n number of case studies, QM between-classes heterogeneity, d mean effect size, CI 
95% confidence interval. Bold value indicates statistically significant effect
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to Muñoz et al. [19], we did not restrict our synthesis to 
studies that compare insect abundance and diversity at 
increasing distances from the LTIs.

Fahrig and Rytwinski’s review [38] found that animals 
had a positive or neutral response to roads when (i) spe-
cies are attracted to roads for an important resource (e.g. 
food) and are able to avoid oncoming cars, and (ii) spe-
cies do not avoid traffic disturbance but do avoid roads, 
and whose main predators show negative population-
level responses to roads.

Our meta-analyses suggest that highway roadsides are 
not similar to non-highway roadsides in terms of insect 
abundance and species richness. Indeed, pollinators and 
primary consumers are more abundant in non-highway 
roadsides than in habitats away from LTIs whereas their 
abundances do not differ between highway roadsides and 
controls. The difference between small and large roads 
might be explained by the positive correlation between 
traffic volume and insect collisions [19], and a higher 
edge effect on highways that lowers the carrying capacity 
of their verges. However, long-term studies of population 
dynamics are missing to disentangle potential ecological 

traps from actual positive effects of non-highway road 
verges on insect abundance [129].

Our narrative synthesis showed that the nature of the 
landscape surrounding LTIs can influence the biodi-
versity hosted by the verges. The negative effect of land 
uses related to human pressure (i.e. urbanization and 
agriculture) and the positive effect of forests and (pro-
tected) natural habitats in the surroundings concur with 
the “habitat amount hypothesis” supported by Fahrig 
[130]. Indeed, urbanization and agriculture development 
around LTI verges reduce the amount of suitable habitats 
at the landscape scale and, consequently, the insect spe-
cies pool able to colonize the verges. The opposite pro-
cess is true for undisturbed (or less disturbed) natural 
habitats that increase habitat availability and the pres-
ence of source populations.

Reasons for heterogeneity
One of the main reasons for heterogeneity is the vari-
ety of comparators used among studies within each 
of our six specific questions. Indeed, the studies that 
compared insect biodiversity between LTI verges and 

Fig. 8 Effect sizes by LTI type and trophic level for insect abundance (mean and 95% confidence intervals). A mean value above the dashed zero 
line indicates that the abundance is higher in verges than in compared habitats. Values in grey above LTI types indicate the number of study cases/
number of studies for each trophic level. *p < 0.05, ***p < 0.001
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habitats in proximity differ regarding the amount of con-
trast between the two habitats; for example in terms of 
resources used by the insects. Similarly, the type of man-
agement practices also greatly influences the carrying 
capacity of LTI verges. For instance, the effect of inva-
sive plant removal along roadsides would greatly differ 
from the effect of mowing. Thus, we grouped studies that 
focused on the same kind of management. Nevertheless, 
there was still a large amount of heterogeneity between 
the interventions (e.g. various mowing regimes).

Similarly, there was a wide range of designs, landscape 
metrics and spatial scales used in studies that evaluated 
the influence of the surrounding landscape on the biodi-
versity hosted by the LTI verges.

In addition, the type of LTI studied and the type of LTI 
verge are important sources of variation. For instance, 
waterways and power lines present major differences in 
terms of transportation, physical properties, shapes, veg-
etation type of their verges and hence, species hosted. 
The LTI verges also differ in their management, use, his-
tory, width, etc. Therefore, their quality and carrying 
capacity for insect populations are not homogeneous 
even among LTI verges of a given type.

Another non-negligible cause of disparity between the 
results of the studies is the variety of species in terms of 
biology, ecology, physiology and functional traits. Indeed, 
insects encompass a wide range of taxa, from aquatic 
caddisflies, major pollinators, to agricultural pests such 
as some aphids. Each species or taxonomic group has its 
own requirements, and as a result, a management prac-
tice favoring species with certain traits could be detri-
mental for other species.

In the meta-analyses, the variation in effect sizes 
observed most likely reflects the differences between 
LTI types and the ecological requirements of the taxa. 
Unfortunately, the small number of studies together with 
the scarcity in the description of the LTIs, LTI verges 
and studied habitats, did not allow us to conduct quan-
titative examination of the influence of environmen-
tal conditions at both verges and compared habitats, or 
variables related to LTI characteristics. Thus, we were not 
able to go deeper in the prospection of the reasons for 
heterogeneity.

Lastly, as metrics of biodiversity, species richness 
and abundance suffer from a kind of blindness as they 
consider all the species to be equal. To overcome this 

Fig. 9 Effect sizes by LTI type for species richness (mean and 95% confidence intervals). A mean value above the dashed zero line indicates that 
the abundance is higher in verges than in compared habitats. Values in grey above LTI types indicate the number of study cases/number of studies. 
***p < 0.001
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limitation, we tested the effect of trophic level and habitat 
specialization. Unfortunately, we were not able to analyze 
the effect of species conservation status, and a quantita-
tive evaluation of the difference in species composition 
was beyond the objective of this review.

Review limitations
Most of the studies included in the map are based on data 
collected within 1 or 2  years, with very few long-term 
studies. For insects, which can be subject to extreme 
inter-annual population variations, this deficiency can 
limit the conclusions of individual studies. In addi-
tion, there are few highly replicated large scale experi-
ments, providing increased robustness and reliability 
of the results. Some studies focused on very restricted 
areas and did not include a true spatial replication of LTI 
verges. Therefore, their conclusions are context-depend-
ent and difficult to extrapolate to other areas. Moreover, 
only some of the studies included in this review incor-
porate data collection before the intervention. This can 
be problematic, especially to evaluate the influence of 
management practices, because it is not possible to dis-
tinguish real management effect from pre-existing dif-
ferences between control and managed sites. Moreover, 
besides the limitations of the individual studies included 
in this review, we note a lack of common research proto-
col for each specific question. Indeed, researchers meas-
ured several aspects of insect biodiversity in dissimilar 
ways, which challenges the comparison of results among 
studies.

Our systematic review focuses on the potential of lin-
ear transportation infrastructure verges for insects, 
therefore, for aquatic linear structures our objective was 
to only select articles on navigable waterways. Never-
theless, navigability of the waterways is rarely provided 
by authors and there is not international database that 
references this information. Thus, we applied inclusion/
exclusion criteria (Table 6) that sound relevant to restrict 
included articles to major waterways, implicitly assum-
ing that they might be navigable. We are aware that this 
solution is not perfect: some articles about navigable 
waterways could have been excluded and others about 
non-navigable waterways could have been included. In 
addition, it is quite tricky to distinguish study sites within 
waterway verges from those out of the verges. Contrary 
to the other LTIs, the concept of verge for a waterway 
can be ambiguous because of the fluctuation of the water 
level throughout seasons. As a consequence, we recom-
mend authors to add these indications in their study site 
description.

We limited our narrative syntheses to the comparisons 
that were statistically tested. This restriction led us to put 
aside some grey literature documents without statistics, 
as well as some results from old scientific articles for 
which we were not sure that the comparisons provided 
were statistically tested. Likewise, papers comparing 
more than two categories, which do not provide results 
for each comparison (Kruskal–Wallis test, Anova or lin-
ear regression without post hoc tests), challenged our 
ability to include them. In several studies, particularly 
older ones, statistically non-significant results are often 
not shown, possibly inducing publication bias. However, 
in the meta-analyses, fail-safe numbers indicated that our 
results were sufficiently robust. Another issue stems from 
the studies that evaluate the effects of multiple landscape 
metrics simultaneously, using model selection in addi-
tive regression (this is the case for two of the studies [31, 
120] included in the narrative synthesis for the question 
#5). Indeed, because of the collinearity between metrics, 
a landscape variable that is not retained in the best model 
does not necessarily have no effect. To properly test the 
effect of each landscape metric, it would have been nec-
essary to compare the null model with the corresponding 
univariate model.

For 5 of our 6 specific questions, the small number of 
articles and the diversity of the studies we captured lim-
ited our ability to implement meta-analyses. For that rea-
son, we reviewed the evidence using narrative syntheses. 
However, narrative syntheses cannot provide reliable 
information on the magnitude or consistency (homogene-
ity) of the results of the studies. In addition, when sam-
ple size and magnitude are low and variability is high, the 
studies are unable to detect a real response, thus narrative 
syntheses are more prone to negative bias because the 
ability to detect real effects is limited [68]. Consequently, 
the conclusions we provided for these questions should be 
taken with caution, and we recommend more research on 
these topics to allow meta-analyses in the future.

Our meta-analysis for species richness was based 
on a limited number of study cases in comparison to 
the meta-analysis for abundance (N = 48 and N = 661 
respectively). At the same time, the grand mean effect 
size was twice as high for the species richness as for 
the abundance (d =  0.269 and d =  0.174 respectively). 
Consistent with our findings that publication bias is 
unlikely to affect our conclusions, differences in effect-
sizes between richness and abundance is likely ecologi-
cally relevant and we hypothesize that a higher number 
of primary studies reporting data on species richness 
may allow us to detect a statistically positive grand mean 
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effect size for species richness as primary studies will 
accumulate.

For abundance, some of the meta-analyses that we 
conducted were based on a limited number of studies, 
in particular when evaluating the effect of trophic level. 
Together with the uneven distribution of the effect sizes 
between moderator categories, it precluded the inves-
tigations of the influence of habitat specialization and 
of the contrast between verges and controls in a proper 
hierarchical approach. Moreover, we were unable to fur-
ther investigate the influence of the contrast between LTI 
verges and habitats away from LTIs in terms of food and 
nesting resources or abiotic factors, because there was 
not enough information reported within studies to do so.

To save time during screening, we decided to exclude 
articles that did not provide any abstract. This is not con-
sistent with CEE guidelines which recommend including 
them in the full text assessment. We acknowledge that 
this can be a potential source of bias. However, a first 
examination of a sample of these documents showed 
that the publication type was unsuitable for all of them 
(editorial, letter, review, policy recommendation, meet-
ing report…), so that they would have been eventually 
excluded in subsequent steps.

Although it is good practice, we were unable to test the 
consistency of reviewers’ inclusion/exclusion decisions at 
the full text stage due to logistical constraints and time 
limitation. Thus, despite clarifications and adjustments 
between reviewers before the full text assessment, an 
observer effect at the full text stage might be a potential 
source of bias in our review.

The language restriction we applied (French and Eng-
lish), biased the studies towards English and French 
speaking countries. However, we do not believe that the 
geographic bias created by the language restriction would 
bias the outcomes of our review as linear transportation 
infrastructure verges are essentially the same across the 
temperate zone.

Roads encompass 40 out of the 63 studies included in 
the narrative syntheses and 416 out of the 709 effect sizes 
extracted for the meta-analyses. The under-representa-
tion of the LTIs other than roads limits the relevance of 
our systematic review for these LTIs. Moreover, the taxo-
nomic bias restricts the conclusions we can draw for taxa 
other than Coleoptera, Hymenoptera and Rhopalocera. 
Finally, because it focused on insects, we would like to 
emphasize that this review only represents a partial esti-
mate of the potential of LTI verges as habitat and corridor 
for biodiversity. Therefore, we highlight the importance 
of broadening the review of evidence to other taxonomic 

groups such as plants and vertebrates, and to climatic 
regions different from the temperate area.

Conclusion
Implication for policy/management
Overall, the evidence is too weak to inform policy or 
management with specific detailed recommendations 
on the concrete questions LTI managers have about 
their infrastructures. For example, evidence was too 
small and scattered to answer the following questions: 
“Can LTI verges serve as movement corridor for pollina-
tors?” or “What type of river embankment favors insect 
biodiversity?”.

However, some key results can inform policy mak-
ers and LTI managers. First, LTI verges are not “deserts”. 
They can harbor similar to higher insect biodiversity than 
habitats away from LTIs. Thus, this result gives another 
perspective for LTI managers: LTIs are not always det-
rimental for biodiversity, in certain conditions they can 
contribute to biodiversity conservation. Given the large 
amount of LTI verges, especially in Western Europe, 
policy makers should consider these landscape elements 
in biodiversity conservation politics. This advice concurs 
with the “land sharing” paradigm, which considers the 
potential of all land uses in biodiversity conservation and 
reconciles nature and human activities [131]. It comple-
ments “land sparing” politics where biodiversity conser-
vation is restricted to small protected areas [131].

Secondly, management practices which preserve or 
restore LTI “naturalness” seem to benefit insect abun-
dance and diversity in verges. Favoring the use of natural 
material in the verges, preserving the natural functioning 
of the ecosystem, and promoting/preserving the develop-
ment of native vegetation instead of exotic or mono-spe-
cific vegetation along verges are sensible general pieces of 
advice.

Finally, we showed that insect biodiversity hosted by 
LTI verges depends on the landscape context. In conse-
quence, LTI managers should take this effect into account 
when choosing where to dedicate special efforts for bio-
diversity conservation.

Implication for research and monitoring
In regards to the research gaps we highlighted, we advise 
to dedicate resources on the monitoring of insect move-
ments along LTI verges. These studies are crucial to 
evaluate if insects can benefit from LTI verges as cor-
ridors, and if management practices or landscape con-
text are likely to affect the corridor effectiveness. In 
addition, it is necessary to devote more efforts on LTIs 
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other than roads, especially on railways, power lines and 
pipelines (proportionally to their cumulative length). 
Moreover, scientists should focus on other insect groups 
than Coleoptera, Lepidoptera and Hymenoptera [19], 
which only represent a small part of the huge insect 
biodiversity.

Another interesting avenue for future research is the 
contribution of LTI verges to biodiversity at the landscape 
scale. Indeed, if LTI verges might support less abundant 
and diverse insect communities in human modified land-
scapes (urban or agricultural), they can constitute the last 
relict of degraded semi-natural habitats and refuges for 
wildlife. To investigate this aspect, it will be necessary to 
compare the contribution of LTI verges in the total land-
scape biodiversity (gamma diversity) along a land-use 
intensity gradient.

Finally, we provide some suggestions to improve study 
standardization and data reporting:

  • clearly define the LTI verges (vegetation type, man-
agement, resources, adjacent habitat, landscape con-
text, history) and clearly define the habitats com-
pared to the LTI verges (Questions # 2 and 4) and 
if possible evaluate the contrast between LTI verges 
and habitats away from verges in terms of vegetation 
type and quality (resource availability).

  • be very clear in “Methods” section on how the exper-
iment was done (study duration, time since construc-
tion of the LTI, type of replication, sampling location: 
distance from the LTI and the adjacent habitat …).

  • include more information in table and figure captions 
(such as the number of replicates that the means are 
based on, and the type of variation that is shown).

  • present all results, even statistically non-significant 
ones (in appendix if necessary).

  • make raw data available (appendix or deposition in 
public data repositories).

  • include information about species requirement and 
biology (habitat specialization, trophic level, dispersal 
capacity, conservation status, etc.)

  • increase the study duration, the number of true spa-
tial replicates and the spatial extent of the studies.

  • favor data collection before the intervention when 
studying the effect of management practices (BACI, 
BAI designs).

  • if possible, adopt a gradient approach to investigate 
variations in response to management intensity (e.g. 
mowing frequency).
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