Journal of Insect Conservation
https://doi.org/10.1007/510841-024-00594-z

ORIGINAL PAPER

®

Check for
updates

Influence of canopy structural complexity on urban woodland
butterfly species richness

Willow Neal'® . Yoseph Araya'® - Philip M. Wheeler'

Received: 28 September 2023 / Accepted: 7 May 2024
© The Author(s) 2024

Abstract

As urban land use expands, understanding the conservation of biodiversity in urban settings becomes increasingly impor-
tant. Urban areas contain a wide range of remnant natural, semi-natural and anthropogenic woodlands but the biodiversity
of these woodlands is not well studied. Urban woodlands are usually constrained in size and subject to management which
may not be focused on promoting biodiversity. As a habitat of critical importance, the characteristics of urban woodlands
need to be better understood to maximise their biodiversity within a limited footprint in the urban landscape. We used
repeat line-transect surveys and rapid woodland structure habitat assessments to investigate the habitat associations of but-
terflies in ten woodland patches representing a range of sizes (between 1 and 40 ha), ages and woodland characteristics in
the urban habitat matrix of Milton Keynes, UK. We found that ancient woodland sites supported every species detected,
but the butterfly communities of amenity and roadside woodlands had similar species richness, diversity and abundance,
regardless of size. Butterfly species richness was strongly associated with both woodland area and structural complexity
at a site-scale, but only with structural complexity on a transect scale. Simpson diversity showed no correlation with any
variable at the site scale, but strong correlation with structural complexity on transects. Abundance only correlated with
area at the site scale. Our results suggest that management techniques that introduce structural complexity within urban
woodlands may be an effective way to support butterfly richness and diversity in contexts where woodland areas cannot
be increased.
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Impacts for insect conservation

Urban woodlands can provide valuable habitat for butterflies on a multitude of scales, but structure is key. There is sig-
nificant value in large urban woodland patches, but similar value in smaller patches under a management regime that
introduces structural complexity and thereby habitat heterogeneity. Conversely, even large woodland patches can be poor
sites for butterflies if management does not lead to structural complexity. A network of structurally diverse, large and
small woodland patches has the potential to support diverse woodland butterfly populations within urban landscapes, and
urban ancient woodlands also present extremely valuable habitats for butterflies.

Introduction 2017). This is particularly the case in insects, where changes

in habitat have caused over 40% of species to become

Global biodiversity is declining (Montgomery et al. 2020;
Wagner 2020), with human land-use intensification and
habitat loss driving extinctions (Allan et al. 2015; Betts et al.
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threatened with extinction, with habitat loss, conversion to
intensive agriculture and urbanisation as the biggest drivers
(Sanchez-Bayo and Wyckhuys 2019). Among the insects,
Lepidoptera are one of the most impacted orders (Maes
and Van Dyck 2001). The United Kingdom (UK) is one of
the world’s most nature-depleted countries (Hayhow et al.
2019), in the bottom 10% globally, and the least nature-rich
in the G7 group of industrialised nations (Ashworth 2021).
In 2019, nearly 83% of the UK population lived in urban
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areas (UK Government 2021b). In England, there is a huge
demand for house building as populations expand, increas-
ing demand for land for conversion to urban areas (Environ-
ment Agency 2023). Globally, urbanisation of the landscape
has expanded at a rate twice as fast as population growth
from the 1980s to the 2010s (Angelstam et al. 2004; Seto et
al. 2012), and is having a dramatic negative impact on biodi-
versity (Bateman et al. 2013; Aronson et al. 2014; Haaland
and van den Bosch 2015), and therefore ecosystem func-
tion (Seto et al. 2012). As urbanisation has driven multiple
taxa into decline in abundance and diversity at local and
landscape scales (Piano et al. 2020), examining how species
persist in fragmented habitats within a hostile urban matrix
is important (Baldock et al. 2019; Rivkin et al. 2019). There
are also a wide range of ecosystem services that urban green
spaces provide (Livesley et al. 2016) with positive effects
on human health (Lee and Maheswaran 2011; Sandifer et al.
2015). This includes psychological wellbeing, decrease in
feelings of depression, stress, with positive effects on mood
and self-esteem (see Sandifer et al. (2015) for an extended
table of effects). Positive effects on human psychology have
been linked not just to nature exposure, but species rich-
ness and habitat diversity as well (Fuller et al. 2007; Hough
2014). Biodiversity also positively affects physical health
such as chronic allergies and inflammatory diseases (Hanski
etal. 2012).

Butterflies in the UK are on an unprecedented downward
trend, with 80% of UK butterflies having declined in abun-
dance or distribution since the 1970s (Fox et al. 2023). Pre-
vious work has shown that urbanisation negatively impacts
butterfly populations (Blair 1999; Hardy and Dennis 1999;
Bergerot et al. 2012; Soga and Koike 2015; Dennis et al.
2017), with declining habitat quality and reduction of over-
all habitat area among the largest contributing factors (Oliv-
ier et al. 2016). Butterflies are effective bioindicator species
which can represent the diversity of other taxa in response
to environmental change (Thomas 2005; Pe’er and Settele
2013), and therefore such a rapid decline is alarming as it
may indicate wider species loss.

Woodlands are used by 67% of UK resident butterfly spe-
cies (Clarke et al. 2011) where they commonly breed and
find resources in the woodland edge, its rides, glades and
the tree canopy, with about one third of these species using
woodlands exclusively (Warren and Thomas 1992). While
urban woodlands and their butterfly populations are not well
studied, urban butterflies have been found to rely on habi-
tat quality, habitat variation and patch area (Bergerot et al.
2011; Olivier et al. 2016). Habitat preferences and dynamics
of butterflies within wooded habitats out of urban areas have
also been discussed (Shreeve and Mason 1980; Robertson et
al. 1995; Slamova et al. 2013; van Halder et al. 2015; Ville-
mey et al. 2015). Management strategies such as coppicing
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are beneficial for much woodland biodiversity, particularly
butterflies, as most of the species associated with woodlands
are found and breed in open, grassy herbaceous areas (War-
ren and Thomas 1992). Management techniques such as
these move the state of ecological succession away from a
closed canopy towards a semi-open canopy structure that
has more primary production and is a key tool in supporting
woodland restoration and improving biodiversity (Kirby et
al. 2017a; Vanbeveren and Ceulemans 2019). In an urban
context, canopy cover extent has been shown to correlate
positively with biodiversity (Wang et al. 2019) but canopy
closure decreases biodiversity (Gao et al. 2014).

Urban woodlands are threatened by development, but
also recreation (Jim 2011), habitat fragmentation (Ramalho
et al. 2014), pollution (Hargitai et al. 2016) and invasive
non-native species (Vallet et al. 2010). However, urban
woodlands can provide a wealth of biodiversity under the
right conditions (de Andrade et al. 2019). The characteris-
tics of urban woodlands which support diverse and abun-
dant butterfly populations are not well studied, therefore,
an understanding of associations between urban woodland
characteristics and butterfly diversity and abundance can
help inform woodland management and urban woodland
biodiversity more broadly (Ramirez-Restrepo and Mac-
Gregor-Fors 2016). The principal question we address here
is: what habitat characteristics best explain variation in but-
terfly species richness, abundance and diversity across urban
woodland patches? This will help inform the best practices
for urban woodland conservation for butterflies and the spe-
cies they represent as a bioindicator species. While increas-
ing woodland size should support greater species diversity
(Schoener 1976; Lawton 1999), this may not be possible
within urban landscapes where space is limited through
competing land uses and the prohibitive cost of land.

Method
Study area

The study was conducted in Milton Keynes, Buckingham-
shire, UK (52.0406° N, 0.7594° W), a rapidly growing city
of over 280,000 people that covers an area of approximately
89 km?. It is home to three large and several smaller patches
of ancient woodland, recent amenity plantation and park-
land which are connected by ‘grid-road corridors’ that serve
as the city’s main transport routes. Milton Keynes was a
new town, built from the late 1960s and was once touted
to be a “city of trees”, with a deliberate focus on tree plant-
ing when it was established, therefore the verges of these
road corridors are largely wooded, and range in size from
a few individual trees to long, thin patches of semi-mature
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woodland. Woodland within the urban area is predominantly
broadleaved deciduous, with few coniferous species. Soils
are mostly calcareous and clay-rich (Milton Keynes Council
2016) that support a wide array of native and non-native
species of trees, shrubs and other types of vegetation. As a
place with several large ancient woodland patches, there are
also over 200 notable, veteran or ancient trees (Woodland
Trust 2023).

Ten woodland sites were selected for study in Milton
Keynes to encompass a range of woodland types and sizes
across three categories (1) Ancient woodland, as designated
by Natural England (2023), areas that have been continu-
ously wooded since at least 1600 AD, (2) Amenity sites:
typical parks or similarly wooded areas of recent planting
for recreational use with a mixture of native and non-native
species. (3) Roadside, areas for woody vegetation in typi-
cally long thin strips along the “grid roads”. Roadside sites
were characterised by an often-dense mixture of native and
ornamental trees and shrubs. Site area was mapped in and
measured in ArcGIS pro (Esri 2023). Study woodlands
were selected based on age, size and broad composition fol-
lowing discussion with the site managers The Parks Trust
(https://www.theparkstrust.com/) which owns and manages
over 2400 ha of green space in Milton Keynes. Site selec-
tion was constrained by the availability, size and distribution
of all woodland categories. The number of ancient wood-
lands within the urban matrix is limited, with three large
sites (between 25 and 40 ha) and two substantially smaller
sites (2 ha). There are several amenity woodlands in MK,
but most of these are relatively small and located in specific
parts of the city. Roadside woodlands are widespread but
limited in size with relatively few contiguous patches large
enough for a single 500 m transect. All but one of the ancient
woodlands are under active management, but all other sites
visited have no specific management regime described.

Butterfly surveys

Twenty-one 500 m line transects were placed across the ten
urban woodland sites to measure butterfly occurrence and
abundance from June to September 2022, with each transect
visited weekly. Transects were surveyed using Pollard walks
(Pollard 1977) in accordance with the standard UKBMS (no
date) recording method, which includes consideration for
temperature and time of day. This method involves walking
a transect in a single line at a slow and steady pace, record-
ing any butterflies that occur either 5 m in front, above or
2.5 m either side of the transect path. Any individual outside
of this range was ignored. For this reason, the Pollard Walk
method does not reliably record arboreal species as there
is a limit to the height of the survey area. Each of the 3
roadside sites and two smaller ancient woodlands had one

transect each, with the two larger amenity sites assigned two
each. The remaining woodlands which were significantly
larger had 3 or 4 transects each.

Surveys were partially randomised: sites were grouped
into 5 groups of nearby sites so that all sites within a group
could be surveyed on a single day. The order of survey for
each group was then randomised to reduce sampling bias.
Transects were designed to capture as much character of
each site as possible to ensure that the variation present in
each woodland was recorded. Prior to beginning surveys,
each woodland area was walked through numerous times to
understand the variation in its character from a simple visual
assessment. Once completed, transects were designed to
pass through as many of the woodland features as possible,
ensuring the unique characteristics of each site were sur-
veyed such as areas of shaded or sparse tree cover, or open
florally dense areas. Additionally, transects were designed
with accessibility in mind, where the recorder would be able
to focus their attention on recording butterflies without hav-
ing to concentrate on navigating complex or unsafe terrain.
This necessity often prevented surveys in the densest parts
of a woodland. Transects were visited up to ten times dur-
ing the survey period, avoiding periods of rain or extreme
heat. Because of the high number of repeat visits combined
with relatively low species diversity we considered that sur-
veys gave a complete picture of the butterfly community at
each site, and therefore used simple species richness rather
than rarefaction in our analysis. Butterfly species richness
and Simpson diversity index were calculated in R using the
Vegan package (Oksanen et al. 2022).

Woodland structure surveys

Habitat data were collected at 100 m intervals along each of
the transects. 10 X 10 m quadrats were placed on alternating
sides along the transect where possible — at some narrow
sites, it was not possible to alternate the position of quad-
rats as it would result in data collection in the road. Habitat
structure was assessed by recording the percentage cover of
vegetation at 1-2 m, 2-5 m, 5-10 m and over 10 m height
intervals. Canopy openness was measured on a 0—25-point
scale using a canopy scope, designed and used following
Brown et al. (2000). Percentage of ground covered by vege-
tation of any kind (< 1 m height), bare ground and leaf litter
cover were estimated. Finally, maximum tree height within
each quadrat was estimated to the nearest metre. The stan-
dard deviation of maximum canopy height was calculated
to produce a proxy for canopy structural complexity per site
and transect (Zenner 2000). In total, 105 quadrats were sur-
veyed across the 10 sites. Site areas were log-transformed
for statistical analysis, and all independent variables were
standardised using the ‘scale’ function in R.
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Statistical analysis

All statistical analysis and visualisation were conducted in
R (2023.03.1 Build 446 “Cherry Blossom™: R Core Team
2022) with model parameters checked for compliance with
model assumptions using the R package ‘performance’
(Liidecke et al. 2021). Associations between butterfly
data (species richness, abundance and diversity) and habi-
tat structure variables were investigated separately at site
and transect level using linear regression models and lin-
ear mixed models respectively. For site-level analyses, the
mean of all transect values in each site were calculated for
butterfly and habitat structure data and analysed using the
Im() function in R. Since multiple transects were surveyed
in several sites, leading to potential spatial non-indepen-
dence, transect-level analyses were carried out using linear
mixed models in the Ime4 package in R (Bates et al. 2015)
with ‘site’ as a random factor.

Independent variables were tested using Pearson cor-
relations with the butterfly data due to the low degrees of
freedom in an exploratory phase, and significant terms were
chosen for the model. When a suitably structured model
was produced, variables were checked for multicollinearity
for Variance Inflation Factor (VIF), where a VIF of > 2 and
Condition Index > 30 were removed from the model (Bels-
ley et al. 1980; Hair et al. 2019). Non-significant terms were
retained if they improved model fit, which was determined
by selecting the model with the highest adjusted R* value
but were otherwise discarded. Separate analyses to assess
the effect of woodland type on butterfly species data were
conducted at both site and transect scales. In these models
the woodland type was included as a factor in separate lin-
ear regression models, and an ANOVA test using the func-
tion aov() was conducted on each model to determine the
statistical significance of type on richness, abundance and
diversity.

Results
Habitat structure

The three woodland types varied in their habitat characteris-
tics (Table 1). There were similarities between aspects of the
woodland types, but no two types were consistently more
similar to each other across all variables. Ancient woodland
sites were the largest overall, had taller trees and a more
complex canopy structure. There are significant correlations
between ancient sites and structural complexity (p =0.02, R?
0.69) as well as canopy height (p=0.04, R=0.65), but this
is not the case with roadside or amenity sites. Canopy was
more open at amenity sites despite these having the lowest
structural complexity. Mid and under-storey canopy cover
was most similar between ancient woodlands and roadside
sites, but ground cover was most similar between amenity
and ancient woodlands.

Butterfly abundance

Across all sites, a total of 1,111 individuals from 16 but-
terfly species were detected (Table 2). The most abundant
species were Pararge aegeria (409 individuals), Aphanto-
pus hyperantus (210 individuals) and Pieris brassicae (111
individuals). The largest most structurally complex site con-
tained every species seen in the study, except Melanargia
galathea, and had the highest total butterfly abundance. P,
aegeria and P. brassicae were most widespread, occurring
at every site, followed by Maniola jurtina that occurred
at 9 sites. Mean butterfly richness was highest in ancient
woodlands (11.8 species per site), followed by amenity (7
species) and roadsides (6 species). The single species that
occurred at the amenity sites and not the roadside was Van-
essa atalanta. Only Argynnis paphia occurred exclusively

Table 1 All habitat data summary by woodland type, presented with the range (minimum to maximum), mean, and standard deviation (S.d.).

Highest mean values are highlighted in bold

Variable Amenity Ancient Roadside

Range Mean S.d. Range Mean S.d. Range Mean S.d.
Mean Area (Ha) 5-10 7.3 3.8 2-40 20.1 17.3 05-1 0.7 0.2
Canopy Height (m) 9-12 10.6 1.5 10-14 11.5 0.6 7-8 7.5 0.8
Structural Complexity 14 2.7 2.1 4-6 4.4 1.6 3-3 3.1 0.3
Canopy Openness 10-15 12.5 3.9 4-13 8.8 3.9 6-16 9.3 6.5
Cover 10 m + (%) 5-27 16.2 15.8 18-46 339 11.0 0 0.0 0.0
Cover 5-10 m (%) 17-62 39.5 31.8 30-44 40.2 6.1 40-53 46.0 6.6
Cover 2-5 m (%) 13-30 21.3 11.7 36-72 49.1 14.4 48-80 59.3 17.9
Cover 1-2 m (%) 13-31 22.4 12.3 29-59 40.8 11.5 36-61 48.5 12.5
Ground Cover (%) 50-83 66.8 23.0 56-84 68.7 104 70-96 81.8 13.3
Leaf Litter (%) 24-47 35.7 16.2 18-69 39.0 19.5 3148 41.3 8.8
Woodchip (%) 4-5 4.7 0.9 0-6 23 2.8 0-75 36.7 37.5
Bare Ground (%) 13-32 22.4 13.8 3-40 25.8 17.3 4-20 11.3 8.1
No. sites 2 5 3
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Table 2 Butterfly species occurrence (number of sites each species was
recorded) and abundance across all 10 sites

Species No. sites  Abundance
Speckled Wood (Pararge aegeria) 10 409
Large White (Pieris brassicae) 10 111
Meadow Brown (Maniola jurtina) 9 67
Gatekeeper (Pyronia tithonus) 8 83
Green-Veined White (Pieris napi) 8 33
Ringlet (Aphantopus hyperantus) 7 210
Peacock (A4glais io) 7 19
Small White (Pieris rapae) 6 14
Red Admiral (Vanessa atalanta) 5 13
Comma (Polygonia c-album) 4 27
Silver-washed Fritillary (Argynnis paphia). 3 60
Large Skipper (Ochlodes sylvanus) 3 26
Brimstone (Gonepteryx rhamni) 3 10
Common Blue (Polyommatus icarus) 3 9
Holly Blue (Celastrina argiolus) 3 7
Marbled White (Melanargia galathea) 2 13

at ancient woodland sites, of which were the three largest
patches.

Associations with woodland type

At the site scale, ancient woodland sites had the highest spe-
cies richness and abundance, but amenity woodlands had a
higher Simpson’s index value (Table 3). Amenity woodlands
had higher species richness (7 versus 6 species per site) and
Simpson’s index (0.69 vs. 0.62) at the site level than the
roadside sites. At the transect scale, ancient woodland had

the highest values for all three metrics. Species richness was
similar between amenity and roadside sites (2.60 species
transect™! vs. 2.27 species transect™! respectively) at this
scale, but Simpson’s index was notably higher at the ame-
nity sites (0.47 vs. 0.36). Using type as a factor, an ANOVA
test on six different linear regression models for the but-
terfly data (3 for each scale) show that there is no correla-
tion between woodland type and species richness (F=4.36,
p=0.059), abundance (F=2.76, p=0.13) or Simpson
diversity (F=1.19, p=0.35) on the site scale. On the tran-
sect scale, woodland type positively correlates with richness
(F=7.81, p=0.003) and abundance (F=6.52, p=0.007)
but not Simpson diversity (F=0.80, p=0.46).

Site level butterfly analysis

The exploratory data analysis using significant Pearson cor-
relations resulted in terms used for site-level models for
butterfly richness, abundance and Simpson diversity includ-
ing log site area, canopy height and structural complexity
as independent variables (Table 4). Type was included in
building these models, but the VIF exceeded the threshold
for richness (8.1), abundance (2.5) and diversity (9.6) so
these terms, along with other variables which exceeded this
level, were removed from the model.

The richness and abundance models showed very good
fit with high R? values, but not the model for Simpson diver-
sity. Structural complexity and log site area showed signifi-
cant positive associations with richness but not abundance.

Table 3 Summaries of diversity, abundance and Simpson’s diversity index by woodland type at site and transect scale. Highest mean values per
metric are in bold. Bracketed values represent the range (minimum — maximum)

Site level Transect level

Tpe Richness Abundance Simpson Richness Abundance Simpson
Amenity 7 59 0.72 3 5 0.47

(6-8) (57-61) (0.65-0.78) 3-3) (6-4) (0.46-0.47)
Ancient 12 177 0.70 5 13 0.60

(6-15) (25-349) (0.60-0.85) 3-7 (13-18) (0.50-0.72)
Roadside 6 26 0.59 3 5 0.36

(5-8) (16-38) (0.51-72) 2-3) 8-3) (0.29-0.42)

Table 4 Multiple regression model outputs of the relationship between butterfly species richness, Simpson diversity and abundance and habitat
variables at site level. Confidence interval (CI) is presented in brackets underneath each estimate

Richness (Site) Abundance (Site) Simpson (Site)
Variable Estimates p Estimates P Estimates p
(Intercept) 9(7.90-10.10) <0.001 108.5 (64.1-152) <0.001 0.68 (0.59-0.76) <0.001
Structural Complexity 1.73 (0.45-3.01) 0.01 0.07 (-0.02-0.17) 0.10
Log area 3.35(1.8-4.8) 0.001 95.3 (48.5-142) 0.002 -0.04 (-0.14-0.07) 0.42
Canopy Height -1.43 (-2.9-0.07) 0.06
Canopy Openess 0.03 (-0.06-0.13) 0.38
Ground cover -0.04 (-0.13-0.06) 0.38
Sites 10 10 10
R?/Adj. R? 0.90/0.85 0.73/0.70 0.50/0.01
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Fig. 1 Butterfly richness plotted against structural complexity at the site level, with the grey shading showing the confidence interval (95%).

Transect level butterfly analysis

Table 5 — Mixed effect model outputs of the relationship between butterfly species richness, Simpson diversity and abundance and habitat vari-
ables at transect level, with site as a random effect. Confidence interval (CI) is presented in brackets underneath each estimate

Richness (Transect)

Abundance (Transect) Simpson (Transect)

Variable Estimates p Estimates 2 Estimates p

(Intercept) 8.3 (7.0-9.5) <0.001 51.7 (35.3-68.1) <0.001 0.68 (0.63-0.74) <0.001

Structural Complexity 1.41 (0.09-2.7) 0.04 0.06 (0.01-0.12) 0.03

Log Area 1.26 (-0.18-2.6) 0.08 14.3 (-1.2-29.9) 0.07 -0.03 (-0.09-0.04) 0.40

Canopy Cover (1-2 m) (%) -0.09 (-1.50-1.3) 0.9 -0.07 (-0.13 —-0.01) 0.03
Random Effects

o’ 5.8 700.8 0.01

Too 0.36 g 204.20 e 0.00

ICC 0.06 0.23 0.11

N 10 e 10 e 10 4

Transects 21 21 21

R?/Adj. R? 0.46 /0.42 0.37/0.10 0.40/0.32

Log site area showed a positive correlation with abundance.
No terms were significant in the Simpson diversity model.
Figure 1 shows the relationship between species richness
and structural complexity at the site scale, with types and
patch sizes included.
Transect level models were fitted with mixed effects,
with site as a random effect to account for spatial
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non-independence (Table 5). Type was included in build-
ing these models, but there was no significant fit, and the
VIF exceeded the threshold for richness (8.2), abundance
(5.4) and diversity (6.3) so these terms, along with other
variables which exceeded the threshold, were removed from
the model.
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Structural complexity showed significant positive cor-
relations with species richness and Simpson diversity but
not abundance which has no significant terms. Log site area
showed no correlation with richness, diversity, or abundance
at the transect scale. Canopy Cover (1-2 m) (%) showed a
negative correlation with Simpson diversity (p=0.03). Fig-
ure 2 shows the relationship between species richness and
structural complexity at the transect scale.

Discussion

Woodland biodiversity is affected by many factors includ-
ing age, size, structure and connectivity. Urban settings con-
tain a mix of woodland formations that can support a range
of diverse insect assemblages, and this study shows that
urban woodlands can have significant value as habitat for
butterfliecs. We found 16 butterfly species on our transects
across the ten sites in our study. Since the survey method we
deployed tends to miss canopy-dwelling species, it is likely
that the actual species richness in these urban woodlands
is somewhat higher. Purple Emperor (Apatura iris), Black
Hairstreak (Satyrium pruni), Purple Hairstreak (Favonius
quercus) and White Admiral (Limenitis camilla) have been

recorded in previous surveys of these sites by landowner
the Parks Trust (The Parks Trust 2014, 2015, 2017b) and as
part of ongoing biodiversity monitoring (The Parks Trust
2017a).

Across all our sites, ancient woodlands supported the
highest richness and abundance of butterflies. Ancient
woodlands have several characteristics that distinguish
them from the other woodland types, such as more diverse
and often unique and dispersal-limited ground flora (Ellis
2015), tree species richness, unique soil properties and
longevity (Erenler et al. 2010; Alder et al. 2023). They are
considered priority habitats for conservation of nature in the
UK (Thomas et al. 1997) and receive additional protection
in the planning system (UK Government 2021a).

Although the special characteristics of ancient woodlands
undoubtedly underpin their species richness, this study dem-
onstrates that patch area and structural complexity explain
a substantial proportion of the variation in species richness,
abundance and diversity across urban woodlands, indepen-
dent of woodland type. This is best exemplified by the con-
trast between the two smallest ancient woodland sites, both
of which are around 2 ha in area (Fig. 1). The less structur-
ally diverse of these two had fewer species than three of the
non-ancient woodlands. Conversely, the more structurally

@ @ @
12.51
®
® »
Patch area (Ha)
=100 ) ® @ o 1
3 ® 5
z
2 ® ® 0
2 ® 5
© @ 40
S 751
.8 b @ Woodland type
§ @ Amenity
0 ® @ Ancient
L @ Roadside
5.0 @ @
© ®
2.54

Structural complexity (m)

Fig. 2 - Butterfly richness plotted against structural complexity at the site level, with the grey shading showing the confidence interval (95%)
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diverse of these two sites was more species rich than all
but the three larger ancient woodlands. Our models could
not be fitted with type as term that resulted in a significant
correlation with the butterfly data that stayed within the VIF
threshold.

At site scale, both structural complexity and site area
were positively correlated with species richness, with area
having the greatest effect overall. Simpson diversity showed
no correlation with any variable at this scale, and abundance
was strongly correlated with area only. At the transect scale,
site area had no statistically significant correlation with
butterfly species richness, abundance or diversity. Instead,
structural complexity was the largest contributing factor to
species richness and Simpson diversity, but not abundance.
This suggests that more species rich and diverse transects
are ones with a greater degree of structural complexity.
Percentage ground cover also had a significant negative
correlation with Simpson Diversity. The reasons for these
patterns most likely relate to the size and management of
these woodlands. As including type in the models at either
scale causes a VIF to exceed the threshold or no significant
correlation, this suggests these terms are capturing some of
what is being summarised by the habitat type designation
of ancient, as the ancient woodland type strongly correlates
with structural complexity.

Species-area relationships are very widely reported
across ecosystems, including woodlands (Shirley and Smith
2005; Beninde et al. 2015; Haddad et al. 2015; Rabelo et al.
2017; MacDonald et al. 2021). There are several potential
reasons for this including greater habitat heterogeneity in
large sites, lower extinction rates and higher colonisation
rates (Franzén and Nilsson 2010; Fernandez-Chacon et al.
2014). The fact that the area-richness relationship breaks
down at transect level indicates that, in our study system,
higher richness in large sites is because of greater heteroge-
neity within sites: large sites do not consistently have more
species per transect than smaller ones. Instead, our results
show that structural complexity is a key factor determining
species richness and diversity in our urban woodlands.

Previous authors have identified stronger links between
insect species richness and habitat complexity than habitat
area (Thomas et al. 2001; Helden and Leather 2004), and the
general importance of habitat heterogeneity for species rich-
ness (Baldi 2008; Kallimanis et al. 2008; Shen et al. 2009)
including in urban areas (Beninde et al. 2015). Structural
complexity is important as woodland butterfly species are
adapted to a natural cycle of open canopy which closes over
time (Merckx et al. 2012; Fartmann et al. 2013). Complexity
may be a proxy for the combined effects of other variables
that we were unable to measure in this study, such as floristic
diversity, which accompanies this cycle. Ancient woodlands
are typically associated unique Ancient Woodland Indicator
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(AWI) species that are often dispersal limited (Panter and
Dolman 2012). While varied, most butterflies in this study
are not dispersal limited or woodland habitat specialists that
do not rely on any larval foodplant uniquely associated with
ancient woodlands. Similarly, they have also managed to
pass the potentially challenging ecological filter that is the
urban landscape itself (Wood and Pullin 2002) and there-
fore may not rely on the specific and unique features of an
ancient woodland provides. This suggests that typical ame-
nity woodlands in urban areas could be managed to improve
their quality as butterfly habitat. Historical management in
UK ancient woodlands involves coppicing (cutting at or
near ground level) of species with the capacity for regen-
eration from the base of the stem. This practice mimics the
natural cycle of canopy openness (Van Calster et al. 2008)
and introduces canopy complexity but has declined since
the 20th century, negatively impacting biodiversity (Kirby
et al. 2017b) as unmanaged woodlands become more struc-
turally homogeneous and lose their patchwork of succes-
sional states and therefore botanical diversity.

Management of urban woodlands

Our results indicate that effective management of urban
woodland for butterflies should aim to introduce a diverse
mosaic of structure. Neglecting commonplace traditional
woodland management techniques and allowing wood-
lands to grow unmanaged can lead to a poor realisation
of the potential value they hold for butterflies and other
insects (Herrault et al. 2016). Thomas et al., (2001) called
for a reprioritisation of habitat management for butterflies
with a focus on habitat quality previously, and this study
concurs. Using traditional coppicing techniques on urban
woodlands, perhaps using ancient woodland management
plans as a template, will positively impact butterfly popula-
tions as well as other species common in urban areas (Carr
et al. 2020; Vymazalova et al. 2021). Rotational coppice
management was evident at our ancient woodland sites, but
not in the other sites we studied. The roadside sites were too
young, small or species poor to allow for such management,
and this may be a fundamental constraint on managing some
urban woodlands for butterfly diversity. Underplanting with
additional species (Moffatt et al. 2008) could accelerate this
process, but establishing diverse and abundant woodland
butterfly communities in urban woodlands will ultimately
require space, resources and time: things which are cur-
rently in short supply.

Further research is required to determine how and
whether the numerous small urban woodlands of different
qualities that are found across urban landscapes operate as
a network that supports functioning butterfly populations.
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Conclusion

With woodlands becoming ever more fragmented, and the
unique pressures faced by urban woodlands, a focus on how
to best utilize the fragments we are left with is a key area
of continued research. We find that urban woodlands hold
significant value for butterflies, and even on a small scale
can provide suitable habitat for a variety of species. Simi-
larly, our results identify that, while patch area is important,
structural complexity is a driver of species richness, with
age undoubtably underpinning the species richness as well.
This is a key finding for urban settings where opportuni-
ties for expansion of individual sites may be limited, but
establishing new sites and improving existing ones is pos-
sible. A lack of management leading to a homogenous can-
opy structure wastes the potentially high biodiversity value
of an urban woodland. Incorporating traditional woodland
management techniques should be considered as part of bio-
diversity management where the conditions allow.
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