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ABSTRACT

Within agricultural landscapes, linear features such as hedgerows and tree-lines provide valuable habitat
for many species. We use data from 315 transects, completed as part of a national acoustic survey of bat
distribution, to examine the incidence of four bat species adjacent to linear features in rural areas. The use
of linear features was assessed in relation to hedgerow width, tree density, the presence of water and
woodland proximity. To examine the effect of tree density, linear features were classified as either hedge-
rows without trees, hedgerows with sparse trees (comprising <50% tree canopy) or tree-lines (>50% tree
canopy). The use of linear features by Pipistrellus pipstrellus was not affected by tree density; linear fea-
tures of all types were associated with a similar increase in P. pipistrellus incidence. The use of linear fea-
tures by Pipistrellus pygmaeus was dependent on both tree density and the proximity of woodland; only
linear features containing trees provided an increase in P. pygmaeus incidence regardless of woodland
proximity. P. pipistrellus and P. pygmaeus incidence was not affected by hedgerow width or the presence
of water. Incidence of Nyctalus noctula and Eptesicus serotinus was unaffected by the density of linear fea-
tures of any type. Many agri-environment schemes offer financial incentives for the creation and man-
agement of hedgerows. Optimising the biodiversity gain provided by linear features will maximise the
effectiveness of these schemes. Agri-environment measures that encourage the provision and retention

of hedgerow trees will benefit bats in agricultural landscapes.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Hedgerows and tree-lines are a common feature of agricultural
landscapes worldwide and play a key role in sustaining rural biodi-
versity. They enhance structural heterogeneity, landscape connec-
tivity and botanical diversity, and provide breeding habitat and
food resources for many species of birds, small mammals and
invertebrates (Burel, 1996; Dover and Sparks, 2000; Hannon,
2009; Hinsley and Bellamy, 2000; Tattersall et al., 2002; Whitting-
ham et al., 2009), including a suite of farmland species that have
undergone widespread population declines across Europe (Robin-
son and Sutherland, 2002).

Agricultural intensification over the last half-century has re-
sulted in the widespread removal of hedgerows in many regions.
Losses of up to 71% of hedgerow length since 1950 have been re-
ported in the American Midwest, Eastern Europe and the UK (Bal-
tensperger, 1987; Robinson, 1997; Sklenicka et al., 2009).
Remaining hedgerows are also threatened by a lack of appropriate
management. In the UK, the length of managed hedgerows de-
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clined by 6.2% between 1998 and 2007 (Carey et al., 2008), and half
of all hedgerows are in poor condition as a result of nutrient
enrichment, severe trimming, or excessive gaps (Wolton, 2010).
In recognition of their ecological importance and vulnerable con-
servation status, many agri-environment schemes provide finan-
cial support for environmentally sensitive hedgerow
management. The effectiveness of such initiatives, both in terms
of cost and biodiversity gain, can be improved by an understanding
of how the benefits provided by hedgerows are affected by factors
such as physical structure and landscape context.

Many European bat species are closely associated with linear
features such as hedgerows and tree-lines (Downs and Racey,
2006; Entwistle et al., 1996; Limpens and Kapteyn, 1991; Robinson
and Stebbings, 1997; Walsh and Harris, 1996). Insect prey abun-
dance is greater adjacent to linear features than in adjoining open
habitat (Lewis, 1969), and these features may also provide a com-
muting route between foraging patches that is sheltered from pre-
dators and the elements (Limpens and Kapteyn, 1991; Verboom
and Spoelstra, 1999). However, little is known about how the char-
acteristics of linear features affect their use by bats. In a nation-
wide study of bat-habitat associations in the UK, Walsh and
Harris (1996) found bat activity (of predominantly Pipistrellus spe-
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cies) was positively associated with hedgerows in all pastoral land
classes, but in only one of three arable classes, suggesting land-
scape context may influence the use of linear features. At a smaller
scale, isolation of the linear feature, represented by the distance
from the linear fragment to the nearest other linear fragment,
had no affect on common pipistrelle (Pipistrellus pipistrellus) activ-
ity (Verboom and Huitema, 1997). Studies that make a distinction
between hedgerows and tree-lines find positive associations with
tree-lines more often than with hedgerows (Downs and Racey,
2006; Russ and Montgomery, 2002; Walsh and Harris, 1996),
although the effect of emergent trees within hedgerows is not
known.

In this study, we examine how physical structure and the prox-
imity of foraging habitat affect the use of linear features by bats in
rural areas. Specifically, we use data from a national acoustic sur-
vey of bat distribution to test whether (i) the incidence of bats
along hedgerows is affected by hedgerow width, (ii) the presence
of linear features has a differing effect on bat incidence depending
on the density of trees in the feature, and (iii) there is an interactive
effect between linear features and either the presence of water or
the proximity of woodland, and whether the strength of this inter-
action differs depending on the density of trees in the feature.
Woodland is an important foraging habitat for European bat spe-
cies (Racey and Entwistle, 2003). If linear features function primar-
ily as commuting routes, the use of linear features by bats
(measured relative to open areas) should increase closer to wood-
land. However, if linear features also provide foraging habitat, use
will either be unaffected by woodland proximity, or will be greater
in locations further from woodland.

2. Methods
2.1. Study species

The National Bat Monitoring Programme (NBMP) uses a na-
tional network of field transects to monitor UK populations of four
bat species: common pipistrelle (P. pipistrellus), soprano pipistrelle
(Pipistrellus pygmaeus), noctule bat (Nyctalus noctula) and serotine
bat (Eptesicus serotinus) (Walsh et al., 2001). P. pipistrellus and P.
pygmaeus are the smallest bats found in the UK, with a wingspan
of between 180-240 mm (Schober and Grimmberger, 1997). They
are common and widespread in the UK, with a nationwide range
(Richardson, 2000). N. noctula and E. serotinus are among the larger
European bats, with wingspans of 320-400 mm and 315-381 mm
respectively (Schober and Grimmberger, 1997). N. noctula is found
throughout England and Wales, up to southern Scotland. E. seroti-
nus is restricted to southern England and South Wales (Richardson,
2000). As a result of recent population declines, P. pygmaeus and N.
noctula are priority species in the UK Biodiversity Action Plan (Joint
Nature Conservation Committee, 2007).

2.2. Survey methodology and sample construction

Incidence data were available from 315 field transects distrib-
uted across the UK, surveyed between 1998-2007. Trained volun-
teer surveyors were each assigned a 1km grid square, selected
using a stratified-random sample design proportional to the extent
of the 40 UK national land classes (as defined by the Institute of
Terrestrial Ecology Bunce et al., 1996; Howard et al., 1999; Walsh
et al.,, 2001). Within each square a transect of around 3 km in
length was mapped, following as closely as possible a triangular
route. Transects were split into twelve approximately equal sec-
tions. Beginning 20 min after sunset, surveyors walked the transect
with a heterodyne detector tuned to 25 kHz, noting the number of
N. noctula and E. serotinus ‘passes’ heard along each section. A pass

was defined as a sequence of two or more echolocation calls made
as a bat flew past the detector (Thomas and West, 1989). At the end
of each section a two minute point count was made with the detec-
tor tuned to 50 kHz, and the number of P. pipistrellus and P. pygma-
eus passes noted. Species were distinguished using the tonal
quality, rhythm, repetition rate and peak frequency of their echo-
location calls (N. noctula <21 kHz, E. serotinus 25-32 kHz, P. pipi-
strellus 44-48 kHz, P. pygmaeus >52 kHz) and where possible
using visual clues such as size and flight pattern. To minimise iden-
tification error, passes that showed the characteristics of a species
of interest, but could not be attributed with confidence, were noted
as ‘unsure’. Transects were surveyed twice during July, and surveys
were repeated annually. During the study period each transect was
visited on an average of 4.7 (3.9 SD) occasions.

The presence or absence of each species at each point count
location or transect section was established by combining data
from all surveys undertaken between 1998 and 2007. To reduce
false absences those point counts or transect sections where a spe-
cies was not recorded, but where unidentified bat passes were
noted, were excluded from the analysis of that species.

Transects were selected for analysis from within the UK range
of each study species. To delimit species range, minimum convex
polygons were constructed using observations of N. noctula and
E. serotinus from the present survey combined with UK National
Biodiversity Network records from 1958 onwards. All sites were
assumed to fall within the range of P. pipistrellus and P. pygmaeus.

This study focuses on the use of linear features by bats in rural
areas, defined as all land cover types apart from urban and subur-
ban areas. Point counts that fell within rural areas, or transect sec-
tions with greater than 75% of their length within a rural area, were
included in the analysis. Land cover data were derived from the
Landcover Map 2000 (LCM2000), a 25 x 25 m raster grid of 16
broad habitat types classified using spectral reflectance parameters
from satellite images. A concurrent field survey of 569 1km
squares suggests LCM2000 identifies broad land cover types with
an accuracy of c. 85% (Fuller et al., 2002). Satellite data were col-
lected between 1998-2001, while the incidence data used in this
study were collected between 1998-2007. From 1998 to 2007
the change in UK land mass under the most extensive land cover
types was considered small enough for LCM2000 data to be applied
across the entire study period (arable 1.9% decline, improved grass-
land 1.1% increase, broadleaved/mixed woodland 0.3% increase,
coniferous woodland 0.2% decline; Carey et al., 2008).

2.3. Habitat data

A bat heard on a detector may be located some distance from
the observer. Habitat data were therefore sampled from within
the ‘detection radius’ of each point count or transect section. Typ-
ical detection radii for each species in the field were established
using a Batbox Duet (Batbox Ltd., Sussex UK), one of the most fre-
quently used detectors in the NBMP field survey (Supplementary
material 1). The detection radii used for each species were: P. pipi-
strellus 20 m, P. pygmaeus 20 m, E. serotinus 35 m and N. noctula
75 m. This resulted in sample areas of 0.13 ha for Pipistrellus spe-
cies, surveyed using point counts, and approximately 56.7 ha for
N. noctula and 22.2 ha for E. serotinus, based on the average transect
section length of 262 m.

Linear features were digitised from GoogleEarth orthorectified
and georeferenced aerial photographs with a resolution of 50 cm
per pixel or better, taken between 1999 and 2008. To assess the
spatial accuracy of the imagery, a sample of 20 landscape features
were digitised within GoogleEarth, and their co-ordinates com-
pared to those derived from Ordnance Survey MasterMap data,
which is accurate to within 0.4-3.5 m. Locations differed by on
average 2.0 m, and by no more 3.8 m.
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All linear features comprising shrubs or trees, no more than
30 m wide and located within 75 m of a transect were digitised.
An upper width limit of 30 m was selected to encompass all fea-
tures from narrow hedgerows up to a double row of mature trees.
The features digitised were assumed to represent a random sample
of linear features in the UK, as transect routes were distributed rel-
ative to the extent of national land classes and were equally likely
to sample linear features of all types. Each feature was classified
according to the ‘gappiness’ of the feature, the density of trees
and, where present, the width of the shrub component (Table 1).
Category definitions were based on observed variation in width,
tree density and ‘gappiness’ determined by a visual inspection of
aerial photographs from across the UK. However, there was insuf-
ficient variation in ‘gappiness’ across the UK to include this as an
explanatory predictor in the analysis. Therefore only continuous
or near continuous features were considered. Trees were distin-
guished from shrubs by their open grown canopy extending be-
yond that of the shrub component of the feature. Linear features
were classified according to the dominant characteristics of the
feature between intersections, or over lengths separated from
other linear features by gaps greater than 20 m.

Within the detection radius of each point count, the presence of
linear features of each type was determined. However, bats flying
at the edge of the detection radius may be utilising linear features
located immediately outside this area. In particular, this unex-
plained variation has the potential to mask the negative conse-
quences of an absence of linear features within the detection
radius. To reduce the likelihood of this occurring points counts that
did not contain linear features within the detection radius, but did
have linear features present immediately outside the detection ra-
dius (20-40 m), were excluded from analysis.

Transect sections sampled a far greater area than point counts,
so rather than presence/absence, the density of linear features (km/
km?) within the detection radius was calculated.

The proximity of woodland was measured from Ordnance Sur-
vey MasterMap data, which defines woodland as an area in which
individual trees are no more than 30 m apart. Broadleaved, mixed
and coniferous woodland all have the potential to provide foraging
habitat for bats (Mortimer, 2006; Walsh and Harris, 1996), so dis-

Table 1

Criteria used to classify linear features according to hedgerow width, ‘gappiness’ and
tree density, and the percentage of point counts containing features of each type
within the 20 m detection radius.

Category Description Sample
size (%)

Hedgerow width

Narrow Shrub component of linear feature <2m  47°¢
wide

Medium Shrub component of linear feature 2— 67°
5m wide

Wide Shrub component of linear feature >5m  32°
wide

Feature ‘gappiness’

Sparse Gaps >20 m, or >50% of the feature by 5P

length

Near-continuous or  Gaps <20 m wide and <50% of the feature 95"
continuous by length

Tree density

Hedgerow without Shrubs but no trees 34°
trees

Hedgerow with Shrubs and trees, with tree canopy 10°
sparse trees covering <50% of length

Tree-line Tree canopy covering >50% of length, 30°

with or without shrubs

¢ Of point counts that contain hedgerows within the detection radius.
b Of all point counts.

tance to the nearest patch of any woodland type was used. Patch
sizes ranged from 26 km? to less than 10 m? (mean 0.02 km?), rep-
resenting all woodlands from relatively continuous blocks to
highly fragmented small farm woodlands. Distances (m) were
measured from the point count or mid point of the transect section
and were square root transformed for analysis. Easting and north-
ing (m, with reference to OSGB 36) were measured at the point
count or mid point of the transect section. Additional explanatory
predictors included only in the analysis of point count data in-
cluded the presence of water and the width of hedgerows present
within the detection radius, the former determined from OS Mas-
terMap data. It was not considered appropriate to use records
pooled along transect sections to test the effect of small scale var-
iation in hedgerow width or the distribution of water features on
bat incidence. Differences in survey effort were controlled by
including the number of separate surveys at each point location
or transect section, and section length for N. noctula and E. seroti-
nus. Not all sites were surveyed in every year, so population change
over the study period could result in a differing encounter rate be-
tween transects surveyed over different subsets of years. This was
controlled by including a mean population index, calculated using
the smoothed population trends estimated from NBMP field survey
data (Bat Conservation Trust, 2009). For each transect the mean na-
tional population index for each species was calculated over the
years that transect was surveyed. Previous studies of bat-habitat
relationships have identified broadleaved woodland (Russ and
Montgomery, 2002; Walsh and Harris, 1996) and pasture (Mackie
and Racey, 2007; Robinson and Stebbings, 1997; Vaughan et al.,
1997) as important foraging habitats for the species assessed in
this study. Therefore, the proportion of broadleaved woodland
and improved grassland within 1.5 km of each transect, calculated
from LCM2000, was included to control for effects of landscape
composition on bat incidence. The habitat classification scheme
used by LCM2000 defines improved grassland as having a sward
dominated by productive grass species, managed by reseeding, fer-
tilizer treatment and/or weed control (Jackson, 2000). Ninety-se-
ven percent of grassland classified as improved in the UK is
agriculturally productive (Fuller et al., 2002). Of that, 43% is used
for cattle pasture and 32% for sheep pasture, with the remaining
area is used for hay or silage production (Carey et al., 2008). Im-
proved grassland was therefore used as a proxy for pasture in this
study. All predictors demonstrated acceptable levels of colinearity
(squared Spearman correlation coefficients <0.5, Freckleton, 2002).
Spatial data processing was carried out using ArcGIS 9.2 (ESRI, Red-
lands, CA).

2.4. Statistical analysis

Associations between bat incidence and the characteristics of
linear features were modelled using mixed effects logistic regres-
sion. To control for increased similarity among samples located
along the same transect, transect ID was fitted as a random effect
(Rabe-Hesketh and Skrondal, 2008).

To assess the effect of hedgerow width on bat incidence, data
from the subset of point counts that contained hedgerows within
the detection radius was used. A null model was constructed con-
taining the variables easting, northing, number of surveys, mean
population index, proportion of broadleaved woodland and pro-
portion of improved grassland within 1.5 km of the transect. The
fit of the null model was compared to a second model that in addi-
tion included the explanatory predictors medium hedgerows and
wide hedgerows (effect estimated relative to narrow hedgerows).
The importance of predictors describing hedgerow width was as-
sessed firstly by comparing the AIC, score of the two models, and
secondly by whether the 95% confidence intervals of the coefficient
estimates overlapped zero.
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The effect of tree density, woodland proximity and water on the
use of linear features by bats was evaluated using AIC-based model
selection on the full dataset, with the following explanatory pre-
dictors: The presence of hedgerows without trees, hedgerows with
sparse trees and tree-lines were included to assess how the associ-
ation between bats and linear features differs depending on the
density of trees within the feature. The effects of woodland prox-
imity and water on linear feature use, and the extent to which

Table 2

Parameter estimates for the logistic regression model relating bat incidence to the
presence of hedgerows of different widths. The effects of medium and wide
hedgerows are measured relative to narrow hedgerows.

Predictor B SE 95% ClI

Lower Upper
P. pipistrellus (N = 758)
Medium hedgerows -0.170 0.263 —0.685 0.345
Wide hedgerows 0.046 0.318 -0.576 0.669
Easting 3.57E-6 1.76E-6 1.10E-6  7.02E-6
Northing 6.56E-8  9.37E-7 —1.77E-6 1.90E-6
Number of surveys 0.265 0.045 0.177 0.352
Mean population index 0.035 0.009 0.017 0.053
Broadleaved woodland 0.049 0.026 —0.001 0.099
Improved grassland 0.020 0.011 —0.001 0.041
P. pygmaeus (N = 757)
Medium hedgerows 0.077 0.321 —0.552 0.707
Wide hedgerows -0.164 0.378 —0.906 0.578
Easting 3.72E-6  243E-6 -1.05E-6  8.48E-6
Northing 2.16E-6 1.26E-6 —3.12E-7 4.63E-6
Number of surveys 0.106 0.047 0.014 0.198
Mean population index 0.123 0.077 —0.028 0.274
Broadleaved woodland 0.062 0.032 —-0.001 0.126
Improved grassland 0.017 0.015 —0.011 0.046

Table 3

1793

these associations are affected by tree density, were modelled by
including the interactions between these predictors and the pres-
ence of linear features in each of the three tree density categories.
In addition, variation in the effect of tree density on linear feature
use across the UK was assessed by modelling the interaction be-
tween the presence of linear features in each tree density category
and easting and northing. Where necessary, predictors were cen-
tred by subtracting the mean value from each observation to re-
duce colinearity between main effects and interaction terms.

An initial candidate set of models was constructed in which pre-
dictors describing the presence/density of linear features were
constrained to appear together and interaction terms did not ap-
pear without their corresponding main effects; within these con-
straints every allowable combination of explanatory predictors
and interactions was fitted (Supplementary material 2). Initial can-
didate sets consisted of 39 models for Pipistrellus species and 13
models for N. noctula and E. serotinus. Model weights were calcu-
lated using the methods described by Burnham and Anderson
(2002). The relative importance of each predictor can be assessed
by summing the Akaike weight of each candidate model in which
that predictor appears. This produces a selection probability
(Zwj;); the estimated probability that, of all predictors considered,
the predictor in question appears in the best approximating model
(Whittingham et al., 2005). The calculation of relative importance
requires that each predictor appears with a similar frequency with-
in the candidate set of models. This can be a problem when the
candidate set contains models both with and without interactions,
as the main effects will appear in a greater number of models than
the interaction terms. To create a balanced candidate set, support
for the inclusion of interactions terms was first assessed over the
initial full candidate set of models. An interaction term was
deemed to be supported if it appeared within the subset of sub-

Results of AIC-based model selection across a candidate set of models predicting bat species incidence. Candidate sets were defined after assessing
the importance of interaction terms (Supplementary material 2). Candidate sets also include the ‘null’ model, which contains only predictors
common to all models®. For each model the number of estimable parameters (K), AIC score corrected for small sample size (AIC.), Akaike difference

from the best model (4;) and Akaike weight (w;) are presented.

Rank Model?® K AIC, Aj w;

P. pipistrellus

1 HNT + HST + tree + distwood + water 13 2368.51 0.000 0.556

2 HNT + HST + tree + distwood 12 2368.98 0.464 0.441

3 HNT + HST + tree + water 12 2380.57 12.059 0.001

4 HNT + HST + tree 11 2381.56 13.042 0.001

5 Distwood + water 10 2402.64 34.125 2.16E-8
6 Distwood 9 2408.04 39.526 1.45E-9
7 Water 9 2426.24 57.724 1.63E-13
8 Null model 8 2434.18 65.665 3.06E-15
P. pygmaeus

1 HNT + HST + tree + distwood + HNT*distwood 13 1807.79 0.000 0.696

2 HNT + HST + tree + distwood + HNT*distwood + water 14 1809.45 1.661 0.304

3 Water 9 1834.91 27.114 9.02E-7
4 Null model 8 1835.59 27.798 6.40E-7
N. noctula

1 Distwood 10 1818.00 0.000 0.655

2 Null model 9 1820.31 2.309 0.207

3 dHNT + dHST + dTree + distwood 13 1821.70 3.702 0.103

4 dHNT + dHST + dTree 12 1823.83 5.832 0.035

E. serotinus

1 Distwood 10 846.42 0.000 0.899

2 dHNT + dHST + dTree + distwood 13 851.04 4.625 0.089

3 Null model 9 855.50 9.082 0.010

4 dHNT + dHST + dTree 12 858.39 11.964 0.002

2 Note that all models include transect ID fitted as a random effect, and also easting, northing, number of surveys, mean population index,
proportion of broadleaved woodland and proportion of improved grassland within 1.5 km. N. noctula and E. serotinus models also contained
section length. Predictor descriptions: HNT = presence of hedgerows without trees; HST = presence of hedgerows with sparse trees;
tree = presence of tree-lines; dHNT = density of hedgerows without trees; dHST = density of hedgerows with sparse trees; dTree = density of tree-
lines; distwood = distance to the nearest woodland patch; water = presence of water.
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stantially supported models (4; < 2, Burnham and Anderson, 2002),
and the 95% confidence interval of the averaged coefficient esti-
mate did not overlap zero. Where the inclusion of an interaction
term was supported, all models in which the main effects appeared
without the associated interaction term were removed from the
candidate set. Where there was little support for the interaction
term, all models containing the interaction term were removed
from the candidate set. Averaged parameter estimates and the rel-
ative importance of the predictors were recalculated over this new
reduced candidate set. All analyses were performed using STATA
10 (StataCorp, TX).
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Fig. 1. The predicted probability of encountering P. pipistrellus adjacent to linear
features with differing densities of trees (lines), with the predicted probability of
encountering P. pipistrellus in open areas shown for reference. Also shown is the
proportion of point counts adjacent to each feature type at which P. pipistrellus was
present (bars).

Table 4

3. Results
3.1. Bat species incidence

P. pipistrellus was the most commonly encountered of the two
Pipistrellus species, being present at 44% of point count locations,
while P. pygmaeus was present at 19% of point count locations.
Of the two larger bat species N. noctula was the more commonly
occurring species. Within the national range of each species N. noc-
tula was present along 21% of transect sections and E. serotinus was
present along 10% of transect sections.

3.2. UK linear features

In total 891 km of linear features were mapped. Of the total
length of mapped features 95% were continuous or near continu-
ous, of which 43% were hedgerows without trees, 11% were hedge-
rows with sparse trees and 46% were tree-lines. Thirty-eight
percent of hedgerows were less than 2 m wide, 42% were between
2 m and 5 m wide, and 20% were greater than 5 m wide.

3.3. The use of linear features by P. pipistrellus and P. pygmaeus

The incidence of P. pipistrellus and P. pygmaeus along hedgerows
was not affected by hedgerow width. Adding the effect of medium
and wide hedgerows (estimated relative to narrow hedgerows) to
the null model resulted in an AIC, increase for both species (P. pipi-
strellus: AlCnuL =815, K=8, AlICwipth =819, K=10, 4;=3. P. pyg-
maeus: AICCNULL = 659, K= 8, A[CCWIDTH = 663, K= 10, A,‘ = 4),
indicating that the inclusion of hedgerow width did not improve
explanatory power. The fitted coefficients of medium and wide
hedgerows (estimated relative to narrow hedgerows) had 95% con-
fidence intervals that overlapped zero for both species (Table 2),
suggesting they had a similar effect on bat incidence as narrow

Averaged coefficient estimates, unconditional standard errors, relative importance (Xw;) and 95% confidence intervals of the averaged coefficients
calculated for P. pipistrellus and P. pygmaeus over all models retained in the final candidate set after the importance of interaction terms had been

assessed.

Predictor B SE Sw; 95% ClI
Lower Upper

P. pipistrellus (N = 2357)
Hedgerow without trees 0.489 0.138 >0.999¢ 0.219 0.760
Hedgerow with sparse trees 0.937 0.212 >0.999° 0.521 1.353
Tree-line 0.664 0.147 >0.999° 0.376 0.952
Distance to woodland —0.040 0.011 0.998 —-0.062 —-0.018
Water 0.146 0.113 0.558 -0.075 0.367
Easting 1.83E-6 1.17E-6 —4.60E-7 4.13E-6
Northing -1.17E-6 6.20E-6 —1.30E-5 1.10E-5
Number of surveys 0.228 0.027 0.175 0.281
Mean population index 0.037 0.005 0.027 0.047
Broadleaved woodland 0.013 0.016 —-0.018 0.044
Improved grassland 0.014 0.007 2.80E-4 0.028
P. pygmaeus (N = 2354)
Hedgerow without trees 0.280 0.166 >0.999" —0.046 0.606
Hedgerow with sparse trees 0.572 0.231 >0.999" 0.119 1.025
Tree-line 0.511 0.171 >0.999" 0.176 0.846
Distance to woodland —0.060 0.016 >0.999" —0.091 —0.029
Hedgerow without trees* distance to woodland 0.068 0.023 >0.999" 0.022 0.113
Water 0.036 0.064 0.304 —0.090 0.162
Number of surveys 0.163 0.031 0.104 0.223
Mean population index 0.069 0.050 —0.029 0.168
Easting 1.98E-6 1.56E-6 -1.07E-6 5.03E-6
Northing 8.46E—7 8.08E-7 —7.38E-7 2.43E-6
Broadleaved woodland 0.056 0.021 0.015 0.096
Improved grassland 0.014 0.010 —0.005 0.033

b These predictors were constrained to appear as a group in the final candidate set of models, as such this value represents the relative
importance of the group of predictors, rather than of the individual predictors themselves.
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hedgerows. It is therefore unlikely that P. pipistrellus or P. pygmaeus
discriminate between hedgerows of different widths.

For P. pipistrellus there was little support for the inclusion of
interactions between the presence of linear features of any type
and any other explanatory predictor, indicating that the associa-
tion between P. pipistrellus and linear features is not affected by
the presence of water, woodland proximity or geographical loca-
tion. Within the initial candidate set of models, no substantially
supported model (4; < 2, Burnham and Anderson, 2002) contained
an interaction term, and the 95% confidence intervals of all interac-
tion coefficients overlapped zero (Tables S1 and S2, Supplementary
material 2). Models containing interactions were therefore re-
moved from the candidate set and Akaike weights were recalcu-
lated over the remaining seven models (Table 3).

0.2

i ] Hedgerows with sparse trees
° Tree-lines

Hedgerows without trees
Open areas

0.1

Predicted probability of presence

0.0

0 100 200 300 400
Distance to nearest woodland (m)
Fig. 2. The effect of woodland proximity on the predicted probability of encoun-

tering P. pygmaeus adjacent to linear features with differing densities of trees, and
in areas without linear features (open areas).

Table 5

P. pipistrellus incidence was greater at point counts adjacent to
linear features than in areas without linear features (Fig. 1), and
the density of trees within the feature had little effect on this asso-
ciation. The coefficients of hedgerows without trees, hedgerows
with sparse trees and tree-lines had 95% confidence intervals that
overlapped substantially (Table 4), suggesting a similar strength of
association between P. pipistrellus and all three types of linear fea-
ture. This group of three predictors had high relative importance
(Z w;>0.999 over all models in which they appeared), indicating
very strong support for the effect of linear features on P. pipistrellus
incidence. The probability of encountering P. pipistrellus was great-
er for point counts closer to woodland, with strong support for this
effect (Xw;=0.998). The weak positive association between the
presence of water and P. pipistrellus incidence had a low relative
importance (0.558) and the 95% confidence interval of the coeffi-
cient estimate overlapped zero (Table 4), indicating very little sup-
port for this relationship.

For P. pygmaeus, an interaction between woodland proximity
and the presence of hedgerows without trees was supported. This
interaction appeared in the best performing model in the initial
candidate set, and the 95% confidence interval of the coefficient
estimate did not include zero (Tables S1 and S2, Supplementary
material 2). No other interaction terms were supported. A new can-
didate set was constructed in which woodland proximity and the
presence of hedgerows without trees were constrained to appear
alongside their interaction, and the remaining interaction terms
were omitted (Table 3). Averaged coefficients and the relative
importance of the predictors were recalculated over this new can-
didate set (Table 4).

P. pygmaeus incidence declined as distance to the nearest wood-
land patch increased. However, P. pygmaeus incidence adjacent to
hedgerows with sparse trees and tree-lines was always higher than
in areas without linear features, regardless of woodland proximity
(Fig. 2). In contrast, the association between P. pygmaeus and
hedgerows without trees was entirely dependent on the proximity

Averaged coefficient estimates, unconditional standard errors, relative importance (Xw;) and 95% confidence intervals of the averaged coefficients
calculated for N. noctula and E. serotinus over all models retained in the final candidate set after the importance of interaction terms had been

assessed.

Predictor B SE Sw; 95% CI
Lower Upper

N. noctula (N=2170)
Hedgerow without trees —0.002 0.003 0.174° —0.009 0.005
Hedgerow with sparse trees 0.008 0.009 0.174* —0.009 0.025
Tree-line —-0.001 0.003 0.174° —-0.007 0.005
Distance to woodland —0.024 0.011 0.955 —0.046 —0.001
Number of surveys —3.42E-7 1.60E-6 —3.47E-6 2.79E-6
Section length -1.77E-6 9.94E-7 —3.72E-6 1.82E-7
Mean population index 0.167 0.030 0.108 0.226
Easting 2.66E-4 6.16E-4 ~9.41E-4 1.47E-3
Northing —1.47E-3 1.63E-2 -0.033 0.030
Broadleaved woodland 0.016 0.019 —0.022 0.054
Improved grassland 0.011 0.010 —0.009 0.032
E. serotinus (N = 1607)
Hedgerow without trees 6.26E-5 1.98E-3 0.092° —3.81E-3 3.93E-3
Hedgerow with sparse trees 0.001 0.004 0.092° —0.006 0.008
Tree-line 0.002 0.002 0.092° —-0.003 0.007
Distance to woodland —0.066 0.020 0.998 —0.106 —0.026
Number of surveys 1.09E-5 2.52E-6 5.94E-6 1.58E-5
Section length —9.99E-6 3.12E-6 -1.61E-5 —3.88E-6
Mean population index 0.043 0.038 —0.031 0.117
Easting 1.75E-3 8.25E-4 1.29E-4 3.36E-3
Northing 0.045 0.027 —0.008 0.098
Broadleaved woodland —0.002 0.025 —0.050 0.046
Improved grassland 0.031 0.018 —0.004 0.066

25 These predictors were constrained to appear as a group in the final candidate set of models, as such this value represents the relative
importance of the group of predictors, rather than of the individual predictors themselves.
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of woodland. In close proximity to woodland, P. pygmaeus inci-
dence adjacent to hedgerows without trees was no higher than
in open areas. A marginal increase in incidence relative to open
areas was seen at distances beginning 100 m from woodland, while
beyond 300 m from woodland the effect of hedgerows without
trees became comparable to linear features containing trees
(Fig. 2). As a comparison, 79% of the area within 5 km of the tran-
sects used in this study fell within 300 m of a woodland patch.

Incidence of P. pygmaeus was not related to the presence of
water (Zw; = 0.288). Furthermore, the lack of support for an inter-
action between the presence of linear features and either water,
easting or northing indicates that the use of linear features by
P. pygmaeus is not affected by the presence of water or by geo-
graphical location.

3.4. The use of linear features by N. noctula and E. serotinus

No model containing interaction terms appeared within 4;<2
of the best model in the initial candidate sets of either N. noctula
and E. serotinus, and the 95% confidence interval of all interaction
coefficients overlapped zero (Tables S1 and S3, Supplementary
material 1). Interaction terms were therefore removed from the
candidate sets and model weights were recalculated over the three
remaining models (Table 3).

Incidence of both species was lower where the distance from
the transect section to the nearest woodland was greater (Table 5).
The large Akaike weight of the model containing the single predic-
tor ‘distance to nearest woodland patch’ lends strong support to it
being the best model within the candidate set for E. serotinus
(w; = 0.899 for, Table 3), however this model provided only a mar-
ginal improvement over the null model for N. noctula (4; = 2.309,
Table 3). Woodland proximity was strongly supported within the
averaged model for both species (Xw; > 0.900). Incidence of N. noc-
tula and E. serotinus was not affected by the local density of linear
features, regardless of the density of trees within the feature. The
group of three predictors describing linear feature density had a
low relative importance for both species (Xw; < 0.2) and the 95%
confidence interval of the individual coefficients overlapped zero
(Table 5).

4. Discussion
4.1. Associations with linear features

Hedgerows and tree-lines are widely assumed to be beneficial
to bats. This study demonstrates that the strength of association
between bats and linear features varies among species. P. pipistrel-
lus and P. pygmaeus occurred more frequently adjacent to linear
features than in open areas, while no evidence was found of an
association between linear feature density and the incidence of
either N. noctula or E. serotinus. Both Pipistrellus species are associ-
ated with structurally complex habitats such as woodland and
woodland edge (Davidson-Watts et al., 2006; Nicholls and Racey,
2006), while N. noctula and E. serotinus are often observed foraging
over open habitats such as pasture (Glendell and Vaughan, 2002;
Vaughan et al., 1997), so they may be less dependent on linear fea-
tures. However, it is possible that the lack of association between
linear features and incidence of N. noctula and E. serotinus may
be an artefact of the use of acoustic detectors as survey tools. Calls
of N. noctula and E. serotinus carry further than those of smaller
vespertilionid species, making it difficult to associate a bat pass
heard on a detector with a specific habitat (Russ et al., 2003). Here,
this problem was compounded by the pooling of records along
transect sections, further increasing the area from which a bat pass
may have originated. However, studies that use point counts to

compare activity levels in open areas to activity recorded adjacent
to linear features also shown a negligible association between
these species and linear features (Pocock and Jennings, 2008;
Verboom and Huitema, 1997). If a strong association between
the incidence of either N. noctula or E. serotinus and the extent of
linear features in the landscape existed, it is likely that it would
have been seen in this study.

4.2. The use of linear features by Pipistrellus species

The use of linear features by P. pipistrellus was not affected by
tree density within the feature; linear features of all types provided
a similar increase in incidence relative to open areas. In contrast,
the use of linear features by P. pygmaeus was affected both by
the density of trees within the feature and by the distance of the
feature from the nearest woodland patch. Only linear features con-
taining trees were associated with an increase in P. pygmaeus inci-
dence regardless of the proximity of woodland. Hedgerows
without trees were associated with a similar increase in P. pygma-
eus incidence when located further than 300 m from woodland,
suggesting that hedgerows without trees are utilised only when
other, higher quality habitats are unavailable. To put this in con-
text, more than three quarters of the rural landscape randomly
sampled by this study fell within 300 m of a patch of woodland,
so linear features lacking trees may have limited benefits for P. pyg-
maeus in all but the most sparsely wooded rural landscapes. The
differing responses of P. pipistrellus and P. pygmaeus to tree density
suggests a possible mechanism by which habitat is partitioned be-
tween these two morphologically similar species.

Many European bat species utilise linear features (Downs and
Racey, 2006; Entwistle et al., 1996; Limpens and Kapteyn, 1991).
The density of hedgerow trees therefore has the potential to affect
other bat species, particularly those that, like P. pygmaeus, are more
strongly associated with structurally complex rather than open
habitats. Hedgerow trees may benefit bats by providing increased
shelter from predators and the elements (Limpens and Kapteyn,
1991; Verboom and Spoelstra, 1999). They also increase prey avail-
ability, as insect accumulation in the lee of hedgerows increases
with increasing feature height (Lewis, 1967, 1969). In agricultural
landscapes, hedgerow trees have been shown to increase the abun-
dance and diversity of Lepidoptera (Merckx et al., 2009), which are
found in the diet of most European bats and are the main prey item
for species including the greater horseshoe bat (Rhinolophus
ferrumequinum) and brown long-eared bat (Plecotus auritus).
Hedgerow trees can also provide additional microhabitats, such
as senescing and dead wood, that increase invertebrate abundance
and diversity (DEFRA, 2010).

Both P. pipistrellus and P. pygmaeus were more likely to be
encountered closer to areas of woodland, in agreement with previ-
ous studies that have found a positive association between these
species and woodland habitats (Davidson-Watts et al., 2006; Nich-
olls and Racey, 2006; Russ and Montgomery, 2002; Walsh and Har-
ris, 1996). However, the close proximity of woodland was not
associated with an increased use of linear features (measured rel-
ative to open areas), as would be expected if linear features func-
tion primarily as commuting routes between foraging patches.
Rather, the findings of this study suggest that linear features pro-
vide benefits to bats independent of their role as potential com-
muting corridors.

The remaining attributes tested, hedgerow width and the pres-
ence of water, did not affect the use of linear features by either
Pipistrellus species. The absence of an effect of water on either
bat incidence or the on use of linear features by bats is perhaps sur-
prising given that both Pipistrellus species, and P. pygmaeus in par-
ticular, are associated with riparian habitats (Davidson-Watts
et al.,, 2006; Nicholls and Racey, 2006). However, in this study
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national data on the location of water features were taken from OS
MasterMap data, which is dominated by small features such as
field drains and ditches that have little surface area and are unli-
kely to be associated with significant riparian vegetation. Hedge-
row width may fail to influence the use of linear features by bats
if feature height, and not width, is of primary importance. Nation-
wide data describing feature height were not available to this
study. Further research investigating the relationship between
height and the use of linear features by bats is needed, in particular
to assess the relative benefits of increasing hedge height in com-
parison to increasing the density of hedgerow trees.

4.3. Conservation implications

Here we show that the presence of hedgerow trees affects the
use of linear features by a bat species of conservation concern.
Increasing the density of trees within hedgerows will benefit pop-
ulations of P. pygmaeus, and may also benefit other bat species
associated with structurally complex habitats, such as P. auritus
and Natterer’s bat (Myotis nattereri). This study was conducted
using a national dataset and no evidence of regional variation in
linear feature use was found, the results are therefore likely to be
relevant across the UK and in other similarly fragmented rural
landscapes across Europe.

The benefits of hedgerow trees to other taxa are linked to their
use of or dependence on the tree canopy. Rodent species com-
monly found in hedgerows, such as wood mouse (Apodemus sylvat-
icus), yellow-necked mouse (A. flavicollis), and bank vole (Myodes
glareolus) are generally unaffected by the density of hedgerow
trees (Gelling et al., 2007; Kotzageorgis and Mason, 1997; Michel
et al., 2007), as their arboreal activity is predominantly within a
metre of the ground (Buesching et al., 2008). However, hedgerow
trees increase both the abundance and diversity of larger moth
species by providing increased shelter for less mobile species (Mer-
ckx et al., 2010). Trees also increase the abundance and diversity of
birds in hedgerows (Hinsley and Bellamy, 2000; Walker et al.,
2005), although negative impacts have been demonstrated for
the shrub nesting species common whitethroat (Sylvia communis),
and species occupying adjacent open habitats such as skylark
(Alauda arvensis), red-legged partridge (Alectoris rufa) and meadow
pipit (Anthus pratensi) (DEFRA, 2001; Green et al., 1994). The pro-
vision of hedgerow trees may therefore be broadly beneficial to
rural biodiversity, however careful targeting is required to avoid
negative impacts on species such as ground nesting birds.

The establishment of new emergent trees within hedgerows
creates additional costs to land managers as they impede mechan-
ical trimming and increase shading of adjacent crops. As a result
populations of hedgerows trees are vulnerable to decline. Succes-
sive surveys have noted a 6.6% decline in the number of hedgerow
trees in the UK over the last two decades (Carey et al., 2008;
Haines-Young et al., 2000). Thirty percent of the hedgerow tree
population remaining in the UK is now over 100 years old, while
the number of newly established trees declined by 40% between
1990-1998 (DEFRA, 2010; Haines-Young et al., 2000). Specific con-
servation measures, such as those recently introduced into the
English Entry Level Stewardship agri-environment scheme
(Natural England, 2010), may be required to prevent similar de-
clines elsewhere.

Linear features are a common characteristic of fragmented agri-
cultural landscapes, and many agri-environment schemes include
financial incentives for environmentally sensitive hedgerow man-
agement. This study shows that the biodiversity benefits of these
schemes can be improved by considering the provision and reten-
tion of hedgerow trees. We recommend that future studies of lin-
ear features in rural landscapes consider the importance of
hedgerow trees to rural biodiversity.
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