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Abstract 29 

Farmland birds have declined throughout Europe over recent decades. Many farmland 30 

songbirds are associated with linear woody features on field boundaries, such as hedgerows 31 

and tree lines. Previous studies have assessed songbird associations with specific 32 

hedgerow and tree characteristics, and their landscape context, but large-scale assessments 33 

have been limited by difficulties in mapping linear woody networks over large extents, 34 

particularly their height structure. We used a high-resolution lidar model of the complete 35 

network of linear woody features in southwest England (9,424 km2), summarising linear 36 

feature lengths by height class. Associations were tested between heights of linear woody 37 

features and the abundance of 22 farmland birds, using bird survey data summarised for 38 

1446 near-contiguous tetrads, and a weighted version of the phi coefficient of association. 39 

Land cover mapping defined tetrads as grassland, mixed or arable farmland.  40 

Results showed that the linear woody network was dominated by features corresponding to 41 

managed hedgerows (1.5-2.9 m tall, 42-47% of the network by land cover type), followed by 42 

tree lines (≥ 6.0 m, 28-35%). All songbird species had statistically significant, but weak, 43 

associations with combinations of land cover and height class of linear woody features, 44 

although land cover appeared to be the dominant factor. Many species showed more 45 

positive associations with linear woody features on arable farmland than on grassland, 46 

particularly for taller hedgerows and tree lines. The results suggest that land-use 47 

diversification may benefit some farmland songbirds, such as introducing pockets of arable 48 

farming in landscapes dominated by intensively managed grassland. Diverse heights in the 49 

linear woody network, incorporating tall hedgerows and trees, would also likely benefit a 50 

range of songbird species. The study demonstrates the significant potential of lidar in 51 

characterising the structure of linear woody features at the landscape scale, facilitating 52 

detailed analyses of wildlife habitat associations and landscape ecology. 53 

 54 
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 57 

1. Introduction 58 

The loss of farmland biodiversity since the mid 20th Century is well documented, particularly 59 

in Europe, with substantial declines in the populations of plants, invertebrates and birds 60 

(Sotherton and Self, 2000; Benton et al., 2002; Donald et al., 2006; Kleijn et al., 2011). 61 

These declines have largely resulted from agricultural intensification, primarily the 62 

destruction of semi-natural habitats and the increasing use and efficacy of pesticides (Wilson 63 

et al., 1999; Botías et al., 2019). 64 

Field boundaries provide key habitats and refuges for much of the remaining farmland 65 

biodiversity, being uncropped and receiving no direct inputs of agrochemicals (Dover, 2019; 66 

but see Gove et al., 2007 for diffuse effects). Hedgerows are the dominant field boundary 67 

feature across lowland farmed landscapes in Western Europe and parts of North America, 68 

and also occur in South America, Australia and China (Baudry et al., 2000). Hedgerows, or 69 

hedges, are broadly defined as linear rows of woody shrubs and/or trees of several metres in 70 

height, enclosing fields of arable crops or grassland livestock, and are typically managed by 71 

regular cutting to maintain their shape and function as boundary features (Pollard et al., 72 

1974; Baudry et al., 2000). Other linear woody features include unmanaged rows of shrubs 73 

and lines of mature trees.  74 

Whether originating as remnants of forest clearance, by deliberate planting or natural 75 

growth, linear woody features are recognised as highly valuable biodiverse habitats and 76 

landscape features, often protected by environmental legislation (Pollard et al., 1974; Dover, 77 

2019). However, the original function of hedgerows as boundaries and a means of enclosing 78 

livestock became less important in the 20th Century, due to the availability of inexpensive 79 

wire fencing and a desire to increase field sizes to maximise the efficiency of mechanised 80 

farming. As such, hedgerow conservation has increasingly relied on agri-environment 81 

schemes to subsidise regular maintenance to prevent their deterioration (Pollard et al., 1974; 82 

Dover, 2019). 83 
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In landscapes such as the UK and western France, networks of hedgerows and other linear 84 

woody features have existed for centuries, with modern hedgerow densities of up to 17 85 

km/km2 (Fuller et al., 2001; Michel et al., 2006). The total length of Britain’s linear woody 86 

features in 2007 was 705,000 km, which incorporated 477,000 km of managed hedgerows, 87 

representing one of the most significant semi-natural habitats in the farmed landscape 88 

(Carey et al., 2008).  89 

Species associated with UK linear woody features include approximately 600 wild plants, 90 

1500 insects and 90 vertebrates (Pollard et al., 1974; UK Biodiversity Steering Group, 1995). 91 

Linear woody features can also act as important dispersal and foraging corridors for species 92 

crossing agricultural landscapes (Davies and Pullin, 2007; Alderman et al., 2011; Finch et 93 

al., 2020). In addition to this intrinsic ecological value, hedgerows and tree lines provide 94 

important ecosystem services such as habitats for pollinators and predators of crop pests 95 

(Morandin and Kremen, 2013), carbon storage (Black et al., 2014) and buffers against 96 

erosion and flooding (Mérot, 1999).  97 

Approximately five million pairs of farmland birds breed in hedgerows in Britain, with 20-30 98 

species being strongly associated with linear woody features for feeding and nesting, and 99 

these have received particular attention due to substantial declines in many of their 100 

populations (Newton, 2017). Suitable surrounding habitat is also important for some species 101 

that breed in hedgerows but predominantly forage in nearby open habitats, whereas open-102 

field species may be negatively associated with hedgerows (Green et al., 1994; Newton, 103 

2017). The UK farmland bird index of 19 indicator species showed an overall decline in 104 

abundance of 55% between 1970 and 2018 (Defra, 2019). These bird declines overlapped 105 

with a 24% loss in the length of managed hedgerows between 1984 and 2007 (Carey et al., 106 

2008). However, the overall decline in linear woody features was only 1% during this period, 107 

because many managed hedgerows had developed into unmanaged shrubs and tree lines. 108 

It is unclear how changes in hedgerow density and management have impacted farmland 109 

bird communities, but some population declines may be directly related to this (e.g. Cornulier 110 

et al., 2011). 111 
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Studies to date have indicated that farmland bird species richness and abundance is related 112 

to several key variables of linear woody features, including their density in the landscape, 113 

their structure (e.g. height), the frequency of mature trees in the hedge, and the adjacent 114 

crop type (Burgess et al., 2015; Newton, 2017; Hinsley and Bellamy, 2019). Agri-115 

environment scheme options for enhancing management of linear woody features for 116 

biodiversity, including birds, focus on the cutting regime (Staley et al., 2012). Most bird 117 

species appear to benefit from moderate to low intensity cutting to create a range of heights, 118 

carried out late in the winter after berries and seeds have been exploited (Hinsley and 119 

Bellamy, 2000). However, associations between linear woody features and farmland bird 120 

communities have not been assessed over large extents or on the regional scale. 121 

A barrier to such analyses is that consistent and repeatable large-scale mapping and 122 

characterising of linear woody features can be problematic, due to the extent of their 123 

networks in the landscape and complex three-dimensional structure. Typically, hedgerows 124 

and tree lines have been mapped using a combination of labour-intensive field surveys and 125 

examination of aerial photography (Burel and Baudry, 1990; Defra, 2007), followed by 126 

manual digitisation in a geographical information system (GIS). These methods can be 127 

impractical for mapping large areas. Consequently, mapping linear woody features and the 128 

associated birds (or other taxa) has largely been restricted to the localised sampling of 129 

transects or squares of 1 km2 or less (Arnold, 1983; Barr and Gillespie, 2000; Fuller et al., 130 

2001; Heath et al., 2017). These limitations have constrained the scale and/or detail of 131 

hedgerow inventories and analyses (Graham et al., 2019). 132 

Remote sensing can overcome the mapping limitations of scale and detail, enabling 133 

complete coverage of high-resolution linear woody feature maps at the landscape-scale 134 

(Graham et al., 2019). In the UK and Ireland, remote sensing methods have been employed 135 

for comprehensive regional and national mapping of hedgerows (Black et al., 2014; Tebbs 136 

and Rowland, 2014; Scholefield et al., 2016). Lidar (light detection and ranging) imagery 137 

perhaps has the greatest potential and additionally provides information on height (and 138 

potentially width), using laser scanning to produce three-dimensional models of vegetation 139 
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and linear woody networks across entire landscapes (Redhead et al., 2013; Hill et al., 2014). 140 

Matching remotely-sensed linear woody feature models to survey data for bird distributions 141 

and abundance, which have been collected extensively at a range of spatial scales (e.g. 142 

Bibby et al., 2000; Balmer et al., 2013), enables powerful analyses at a resolution and extent 143 

that have previously been impractical (Sullivan et al., 2017).  144 

In this study, we demonstrate a novel approach to examining associations between farmland 145 

birds and the structure of linear woody features across an entire regional landscape in south-146 

west England. We use a large-scale, lidar-derived model of a complete network of linear 147 

woody features, classified by height, and combined with high-resolution land cover data and 148 

surveys of the breeding bird community at the tetrad level. Associations are tested with a 149 

modification to the standard phi coefficient of association typically employed in 150 

ecology/botanical studies (De Cáceres and Legendre, 2009), using a weighted version of the 151 

method to gauge species-habitat associations (Chetcuti et al., 2019).  152 

The study provides a useful contribution to the understanding of farmland birds in relation to 153 

linear woody features and their land use context, at a very large spatial scale, and the results 154 

can inform management prescriptions aimed at enhancing farmland biodiversity. The study 155 

also provides a case study for integrating large-scale remote sensing and field survey 156 

datasets to characterize species-habitat associations, which can have wider applications in 157 

landscape ecology. 158 

 159 

2. Methods 160 

2.1 Study area 161 

England’s south-western peninsula contains the counties of Devon and Cornwall (10,269 162 

km2; Fig. 1). This area has a generally rural, undulating landscape dominated by arable 163 

farming and permanent grassland grazed by sheep, cattle and horses, with open moorland 164 

on the higher ground (up to 621 m). The landscape is largely characterised by small, 165 

irregular fields bounded by hedges, with some field systems dating to the Iron Age (Pollard 166 

et al., 1974). The hedges consist of mixed shrubs and trees, typically including Common 167 



 

7 
 

Hawthorn Crataegus monogyna, Common Hazel Corylus avellana, Common Gorse Ulex 168 

europaeus, Sycamore Acer pseudoplatanus, Pedunculate Oak Quercus robur, Common Ash 169 

Fraxinus excelsior and Common Beech Fagus sylvatica. Some hedges contain linear 170 

earthbanks and stone walls of between 1-1.5 m in height, which are often, but not always, 171 

encapsulated within the woody vegetation (Pollard et al., 1974). 172 

 173 

2.2 Mapping the linear woody network 174 

The landscape-scale mapping of linear woody features, including hedgerows and boundary 175 

trees, was achieved using publicly accessible datasets and a masking and filtering approach 176 

within a desktop GIS (ArcGIS 10.4, Esri, Redlands, California). The primary dataset was a 177 

complete lidar coverage of 9,424 km2 of Cornwall and Devon (all land west of approximately 178 

3° 21’ W), collected by the Tellus South West project (Ferraccioli et al., 2014). Tellus is a 179 

collaboration between academic and research institutes to provide data to facilitate regional 180 

environmental and economic sustainability (British Geological Survey, 2017).  181 

The Tellus lidar data product is a 1 m resolution digital terrain model (DTM) and digital 182 

surface model (DSM) derived from airborne lidar acquired during leaf-on conditions during 183 

July-August 2013. The lidar has an average sampling density of 1 point per m2 and a vertical 184 

accuracy of ±0.1 m (see Ferraccioli et al., 2014 for full details of lidar acquisition and 185 

processing). These data provide elevation values for the ground (DTM) and also the tallest 186 

feature above it (DSM), such as buildings, trees or hedgerows, for every 1 m2 pixel.  187 

The DTM was subtracted from the DSM to create a canopy height model (CHM) depicting 188 

relative height values of features on a flat plane, including woody vegetation and buildings. 189 

All features other than hedgerows were removed by a stepwise masking (deleting) process. 190 

First, all pixels with a height value below 1 m in height were deleted, to remove ground-layer 191 

herbaceous vegetation. Woodland blocks of 0.5 ha or larger were then masked using vector 192 

polygons from the National Forest Inventory for England (Forestry Commission, 2020). 193 

Buildings, such as houses and retail, were masked using vector polygons available from 194 
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national mapping products (Ordnance Survey, 2016, 2017), applying a 5 m buffer to each 195 

building to capture ancillary structures such as temporary outbuildings. 196 

The resulting raster output contained pixels mostly depicting field boundary hedgerows and 197 

non-woodland trees. These pixels were classified into four height bins (class 1-4) based on 198 

their value, to represent broad categories of hedgerow and other woody feature, broadly 199 

based on information in Defra (2007). Class 1 of vegetation 1.0-1.49 m tall identifies low 200 

hedgerows that have recently been planted or cut to regrow. Bare stone walls and banks 201 

were also included in this category, as they could not be distinguished from vegetation in the 202 

lidar data. Class 2 of 1.5-2.9 m tall vegetation reflects typical managed farmland hedgerows 203 

that were likely to dominate the landscape. Class 3 of 3.0-5.9 m vegetation includes 204 

unmanaged and outgrown hedgerows, semi-mature shrubs and young trees. Finally, class 4 205 

of ≥ 6.0 m vegetation reflects larger non-woodland trees and tree-lines.  206 

The raster data were then converted to a smoothed polygon vector coverage. A manual 207 

check of output removed any in-field crop vegetation or non-linear scrub, and any remaining 208 

glasshouses, caravan parks and solar farms that were not present in the masking data but 209 

were clearly identifiable by their geometry. Features in classes 1-3 with an area < 20 m2, or 210 

in class 4 with an area < 10 m2, were assigned to surrounding dominant values (i.e. 211 

reclassified to the same values as adjacent polygons where these were greater than these 212 

thresholds) to reduce small scale variability. Non-contiguous polygons of < 10 m2 were 213 

removed, giving a minimum length of classified hedgerow of approximately 3 m. 214 

The linear polygons were converted to polylines based on the longitudinal central axis of 215 

each polygon, using ET GeoWizards version 11.2 software (ET SpatialTechniques, Pretoria, 216 

South Africa). This linear polyline network formed the final linear woody habitat model. The 217 

total length of features in each height class were generated for each of 2371 individual 2 x 2 218 

km tetrads throughout the study area, based on the British National Grid (Fig. 1). Hedgerow 219 

width was not included as a variable, due to its poor representation in 1 m2 resolution lidar; 220 

hedgerow width is strongly correlated with height (MacDonald and Johnson, 1995; Hinsley 221 

and Bellamy, 2000), but we were unable to assess the independent importance of width or 222 
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other characteristics. Tetrads were used as the sampling unit to match the bird data (see 223 

below). The accuracy of the woody habitat model in assigning features to the correct height 224 

class was assessed as 73.2% by ground truthing (see Broughton et al., 2017). 225 

 226 

2.3 Land cover 227 

To characterise the landscape composition of each tetrad, and to determine the land use 228 

context of hedgerows and other linear woody features, we used the UK Centre for Ecology & 229 

Hydrology’s Land Cover Map for 2015 (LCM2015), which is a 25 m resolution classified 230 

raster coverage derived from satellite multispectral imagery (Rowland et al., 2017). The 21 231 

land cover classes in LCM2015 were generalised into broad categories of grassland, 232 

urbanised, arable, woodland, freshwater and marine (including all coastal habitats). The 233 

broad land cover coverages were summarised as the proportional coverage in each tetrad.  234 

 235 

2.4 Bird surveys 236 

Comprehensive bird survey data for spring-summer were available for every tetrad, 237 

reflecting the breeding bird community. Survey periods differed due to separate county bird 238 

atlas projects, taking place during 2000-2009 in Cornwall (CBWPS, 2013) and 2008-2011 in 239 

Devon (Beavan and Lock, 2016). Due to the longevity and stability of the linear woody 240 

network in this region (Pollard et al., 1974), the mismatch in timings between the bird and 241 

habitat data were considered acceptable. Bird surveys in both counties used a timed tetrad 242 

visit (TTV) methodology during the spring and summer breeding seasons of April-July. The 243 

TTV method involved a transect survey by an experienced observer through major habitats 244 

in each tetrad to characterise the full breeding bird community. Each tetrad was surveyed in 245 

a single year on a minimum of two visits of 1 h duration, or one visit of 2 h, with a maximum 246 

of two 2 h visits.  247 

Counts of all birds were recorded to species during each transect survey. The counts were 248 

standardised to a mean hourly count that was generated from all visits. The standardised 249 

count was then used as the abundance value for each tetrad. Twenty-two songbird species 250 
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that are associated with farmland hedgerows and trees were selected for analysis (Table 1). 251 

Nine species are on the UK amber or red lists of species of conservation concern after 252 

showing long-term declines (Eaton et al. 2015). Birds were grouped into three broad ‘guilds’ 253 

based on their diet and feeding behaviour, comprising a) granivores that feed extensively on 254 

seeds, but with some insects in summer; b) ground-feeders that feed extensively on 255 

terrestrial invertebrates; c) foliage-gleaners that largely feed on insects in tree and hedgerow 256 

vegetation (Table 1). 257 

 258 

2.5 Statistical Analysis 259 

2.5.1 Tetrad summary 260 

The data for birds, land cover and linear woody features were combined to give values for 261 

each tetrad. To focus on the dominant associations between linear woody features and birds 262 

on farmland, we discarded tetrads where the land area totalled less than 3.75 km2, to only 263 

retain complete or near-complete tetrads. We also discarded tetrads where the land cover 264 

totalled < 75% of grassland or arable classes combined to exclude extensive woodland and 265 

urban areas, and where the hedgerow density was < 5 km/km2. This gave 1446 tetrads for 266 

analysis, covering 5774.6 km2, which only contained significant networks of hedgerows or 267 

other linear woody features in a primarily rural context (Fig. 1). Only five tetrads were not 268 

contiguous with others, separated a maximum of two tetrads apart.  269 

To compare linear woody features in arable versus grassland or mixed habitats, which may 270 

influence bird associations with linear woody features due to the wider habitat context 271 

(Hinsley and Bellamy 2019), tetrads were coded by arable land coverage, where code 0 = 0-272 

29.9% arable cover, code 1 = 30-49.9%, and code 2 = 50-86.8% (the maximum). 273 

Accordingly, tetrads assigned to code 0 were dominated by grassland (non-arable), code 1 274 

by mixed arable/grassland, and code 2 by arable farmland (Table 2). The median 275 

proportions of these and other land cover types in tetrads, and linear woody feature 276 

densities, were compared using non-parametric Kruskal-Wallis tests. These tests compare 277 

land-use variation between classifications of arable, mixed or grassland, which may 278 
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influence bird communities, such as the coverage of urban or woodland habitat. Comparing 279 

the linear woody feature densities would show if combined or different height classes varied 280 

with land cover type. 281 

 282 

2.5.2 Habitat association 283 

To test habitat associations we used the group-equalised weighted version of the phi 284 

coefficient of association (Chetcuti et al., 2019). The phi coefficient method is a standard 285 

analysis for simultaneously comparing the relative association of species between multiple 286 

groupings of habitat variables (Chytrý et al., 2002; De Cáceres and Legendre, 2009). The 287 

phi coefficient of association between a species and groups of habitat features can indicate 288 

a negative (avoidance) as well as a positive (preference) association, it is independent for 289 

different species and habitats, and it can accommodate spatial autocorrelation and small 290 

sample sizes (De Cáceres and Legendre, 2009; Chetcuti et al., 2019).  291 

For each species the analysis produces either a positive or negative association for a group 292 

(typically a land cover or feature type), which can be equalised (i.e. standardised) by the 293 

numerical sizes of all groups (see Tichý and Chytrý, 2006; Chetcuti et al., 2019). The phi 294 

coefficient method uses a binary presence/absence value for species occurrence, which in 295 

this case was simplified count data for birds, where we created a weighted 0/1 score of 296 

relative abundance for each bird species.  297 

The bird data were simplified to accommodate the phi coefficient of association, and to also 298 

minimise any limitations of the bird survey data, which were low intensity counts that may 299 

contain observer effects (e.g. observer skill, or choice of productive survey routes in the 300 

tetrad). This generally justified the loss of information in simplifying the count data. Bird 301 

counts for each species were reclassified according to their individual mean abundance 302 

across all tetrads, with a score of 0 = a count of less than the species’ mean abundance, and 303 

1 = a count equal to or greater than the mean abundance. The zero values, where a species’ 304 

abundance is below the mean, are used to increase information on association in the phi 305 

coefficient analysis (De Cáceres and Legendre, 2009). Thirteen of the 21 species occupied 306 
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at least 87% of tetrads; by weighting bird presence (score of 1) only to those tetrads where a 307 

species was relatively abundant, this should reveal the strongest habitat associations. 308 

The phi coefficient of association assigns presence-absence to a location of one particular 309 

group (De Cáceres and Legendre, 2009). The group-equalised weighted version allows for a 310 

weighting of different groups within each location. The groups in our case are the combined 311 

linear woody feature class and coded arable proportion. The weighting applied was the 312 

proportion of each class of the total length of woody feature in each tetrad; for example, in a 313 

grassland-dominated tetrad with 20 km of linear woody features, the weighting for 2 km in 314 

class 1 (low hedges) would be 0.1, and weightings of the remaining groups in this tetrad 315 

would total 0.9. There were 12 groups in total combining the four hedge classes and the 316 

three arable classes.  317 

The phi coefficient (R) was calculated for each of the 22 bird species using the R statistical 318 

package version 3. 5 (R Core Team, 2018), the R package ‘PhiCor’ (Chetcuti, 2020) and 319 

JASMIN HPC cluster LOTUS (Lawrence et al., 2013). For the 12 groups, a phi coefficient 320 

value of R was calculated between -1 and +1 (negative and positive association, as with a 321 

standard Pearson correlation) as well as P values of statistical significance (alpha level P < 322 

0.05) from toroidal permutation. This toroidal permutation, using random shifts of 323 

observations, also addressed any potential spatial autocorrelation in the data (Fortin and 324 

Jacquez, 2000). 325 

 326 

3. Results 327 

3.1 Linear woody network and land cover characteristics 328 

The modelled coverage of hedgerows and other linear woody features reveal densities 329 

ranging from the imposed minimum of 5 km/km2 up to 21 km/km2 in each tetrad. Kruskal-330 

Wallis tests indicated that median densities of linear woody features varied significantly 331 

across arable, mixed and grassland dominated landscapes, but the differences were 332 

insubstantial (Table 2). The dominant woody feature type in all landscapes (height class 2) 333 

corresponded to typical managed hedgerows of 1-5-3.0 m tall, which accounted for 42-47% 334 
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of the total length of the linear woody network by land cover type. Trees and tree lines 335 

(height class 4) accounted for approximately one third (28-35%) of the linear woody network, 336 

whereas features less than 1.5 m tall (class 1) were only a minor component (3-4%). The 337 

woody feature classes were weakly inter-correlated, with maximum values (Pearson 338 

coefficient) of ±0.3 in a correlation matrix. Kruskal-Wallis tests showed that woodland was 339 

significantly less abundant in arable-dominated tetrads, but urbanised land cover was 340 

similarly distributed between arable, grassland and mixed tetrads (Table 2). Freshwater 341 

bodies occurred in 8% of tetrads, with a maximum coverage of 4.5% and medians of 0 342 

across all tetrad types, so this category was not considered further. 343 

 344 

3.2 Bird-habitat association 345 

The R values for the phi coefficients of association between birds, woody features and land 346 

cover groupings were very low, with a range of only -0.13 to +0.14. However, statistically 347 

significant (P < 0.05) associations were detected for all species across the three guilds of 348 

granivores, insectivorous ground-feeders and foliage-gleaners. 349 

The eight granivores generally showed significant positive associations with arable 350 

landscapes (seven species, excluding Common Reed Bunting) and negative associations 351 

with grassland (six species, excluding Common Reed Bunting and Eurasian Bullfinch). 352 

However, the granivores showed little or no discrimination between linear woody 353 

classifications, with most species having multiple significant associations with many or all 354 

height classes (Fig. 2). By contrast, the Common Reed Bunting and Eurasian Bullfinch each 355 

had only a single significant (positive) association with any hedgerow class and land cover 356 

combination.  357 

All four ground-feeding species showed positive associations with arable and mixed 358 

landscapes, and particularly for medium or taller hedgerows and tree-lines in these 359 

landscapes (Fig. 3). In grassland, the ground-feeding species all showed significant negative 360 

associations with all hedgerow height classifications.  361 
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Among the ten foliage-gleaners, seven species showed a significant positive association 362 

with taller hedgerows and/or trees in mixed landscapes: Eurasian Blackcap, Common 363 

Chiffchaff, European Nuthatch, Marsh Tit, Blue Tit, Great Tit and Long-tailed Tit (Fig. 4). Six 364 

species showed a negative association for most or all hedgerow classes on grassland, 365 

comprising Common Whitethroat, Winter Wren, Eurasian Blackcap, Common Chiffchaff, 366 

Blue Tit and Great Tit. However, Willow Warbler, Marsh Tit and Eurasian Nuthatch had 367 

contrasting positive associations with woody features on grassland and negative 368 

associations with arable. In particular, Marsh Tit and Eurasian Nuthatch both had positive 369 

associations with the taller hedgerows and/or trees in the grassland and mixed tetrads. 370 

 371 

4. Discussion 372 

4.1 Associations between birds and linear woody features 373 

This regional-scale study, combining large-scale datasets derived from field surveys and 374 

remote sensing, highlights patterns of association between farmland birds and linear woody 375 

habitat (i.e. hedgerows and tree lines) in the breeding season, at a spatial extent and 376 

resolution that have previously been unattainable. The study is the first to use a lidar-derived 377 

model of a continuous linear woody network for a whole region in relation to animal 378 

distributions. The approach shows how the increasing availability of lidar and other remote 379 

sensing datasets can enable novel analyses of species distributions over entire landscapes, 380 

particularly by utilising the heights of linear woody features. 381 

Our analysis found significant positive and negative associations between the farmland birds 382 

examined and linear woody features, and also land cover types, although the magnitude of 383 

these associations is small and is based on a simplified categorisation of abundance. 384 

Despite the bird-habitat associations being modest, they are nevertheless ecologically 385 

meaningful. The granivorous birds are positively associated with hedgerows and tree lines in 386 

arable landscapes, where crop and weed seeds are available. Negative associations with 387 

grassland-dominated landscapes likely reflect the limited seed resource for over-winter 388 

survival of these species (Newton, 2017). Two species with few significant associations 389 
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(Common Reed Bunting and Eurasian Bullfinch) were possibly more influenced by crop type, 390 

ditches and scrub in the tetrad than the hedgerows (Hinsley and Bellamy, 2019).  391 

Ground-feeding insectivores also show negative associations with grassland, involving all 392 

woody height classes. This is surprising, as grassland may be expected to have plentiful 393 

earthworms and beetle larvae for foraging birds (Newton, 2017). However, intensively 394 

managed grassland can be poor foraging habitat with reduced invertebrate abundance and 395 

access to bare ground (Atkinson et al., 2004; McCracken and Tallowin, 2004). The positive 396 

associations between ground-feeding birds and the arable and mixed tetrads, including for 397 

taller hedgerows and trees, may reflect preferences for habitats with a more diverse 398 

structure and composition (Hinsley and Bellamy, 2019). 399 

Six of the ten foliage-gleaning birds also show negative associations with most or all woody 400 

feature heights in grassland-dominated tetrads, but positive associations in arable tetrads, 401 

despite only small differences in overall densities and composition of the hedgerow and tree 402 

networks. Affiliations with taller hedgerows and tree lines were to be expected for generalists 403 

of woodland and scrub habitats, such as Blue Tits, Great Tits and Winter Wrens (Fuller et 404 

al., 2001; Hinsley and Bellamy, 2019). However, for these species, and also Common 405 

Whitethroat, it’s unclear why positive associations with woody features are prevalent in 406 

arable and mixed habitats but not grassland. These species typically feed and nest within 407 

the tree and hedgerow vegetation, rather than within the surrounding fields (Newton, 2017), 408 

and so differing associations between grassland and arable may reflect other variables in 409 

these habitats, such as hedgerow tree/shrub species or field margin vegetation. 410 

In contrast to other foliage-gleaners, associations of Marsh Tit, European Nuthatch and 411 

Willow Warbler likely reflect their stronger preference for woodland habitats (Fuller et al., 412 

2001). Willow Warblers prefer young woodland and scrub (Bellamy et al., 2009), whereas 413 

Marsh Tits and European Nuthatches prefer mature woodland in well-wooded landscapes 414 

(Bellamy et al., 1998; Broughton et al., 2013). All three species have positive associations 415 

with linear woody features in grassland tetrads, and some in mixed areas, where woodland 416 

was more abundant than in arable. This suggests that these birds are using hedgerows in 417 
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relatively wooded landscapes (MacDonald and Johnson, 1995), which may facilitate 418 

dispersal between woodland patches (Broughton et al., 2010; Alderman et al., 2011). 419 

Many studies have investigated bird abundance and diversity in relation to hedgerow 420 

characteristics and adjacent habitats, as reviewed by Hinsley and Bellamy (2000, 2019) and 421 

Newton (2017). Our results largely agree with these syntheses, in that most of the positive 422 

associations between birds and linear woody features were for taller hedgerows and tree 423 

lines. As such, a regime of moderate or low intensity cutting that produces a range of 424 

medium to tall hedgerows and trees in the landscape, rather than intensive annual cutting, 425 

would be beneficial for more farmland bird species.  426 

However, a major result from our study is the dominance of land cover in the significant 427 

associations, which largely override the importance of all the height classes of the 428 

hedgerows and trees in the linear woody network. Siriwardena et al. (2012) also showed that 429 

for many farmland species the landscape variation was a stronger influence on bird 430 

abundance that boundary variables. Variable effects of landscape context on farmland 431 

hedgerow birds are frequent in the literature (e.g. Green et al., 1994; MacDonald and 432 

Johnson, 1995), largely reflecting the preferences of individual species and groups (Parish et 433 

al., 1995; Siriwardena et al., 2000).  434 

Fine-scale landscape features, such as the crop type in arable fields or the presence of wet 435 

habitat or suburban gardens, can be important determining factors for species richness and 436 

abundance (Green et al., 1994; Mason and Macdonald, 2000; Whittingham et al., 2009; 437 

Siriwardena et al. 2012). However, our results indicate that the proportion of arable land 438 

cover, or an associated variable, is perhaps the most significant factor driving farmland bird 439 

abundance in networks of linear woody features. A similar dominance of land use over 440 

vegetation structure influencing bird abundance was reported by Parish et al. (1995). 441 

Hedgerow structure and the amount of woodland in the landscape may contribute to bird 442 

abundance, but associations in our study were overwhelmingly driven by the distinction 443 

between arable, mixed and grassland, with the latter being the most negative.  444 
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The possible reasons for negative associations between farmland bird abundance with 445 

grassland need further consideration. Intensively managed productive grassland typically 446 

contains fewer or less accessible seed and invertebrate food resources than mixed arable 447 

farmland, and generally lacks conservation field margins or headlands to promote insects 448 

and wild plants (Wilson et al., 1999; Atkinson et al., 2005). Batáry et al. (2010) found that 449 

arable and particularly mixed landscapes may offer more diverse habitats than grassland, 450 

and Westbury et al. (2011) showed that areas of barley on pastoral farms were important for 451 

supporting farmland birds. Sullivan et al. (2017) found that positive effects of hedgerow 452 

length on bird abundance were greater in arable than grassland landscapes.  453 

The weakness of the bird-habitat associations in our study echoes those of Sullivan et al. 454 

(2017), who also found weak explanatory power of habitat variables in modelled 455 

relationships with bird abundance. This suggests that bird abundance might perhaps be 456 

related more to habitat quality than habitat type. Weak or modest associations may have 457 

resulted from broad classification or error in defining hedgerow and other habitat features, or 458 

high abundance of birds across the habitats, which masked specific preferences (Batáry et 459 

al., 2010; Siriwardena et al., 2000).  460 

The lidar model was based only on height distributions, and may have omitted other 461 

variables that could be important for bird abundance, such as hedgerow width or the 462 

presence of ditches (Hinsley and Bellamy, 2019). Other limitations of our data and analyses 463 

include the low-intensity bird surveys, which may not have adequately reflected their 464 

abundance in relation to hedgerows. For example, observers could be biased to more 465 

‘productive’ habitats in the tetrad, where more bird species could be expected to be 466 

observed. Furthermore, the bird survey protocol aimed to maximise the habitats sampled in 467 

a tetrad, not necessarily survey them representatively.  468 

However, limiting the study to the suite of relatively common hedgerow birds, simplifying the 469 

count data and using a large number of tetrads surveyed in the region should have largely 470 

countered observer effects and major sources of ‘noise’ in the surveys. Nevertheless, any 471 

small counting errors around the mean would have been propagated into an incorrect 0/1 472 
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categorisation during data simplification, and this was an unavoidable source of potential 473 

error in analysis. 474 

Other studies of birds, hedgerows and land use report relationships of varying strength, and 475 

it is the significance and direction (positive or negative) of the association that can be 476 

considered as more meaningful (Hinsley and Bellamy, 2000, 2019). However, our study only 477 

considered bird abundance in the breeding season, and habitat associations may differ in 478 

winter due to different populations utilising different resources (Hinsley and Bellamy, 2019).  479 

Overall, our results for farmland birds in the breeding season indicate that diversifying 480 

grassland habitats in the landscape context may be more important for species abundance 481 

than hedgerow management regimes. Nevertheless, sympathetic hedgerow management is 482 

still important for supporting farmland birds and other wildlife (Staley et al., 2012). Agri-483 

environmental schemes directed at enhancing populations of farmland songbirds and other 484 

taxa tend to focus on arable habitat (e.g. Broughton et al., 2014; Redhead et al., 2018), but 485 

applying more of this resource to landscapes dominated by grassland may also benefit birds 486 

and other species associated with field boundaries, and help to reverse population declines 487 

(Woodcock et al., 2009, 2013, 2014; Peach et al., 2011). 488 

 489 

4.2 Remote sensing for analysing species-habitat associations 490 

Until recently, studies of relationships between hedgerows and tree lines, land cover and 491 

farmland plants and animals have only been possible with limited sampling up to the scale of 492 

individual farms or tetrads (reviewed in Feber et al., 2019; Hinsley and Bellamy, 2019; Staley 493 

et al., 2019). Studies at larger spatial extents were limited to only land cover effects, due to 494 

the difficulty of mapping the structure of complete hedgerow networks (Siriwardena et al., 495 

2000; Fuller et al., 2005; Graham et al., 2019). Sullivan et al. (2017) used a national model 496 

of British linear woody feature lengths (Scholefield et al., 2016) alongside land cover 497 

mapping to investigate the abundance of 18 bird and 24 butterfly species. Although the 498 

linear features improved modelled predictions of species-habitat associations, this analysis 499 
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was limited to the discontinuous sampling of 1 km2 squares (totalling 3723 km2) for birds and 500 

2-4 km transects for butterflies, and contained no height information for woody features.  501 

Our study extends this approach by utilising a lidar model of a continuous linear woody 502 

network, combined with comprehensive land cover and bird atlas data. This demonstrates 503 

how the structural characteristics of linear woody features can be considered alongside land 504 

cover and species abundance over an entire landscape (in this case 5775 km2) and at high 505 

spatial resolution (1 m2 for woody features, tetrad level for species abundance). The 506 

weighted version of the phi coefficient of association provides an adaptable framework for 507 

testing relationships between the species abundance and habitat variables (Chetcuti et al., 508 

2019), and has wide applicability for exploiting other species and habitat distribution data.  509 

The increasing availability of high-resolution lidar and other remote sensing datasets, often 510 

at no cost from public repositories, and open source software tools to manipulate such data, 511 

provides equitable opportunities for substantially more detailed analyses of ecological data 512 

than has previously been possible (Hill et al., 2014; Graham et al., 2019; Rocchini et al., 513 

2017). The increasing availability of high performance computing facilities also extends the 514 

capability of analysing such data (e.g. Chetcuti et al. 2019). The resolution of national habitat 515 

feature mapping, typically at 1 m for lidar (Environment Agency, 2020), is now finer than that 516 

of plant or animal taxa data, which may only attain 1 km resolution (Preston, 2013). 517 

Nevertheless, resolutions of e.g. 1 km may be appropriate for assessing habitat and species 518 

associations, depending on the ecological processes in question. The use of high-resolution 519 

lidar for mapping linear woody networks also has a much broader potential for producing 520 

detailed inventories of hedgerow distribution and structure, which can be used to model 521 

carbon sequestration, woodfuel availability or cultural landscapes of traditional hedgerow 522 

management (Pollard et al., 1974; Graham et al., 2019). 523 

 524 

4.3 Conclusions 525 

In summary, combining very large and high-resolution remote sensing and biological 526 

recording datasets can enable powerful analyses of species-habitat relationships at an 527 
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unprecedented scale, which are primarily limited only by the data quality. Our study 528 

employed such data to indicate that landscape context is potentially a more important factor 529 

for determining breeding farmland bird abundance than the height structure of the network of 530 

linear woody features. Most bird species had negative associations with linear woody 531 

features in grassland areas and positive associations in arable, particularly with taller 532 

hedgerows and tree-lines. Diversifying non-arable farmland, for example by introducing 533 

small patches of arable cropping, may, therefore, achieve greater benefits for hedgerow 534 

birds than focussing only on management regimes of the hedges themselves. Case studies 535 

such as ours are valuable in demonstrating novel approaches for utilising lidar and other 536 

remote sensing datasets alongside standard biological recording data. 537 

 538 

Acknowledgements 539 

We are grateful to Mike Lock, Stella Beavan and the late Mike Hounsome from Devon Birds 540 

(www.devonbirds.org), Mark Grantham at Cornwall Bird Watching and Preservation Society, 541 

and the volunteer surveyors for collection, collation and access to the bird atlas data. The 542 

study used spatial data supplied by the Forestry Commission and Ordnance Survey © 543 

Crown copyright and database right 2015, licensed under the Open Government Licence 544 

v3.0. The work used the JASMIN at RAL STFC (http://jasmin.ac.uk), operated jointly by the 545 

centre of environmental data analysis and the scientific computing department. This facility 546 

was funded by NERC.  547 

Funding - This research was funded by the Natural Environment Research Council (NERC) 548 

and the Biotechnology and Biological Sciences Research Council (BBSRC) under research 549 

programme NE/N018125/1 LTS-M ASSIST – Achieving Sustainable Agricultural Systems 550 

www.assist.ceh.ac.uk. JC was funded by a studentship from the NERC SPHERES Doctoral 551 

Training Partnership (NE/L002574/1). 552 

 553 

References 554 



 

21 
 

Alderman, J., Hinsley, S.A., Broughton, R.K., Bellamy, P.E., 2011. Local settlement in 555 

woodland birds in fragmented habitat: effects of natal territory location and timing of fledging. 556 

Landsc. Res. 36, 553–571. 557 

Arnold, G.W., 1983. The Influence of ditch and hedgerow structure, length of hedgerows, 558 

and area of woodland and garden on bird numbers on farmland. J. Appl. Ecol. 20, 731–750. 559 

Atkinson, P.W., Buckingham, D., Morris, A.J., 2004. What factors determine where 560 

invertebrate-feeding birds forage in dry agricultural grasslands? Ibis 146, 99–107. 561 

Atkinson, P.W., Fuller, R.J., Vickery, J.A., Conway, G.J., Tallowin, J.R.B., Smith, R.E.N., 562 

Haysom, K.A., Ings, T.C., Asteraki, E.J., Brown, V.K., 2005. Influence of agricultural 563 

management, sward structure and food resources on grassland field use by birds in lowland 564 

England. J. Appl. Ecol. 42, 932–942. 565 

Balmer, D.E., Gillings, S., Caffrey, B.J., Swann, R.L., Downie, I.S., Fuller, R.J., 2013. Bird 566 

Atlas 2007–11: The Breeding and Wintering Birds of Britain and Ireland. BTO Books, 567 

Thetford, UK. 568 

Barr, C.J., Gillespie, M.K., 2000. Estimating hedgerow length and pattern characteristics in 569 

Great Britain using Countryside Survey data. J. Environ. Manage. 60, 23–32. 570 

Batáry, P., Matthiesen, T., Tscharntke, T., 2010. Landscape-moderated importance of 571 

hedges in conserving farmland bird diversity of organic vs. conventional croplands and 572 

grasslands. Biol. Conserv. 143, 2020–2027. 573 

Baudry, J., Bunce, R.G.H., Burel, F., 2000. Hedgerows: An international perspective on their 574 

origin, function and management. J. Environ. Manage. 60, 7–22. 575 

Beavan, S.D., Lock, M., 2016. Devon Bird Atlas 2007-13. Devon Birds, Totnes, UK. 576 

Bellamy, P.E., Brown, N.J., Enoksson, B., Firbank, L.G., Fuller, R.J., Hinsley, S.A., 577 

Schotman, A.G.M., 1998. The influences of habitat, landscape structure and climate on local 578 

distribution patterns of the Nuthatch (Sitta europaea L.). Oecologia 115, 127–136. 579 

Bellamy, P.E., Hill, R.A., Rothery, P., Hinsley, S.A., Fuller, R.J., Broughton, R.K., 2009. 580 

Willow Warbler Phylloscopus trochilus habitat in woods with different structure and 581 

management in southern England. Bird Study 56, 338–348. 582 



 

22 
 

Benton, T.G., Bryant, D.M., Cole, L., Crick, H.Q.P., 2002. Linking agricultural practice to 583 

insect and bird populations: a historical study over three decades. J. Appl. Ecol. 39, 673–584 

687. 585 

Bibby, C.J., Burgess, N.D., Hill, D.A., Mustoe, S.H., 2000. Bird Census Techniques, 2nd 586 

edn. Academic Press, London. 587 

Black, K., Green, S., Mulloolley, G., Poveda, A., 2014. Carbon sequestration by hedgerows 588 

in the Irish landscape. Climate Change Research Programme (CCRP) 2007–2013, Wexford, 589 

Ireland. 590 

Botías, C., Basley, K., Nicholls, E., Goulson, D., 2019. Impact of pesticide use on the flora 591 

and fauna of field margins and hedgerows. In: J. Dover (Ed): The Ecology of Hedgerows and 592 

Field Margins. Earthscan/Routledge, Abingdon, UK. pp. 90–109. 593 

British Geological Survey, 2017. The Tellus South West project. http://www.tellusgb.ac.uk/ 594 

Broughton, R.K., Hill, R.A., Bellamy, P.E., Hinsley, S.A., 2010. Dispersal, ranging and 595 

settling behaviour of Marsh Tits Poecile palustris in a fragmented landscape in lowland 596 

England. Bird Study 57, 458–472. 597 

Broughton, R.K., Hill, R.A., Hinsley, S.A., 2013. Relationships between patterns of habitat 598 

cover and the historical distribution of the marsh tit, willow tit and lesser spotted woodpecker 599 

in Britain. Ecol. Inform. 14, 25–30. 600 

Broughton, R.K., Shore, R.F., Heard, M.S., Amy, S.R., Meek, W.R., Redhead, J.W., Turk, A. 601 

Pywell, R.F., 2014, Agri-environment scheme enhances small mammal diversity and 602 

abundance at the farm-scale. Agric. Ecosyst. Environ. 192, 122–129. 603 

Broughton, R.K., Gerard, F., Haslam, R., Howard, A.S., 2017. Woody habitat corridor data in 604 

South West England. NERC Environmental Information Data Centre. 605 

https://doi.org/10.5285/4b5680d9-fdbc-40c0-96a1-4c022185303f 606 

Burel, F., Baudry, J., 1990. Structural dynamic of a hedgerow network landscape in Brittany 607 

France. Landsc. Ecol. 4, 197–210. 608 

Burgess, M.D., Bright, J.A., Morris, A.J., Field, R.H., Grice, P.V., Cooke, A.I., Peach, W., 609 

2015. Influence of agri-environment scheme options on territory settlement by 610 



 

23 
 

Yellowhammer (Emberiza citrinella) and Corn Bunting (Emberiza calandra). J. Ornithol. 156, 611 

153–163. 612 

Carey, P.D., Wallis, S., Chamberlain, P.M., Cooper, A., Emmett, B.A., Maskell, L.C., 613 

McCann, T., Murphy, J., Norton, L.R., Reynolds, B., Scott, W.A., Simpson, I.C., Smart, S.M., 614 

Ullyett, J.M., 2008. Countryside Survey: UK Results From 2007 Centre for Ecology and 615 

Hydrology, UK. 616 

Chetcuti, J., 2020. PhiCor: Initial release of PhiCor package. R package version 0.2.0. 617 

https://doi.org/10.5281/zenodo.3898308 618 

Chetcuti, J., Kunin, W.E., Bullock, J.M., 2019. A weighting method to improve habitat 619 

association analysis: tested on British carabids. Ecography 42, 1395–1404. 620 

Chytrý, M., Tichý, L., Holt, J., Botta‐Dukát, Z., 2002. Determination of diagnostic species with 621 

statistical fidelity measures. J. Veg. Sci. 13, 79–90. 622 

Cornulier, T., Robinson, R.A., Elston, D., Lambin, X., Sutherland, W.J., Benton, T.G., 2011. 623 

Bayesian reconstitution of environmental change from disparate historical records: hedgerow 624 

loss and farmland bird declines. Methods Ecol. Evol. 2, 86–94. 625 

CBWPS, 2013. Cornwall Bird Atlas (CBA). http://www.cbwps.org.uk/atlas/  626 

Davies, Z.G., Pullin, A.S., 2007. Are hedgerows effective corridors between fragments of 627 

woodland habitat? An evidence-based approach. Landsc. Ecol. 22, 333–351.  628 

De Cáceres, M., Legendre, P., 2009. Associations between species and groups of sites: 629 

indices and statistical inference. Ecology 90, 3566–3574.  630 

Defra, 2007. Hedgerow Survey Handbook. A standard procedure for local surveys in the UK. 631 

Defra, London. 632 

Defra, 2019. Wild bird populations in the UK 1970 to 2018. 633 

https://www.gov.uk/government/statistics/wild–bird–populations–in–the–uk 634 

Donald, P.F., Sanderson, F.J., Burfield, I.J., van Bommel, F.P.J., 2006. Further evidence of 635 

continent–wide impacts of agricultural intensification on European farmland birds, 1990–636 

2000. Agric. Ecosyst. Environ. 116, 189–196. 637 



 

24 
 

Dover, J. (Ed), 2019. The Ecology of Hedgerows and Field Margins. Earthscan/Routledge, 638 

Abingdon, UK. 639 

Eaton, M., Aebischer, N., Brown, A., Hearn, R., Lock, L., Musgrove, A., Noble, D., Stroud, 640 

D., Gregory. R., 2015. Birds of Conservation Concern 4: the population status of birds in the 641 

UK, Channel Islands and Isle of Man. Br. Birds 108, 708–746. 642 

Environment Agency, 2020. National LIDAR Programme. 643 

https://data.gov.uk/dataset/f0db0249–f17b–4036–9e65–309148c97ce4/national–lidar–644 

programme 645 

Feber, R.E., Johnson, P.J., Gelling, M., Macdonald, D.W., 2019. Ecology and conservation 646 

of mammals of hedgerows and field margins. In: J. Dover (Ed): The Ecology of Hedgerows 647 

and Field Margins. Earthscan/Routledge, Abingdon, UK. pp. 233–249. 648 

Ferraccioli, F., Gerard, F., Robinson, C., Jordan, T., Biszczuk, M., Ireland, L., Beasley, M., 649 

Vidamour, A., Barker, A., Arnold, R., Dinn, M., Fox, A., Howard, A., 2014. LiDAR based 650 

Digital Surface Model (DSM) data for South West England. NERC Environmental 651 

Information Data Centre. https://doi.org/10.5285/b81071f2–85b3–4e31–8506–cabe899f989a 652 

Finch, D., Corbacho, D.P., Schofield, H., Davison, S., Wright, P.G.R., Broughton, R.K., 653 

Mathews, F., 2020. Modelling the functional connectivity of landscapes for greater 654 

horseshoe bats Rhinolophus ferrumequinum at a local scale. Landsc. Ecol. 35, 577–589. 655 

Forestry Commission, 2020. National Forest Inventory Woodland England 2015.  656 

https://data.gov.uk/dataset/ae33371a–e4da–4178–a1df–350ccfcc6cee/national–forest–657 

inventory–woodland–england–2015 658 

Fortin, M., and Jacquez, G., 2000. Randomization tests and spatially auto–correlated data. 659 

Bull. Ecol. Soc. Am. 81, 201–205. 660 

Fuller, R.J., Chamberlain, D.E., Burton, N.H.K., Gough, S.J., 2001. Distributions of birds in 661 

lowland agricultural landscapes of England and Wales: How distinctive are bird communities 662 

of hedgerows and woodland? Agric. Ecosyst, Environ. 84, 79–92. 663 

Fuller, R.M., Devereux, B.J., Gillings, S., Amable, G.S., 2005. Indices of bird‐habitat 664 

preference from field surveys of birds and remote sensing of land cover: a study of south‐665 



 

25 
 

eastern England with wider implications for conservation and biodiversity assessment. Glob. 666 

Ecol. Biogeogr. 14, 223–239. 667 

Gove, B., Power, S.A., Buckley, G.P., Ghazoul, J., 2007. Effects of herbicide spray drift and 668 

fertilizer overspread on selected species of woodland ground flora: comparison between 669 

short–term and long–term impact assessments and field surveys. J. Appl. Ecol. 44, 374–670 

384. 671 

Graham, L., Broughton, R.K., Gerard, F., Gaulton, R., 2019. Remote Sensing Applications 672 

for Hedgerows. In: J. Dover (Ed): The Ecology of Hedgerows and Field Margins. 673 

Earthscan/Routledge, Abingdon, UK. pp. 72–89. 674 

Green, R.E., Osborne, P.E., Sears, E.J., 1994. The distribution of passerine birds in 675 

hedgerows during the breeding season in relation to characteristics of the hedgerow and 676 

adjacent farmland. J. Appl. Ecol. 31, 677–692. 677 

Heath, S.K., Soykan, C.U., Velas, K.L., Kelsey, R., Kross, S.M., 2017. A bustle in the 678 

hedgerow: Woody field margins boost on farm avian diversity and abundance in an intensive 679 

agricultural landscape. Biol. Conserv. 212, 153–161. 680 

Hill, R.A., Hinsley, S.A., Broughton, R.K., 2014. Assessing habitats and organism–habitat 681 

relationships by airborne laser scanning. In: M. Maltamo, E. Naesset, J. Vauhkonen (Eds): 682 

Forestry applications of airborne laser scanning: concepts and case studies. Springer, 683 

Dordrecht. pp. 335–356. 684 

Hinsley, S.A., Bellamy, P.E., 2000. The influence of hedge structure, management and 685 

landscape context on the value of hedgerows to birds: A review. J. Environ. Manage. 60, 686 

33–49. 687 

Hinsley, S.A., Bellamy, P.E., 2019. Birds of hedgerows and other field boundaries. In: J. 688 

Dover (Ed): The Ecology of Hedgerows and Field Margins. Earthscan/Routledge, Abingdon, 689 

UK. pp. 210–232. 690 

Kleijn, D., Rundlöf, M., Scheper, J., Smith, H.G., Tscharntke, T., 2011. Does conservation on 691 

farmland contribute to halting the biodiversity decline? Trends Ecol. Evol. 26, 474–481. 692 



 

26 
 

Lawrence, B.N., Bennett, V.L., Churchill, J., Juckes, M., Kershaw, P., Pascoe, S., Pepler, S., 693 

Pritchard, M., Stephens, A., 2013. Storing and manipulating environmental big data with 694 

JASMIN. In: Proceedings – 2013 IEEE International Conference on Big Data, Big Data 6–9 695 

2013. San Francisco, pp 68–75. 696 

MacDonald, D.W., Johnson, P.J., 1995. The relationship between bird distribution and the 697 

botanical and structural characteristics of hedges. J. Appl. Ecol. 32, 492–505. 698 

Mason, C.F., Macdonald, S.M., 2000. Influence of landscape and land–use on the 699 

distribution of breeding birds in farmland in eastern England. J. Zool. Lond. 251, 339–348. 700 

McCracken, D.I., Tallowin, J.R., 2004. Swards and structure: the interactions between 701 

farming practices and bird food resources in lowland grasslands. Ibis 146, 108–114. 702 

Mérot, P., 1999. The influence of hedgerow systems on the hydrology of agricultural 703 

catchments in a temperate climate. Agronomie 19, 655–669. 704 

Michel, N., Burel, Butet, A., 2006. How does landscape use influence small mammal 705 

diversity, abundance and biomass in hedgerow networks of farming landscapes? Acta 706 

Oecol. 30, 11–20. 707 

Morandin, L.A., Kremen, C., 2013. Hedgerow restoration promotes pollinator populations 708 

and exports native bees to adjacent fields. Ecol. Appl. 23, 829–839.  709 

Newton, I., 2017. Farming and Birds. William Collins, London. 710 

Ordnance Survey, 2016. OS OpenMap – Local: user guide and technical specification 711 

https://www.ordnancesurvey.co.uk/documents/os–open–map–local–product–guide.pdf 712 

Ordnance Survey, 2017. OS VectorMap District: user guide and technical specification. 713 

https://www.ordnancesurvey.co.uk/documents/os–vectormap–district–product–guide.pdf 714 

Parish, T., Lakhani, K.H., Sparks, T.H., 1995. Modelling the relationship between bird 715 

population variables and hedgerow, and other field margin attributes. II. Abundance of 716 

individual species and of groups of similar species. J. Appl. Ecol. 32, 362–371. 717 

Peach, W.J., Dodd, S., Westbury, D.B., Mortimer, S.R., Lewis, P., Brook, A.J., Harris, S.J., 718 

Kessock–Philip, R., Buckingham, D.L., Chaney, K., 2011. Cereal–based wholecrop silages: 719 



 

27 
 

A potential conservation measure for farmland birds in pastoral landscapes. Biol. Conserv. 720 

144, 836–850. 721 

Pollard, E., Hooper, M.D., Moore, N.W., 1974. Hedges. Collins, London. 722 

Preston, C.D., 2013. Following the BSBI's lead: the influence of the Atlas of the British flora, 723 

1962–2012. New J. Bot. 3, 2–14. 724 

R Core Team, 2018. R: A Language and Environment for Statistical Computing. R 725 

Foundation for Statistical Computing, Vienna, Austria. URL https://www.R–project.org/. 726 

Redhead, J.W., Pywell, R.F., Bellamy, P.E., Broughton, R.K., Hill, R.A., Hinsley, S.A., 2013. 727 

Great tits Parus major and blue tits Cyanistes caeruleus as indicators of agri-environmental 728 

habitat quality. Agric. Ecosyst. Environ. 178, 31–38. 729 

Redhead, J.W., Hinsley, S.A., Beckmann, B.C., Broughton, R.K., Pywell, R.F., 2018. Effects 730 

of agri-environmental habitat provision on winter and breeding season abundance of 731 

farmland birds. Agric. Ecosyst. Environ. 251, 114–123. 732 

Robinson, R.A., Sutherland, W.J., 2002. Post‐war changes in arable farming and biodiversity 733 

in Great Britain. J. Appl. Ecol. 39, 157–176.  734 

Rowland, C.S., Morton, R.D., Carrasco, L., McShane, G., O'Neil, A.W., Wood, C.M., 2017. 735 

Land Cover Map 2015 (25m raster, GB). NERC Environmental Information Data Centre. 736 

(Dataset). https://doi.org/10.5285/bb15e200–9349–403c–bda9–b430093807c7 737 

Scholefield, P., Morton, D., Rowland, C., Henrys, P., Howard, D., Norton, L., 2016. A model 738 

of the extent and distribution of linear woody features in rural Great Britain. Ecol. Evol. 6, 739 

8893–8902. 740 

Siriwardena, G.M., Crick, H.Q.P., Baillie, S.R., Wildon, J.D., 2000. Agricultural land–use and 741 

the spatial distributions of granivorous lowland farmland birds. Ecography 23, 702–719. 742 

Siriwardena, G.M., Cooke, I.R., Sutherland, W.J. 2012. Landscape, cropping and field 743 

boundary influences on bird abundance. Ecography 35: 162–173. 744 

Sotherton, N.W., Self, M.J., 2000. Changes in plant and arthropod biodiversity on lowland 745 

farmland: an overview. In: N.J. Aebischer, A.D. Evans, P.V. Grice, J.A. Vickery (Eds) 746 



 

28 
 

Ecology and Conservation of Lowland Farmland Birds. British Ornithologists’ Union, Tring, 747 

UK. pp. 26–35. 748 

Staley, J.T., Sparks, T.H., Croxton, P.J., Baldock, K.C.R., Heard, M.S., Hulmes, S., Hulmes, 749 

L., Peyton, J., Amy, S.R., Pywell, R.F., 2012. Long–term effects of hedgerow management 750 

policies on resource provision for wildlife. Biol. Conserv. 145, 24–29. 751 

Staley, J.T., Botham, M.S., Pywell, R.F., 2019. Hedges for invertebrates and plants. In: J. 752 

Dover (Ed): The Ecology of Hedgerows and Field Margins. Earthscan/Routledge, Abingdon, 753 

UK. pp. 55–71. 754 

Sullivan, M.J.P., Pearce–Higgins, J.W., Newson, S.E., Scholefield, P., Brereton, T., Oliver, 755 

T.H., 2017. A national–scale model of linear features improves predictions of farmland 756 

biodiversity. J. Appl. Ecol. 54, 1776–1784. 757 

Tebbs, E., Rowland, C., 2014. A high spatial resolution woody cover map for Great Britain: 758 

preliminary results. Remote Sensing and Photogrammetry Society Annual Conference: New 759 

Sensors for a Changing World. RSPSoc, Aberystwyth, UK. pp. 194. 760 

Tichý, L., Chytrý, M., 2006. Statistical determination of diagnostic species for site groups of 761 

unequal size. J. Veg. Sci. 17, 809–818. 762 

UK Biodiversity Steering Group, 1995. Biodiversity: The UK Steering Group Report 763 

Volume 2 (Annex F and Annex G). HMSO, London. 764 

Westbury, D.B., Mortimer, S.R., Brook, A.J., Harris, S.J., Kessock–Philip, R., Edwards, A.R. 765 

Chaney, K., Lewis, P., Dodd, S., Buckingham, D.L., Peach, W.J., 2011. Plant and 766 

invertebrate resources for farmland birds in pastoral landscapes. Agric. Ecosyst. Environ. 767 

142, 266–274. 768 

Whittingham, M.J., Krebs, J.R., Swetnam, R.D., Thewlis, R.M., Wilson, J.D., Freckleton, 769 

R.P., 2009. Habitat associations of British breeding farmland birds. Bird Study 56, 43–52. 770 

Wilson, J.D., Morris, A.J., Arroyo, B.E., Clark, S.C., Bradbury, R.B., 1999. A review of the 771 

abundance and diversity of invertebrate and plant foods of granivorous birds in northern 772 

Europe in relation to agricultural change. Agric. Ecosyst. Environ. 75, 13–30. 773 



 

29 
 

Woodcock, B.A., Potts, S.G., Tscheulin, T., Pilgrim, E., Ramsey, A.J., Harrison–Cripps, J., 774 

Brown, V.K., Tallowin, J.R., 2009. Responses of invertebrate trophic level, feeding guild and 775 

body size to the management of improved grassland field margins. J. Appl. Ecol. 46, 920–776 

929. 777 

Woodcock, B.A., Savage, J., Bullock, J.M., Nowakowski, M., Orr, R., Tallowin, J.R.B., 778 

Pywell, R.F., 2013. Enhancing beetle and spider communities in agricultural grasslands: the 779 

roles of seed addition and habitat management. Agric. Ecosyst. Environ. 167, 79–85. 780 

Woodcock, B.A., Savage, J., Bullock, J.M., Nowakowski, M., Orr, R., Tallowin, J.R.B., 781 

Pywell, R.F., 2014. Enhancing floral resources for pollinators in productive agricultural 782 

grasslands. Biol. Conserv. 171, 44–51. 783 

 784 

 785 

 786 

 787 

 788 

 789 

 790 

 791 

 792 

 793 

 794 

 795 

 796 

 797 

 798 

 799 

 800 

 801 



 

30 
 

Table 1. Farmland bird species used in the analyses, classified by their foraging guild, and 802 

their listing in the Birds of Conservation Concern 4 (Eaton et al. 2015) as Red (severe long-803 

term population decline), Amber (moderate decline) or Green (stable or increasing 804 

population).  805 

Species BoCC4 list Guild 

Eurasian Bullfinch Pyrrhula pyrrhula Amber Granivore 

Common Chaffinch Fringilla coelebs Green Granivore 

European Goldfinch Carduelis carduelis Green Granivore 

European Greenfinch Chloris chloris Green Granivore 

House Sparrow Passer domesticus Red Granivore 

Common Linnet Carduelis cannabina Red Granivore 

Common Reed Bunting  Emberiza schoeniclus Amber Granivore 

Yellowhammer  Emberiza citrinella Red Granivore 

Common Blackbird Turdus merula Green Ground-feeder 

Dunnock Prunella modularis Amber Ground-feeder 

Song Thrush Turdus philomelos Red Ground-feeder 

European Robin Erithacus rubecula Green Ground-feeder 

Eurasian Blackcap Sylvia atricapilla Green Foliage-gleaner 

Blue Tit Cyanistes caeruleus Green Foliage-gleaner 

Great Tit Parus major Green Foliage-gleaner 

Marsh Tit Poecile palustris Red Foliage-gleaner 

Long-tailed Tit Aegithalos caudatus Green Foliage-gleaner 

Eurasian Nuthatch Sitta europaea Green Foliage-gleaner 

Common Whitethroat Sylvia communis Green Foliage-gleaner 

Willow Warbler Phylloscopus trochilus Amber Foliage-gleaner 

Common Chiffchaff Phylloscopus collybita Green Foliage-gleaner 

Winter Wren Troglodytes troglodytes Green Foliage-gleaner 

 806 
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Table 2. Median and minimum-maximum values of habitat features in tetrads categorised by arable coverage. Land cover classes refer to 807 

percentage cover. Freshwater coverage is omitted due to negligible values. LWF refers to density (km/km2) of linear woody features, where 808 

features in class 1 = 1.0 -1.49 m tall, class 2 = 1.5-2.9 m, class 3 = 3.0-5.9 m and class 4 ≥ 6.0 m. The Kruskal-Wallis test compares land cover 809 

and LWF densities between the grassland, mixed and arable tetrads. 810 

 

Grassland (n = 388) Mixed (n = 641) Arable (n = 417) All (n = 1446) 

Kruskal-Wallis test for 

arable/mixed/grassland 

 

Median Min Max Median Min Max Median Min Max Median Min Max W (df = 2) P 

Arable 17.5 0.0 29.8 41.3 30.0 50.0 57.5 50.3 86.8 41.6 0.0 86.8 - - 

Grassland 70.0 47.0 95.3 45.8 25.5 66.5 31.3 8.8 47.0 45.8 8.8 95.3 - - 

Woodland 10.0 0.0 24.8 10.0 0.8 25.3 6.5 0.3 24.0 8.8 0.0 25.3 112.4 < 0.01 

Urban 0.5 0.0 20.8 0.5 0.0 18.5 0.5 0.0 18.5 0.5 0.0 20.8 2.9 0.24 

LWF class 1 0.3 0.1 2.2 0.3 0.0 3.0 0.3 0.1 3.2 0.3 0.0 3.2 35.5 < 0.01 

LWF class 2 4.2 0.7 8.9 4.7 1.0 9.9 4.9 1.6 8.4 4.6 0.7 9.9 52.0 < 0.01 

LWF class 3 1.8 0.5 5.5 2.0 0.4 7.2 2.1 0.5 6.6 2.0 0.4 7.2 9.4 0.01 

LWF class 4 3.4 0.4 9.4 3.6 0.1 9.0 2.9 0.1 6.6 3.3 0.1 9.4 48.6 < 0.01 

All LWF 10.0 5.1 17.3 10.9 5.1 21.0 10.4 5.0 18.5 10.4 5.0 21.0 27.7 < 0.01 

 811 

 812 
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 813 

Figure 1. Study area location in southwest England (left), showing the distribution of 1446 814 

tetrads used in analyses of associations between songbirds and linear woody features 815 

(LWF). An example tetrad (right) showing the lidar-derived model of the network of LWF 816 

classified by height, where 1 = 1.0-1.49 m tall, 2 = 1.5-2.9 m, 3 = 3.0-5.9 m and 4 ≥ 6.0 m. 817 

 818 
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 819 

Figure 2. Phi coefficients of association between relative abundance of granivorous farmland 820 

songbirds and combinations of linear woody features (LWF) and land cover in 1446 tetrads. 821 

LWF are classed by height, where 1 = 1.0-1.49 m tall, 2 = 1.5-2.9 m, 3 = 3.0-5.9 m and 4 ≥ 822 

6.0 m. Land cover in tetrads is defined as Arable (≥ 50% arable and < 29% grassland), 823 

Mixed (30-49% arable and 26-67% grassland) or Grassland (0-29% arable and ≥ 47% 824 

grassland). A group-equalised weighted version of the phi coefficient is used, based on 825 

groups of combined linear woody feature class and coded land cover, and weighted by the 826 

proportion of each class of the total length of woody feature in each tetrad. 827 
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 828 

 829 

Figure 3. Phi coefficients of association between relative abundance of ground-feeding 830 

farmland songbirds and combinations of linear woody features (LWF) and land cover in 1446 831 

tetrads. See Fig. 2 for axes labels and further detail.  832 
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 833 

Figure 4. Phi coefficients of association between relative abundance of foliage-gleaning 834 

farmland songbirds and combinations of linear woody features (LWF) and land cover in 1446 835 

tetrads. See Fig. 2 for axes labels and further detail. 836 


