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Summary

1. Improving the effectiveness of agri-environment schemes is essential for reversing declines
in farmland biodiversity. Crucial to achieving this is identifying management options that are
practical and beneficial to biodiversity, and understanding the influence of the surrounding
landscape. We used data on abundance and species richness of farmland macro-moths, many
of which are declining, and trait-based analyses on their feeding guild, mobility and conserva-
tion status, to explore local- and landscape-scale effects of two farmland features (extended-
width field margins and hedgerow trees) and surrounding farmland intensification.

2. Macro-moths were light trapped at 48 fixed sites on 16 farms, over 4 years, within a 1200-km?
area of lowland UK farmland. Sites belonged to one of four experimental groups that
differed in their combinations of hedgerow tree presence and field margin width.

3. Hedgerow trees and extended-width field margins locally increased species richness, but
not abundance, of macro-moths, irrespective of each other’s presence. Overall, species rich-
ness and abundance were not affected by agricultural intensification, as measured by the
amount of arable land in the surrounding landscape.

4. Sedentary moths showed double the species richness, but were half as abundant as mobile
moths. Both groups responded positively to extended-width margin and hedgerow tree
presence. The effect of hedgerow trees was particularly strong for shrub- and/or tree-feeding
species.

5. Analyses based on the conservation status of moths demonstrated that agricultural intensi-
fication lowered the species richness of nationally severely declining UK Biodiversity Action
Plan priority species and the abundance of both nationally moderately declining and priority
species. These effects were most pronounced at the 0-8-km radius scale.

6. Synthesis and applications. Our results suggest that the presence of extended-width field
margins and hedgerow trees, possibly promoted by agri-environment schemes targeting their
implementation at relatively small spatial scales (0-8 km), may help mitigate negative effects
of agricultural intensification on macro-moths. A wide range of other taxa feed on macro-
moths and may therefore indirectly benefit from these features. Nevertheless, taxa differ
widely in their mobility and measures mitigating biodiversity loss may need to be targeted at
multiple spatial scales to maximize their effectiveness for multiple taxa.
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Introduction

Farmland covers about half of the world’s potentially use-
able land, and farmed crops feed, dress and, increasingly,
fuel the growing human population. However, current
agricultural practices are not only detrimental to the
replaced ecosystems, but often also reduce ecosystem ser-
vices from neighbouring ecosystems. Nevertheless, biodi-
versity on farmland provides significant ecosystem services
too, with benefits for society as a whole (Tilman et al.
2002). Farmland biodiversity is severely declining due to
agricultural intensification (Robinson & Sutherland 2002),
and agri-environment schemes (AES) have been intro-
duced, in part at least, in many European countries to
reverse these negative trends (Whittingham 2007). How-
ever, there is a pressing need to design them so that they
actually achieve their goals and are cost-effective (Kleijn
et al. 2006).

Agri-environment schemes cost-efficiency can be
improved by developing effective support payments for
targeted low-intensity farming systems (Warren & Bourn
2011), and by identifying farmland features and manage-
ment options that are both straightforward to integrate
within high-intensity farming systems and beneficial to the
overall biodiversity levels (Merckx et al. 2009a; Raebel
et al. 2012). The extent to which any overall biodiversity
benefit of these farmland features is dependent on the
intensification degree of the surrounding landscape (Gab-
riel et al. 2010) is also important. Evidence suggests that
AES options may have larger biodiversity benefits with
intermediate levels of intensification and homogeneity of
surrounding landscapes (Kleijn er al. 2011; but see Whit-
tingham 2011).

Here, we test whether and to what degree two farmland
features (extended-width field margins and hedgerow
trees) are able to increase abundance and species richness
levels of macro-moths and whether their effect is modified
by the amount of intensively managed agricultural fields
in the surrounding landscape. Although an increasing
amount of arable land is expected to result in lower over-
all moth abundance and richness levels, we predict that
the positive impact of extended-width field margins and
hedgerow trees on both abundance and species richness
will be relatively greater with an increasing amount of
arable land (Kleijn et al. 2011).

However, this general prediction may not hold true for
all species, because different species are likely to vary in
their response to agricultural intensification (Ekroos,
Heliold & Kuussaari 2010). In addition to analysing effects
on overall abundance and species richness, exploring
responses to agricultural intensification for species groups
with shared life-history traits (Williams ez al. 2010) may be
more revealing. This approach has been successfully
applied for several animal taxa (e.g. Bommarco et al. 2010;
Ockinger et al. 2010); however, trait-based analyses on the
effect of local- and landscape-scale agricultural intensifica-
tion on nocturnal macro-moths are lacking.
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Significant declines in abundance and distribution have
been recorded for the majority of common and wide-
spread macro-moth species that inhabit farmland, in
Great Britain and other European countries (Conrad
et al. 2006; Groenendijk & Ellis 2011). These declines are
of concern because the herbivorous macro-moth larvae
are significant primary consumers and nutrient recyclers.
Macro-moths are also key prey items, in all life-stages, for
a wide range of other taxa (e.g. birds, bats, shrews, par-
asitoids, spiders, beetles). For example, it is estimated that
blue tit Parus caeruleus chicks alone consume at least
35 billion caterpillars in Britain each year (Fox et al.
2006). Another ecosystem service to which they contribute
is pollination, with moths dominating both temperate and
tropical flower visitor faunas after dark (Devoto, Bailey &
Memmott 2011).

The larval feeding niche (hereafter called ‘guild’) may
be a particularly useful life-history trait for understanding
benefits of certain farmland elements (Sekar 2012) and,
therefore, the effectiveness of certain AES options. For
example, although we predict hedgerow trees to benefit all
macro-moths as a result of the shelter provided (Merckx
et al. 2010), we hypothesize that shrub and/or tree-feeders
(hereafter called ‘high-feeders’) will benefit more from the
presence of hedgerow trees than will grass and/or herb-
feeders (hereafter called ‘low-feeders’) as hedgerow trees
may, for the former group, additionally provide larval
feeding resources, female egg-laying sites and/or may
more strongly attract high-feeders to roost (Waring &
Townsend 2003). Similarly, we hypothesize that low-
feeders may show a greater benefit from extended-width
margins than do high-feeders.

Species mobility, in particular, appears to be a strong
predictor of insect population success (Mattila et al.
2006). In general, poor dispersers seem to be more prone
to extinction due to human-induced processes such as
habitat fragmentation and agricultural intensification
(Bommarco et al. 2010; Marini et a/. 2010, 2012a; but see
Pereira, Daily & Roughgarden 2004), as these processes
may increase the need to move between resource patches.
As species mobility is likely to be related to actual dis-
persal distances, we hypothesize that, for a given spatial
scale, landscape intensification will have a stronger nega-
tive effect on sedentary compared to mobile species [Burel
et al. 2004 (coleoptera; diptera); Jennings & Pocock 2009
(arthropods; insectivorous mammals)].

As agricultural intensification is considered to be an
important cause of biodiversity declines (Tilman ef al.
2002), we also test whether the impact of agricultural
intensification differs between species with contrasting
conservation status (see also Fuentes-Montemayor, Goul-
son & Park 2011). More specifically, we hypothesize that
species with nationally declining populations, and espe-
cially so species in severe decline, will be more negatively
impacted by agricultural intensification than species that
are increasing nationally. Any negative impacts of agricul-
tural intensification on the latter group are likely to be
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relatively minor and may be compensated for by positive
impacts of other factors, such as encountering an empty
niche for recent invaders and/or climate change for cold-
restricted generalist species (Conrad et al. 2006).

These hypotheses were tested using a 4-year study in
which multiple fixed sites were sampled within a lowland
agricultural landscape. The aims of this study were to test
(i) the effect on macro-moth abundance and species rich-
ness of the presence of two prominent farmland features,
which either are already popular within national AES (i.e.
extended-width field margins) or have the potential to
become so (i.e. hedgerow trees); (ii) the effect of amount
of arable land cover in the surrounding landscape (as a
proxy for agricultural intensification) on macro-moth
abundance and species richness at five spatial scales; (iii)
to what extent the potential benefit of extended-width
field margins and hedgerow trees depends on the degree
of landscape intensification at different spatial scales; and
(iv) whether the effects of these local and landscape fac-
tors differ between high- and low-feeders, between mobile
and sedentary species, and between species groups of dif-
fering conservation concern.

Materials and methods

STUDY SITES

Macro-moths were sampled during four consecutive years (2006—
2009; 240 trap nights; 1920 trap events) using light traps with 48
fixed sampling sites, which were spread over 16 predominantly
arable farms (three sampling sites per farm; Fig. 1a). All farms
were located within a 1200-km?® area of the lowland agricultural
landscape of Oxfordshire, UK. In general, these 16 farms had
fields characterized by having both standard and extended-width
margins, and within each farm, the number of hedgerow trees per
field margin varied from zero to one or more hedgerow trees.
Nevertheless, the precise locations of all three sampling sites at a
given farm were chosen so that they belonged to only one of four
experimental groups (4 farms per group), which differed in their
combinations of hedgerow tree presence and field margin width:
(1) hedgerow tree + extended-width margin; (ii) hedgerow
tree + standard margin; (iii) no hedgerow tree + extended-width
margin; (iv) no hedgerow tree + standard margin (Fig. 1b). We
thus sampled 24 sites characterized by extended-width (6 m) mar-
gins (current AES option; Defra 2005) vs. 24 sites with standard

Sampled farms (n = 16)

(1 m, cross-compliance) margins, and 24 sites next to a single
open-grown hedgerow tree (minimum height: 15 m, usually
pedunculate oak Quercus robur) vs. 24 sites without any nearby
tree. All margins were well-established, tussocky sown perennial
grass strips, of variable age, next to hedges, machine-cut once
every 2 or 3 years, not grazed, and unfertilized, although fertilizer
may have drifted into the margin unintentionally. The four
treatment groups were selected to avoid clumping in space of any
treatment. The sampling design was factorial, allowing the
testing of interactions between the presence/absence of a hedge-
row tree and an extended-width margin (Fig. 1). We sampled the
farms so as to maximize independence between local and land-
scape factors.

MOTH SAMPLING

We used heath pattern actinic light traps (6 W). These were oper-
ated from dusk until dawn, when the live sample in and on the
trap was enumerated, and identified to species-level, except for
five species-pair aggregates of essentially cryptic species. Each
farm was sampled 40 times between 2006 and 2009, in discrete
fortnightly periods from mid-May to mid-October, once in each
period, and in random order within the period. Usually three
farms (i.e. nine sites) were sampled on any one night. Sampling
sites were carefully selected so that the variation in farmland fea-
ture characteristics other than the subject variables was minimal
throughout. All sites were positioned 1 m away from average-
sized hedgerows (2-3 m high, 1-5-2-5 m wide), with both sides
bordered by arable land. Sampling sites were at least 50 m away
from hedgerow intersections and were minimally 100 m apart,
which prevented moth attraction radius interference (Truxa &
Fiedler 2012). The sampling protocol controlled for confounding
factors between sites and between sampling events. Traps were
placed upon a white sheet, which enhanced and equalized trap vis-
ibility, and which enabled us to include all individuals resting on
the sheet. Sampling was conducted in similar, sufficiently favour-
able conditions to minimize bias due to differences in weather-
related activity levels.

MOTH TRAITS

For each farm, and for each year, the total number of individuals
(abundance, N) and species richness (number of species, S) were
calculated by combining the data from each farm’s three sam-
pling sites over the whole sampling season. As well as these
overall values, we also calculated N and S for each farm split by
the following species groups:

(b) Combinations of hedgerow tree and margin type within each farm
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Fig. 1. (a) Distribution of the 16 sampled
farms (open circles) and (b) scheme of the
sampling design within each farm (range
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tively).
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1. Guild: all species recorded were divided into two groups: those
species feeding on (mainly) grasses and/or low herbs (i.e. ‘low-
feeders’, N = 134), vs. shrub- and/or tree-feeders (including lichen-
feeders; i.e. ‘high-feeders’, N = 177; Waring & Townsend 2003).

2. Mobility: using wing morphology as a proxy for mobility
(Sekar 2012), we contrasted recorded species with an average
wingspan <31 mm and rounded wings (i.e. ‘sedentary’ species,
N = 77) vs. species with an average wingspan >44 mm and
pointed wings (i.e. ‘mobile’ species, N = 34). Species that did not
fall into either of these contrasting categories were not retained.
3. Conservation status: each recorded species was classified into
one of three classes based on national abundance trend data over
35 years (Conrad et al. 2006): (a) decline 70-99% (i.e. nationally
severely declining UK Biodiversity Action Plan ‘BAP’ priority
species, N = 44); (b) decline 0-69% (i.e. nationally moderately
‘Declining’ species, N = 106); (c) increase >0% (i.e. nationally
‘Increasing’ species, N = 76). Species for which the national
trend is unknown were not retained.

Although guild and conservation status were weakly correlated
(i.e. nationally increasing species tended to be more often high-
feeders than low-feeders; 32 = 4-65, P = 0-09), mobility was not
correlated with either conservation status (x> = 1-40, P = 0-50) or
guild (% = 0-52, P = 0-77).

EXPLANATORY VARIABLES

Using a GIS (ArRcMar 9.2, Esri, Redlands. California, USA), five
circles (radii: 200, 400, 800, 1600 and 3200 m) were constructed
around each of three sampling sites within each farm. On the
basis of recent, high-resolution land-use data (Land Cover Map,
CEH, UK), the percentage of arable land within each of these
circles was calculated. The five spatial scales were selected to
roughly cover the extent of foraging movements for a gradient of
sedentary to mobile species (Merckx et al. 2009b, 2010), and the
variable percentage of arable land was chosen as a proxy for the
degree of agricultural intensification (Tscharntke ef al. 2005).
Arable land cover was negatively related to the amount of semi-
natural habitats in the landscape (Spearman correlation:
rs = —0-71, P <0-01, n = 16, radius = 0-8 km) as well as to the
landscape habitat diversity (i.e. Shannon diversity) (rs = —0-90,
P <0-01, n=16, radius = 0-8 km) and can be viewed as the
major component in shaping landscape structure in intensive agri-
cultural landscapes (Ekroos, Heliolda & Kuussaari 2010). We
tested whether arable land cover at the five spatial scales differed
between the two levels of our local factors (presence vs. absence
of a hedgerow tree and presence vs. absence of an extended-width
margin) using two-way ANova. There was no significant associa-
tion at the 200, 400, 800 and 3200 m scales. At the 1600-m scale,
we found a weak difference (F 3 =4-44, P =0-055) in arable
land cover between farms with hedgerow tree sampling sites
(54-7%) and farms without such sites (46-4%), and a weak differ-
ence (Fy 13 = 478, P = 0-048) between farms with extended-width
margin sampling sites (46-:2%) and farms without (54-8%). As
the collinearity between local and landscape factors was very low,
we included both factors in the same models using traditional
hypothesis testing based on P-values.

STATISTICAL ANALYSES

First, linear mixed models (LMMs) were run to test the effects of
extended-width margin presence, hedgerow tree presence, and
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arable land cover in the landscape (and all possible two-way
interactions) on overall N and S across the 4 years. N and S were
log-transformed in all the models. These two models were run at
each of the five spatial scales to test potential scale dependence in
the landscape effects. We included ‘year’ and ‘farm’ as random
factors to account for the fact that the sampling was repeated for
4 years in each farm. Models were simplified using a backward
deletion procedure (P > 0-05). If the arable land variable was not
significant, we removed the main effect and presented the model
testing local factors only.

Second, LMMs were run to test the same variables as above,
but species life-history traits (mobility, guild, conservation status)
were additionally included as a fixed effect (see also Bommarco
et al. 2010; Ockinger et al. 2010; Marini et al. 2012b). In these
models, traits were entered as categorical fixed factors, while
overall abundance and the number of species in each level of the
traits were the response variables. A major advantage of this sta-
tistical approach was that any collinearity between traits, pres-
ence of extended-width margin with or without hedgerow tree
and cover of arable land was avoided, allowing tests of interac-
tions and main effects within a factorial design. We ran separate
LMMs for each trait to test whether that trait modified the abun-
dance and species richness response to our local and landscape
factors. The random structure of the mixed models was similar to
the one described above for the overall models:

Abundance or Species richness ~ Fixed effects : all main effects
+ tree x traitj + margin X trait; 4+ arable X trait; + arable X tree
X trait; + arable x margin X trait;, Random effects : farm per year

Models were simplified using backward deletion (P > 0-05).
Models were again run separately at each of the five spatial
scales. As suggested by Pinheiro & Bates (2000), we used sequen-
tial F-tests to test main effects and interactions in all models
using the lme(nlme) and anova.lme(nlme) functions in r (version
2.8.0; R Development Core Team 2008) with the restricted maxi-
mum likelihood (REML) estimation method.

Results

We sampled a total of 71 751 individuals, from a total of
311 macro-moth species. Average yearly abundance and
species richness varied considerably between farms (range,
mean + SE, respectively: N: 799-1667, 1121 + 58; S: 77—
134, 98 + 3-7). Overall, species richness of macro-moths
was higher at sites with extended-width margins (Fig. 2a;
Fy 13 =6-03, P =10-029), and at sites with hedgerow trees
(Fig. 2b; Fy 13 = 5-81, P = 0-031), compared to sites with-
out these farmland elements. Hedgerow tree sites did not
differ in macro-moth abundance compared to sites with-
out trees (Fj 3 =075, P =0-40), and the abundance of
macro-moths at sites with extended-width compared
to standard margins was not significantly different
(Fi13 = 0-83, P = 0-38). We found no interaction between
the presence of hedgerow trees and extended-width mar-
gins on both abundance and species richness. The amount
of arable land cover in the surrounding landscape did not
affect the overall species richness and abundance at any
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of the five spatial scales and did not modify the effect of
the local factors (i.e. there was no significant interaction
with hedgerow tree and extended-width margin).

Overall, the high-feeders guild was significantly Iess
abundant and less species rich than the low-feeders guild
(mean = SE: Npjgp: 208 £ 15:3; Nigw: 913 £ 54-7; Spigh:
44 + 1-7; Sjow: 54 £ 1-2). Guild did not modify the effect
of either landscape (arable land cover) or local factors
(farmland elements: hedgerow trees and extended-width
margins) on moth abundance (i.e. no interaction with
guild was significant), although we found a significant
interaction between guild and hedgerow tree presence on
species richness (Guild x Tree: Fj ¢ = 9-32, P = 0-003).
The overall positive influence of hedgerow tree presence
on species richness, as described above, was consistently
greater for high-feeders than for low-feeders (Fig. 3).

Overall, the mobile group was twice as abundant,
although less than half as species rich, compared to the sed-
entary group (mean = SE: Npopitle! 143 £ 11-3; Needentary:
69 £ 4-9; Siobite: 8 £ 0-4; Ssedentary: 18 £ 0-7). Both seden-
tary and mobile species reacted positively to extended-
width margin and hedgerow tree presence, in terms of
abundance and species richness (no significant interac-
tions), whilst neither group responded to the amount of
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Fig. 3. Mean (+SE) macro-moth species richness on farms where
sampling occurred near a hedgerow tree vs. farms where such
trees were absent near sampling sites, separately for low and
high-feeders.

arable land cover in the surrounding landscape, at any of
the spatial scales tested.

With regard to conservation status, the nationally mod-
erately ‘declining’ species group was the most abundant
and most species rich, followed by the nationally ‘increas-
ing’ group, whereas the nationally severely declining
‘BAP’ priority group was the least abundant and least
species rich (mean £ SE: Nyeciining: 483 £ 28:9; Nincreasing:
380 + 254, NBAP: 121 + 98, Sdeclining: 43 + 10, Sincreasing:
28 £ 0-8; Sgap: 14 £0-5). All three groups reacted
positively to extended-width margin and hedgerow tree
presence, in terms of abundance and species richness. At
the 0-8-km radius spatial scale, the nationally severely
declining ‘BAP’ priority group declines in species richness,
while the nationally moderately ‘declining’ and nationally
‘increasing’ group slightly increased in species richness
with increasing amount of arable land cover (Sta-
tus x Arablegg km: Fr124 = 5968, P =0-003; Fig. 4a).
This interaction was apparent also at the 0-4-km scale but
the model fit was lower than at 0-8 km. For abundance,
and also at the 0-8-km radius spatial scale, both the
nationally severely declining ‘BAP’ priority and nationally
moderately ‘declining’ groups decline in abundance, while
the nationally ‘increasing’ group slightly increased in
abundance with increasing amount of arable land cover
(Status x Arableg.g km: Fa.124 = 8:09, P <0-001; Fig. 4b).
This interaction was apparent also at smaller and larger
spatial scales but the model fit was generally lower than
the fit at 0-8 km.

Discussion

Our 4-year study showed that both hedgerow trees and
extended-width field margins locally increased overall spe-
cies richness of macro-moths on farmland, and they did
so irrespective of each other’s presence. The positive effect
of hedgerow trees is likely to be due largely to the shelter
they provide in typically exposed agricultural landscapes
(Merckx et al. 2008, 2009a). Contrary to our expectation
that AES options would have larger biodiversity effects
with increasing landscape intensification (Tscharntke et al.
2005), the positive impacts of extended-width margins and
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Fig. 4. Effects of arable land cover (% within 0-8-km radius) on macro-moth (a) species richness and (b) abundance, separately for
nationally severely declining UK Biodiversity Action Plan priority species (‘BAP priority’), nationally moderately declining species
(‘Moderately decreasing’), and nationally increasing species (‘Increasing’).

hedgerow trees were not relatively greater with an increas-
ing amount of arable land in the surrounding landscape.
Moreover, agricultural intensification, as indicated by the
amount of arable land, did not result in lower overall lev-
els of macro-moth abundance and species richness at any
of the five spatial scales tested. This result contrasts with
the observations for diurnal Lepidoptera, which generally
decrease with increasing agricultural intensity, especially
so when arable field cover exceeds 60% (Ekroos, Heliola
& Kuussaari 2010).

We then grouped the species according to certain life-
history traits, and compared how these groups differed in
their response to both farmland elements and the amount
of agricultural intensification at multiple spatial scales. In
line with our predictions, we showed that high-feeders
benefitted more than low-feeders from the presence of
hedgerow trees at the local scale, in terms of species rich-
ness. In addition to their general shelter effect, hedgerow
trees feeding and female egg-laying
resources, at least for some of the ‘high-feeding’ species,
whereas they do not for low-feeders (Waring & Townsend
2003). Also, it is likely that they exhibit a stronger attrac-
tion to high-feeders in terms of providing adequate roost-

provide larval

ing sites compared to low-feeders, as the latter may be
more likely to roost in vegetation close to the ground (e.g.
the highly abundant large yellow underwing Noctua pro-
nuba and other common Noctua, Agrotis, Xestia, Mythi-
mna, Apamea and Hoplodrina spp.). In contrast to the
stronger benefit for high-feeders vs. low-feeders of hedge-
row tree presence, low-feeders did not benefit more
strongly than high-feeders from the presence of extended-
width margins. This suggests that both guilds benefitted
equally from extended-width margin presence. The posi-
tive effect of extended-width margins can be explained by
the fact they provide a relatively undisturbed breeding

habitat and can act as buffer zones against the impact of
agricultural chemicals on moth larvae and their host
plants (Pywell et al. 2004). As such, this result indicates
that extended-width margins may improve larval habitat
quality, both for low-feeding larvae within the margins
and for high-feeding larvae in adjacent hedgerows and
lower parts of hedgerow trees, by reducing exposure to
pesticides and fertilizers. Another (complementary) expla-
nation may be that floral resources are providing nectar
to adults of both guilds. Increasing plant species rich
-ness of margins, and optimizing availability of resources
through appropriate management, may have benefits for
both larval and adult macro-moths, as is the case for
other farmland Lepidoptera (Feber, Smith & Macdonald
1996). Although typically less abundant, high-feeders
make up a significant part of the total macro-moth fauna
(e.g. 57% of all species recorded during our study) and
were represented by an additional 43 species compared to
low-feeders. At the local scale, however, they were almost
20% less species rich than low-feeders. These contrasting
findings suggest that high-feeders, despite having a lower
a-diversity, are characterized by a higher B-diversity than
low-feeders.

Contrary to the hypothesis that landscape intensifica-
tion would have a more negative effect for sedentary than
for mobile species (Jennings & Pocock 2009), such an
interaction was absent. This unexpected result may be due
to limited intensification gradients, although we expect
this may only have been an issue for the largest spatial
scale (0-2 km: 10-100%; 0-4 km: 19-100%; 0-8 km: 30—
91%; 1-6 km: 35-78%; 3-2 km: 34-59%). Another expla-
nation may be that our proxy for mobility, being a proxy,
may have failed (see also Summerville e al. 2006). Several
life-history traits may interact to determine species
mobility (Sekar 2012). For example, some very small
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species (e.g. diamondback moth Plutella xylostella, a
micro-moth) may actually be very mobile if they
undertake high-altitude and high-velocity migration
(Chapman et al. 2002), although this probably only
applies to a small number of small macro-moth species as
most migrating macro-moth species would fall in our
mobile species group based on their wing morphology.
Due to the absence of mobility data for the majority of
species in our study, we chose wingspan (combined with
wing shape) as a plausible proxy, and currently the best
available (Sekar 2012). Moreover, we opted to contrast
two extremes — that is, very small and round-winged
moths vs. very large and sharp-winged moths —to ensure
that we contrasted two species groups that differed con-
siderably in terms of mobility (Marini et al. 2010).

Broadly in line with our initial prediction, our study
showed that nationally declining species became less abun-
dant with increasing levels of agricultural intensification in
the surrounding landscape, especially so at the intermedi-
ate spatial scale of 0-8-km radius. We observed no differ-
ence in the extent of this negative effect between nationally
severely declining species (i.e. BAP priority species) and
nationally moderately declining species. Our study is the
first to show that these negative correlations may be the
result of direct negative impacts of landscape intensifica-
tion on these nocturnal insects and indicate that agricul-
tural intensification may be the factor that explains most
of the extensive declines of many macro-moths, such as
dusky thorn Ennomos fuscantaria, lackey Malacosoma neu-
stria and garden tiger Arctia caja (98%, 90% and 89%
declines over 35 years in Britain, respectively), seen over
the last few decades (Conrad et al. 2006; Groenendijk &
Ellis 2011). The negative effects observed here of agricul-
tural intensification on the abundance of both nationally
severely and moderately declining species did translate into
a negative effect with regard to species richness for the
nationally severely declining species group only, which
may be due to considerable time-lags between population
declines and resulting local extinctions. The observed nega-
tive effects on macro-moths corroborate earlier observa-
tions by Wickramasinghe et al. (2004), who compared land
under conventional vs. organic farm systems, suggesting
that agricultural intensification has a profound negative
impact on nocturnal insect communities. The group of spe-
cies that are nationally on the increase is positively
impacted with increasing levels of agricultural intensifica-
tion, which may be a result of reduced competition with
species that are declining or going extinct as a result of
agricultural intensification.

IMPLICATIONS FOR MANAGEMENT

Our results may provide valuable insights for the design
of more effective AES, especially because the abundant,
species rich and ecologically diverse group of macro-
moths may act as an indicator for many other flying
invertebrates in particular, and as an indicator of environ-

mental change in general (Thomas 2005). We showed that
extended-width field margins and hedgerow trees locally
increased the number of macro-moth species, and we
therefore recommend straightforward creation and man-
agement options for these farmland elements to be inte-
grated within national AES.

We suggest that extended-width field margins and hedge-
row trees are particularly useful farmland features to
include as options in general AES, for several reasons.
Largest numbers of macro-moths were found at sites char-
acterized by both extended-width margins and hedgerow
trees, which was the result of an additive rather than an
interactive effect. As there was no evidence of a mar-
gin x tree interaction, this suggests that AES do not
necessarily need to integrate both farmland elements to be
effective, as one element’s effect is not relatively larger due
to the other element’s presence. Moreover, their overall
benefit was dependent neither on the degree of landscape
intensification nor on spatial scale. We also showed that
these features were beneficial to both nationally increasing
and declining species groups, sedentary and mobile species,
and high-feeders and low-feeders. General AES are
intended to combat the negative overall effects of agricul-
tural intensification on wider biodiversity, as opposed to
AES options that are designed to target key species for
conservation.

Our study is the first to demonstrate that landscape
intensification lowers the abundance of both nationally
moderately declining and nationally severely declining (i.e.
BAP priority) macro-moth species. Because this effect was
most pronounced at the 0-8-km radius scale, we suggest
that conservation and AES measures mitigating agricul-
tural intensification will be most effective when imple-
mented at this spatial scale (see also Poyri et al. 2009). In
practice, this means that efforts to increase hedgerow tree
density, for example, may be more effective when targeted
at 0-8-km radii landscapes than hedgerow tree implemen-
tation over smaller or larger areas. However, our result
contrasts to some extent with the findings of Fuentes-
Montemayor, Goulson & Park (2011), who suggested that
increasing the percentage cover of semi-natural biotopes
to benefit macro-moth populations would best be done at
a 0-25-km radius scale, rather than at larger scales (0-5/
1-0-km radii). Nevertheless, we emphasize that although
0-8 km may be the best scale for nationally declining
macro-moths, this scale is not necessarily the best one for
other taxa. Indeed, we predict mitigation measures to
work best when implemented at a larger spatial scale for
generally more mobile taxa, and at smaller scales for less
mobile taxa (e.g. 0-25 km for micro-moths: Fuentes-
Montemayor, Goulson & Park 2011). As a result, mea-
sures to mitigate effects of agricultural intensification may
need to be targeted at multiple spatial scales to maximize
their effectiveness for multiple taxa (Gabriel et al. 2010).

Encouraging farmer participation in AES across land-
scapes further increases their effectiveness, as areas with a
relatively larger amount of land under AES management
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show larger positive effects of these AES on farm biodi-
versity (Gabriel et al. 2010). This scale-effect has also
been shown for the effect of hedgerow tree presence on
macro-moths, as it was only in areas where the amount of
land under AES (which comprised a mix of AES mea-
sures) was experimentally increased, by targeting farmers,
that the presence of hedgerow trees resulted in a signifi-
cantly higher abundance (+60%) and diversity (+38%) of
moths compared to sites without hedgerow trees (Merckx
et al. 2009a).

In addition to the landscape-scale targeting of farmers
and multi-scale management of farmland elements, aware-
ness that the provision and adequate management of sim-
ple farmland elements do not only provide biodiversity
per se, but are able to increase a range of ecosystem ser-
vices that buffer against the combined threats of further
agricultural intensification and climate change should
improve public perception, uptake and hence cost-
effectiveness of AES. AES are able to improve ecosystem
services (Whittingham 2011), such as pollination (Power
& Stout 2011), biological control (Winqvist et al. 2011)
and carbon storage and/or soil quality (Lin ef al. 2011).
Although the locally increased macro-moth species rich-
ness observed here due to the presence of hedgerow trees
and extended-width field margins is, by itself, not a mea-
sure of ecosystem functioning, evidence suggests that they
are positively related (Hector & Bagchi 2007), and the
increased macro-moth richness is likely to provide a num-
ber of economically valuable ecosystem services. First,
pollination success and resilience are likely to be facili-
tated due to higher numbers of pollinating moth species
(Devoto, Bailey & Memmott 2011), and possible other
pollinating taxa benefitting from the presence of these
farmland elements (Power & Stout 2011). Higher pollina-
tion success should not only benefit populations of wild
plant species, but also increase fruit set and yields of
insect-pollinated crops. Secondly, moths are an important
prey base for various taxa (Conrad et al. 2006), which
may result in larger, and more stable populations of spe-
cies at these higher trophic levels. In turn, this may pro-
vide better and cheaper crop pest control (Winqvist et al.
2011). The resulting increase in functional diversity of
field margins and hedgerows will feed back into an
improved ecosystem functioning of farmland as a whole
via the affected ecosystem services (Cadotte 2011).

Given that most of Europe’s intensive agricultural land
was once dominated by forest, hedgerow trees are often
the only remaining farmland element referring to this nat-
ural climax biotope. As such, it is not surprising that they
make a large contribution to the ecological resilience of
farmed landscapes, similar to the function of shade trees
within tropical agroforestry landscapes (Tscharntke et al.
2011) and scattered trees within silvopastoral systems
(Fischer, Stott & Law 2010). It is hence likely that hedge-
row trees are keystone structures, with a disproportionate
effect on ecosystem functioning given the small area
occupied by any individual tree.
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Given the relentless decline of the biodiversity value of
many agricultural landscapes, further detailed research
is needed on the biodiversity and ecosystem services
effects of hedgerow trees, extended-width field margins,
and other farmland elements. In addition to knowing
which specific farmland elements are valuable, land man-
agers and policy makers also need research that will lead
to precise recommendations as to how to implement and
manage these farmland elements, and in what numbers,
within AES (e.g. Woodcock er al. 2007; Staley et al.
2012). The shared aim should be to design optimized AES
as a powerful tool to combat the adverse effects of agri-
cultural intensification.
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