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As a consequence of long-term deforestation, woodland cover has been drastically reduced in the United
Kingdom. The remaining woodland consists mainly of small, highly fragmented woodland patches within
farmland. A number of agri-environment schemes aim to increase the amount and quality of woodland
on agricultural land, but there is limited information on associations between moths and woodland char-
acteristics which can be used to produce practical recommendations for woodland creation and manage-
ment. We studied micro- and macromoth communities in woodland patches within farmland to assess
the effects of woodland vegetation character and patch configuration. In addition, we measured the influ-
ence of the surrounding landscape to assess the potential importance of a landscape-scale management
approach for moth conservation. In general, high tree species diversity and a high proportion of native
tree species were related to higher moth abundance and species richness; there was a negative impact
of grazing. Moth abundance and richness were higher in large woodland patches located close to other
woodlands. Woodlands of compact shapes (with proportionally less edge exposed to the surrounding
matrix) had higher numbers of ‘woodland species’, which were associated with woodland core habitat.
Small woodland patches can potentially maintain relatively high moth abundance and richness, depend-
ing on their shape and proximity to other woodlands. Woodland extent was the most important land-
scape parameter influencing moths, mostly at relatively small spatial scales (<500 m); macromoth
‘woodland species’ were influenced by woodland extent at larger spatial scales (<1500 m) and are more
likely to benefit from a landscape-scale management approach. Our results have important implications
for the design and management of woodland patches of high conservation value within agricultural land.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

1997). Ecological research and conservation efforts for Lepidoptera
have been largely focused on butterflies. Relatively little attention

As a consequence of long-term deforestation, woodland cover in
Europe has been drastically reduced. In the United Kingdom (UK),
the decrease has been so severe that at the beginning of the 20th
century woodland was estimated to comprise ca. 5% of the land
area (Mason, 2007). Programmes of afforestation over the last
50 years have increased this figure to approximately 12% cover
(Mason, 2007). Much of this consists of forestry plantations, which
in many cases have low species richness (exotic fast growing coni-
fers) and low structural diversity (Mason, 2007). The remainder is
highly fragmented and consists of a large number of relatively
small woodland patches (<100 ha) within agricultural landscapes
(Watts, 2006).

Moths occupy a variety of habitats, but many species (e.g. about
two-thirds of British macromoths) occur regularly in woodlands
and are associated with native tree species (Waring, 1989; Young,
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has been given to macromoths and even less to the conservation
status and habitat requirements of smaller micromoths, even
though they comprise a large proportion of most local lepidopteran
assemblages (Bland and Young, 1996). Many moth species have
undergone severe population declines. In the UK, 62 species be-
came extinct during the twentieth century (Fox et al., 2006) and
many common and widespread macromoth species have shown
significant population declines over the last few decades (Conrad
et al., 2006). Moths have important roles as pollinators (Proctor
et al., 1996), are an important food resource for many species of
birds, bats and small mammals (Vaughan, 1997; Wilson et al.,
1999) and a sensitive indicator group for agricultural intensifica-
tion and forest quality (Jennings and Pocock, 2009; Kitching
et al., 2000).

One of the most important threats to moths is habitat loss and
fragmentation (Conrad et al., 2004), although changes in the struc-
ture, management and spatial configuration of woodlands have
also been linked to declines of certain species (Broome et al.,
2011; Fox et al., 2006). Moth abundance and species richness tend
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to increase with woodland patch size; woodland quality also influ-
ences moth populations, with herbaceous plant species richness,
tree species diversity and tree basal area positively affecting moth
abundance and species richness (Summerville and Crist, 2002,
2003, 2004; Usher and Keiller, 1998). Whilst the effects of patch
configuration (e.g. shape and isolation) have rarely been assessed
in these studies, Usher and Keiller (1998) found that compact
patches had higher richness of woodland specialist species than
elongated patches, while increased patch isolation reduced species
richness of woodland macromoths. In addition, although positive
effects of landscape heterogeneity, extent of open semi-natural
environment and woodland up to 2 km from a locality have been
reported for lepidopteran communities (Ekroos et al., 2010; Fuen-
tes-Montemayor et al., 2011; Ricketts et al., 2001), the influence of
the surrounding landscape has seldom been evaluated when
studying moths in woodland fragments (but see Summerville and
Crist (2004) who showed that increasing percentage cover of
woodland within 1 km positively affects the abundance and spe-
cies richness of woodland specialists). Many other taxa (e.g. small
mammals and birds) are also affected by habitat fragmentation and
exhibit patterns similar to those shown by moths (Fitzgibbon,
1997; Hinsley et al., 1995). In general, woodland patch size and
availability at the landscape level are the most important factors
influencing woodland specialists, whereas connectivity is most
useful for generalist species for which patch size is not as impor-
tant (Dolman et al., 2007; but see Bright, 1998).

In the UK, a number of agri-environment schemes (AES) which
aim to increase the amount and quality of woodland on agricul-
tural land have been in place for the past 20 years (Crabtree,
1996). However, recommendations for the creation and manage-
ment of woodland to improve habitat for wildlife are strongly
biased towards birds and mammals (e.g. Blakesley and Buckley,
2010), often disregarding smaller taxa (e.g. arthropods; but see
Anonymous, 2007). In addition, the value of these woodland
patches, in terms of biodiversity gains, is rarely assessed (but see
Crabtree, 1996). Here, we examine both micro- and macromoth
communities in woodland patches within agricultural landscapes
to assess the effects of woodland vegetation character (e.g. tree
species richness), patch configuration (e.g. size and shape) and sur-
rounding landscape (e.g. proportion of woodland cover) on moth
assemblages. In particular, we addressed three specific questions:

1. Do moth abundance and species richness relate to woodland
vegetation character and patch configuration and, if so, to
which specific attributes?

2. Does the surrounding landscape influence moth populations in
woodland patches and, if so, at what spatial scale?

3. What is the relative importance of woodland vegetation charac-
ter, patch configuration and surrounding landscape for enhanc-
ing moth populations (e.g. is local management of woodlands
sufficient or is a landscape-scale management approach neces-
sary for moth conservation)?

Given that micromoths are usually characterised by low mobil-
ity (Nieminen et al., 1999), they might be more influenced by the
local habitat, and by patch isolation, compared to high mobility
species (e.g. certain macromoths such as Noctuids), which may
be more affected by habitat factors at larger scales (Merckx et al.,
2009, 2010; Tscharntke et al., 2002). Therefore, we expect the rel-
ative importance of vegetation character, patch configuration and
surrounding landscape to differ between micro- and macromoths.
Furthermore, given that woodland specialists are more affected by
woodland habitat quality and quantity than generalist species
(Summerville and Crist, 2008), we expect this group to show stron-
ger associations with the woodland character than other species.

2. Methods
2.1. Site selection and sampling design

Ordnance Survey digital maps (EDINA Digimap Ordnance Sur-
vey Service) were used to select 34 woodland patches within agri-
cultural land in central Scotland (Fig. 1). All woodland patches
were at least 60 years old (EDINA Historic Digimap Service) and
>1 km from each other; they were selected based upon their size
(from 0.1 up to 30 ha) and shape (ranging from compact to com-
plex; Appendix A). Woodlands of different sizes were evenly sur-
veyed throughout the duration of the field season and across the
study area, avoiding any seasonal and spatial bias. Broadleaved
woodlands and woodlands consisting of a mixture of conifer and
broadleaved trees were selected given that they resemble semi-
natural systems, whereas woodlands consisting purely of conifer
plantations were excluded from the site selection process because
they are often composed mainly of exotic tree species and are of
comparatively low conservation value to biodiversity (Mason,
2007). All sites were surveyed for vegetation and nocturnal moths
once during the summers of 2009 (June-August, 20 sites) and 2010
(May-July, 14 sites). We recognise that a single visit to each site
provides only a coarse description of local moth assemblages. We
adopted this approach in order to maximise the number - and to
cover a wider range - of sites surveyed when attempting to deter-
mine the factors influencing moth assemblages in woodland
fragments.

Vegetation surveys were conducted along transects of 100 m in
length. Transects within a woodland patch were located in an area
considered to be representative of the whole site (after exploration
and visual assessment of the woodland); one transect was used for
patches of 0.1-3 ha, two transects for patches of 3-10 ha, and three
transects for patches of 10-30 ha. Points were established every
15 m along each transect and the following data were collected
using the point-centred quarter method (Southwood and Hender-
son, 2000): tree species richness, tree density and tree basal area
(only trees >7 cm in diameter at breast height were measured).
Each point also served as the corner of a 10 m x 10 m quadrat -
which was used to visually assess understory cover (%) using the
Domin scale (Kent and Coker, 1992) - and a 2 m x 2 m quadrat -
used to visually determine the dominant ground cover type. Vege-
tation surveys were conducted no more than 2 weeks before the
nocturnal moth surveys.

Moths were collected using portable 6 W heath light traps pow-
ered with 12 V batteries, which were activated 15 min after sunset
and switched off after 4 h (the duration of the whole night period
during the shortest summer night in the study area) using auto-
matic timers. This allowed us to standardise the duration of the
surveys throughout the season, and ensured that species flying at
dusk and night were surveyed regardless of the duration of the
night. Species flying at dawn were most likely missed, as traps
were turned off before dawn (even during the shortest nights). Sur-
veys were only conducted in dry weather, when temperature was
>8 °C and wind force <Beaufort scale 4. Two traps were used in
woodland patches of 0.1-3 ha, four traps in patches of 3-10 ha,
and six traps in patches of 10-30 ha. The traps were >100 m apart
from each other to prevent the lights from interfering with each
other (Merckx et al., 2009). If the woodland patch was too small
to allow for this distance between traps, we ensured trees or
shrubs interrupted visibility between the lights (shortest distance
between traps ca. 50 m). At each patch, an equal number of traps
were located at the edge (<2 m from the edge) and the interior
(as far away from the edges as possible) of the woodland. When
more than one ‘edge’ trap was used, we positioned these on differ-
ent sides of the woodland patch to capture a wider variation of the
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Fig. 1. Map of central Scotland showing approximate locations of woodland patches (black dots) surveyed during 2009/2010 (map produced using Carto, EDINA Digimap

Ordnance Survey Service).

surroundings. The collected insects were euthanised and stored for
later identification; individuals were dissected to examine genita-
lia whenever species identification required it. Moth species for
which woodland is listed as the main habitat where species occurs
and/or for which the larval food is a woody plant - according to
Emmet and Heath (1991) and Waring and Townsend (2003) for
micro- and macromoths, respectively - were considered to be
strongly associated with woodland and assigned to the ‘woodland
species’ guild.

2.2. Landscape analysis

We used ArcGIS 9.2 (ESRI, 2006) to create circles of 250 m,
500 m, 1000 m, 1500 m, 2000 m, 2500 m and 3000 m radius
around the centre of each woodland patch. The smallest radius
(250 m) covers the dispersal distances of low mobility moth spe-
cies, the intermediate radii (e.g. 1.5 km), the dispersal distances
of many common moth species, and the largest radius (3 km)
approximates an upper limit to dispersal distances of more mobile
non-migratory moth species (Merckx et al., 2009; Nieminen et al.,
1999). Using data from OS MasterMap Topography Layer (EDINA
Digimap Ordnance Survey Service) we reclassified the landscape
within each circle into six biotope types: (i) urban areas (buildings,
structures and roads); (ii) farmland; (iii) water (inland and tidal
water); (iv) semi-natural environment (rough grassland and
scrub); (v) scattered trees (refers to large areas covered by scat-
tered trees, rather than to individual trees scattered across the
landscape); and (vi) woodland (coniferous, deciduous and mixed
trees). We then used Fragstats 3.3 (McGarigal et al., 2002) to calcu-
late the proportion of land covered by each biotope type and a
landscape heterogeneity index (Shannon diversity) within each
circle.

2.3. Data analysis
We calculated diversity indices for micro- and macromoths

using PAST (Hammer et al., 2001). We selected the « log series
diversity index because of its good discriminant ability, its low

sensitivity to sample size and the fact that a number of previous
studies have shown the index to be particularly suited to the
description of moth populations (e.g. Magurran, 1988).

All statistical analyses were conducted using R version 2.11 (R
Development Core Team, 2010). We performed Generalised Linear
Mixed-Effects Models (GLMMs; Zuur et al., 2009) to determine
which of the woodland character variables evaluated had an influ-
ence on moths. We used total values per trap (e.g. moth abun-
dance, richness or diversity) as response variables (n=126);
therefore, the unit used for analyses remained the same even when
sampling effort differed amongst sites of different sizes. Based on
published literature on the ecology of woodland moths, we se-
lected the following potential explanatory variables to be included
in the starting models: (i) vegetation character variables: wood-
land type, tree species richness, relative abundance of native tree
species, tree density, average tree basal area, understory percent-
age cover, dominant ground cover type, surrounding matrix type
and presence or absence of in-site grazing; and (ii) patch configu-
ration variables: woodland patch size (and its quadratic term to
consider a potential non-linear effect), woodland patch shape,
woodland patch isolation, trap location (woodland interior vs.
woodland edge) and their respective two-way interactions. See
notes in Appendix A for a full description of each variable. Date
and temperature at sunset were included as covariates. A correla-
tion matrix of all potential explanatory variables was created to
check for possible collinearity between predictors; variables were
considered to be strongly correlated if Pearson correlation coeffi-
cient >0.6 and P < 0.05. ‘Woodland type’ and ‘native trees’ were
the only two strongly correlated variables, with broadleaved
woodlands having a higher proportion of native trees than mixed
woodlands; only one of these predictors (the one most strongly
correlated with the response variable in turn) was included in
the starting models. ‘Site’ and ‘year’ (‘site’ nested within ‘year’)
were originally included in the models as random (grouping) fac-
tors, but because variation between years was negligible (variance
approximated zero) this factor was excluded and only ‘site’ was
used. All continuous variables were standardised following
Schielzeth (2010) in order to allow meaningful comparisons of
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the relative importance of predictors within a model, and interpre-
tation of main effects where these are involved in interactions.
Models were fitted using Poisson errors where the response vari-
ables were counts (e.g. moth abundance and species richness)
and Gaussian errors (on log transformed data to achieve normality
where necessary) for continuous variables (e.g. moth diversity). A
backwards step-wise approach to model simplification was
adopted, using P = 0.05 as a criteria for factor retention or removal.
Models were also assessed using Akaike’s information criterion
(AIC; Akaike, 1974) at each simplification step. For all response
variables the model selected by the stepwise approach matched
the model with the lowest AIC value; we therefore present the re-
sults of the simplified models. All models were validated by visual
examination of residuals (Crawley, 2007). These models are re-
ferred to as ‘woodland character’ models hereafter.

The effect of the surrounding landscape on moths was assessed
in two steps: Firstly, we used linear regression analyses to evalu-
ate the effect of each landscape parameter at different spatial
scales on moth abundance, richness and diversity. We used mean
values per trap for each woodland patch as response variables (log
transformed to achieve normality where necessary; n=34) and
Gaussian error types. Secondly, we selected the landscape param-
eter that explained the highest overall variation in moth commu-
nities (highest R? value from linear regressions averaged across
spatial scales) and added it, at each landscape scale, to the final
‘woodland character’ models (see above). We compared the
models without any landscape metrics against the new models
incorporating landscape metrics to assess whether they provided
a better fit to the data, based on AIC values and significance tests
which compare deviance values between models (¥ test; Zuur
et al., 2009).

We calculated an index of dissimilarity using PAST (Hammer
et al., 2001) to assess whether micro- and macromoth species com-
position differed between woodland interior and woodland edge
and whether these differences were influenced by patch configura-
tion metrics — patch size (and its quadratic term), patch shape,
patch isolation, and their respective two-way interactions. We se-
lected the Bray-Curtis dissimilarity index because it has been
extensively used in ecological studies and can be easily interpreted
(Waite, 2000). We used the total abundance of each species col-
lected at each site (all ‘interior’ traps pooled together vs. all ‘edge’
traps) to obtain a dissimilarity value for each woodland site
(n=34). Linear models were fitted using Gaussian error types on
log transformed data.

3. Results

We identified a total of 34 tree species (Appendix B). Tree spe-
cies richness ranged from 2 to 15 per site; tree density ranged from
181 to 2512 trees per ha and average tree basal area from 0.03 to
0.43 m?. Dominant ground cover types included ‘grass’, ‘litter’,
‘bare ground’, ‘ferns’, ‘herb’ and ‘moss’ (for analysis purposes, the
latter four were grouped in the ‘other’ category because they were
the dominant ground cover type in <2 sites). Appendix A summa-
rises the characteristics of each site.

We collected a total of 1674 micromoths, belonging to 66 spe-
cies (Table C1 in Appendix C) and 14 families, and 3518 macro-
moths, belonging to 146 species (Table C2 in Appendix C) and
eight families. Of these, 62 macromoth and 25 micromoth species
are strongly associated with woodland habitat (see Section 2) and
were analysed as separate groups because they are likely to show
stronger responses to woodland character. Eighteen moth species
(all macromoths) in our samples are classed as common but rap-
idly declining and are of special conservation concern (Fox et al.,
2006).

3.1. Effects of woodland vegetation character and woodland patch
configuration

After accounting for the effects of date and temperature, moth
abundance, richness and diversity were significantly influenced
by variables related to both woodland vegetation character and
woodland patch configuration (Table 1).

Micromoth abundance was positively related to the relative
abundance of native trees and the percentage cover of understory
in a woodland patch. In-site grazing had negative effects on micro-
moth abundance and species richness (fewer individuals and fewer
species in sites where grazing stock was present). Micromoth
abundance and species richness increased with woodland patch
size (Fig. 2a and b) and decreased with patch isolation (Fig. 3a
and b), with more moths and more species collected in large
patches, and in patches located close to other woodlands. Micro-
moth abundance was higher within the woodland interior than
at the edge. ‘Trap location’ was involved in an interaction with
‘woodland isolation’, indicating that the negative effect of wood-
land isolation on micromoth abundance and species richness was
stronger at the edge than in woodland interior. Micromoth species
richness was higher in broadleaved than in mixed (broadleaved
and conifer mix) woodland patches. Micromoth diversity was only
influenced by the dominant ground cover type - ‘grass’ and ‘litter’
had lower diversity than ‘other’ (based on visual examination
within this group, ‘moss’ < ‘herbs’ < ‘ferns’ < ‘bare ground’).

Micromoths assigned to the ‘woodland species’ guild (see Sec-
tion 2) showed stronger associations with woodland character
than all micromoth species (i.e. there was a higher number of sig-
nificant predictors for their abundance and richness; Table 1). In-
site grazing had strong negative effects on both abundance and
richness of micromoth ‘woodland species’. Tree species richness,
the relative abundance of native trees and tree basal area were
positively related to this group’s abundance and richness. Micro-
moth ‘woodland species’ abundance was negatively related to
the percentage cover of understory and influenced by the domi-
nant ground type; ‘grass’ and ‘litter’ had higher moth abundance
than ‘other’ (within this group, ‘bare ground’ < ‘moss’ < ‘herbs’ < ‘-
ferns’). Woodland configuration influenced micromoth ‘woodland
species’ abundance and richness, which were higher in larger
woodland patches (Fig. 2d and e) and in patches of compact
shapes. Woodland isolation had negative effects on this group’s
abundance (Fig. 3d), which was also higher in the woodland inte-
rior than at the edge. A significant interaction between ‘trap loca-
tion’ and woodland size indicated that the positive effect of patch
size on the abundance of woodland micromoths was stronger in
the woodland interior than at the edge (Fig. 2d). A significant inter-
action between ‘trap location’ and woodland shape indicated that,
in compact patches, micromoth ‘woodland species’ were more
abundant in woodland interior than at the edge, whereas this dif-
ference was non-existent in woodland patches of complex shapes.

Macromoth abundance and species richness were positively af-
fected by tree species richness and by the relative abundance of na-
tive trees in a woodland patch. Of dominant ground types, ‘grass’
and ‘litter’ had higher abundances and species richness than ‘other’
(within this group, ‘bare ground’ < ‘herbs’ < ‘moss’ < ‘ferns’). In-site
grazing had negative effects on macromoth abundance, richness
and diversity (fewer moths, fewer species and less diverse commu-
nities in sites where grazing stock was present). There were fewer
species and a lower abundance of moths in sites surrounded by
arable land than in sites surrounded by pastoral or mixed (pastoral
and arable mix) land. Woodland size was positively related to mac-
romoth abundance (Fig. 2f) - the same (marginally-significant)
trend was observed for species richness and diversity (Fig. 2g
and h) - whereas woodland isolation was negatively related to
macromoth abundance and richness (Fig. 3f and g). Significant



Table 1

Summary table showing significance values, parameter estimates +SE (for main effects only, no interactions) and goodness of fit (model R?) of the ‘woodland character’ models. Non-significant predictors are not shown. The effects of
categorical variables with more than one level (‘matrix type’ and ‘dominant ground’) are discussed in the text. Surrounding woodland cover was incorporated to the ‘woodland character’ models at a later stage to assess the importance
of a landscape-scale management approach; the most relevant spatial scale (the one that produced the model with the lowest AIC value) and its correspondent parameter estimates (+SE) and model R? values are indicated (see Table D1

in Appendix D for further details).

Woodland vegetation character Woodland patch configuration Landscape
Date®® Temperature  Woodland Matrix  In-site Tree species  Native Tree basal Understory Dominant Trap Trap Trap Trap Woodland Woodland ~ Model  Surrounding  Most Model
b type©d typeS  grazing® richness® trees® area® cover” ground®  size® shape® isolation® location®® location location location  size + size R* (%) woodland relevant  R? (%)"
+Wood +Wood +Wood Woodland +Woodland cover” spatial
size shape isolation  shape isolation scale
(m)
Micromoth abundance 127£025"" ns ns ns -1.10£055" ns 042+021" ns 0.56+0.22" ns 0.57+0.26" ns -041+0.23"  053+0.06™ ns ns - ns ns 74.97 067031 500 7517
Micromoth richness 0.70+£0.14™" ns -0.67£0.27" ns -0.74£0.33" ns ns ns ns ns 0.36+0.15" ns -0.26+0.15" ns ns ns ns ns 52.09 ns - -
Micromoth diversity 0.26 £0.07**  0.14£0.07* ns ns ns ns ns ns ns - ns ns ns ns ns ns ns ns ns 32.03 0.15£0.07* 250 34.65
Micromoth abundance 1.62+0.19"" ns ns ns -4.07+0.58"" 041+0.10"" 0.50+0.15" 0.70+0.16"" -0.66+0.14""" 0.64+024" -1.07+020"" -036+0.14" 0.39+0.16" N ns ns ns 7334 0.61+0.18"** 500 74.55
(woodland species)
Micromoth richness 133+024"" ns ns ns 2784055 020+0.11" 0.49+0.19 0.67+0.18"" ns ns 0.99+0.14™*  -0.37+0.20" ns ns ns ns ns ns ns 59.56 ns - -
(woodland species)
Macromoth abundance 0.45+0.08""" ns ns -0.91+£0.27"*" 0.26+0.11" 0.49+0.12**" ns ns 0.87+£0.34" ns -1.60+046™" -0.13+£0.04"" ns ns ns 59.85 ns - -
(all species)
Macromoth richness 0.39+0.06™" ns ns -0.89+0.19"" 023+0.07"" 0.35£0.08" ns ns 039£0.22" ns -0.71+0.30" ns ns ns ns ns 55.66 0.28+0.10" 500 57.11
(all species)
Macromoth diversity 1.90+0.70"** ns —3.89+1.66" ns —4.42+2.04" ns ns ns ns ns 1.38+081° ns ns ns ns ns ns ns ns 42.27 ns - -
(all species)
Macromoth abundance ns ns ns -1.13+£0.51" 0.54+0.21" 0.54+0.19" -033+0.17" ns ns ns ns -0.93+0.30"  0.31+£0.06"" ns ns ns 64.81 1.17 £ 045" 250 65.28
(woodland species)
Macromoth richness 0.22+0.09 ns ns - -1.33+£030"" 045%0.11"*" 036+0.11"" ns ns ns -028+0.11" -0.58+0.15"" 0.28+0.09™ ns ns ns ns 57.29 0.26£0.10" 1500 58.97

(woodland species)

Significance codes: “*** P < 0.001, ** P<0.01, ** P< 0.05, ‘" P< 0.1 and ‘ns’ P > 0.1.
Standardised parameter estimates are shown for continuous variables.

Non-standardised parameter estimates are shown for categorical variables.
Negative values indicate a negative effect of ‘mixed’ woodlands (with respect to ‘broadleaved’).
Negative values indicate lower moth abundance/richness in woodland interior than at woodland edge.
f R? values for models with a Gaussian error distribution were calculated with the formula: 1 — (Residual Sum of Squares/Total Sum of Squares). Pseudo-R? values for models with a Poisson error distribution were calculated with

the formula: (deviance explained by model/null deviance) * 100 (Zuur et al., 2009). Pseudo-R? values are not adjusted for the number of explanatory variables included in a model.
& R? value after incorporating surrounding woodland cover at the most relevant spatial scale to the ‘woodland character’ models.
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Fig. 2. Effect of woodland patch size and trap location (woodland interior vs.
woodland edge, closed and open circles respectively) on micromoth (a, b and c) and
macromoth (f, g and h) abundance, species richness and diversity. ‘Woodland
species’ abundance and richness are shown separately (d and e for micromoths, i
and j for macromoths). Fitted values produced by the final GLMMs for each
response variable are shown. Only one type of circle is shown for models where trap
location and its interaction with other predictors were not significant. Significance
codes for woodland patch size are shown at the top right corner of each plot:
P < 0.001, **P < 0.01, P <0.05, " P<0.1 and ‘ns’ P > 0.1.

interactions between ‘woodland size’ and 'woodland isolation’
indicated that whereas small woodlands generally have lower
macromoth abundance and richness, these increase if the patch
is located close to other woodlands. Macromoth abundance was
higher at woodland edge than in woodland interior. A significant
interaction between ‘trap location’ and ‘woodland isolation’ indi-
cated that the negative effect of woodland isolation on macromoth
abundance was stronger at the woodland edge than in the interior.
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Fig. 3. Effect of woodland isolation (metres to closest patch) and trap location
(woodland interior vs. woodland edge, closed and open circles respectively) on
micromoth (a, b and c¢) and macromoth (f, g and h) abundance, species richness and
diversity. ‘Woodland species’ abundance and richness are shown separately (d and
e for micromoths, i and j for macromoths). Fitted values produced by the final
GLMMs for each response variable are shown. Only one type of circle is shown for
models where trap location and its interaction with woodland isolation were not
significant. Significance codes for woodland isolation are shown at the top right
corner of each plot: “**' P < 0.001, **P < 0.01, *"P < 0.05, " P < 0.1 and ‘ns’ P > 0.1.

Macromoth diversity was affected by woodland type (higher in
broadleaved than in mixed woodland patches).

Macromoth ‘woodland species’ (those strongly associated with
woodland) responded to vegetation character variables in a similar
way to all macromoth species (Table 1). Tree species richness and
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Fig. 4. R? values obtained from linear regression analyses between the percentage of land covered by each biotope type at several spatial scales and: (a) micromoth
abundance, (b) micromoth species richness, (¢) micromoth diversity, (d) micromoth ‘woodland species’ abundance, (e) micromoth ‘woodland species’ richness, (f) macromoth
abundance, (g) macromoth species richness, (h) macromoth diversity, (i) macromoth ‘woodland species’ abundance and (h) macromoth ‘woodland species’ richness. We used

mean values per trap as response variables (n = 34).

relative abundance of native trees had positive effects on macro-
moth ‘woodland species’ abundance and richness. Tree basal area
was negatively related to the number (but not abundance) of mac-
romoth ‘woodland species’. The dominant ground type affected the
richness of ‘woodland species’ - ‘grass’ and ‘litter’ had more species
than ‘other’ (within this group, ‘bare ground’ < ‘herb’ < ‘moss’ < ‘-

ferns’). In-site grazing had negative effects on the abundance and
richness of ‘woodland species’, and there were fewer species and
a lower abundance of moths in sites surrounded by arable land
than in sites surrounded by pastoral or mixed land. The response
of ‘woodland species’ to woodland configuration variables was
somewhat different to that of all macromoths (Table 1). A
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significant interaction between woodland size and shape indicated
that small woodland patches with complex shapes have the lowest
abundance of ‘woodland species’; however, abundance was rela-
tively high in small woodlands with compact shapes and in large
woodlands with complex shapes. Woodlands with complex shapes
also had reduced ‘woodland species’ richness. Woodland isolation
had negative effects on both abundance and richness of macro-
moth ‘woodland species’ (Fig. 3i and j). However, significant inter-
actions between ‘woodland isolation’ and ‘trap location’ indicated
that the negative effects of isolation were stronger at woodland
edge than in interior. The overall abundance and richness of ‘wood-
land species’ were higher in the woodland interior than at the
woodland edge.

The species composition of both micro- and macromoths dif-
fered between woodland interior and woodland edge (Bray-Curtis
dissimilarity index = 0; t=10.06, P<0.001 for micromoths;
t=12.29, P<0.001 for macromoths). In the case of macromoths,
these differences were caused by changes in the abundance and
richness of ‘woodland species’ collected in interior vs. edge; in total
693 individuals belonging to 55 species strongly associated with
woodland were collected in woodland interior (representing
43.2% in abundance and 45.5% in species richness of the total mac-
romoth catch in interior traps), as opposed to 543 individuals from
46 species collected at woodland edge (representing 28.4% in
abundance and 38.0% in species richness). Woodland patch config-
uration — woodland size (t=2.65, P=0.015), its quadratic term
(t=-2.35, P=0.029) and a marginally significant interaction be-
tween patch size and shape (t=2.06, P = 0.052) - affected the sim-
ilarity of micromoth (but not macromoth) species collected in
woodland interior vs. edge. Woodland interior and woodland edge
were more dissimilar (in terms of micromoth species composition)
in larger woodland patches, although the interaction between
woodland size and shape indicated that edge and interior are more
similar in small woodlands with complex shapes and less similar in
small patches with compact shapes.

3.2. Effects of the surrounding landscape

In general, linear regression analyses indicated that the percent-
age cover of woodland and semi-natural environment showed the
strongest (positive) relations with moth abundance and species
richness (Fig. 4). The percentage cover of farmland and the landscape
heterogeneity index were also significantly related (negatively and
positively, respectively) to moth abundance and richness, but only
at relatively small scales (e.g. 250 and 500 m). The percentage cover
of urban areas related only to micromoth diversity (positively) at
large scales (e.g. 2500 and 3000 m). Given that the percentage cover
of woodland was the landscape parameter that significantly related
to more response variables (seven out of ten) and at more spatial
scales (e.g. significantly related to ‘woodland species’ abundance
at all spatial scales), we selected this as the landscape parameter
to include in the ‘woodland character’ models. After incorporating
this landscape metric to the ‘woodland character* GLMMs, the per-
centage cover of woodland in the surrounding landscape signifi-
cantly improved the models for most response variables at least at
one spatial scale (Tables 1 and D1 in Appendix D). The models with
the lowest AIC values were usually those which incorporated wood-
land cover at the 250 and 500 m scales. However, for ‘woodland spe-
cies’ richness the model with the lowest AIC was the one which
incorporated the proportion of woodland cover at a larger spatial
scale (1500 m; Tables 1 and D1 in Appendix D). The results of similar
analyses incorporating landscape metrics into the ‘woodland char-
acter’ GLMMs, but using other parameters (percentage cover of
‘semi-natural environment’ and ‘urban areas’) instead of ‘woodland’
are presented in Tables D2 and D3 in Appendix D.

4. Discussion

Lepidoptera are one of the most abundant and diverse insect or-
ders; yet, macromoths at least, are relatively easy to sample and
identify. Many moth species have been badly affected by habitat
loss and fragmentation (Conrad et al., 2004; Fox et al., 2006;
New, 2004), but relatively little is known about appropriate wood-
land management for this taxa. For these reasons, they are ideal for
a study of this nature. We assessed the effects of woodland vegeta-
tion character, patch configuration and surrounding landscape on
assemblages of both macromoths and the relatively poorly studied
micromoths. Moths were significantly influenced by variables re-
lated to woodland vegetation character, woodland patch configu-
ration and the surrounding landscape. Our results contribute to a
better understanding of the effects of habitat loss and fragmenta-
tion on biodiversity and have important implications for the design
and management of woodland patches of high conservation value
within agricultural landscapes.

Variables related to the woodland vegetation character had an
influence on both micro- and macromoth abundance and richness.
In general, woodlands composed of broadleaved trees only (no
conifers) and a large number of tree species supported high moth
abundance and species richness. Tree species richness/diversity
has been recognised in previous studies as one of the most impor-
tant predictors for moth abundance and species richness (Summer-
ville and Crist, 2004; Usher and Keiller, 1998). However, we also
found the relative abundance of native tree species in a woodland
patch to be of higher importance in most cases, presumably be-
cause non-native trees are unlikely to serve as food-plants for na-
tive moth species. Many native tree species (e.g. Betula sp., Quercus
sp. and Salix sp.) have large numbers of moth species associated
with them (i.e. feeding on them), although this is not always the
case and there are native trees (e.g. Fagus sylvatica) which support
relatively few moth species, comparable in number to those sup-
ported by non-native trees (e.g. Acer pseudoplatanus; Young,
1997). The dominant ground cover type was also an important pre-
dictor for some response variables; sites where grass or litter was
the dominant ground cover type had higher moth abundance and
species richness than sites dominated by ‘other’ ground cover. A
high percentage of understory cover was beneficial (for micromoth
abundance only), probably because it increases structural com-
plexity and provides shelter. Conversely, micromoth ‘woodland
species’ were more abundant in mature woodland patches (i.e.
with large average tree basal areas) with little understory.

Characteristics related to woodland management also had an
influence on moths; for instance, the presence of grazing stock in
a site consistently had strong negative effects on moth communi-
ties. Grazing has been linked to changes in vegetation structure
and composition (Stewart and Pullin, 2008) and its detrimental ef-
fects on moths have been noted in previous studies (e.g. Young and
Barbour, 2004). However, the negative effects of grazing are not
necessarily even across all moth species (Littlewood, 2008). In this
study we found that sites surrounded only by arable land had low-
er macromoth abundance and fewer species than sites adjacent to
pastoral or mixed fields, probably because an arable matrix is more
homogeneous than a mixed or pastoral matrix.

Variables related to the spatial configuration of woodland
patches had a profound impact on moth assemblages. Their relative
importance was usually higher than that of vegetation character
variables, particularly for macromoths. In general, both micro-
and macromoth abundance and species richness were higher in
large woodland patches located close to other woodlands. Arthro-
pods are one of the taxa that best fulfil the theoretical expectations
of greater species richness within larger fragments (Debinski and
Holt, 2000). Previous studies show that the size of a woodland patch
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appears to be one of the most important factors influencing species
abundance and richness of different taxa (e.g. plants - Usher et al.,
1992; birds - Hinsley et al., 1995), including moths (Summerville
and Crist, 2003, 2004; Usher and Keiller, 1998), whereas the spatial
configuration of the fragmented woodland seems to be less crucial
(i.e. for birds — Dolman et al., 2007; Lee et al., 2002; McGarigal and
McComb, 1995; plants — Usher et al., 1992). However our results
show that woodland isolation in particular has strong negative ef-
fects on moths, probably because our study was conducted in a
highly fragmented landscape (see also Usher and Keiller, 1998).

Theresponses of micro- and macromoths to the configuration of a
woodland patch were somewhat different; although the two groups
were affected by woodland size and isolation, for micromoths the
former was more important than the latter, whereas for macromoths
the opposite was observed. The negative effects of isolation were
noticeable at smaller distances on micro- than on macromoths (i.e.
micromoth abundance and richness decreased drastically above
100 m, whereas for macromoths the decrease was more gradual).
For low mobility species (such as most micromoths) even short dis-
tances between woodland patches might act as dispersal barriers,
increasing the relative importance of the size of their existing patch;
this would probably result in micromoth populations being more
dissimilar between woodland patches in the landscape (although
we did not directly assess this). Significant interactions between
‘woodland isolation’ and ‘trap location’ (e.g. for micro- and macro-
moth abundance) indicated that the negative effects of isolation
are stronger at the woodland edge than in woodland interior; pre-
sumably moths concentrate in woodland interior in highly isolated
patches which do not offer dispersal opportunities, but make a more
extensive use of woodland edges in sites which are close enough to
other woodlands for them to disperse. The interactions between
woodland patch size and isolation (significant only for macromoths)
suggest that even small woodland patches can be beneficial for
moths if they are located in proximity to other woodlands, which
may act as sources of individuals/species to colonise nearby wood-
land patches. This observation - along with the overall importance
of woodland isolation on moth communities - highlights the impor-
tance of incorporating aspects of spatial configuration in the creation
of new woodlands during afforestation programmes.

The shape of the woodland patch was important particularly for
woodland species (both micro- and macromoths), indicating that
patches of compact shapes (with proportionally less edge exposed
to the surrounding matrix) sustain a larger number (and larger
populations, in the case of micromoths) of woodland species. Even
though woodland shape per se did not affect the abundance of
macromoth woodland species, it was involved in an interaction
with woodland size; this highlights the importance of designing
patches of compact shapes, especially when the patch to be created
is small. Usher and Keiller (1998) also found that only moth species
dependent upon woodland habitat show a relationship to shape,
and suggested that this group of moths benefits from large wood-
land core habitat in woods of compact shapes. This is supported by
our observations of higher richness and abundance of woodland
species in woodland interior than at woodland edge, and suggests
the existence of edge effects experienced by this group of moths.
These apparent edge effects could potentially derive from a sam-
pling effect (i.e. with traps located at the edge broadcasting ca.
50% of light into woodland and therefore sampling a smaller area
than those located in woodland interior). However, the fact that
patches of compact shapes (i.e. with proportionally less edge ex-
posed to the surrounding matrix and more core habitat) generally
had higher abundance and richness of ‘woodland species’ suggests
the existence of ‘true’ edge effects, where the physical conditions at
the edges affect the abundance and distribution of a species (Mur-
cia, 1995). Edge effects have been identified as one of the main
driving forces behind changes in insect populations in forest frag-

ments (Didham et al., 1996; Ewers et al., 2007; Ewers and Didham,
2008). Conversely, the abundance (but not richness) of all macro-
moth species was higher at woodland edge than in interior; this
observation is most likely driven by a few abundant species, well
adapted to agricultural environments (cf. species replacement
hypothesis in Summerville and Crist, 2003, 2004).

Micromoth assemblages also differed between woodland inte-
rior and edge. These differences were accentuated by woodland
size and shape. Micromoth species composition was more dissim-
ilar between interior and edge in large woodland patches, indicat-
ing that traps located in the interior of small woodland patches are
still influenced by edge effects. The interaction between size and
shape indicated that edge and interior moth communities are more
similar in small woodlands with complex shapes than in small
patches with compact shapes, but the effect of shape was not
noticeable in large woodlands. This shows that there are micro-
moth species associated with woodland core habitat which would
benefit from large woodlands, and even from small woodlands of
compact shapes. Summerville and Crist (2001, 2004) maintain that
small (2-25 ha) woodland fragments can support many moth spe-
cies if the habitat within them is good, whereas Usher and Keiller
(1998) identify woodlands under 1 ha as not able to support char-
acteristic communities of woodland moths, and woodlands of
more than 5 ha as generally able to support more stable moth com-
munities. Our results showed that woodlands <1 ha were indeed
poor in species richness and abundance, while woodlands >5 ha
had the highest values; however, relatively small patches (e.g.
woodlands between 1 and 5 ha) seem to contain relatively large
moth populations. This study and work by others (e.g. Ekroos
et al., 2010) highlight the importance of increasing habitat avail-
ability and connectivity for habitat specialists (such as macromoth
‘woodland species’) and poor dispersers (such as many micro-
moths) to avoid biotic homogenisation in intensively cultivated
landscapes with simplified landscape structure.

Both micro- and macromoth communities were influenced to
some extent by the surrounding landscape. They were influenced
by the percentage cover of woodland in the surrounding landscape
at relatively small spatial scales (<500 m), suggesting that local
habitat management (or a landscape management at this spatial
scale) would be suitable for moth conservation. Macromoth ‘wood-
land species’ richness, however, was influenced by woodland cover
at larger spatial scales, the most relevant being 1500 m. These find-
ings are in accordance with those of Ricketts et al. (2001) and Sum-
merville and Crist (2004), who found that the amount of nearby
woodland cover (within 1-1.4 km) positively affects moth abun-
dance and richness. The total amount of woodland in the landscape
has been recognised as being more important than woodland patch
size or spatial pattern in other animal groups (i.e. birds; Dolman
et al., 2007; Lee et al., 2002; McGarigal and McComb, 1995). Our
observations suggest that macromoth ‘woodland species’ in partic-
ular would benefit from a wider landscape-scale management of
woodland habitat. Conservation strategies are increasingly incor-
porating the concept of habitat networks in an attempt to mini-
mise the effects of habitat fragmentation and conserve woodland
biodiversity (Quine and Watts, 2009; Watts, 2006). Our results
highlight the importance of management plans which perceive
the landscape as a whole, and emphasise the need to take into ac-
count the surrounding landscape and the location of a woodland
patch within it. In addition to producing practical recommenda-
tions to be incorporated in woodland management plans, our find-
ings can be applied to woodland creation plans at the landscape
scale (e.g. using spatial data to identify target areas for woodland
creation) which would contribute to the design of better land-
scapes for woodland moths (ongoing work from the authors).
Finally, many of the patterns we observed on moths are similar
to those displayed by taxa such as small mammals and birds (e.g.
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Fitzgibbon, 1997; Hinsley et al., 1995); therefore, recommenda-
tions drawn from our results are likely to create woodland patches
valuable not only for moths, but also for other biodiversity.

4.1. Limitations

(i) Temporal variations: Each site was surveyed only once, which
provides only a coarse description of local moth assemblages. How-
ever, we ensured that weather conditions were relatively similar
during surveys and that these were randomised so that woodland
patches of different character (e.g. size and isolation) were evenly
surveyed throughout the season (Appendix A). In addition, previous
studies have shown that patterns of moth community composition
due, for example, to patch area effects, remain consistent despite
seasonal species turnover (Summerville and Crist, 2003). Therefore,
temporal variations are unlikely to have influenced the patterns de-
tected during our study and the conclusions drawn from them. (ii)
Trapping effects: Even though light trapping is the most effective
technique for general moth recording (in terms of the wide spec-
trum of species it attracts relative to the sampling effort; Waring
and Townsend, 2003 ), many moth species (micromoths in particu-
lar) are not attracted to light. This might explain why fewer micro-
moths than macromoths were collected in this study (i.e. relative to
the total number of species found in the British Isles). However, our
trapping method allowed us to detect general patterns in moth
abundance/richness associated with woodland character, and con-
trast the responses of micro- vs. macromoth species, even if this
does not reflect the habitat preferences of all moth species.

5. Conclusions

In summary, woodland vegetation character, woodland patch
configuration and the surrounding landscape all influenced moth
populations in farmland woodlands. Even though rarer species
might require specific management actions to enhance their popu-
lations, the design and management of woodland patches within
agricultural landscapes should take into consideration the follow-
ing general points to ensure the creation/protection of habitat of
high conservation value for moths:

1. Woodlands composed of a large number of tree species (and a
high proportion of native species) support high moth abun-
dance and species richness.

2. The presence of grazing stock in a woodland patch has strong
negative effects on moth abundance and diversity.

3. Large woodland patches of compact shapes (with a large pro-
portion of woodland core habitat), located close to other wood-
lands are associated with high moth abundance and species
richness. Small woodland patches can potentially maintain a
relatively high abundance and species richness of moths, but
shape and proximity to other woodlands are of particular
importance in these cases.

4, Moths are influenced by the surrounding woodland mostly at
small spatial scales (within 500 m); however, macromoth ‘wood-
land species’ are influenced at larger (<1500 m) spatial scales
and are, therefore, likely to benefit from a wider landscape-scale
management approach taking into consideration woodland
cover within the landscape, habitat connectivity and the location
of woodland patches with respect to other woodlands.
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