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a b s t r a c t

Agricultural intensification, including changes in cutting, grazing and fertilizer regimes, has led to declines
in UK and NW European grassland biodiversity. We aimed to develop field margin management practices
that would support invertebrate diversity and abundance on intensively managed grassland farms, focus-
ing on planthoppers and leafhoppers (Auchenorrhyncha). Replicated across four farms in south-west
England, we manipulated conventional management practices (inorganic fertilizer, cutting frequency
and height, and aftermath grazing) to create seven treatments along a gradient of decreasing manage-
ment intensity and increasing sward architectural complexity. Auchenorrhyncha were sampled annually
between 2003 and 2005. Auchenorrhyncha abundance and species richness was highest in the most
extensively managed treatments. Abundance was lowest with frequent cutting, while species rich-
eafhoppers ness was lowest where cattle grazing occurred. Unexpectedly, application of inorganic fertilizer had
no effect on Auchenorrhyncha abundance or species richness. Management options that enhance inver-
tebrate diversity, while allowing the remainder of the field to be managed conventionally, represent a
potentially important conservation tool for many lowland improved grasslands. Extensification of con-
ventional management in field margin areas of such grasslands are likely to benefit this numerically
dominant component of grassland invertebrate fauna. These management practices have the potential

xistin
to be incorporated into e

. Introduction

Permanent (>5 years old) and temporary (<5 years old) grassland
xceeds 7.3 million ha in the UK, an area equivalent to approxi-
ately 40% of all agricultural land (Defra, 2010a). Despite its land

overage, the quality and biodiversity value of this grassland has
eteriorated during the latter part of the twentieth century, result-

ng in population declines of plants (e.g. Green, 1990), invertebrates
e.g. Duffey et al., 1974) and birds (e.g. O’Connor and Shrubb, 1986).
hese declines are widely attributed to modern intensive grass-
and management practices that have been developed to maximise
he production of livestock (e.g. Fuller, 1987; Frame, 2002; Marren,
002). These include the fertilisation and reseeding of traditional

eadows with one or two high-yielding species, such as Lolium

erenne L. (Poaceae) and Trifolium repens L. (Fabaceae) (Fuller,
987). Technological advances in silage production have also led to

ncreased cutting frequencies and earlier first cuts (Marren, 2002),
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g UK and European agri-environment schemes.
© 2011 Elsevier B.V. All rights reserved.

that have resulted in a reduction in floral resources for insect pol-
linators and seed eating birds (Vickery et al., 2001). High stocking
densities and the increased frequency of cutting have both sim-
plified and homogenised sward architecture (Green, 1990; Vickery
et al., 2001). The result of these management practices has been the
creation of grassland swards of low conservation value for inverte-
brates, plants and birds (Atkinson et al., 2005; Tallowin et al., 2005;
Woodcock et al., 2007a).

As suggested above, an important determinant of invertebrate
diversity in grasslands is sward architectural complexity (Lawton,
1983; Vickery et al., 2001; Woodcock et al., 2005). This is defined as
the complexity of the above-ground vegetation structures (Lawton,
1983). Sward architectural complexity is the product of morpho-
logical and phenological differences between plant species, and is
influenced by botanical composition and the frequency and type of
management practices (e.g. Duffey et al., 1974; Morris, 2000). For

many phytophagous invertebrates there is a high degree of speci-
ficity in terms of what plant structures they feed upon (e.g. roots,
leaves, seed pods and inflorescences), even when they share a com-
mon host plant (Morris, 2000). Management practices that change
sward architectural complexity and thus the occurrence of these

dx.doi.org/10.1016/j.agee.2011.02.003
http://www.sciencedirect.com/science/journal/01678809
http://www.elsevier.com/locate/agee
mailto:r.blake@reading.ac.uk
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tructures will therefore impact upon the abundance and species
ichness of many invertebrates (Gibson et al., 1992; Woodcock
t al., 2005). Different invertebrate guilds respond to different com-
onents of sward architecture (Woodcock et al., 2005). For example,
ome species of Auchenorrhyncha (planthoppers and leafhoppers)
enefit from structurally simple short swards, while the major-

ty are negatively affected by cutting and grazing regimes (Morris,
971, 1973). Negative impacts of cutting and grazing mediated
hrough changes in sward architecture can also affect predatory
nvertebrates, such as spiders (Gibson et al., 1992; Baines et al.,
998).

Within the UK, the management of non-cropped field margins
o promote native biodiversity has been widely used in the con-
ext of arable farming systems as a product of agri-environmental
chemes (e.g. Meek et al., 2002; Asteraki et al., 2004). However,
n the context of improved grassland systems, options for exten-
ively managed field margins are considerably reduced. The most
idely used are typically 2–6 m buffer strips (Options EE4-6 of

he UK Entry Level Stewardship schemes) which have no fertilizer
nputs, and restricted cutting regimes (Defra, 2010b). By ‘exten-
ively managed’ we refer to a decrease in management intensity.

hile several studies have shown their potential value for plants
Sheridan et al., 2008), pollinators (Potts et al., 2009), and preda-
ory invertebrates (Woodcock et al., 2007a, 2009), uptake has been
ow (Defra, 2009) and therefore their wider environmental value is
urrently limited.

Here, we investigate how extensification of management in field
argin areas of agriculturally improved grasslands can be used

o promote Auchenorrhyncha abundance and diversity. Auchen-
rrhyncha are an abundant component of grassland systems
nd have considerable functional importance (Biedermann et al.,
005), both as herbivores and as prey, for higher trophic lev-
ls (Nickel and Hildebrandt, 2003). Auchenorrhyncha have also
een shown to be good indicators of the ecological health of
rasslands, due to their strong and rapid responses to manage-
ent practices, reflecting their rapid generation times (Morris,

000; Nickel and Hildebrandt, 2003; Biedermann et al., 2005).
uchenorrhyncha have diverse life strategies, ranging from spe-
ialist monophagous species feeding on a single plant species,
o generalist polyphagous species with host plants represented
cross multiple plant families (Nickel and Hildebrandt, 2003).
uchenorrhyncha may also be uni-, bi- or multi-voltine (i.e.
apable of 1, 2 or >2 generations per year respectively) (Nickel
nd Hildebrandt, 2003). This study investigates the impact on
uchenorrhyncha populations of a suite of grassland management
ractices, including the height and timing of sward cuts, cattle
razing and inorganic fertilizer (NPK) inputs. We make the fol-
owing predictions: (1) Auchenorrhyncha abundance and species
ichness will increase as management intensity is reduced within
mproved grassland field margins; (2) Specialist Auchenorrhyn-
ha will be more sensitive to intensive grassland management
han generalist species; (3) Management that decreases sward
rchitecture will have a direct negative impact on both the abun-
ance and species richness of Auchenorrhyncha. Although this
tudy focuses on field margins, the findings will have direct
elevance to the management of lowland grassland systems in gen-
ral.

. Materials and methods
.1. Study sites

The study was replicated on four lowland farms in the
K, two in Somerset (Bickenhall, N50◦58′47′′:W2◦59′29′′; and
outh Hill, N50◦57′40′′:W3◦02′53′′) and two in Devon (Heywoods,
d Environment 140 (2011) 506–513 507

N50◦48′38′′:W3◦55′40′′; and North Wyke N50◦46′14′′:W3◦55′46′′).
All farms had a predominance of improved grasslands that were
classified as species-poor L. perenne leys. Prior to study initiation,
the swards contained the grasses Agrostis capillaris L. (Poaceae)
and Holcus lanatus L. (Poaceae), as well as the forbs T. repens and
Ranunculus repens L. (Ranunculaceae). All experimental plots were
established on permanent pastures (i.e. >5 years old). The Bicken-
hall and South Hill farms were located on lime-rich, loamy and
clayey soils, with impeded drainage. The Heywoods and North
Wyke farms were located on slowly permeable, seasonally wet, acid
loamy and clayey soils. The fields adjacent to the experimentally
manipulated margins were conventionally managed with multiple
silage cuts, inorganic fertilizer and aftermath grazing. Individual
farms were separated from their nearest neighbour site by at least
8 km.

2.2. Experimental design

Randomised block designs of seven field margin management
treatments were established in spring 2003 on each farm and
were monitored annually from 2003 to 2005. Experimental plots
measured 50 m × 10 m with the long edge running parallel to the
hedgerow field boundary. Three replicates of each treatment were
established at each of the four farms, giving 12 replicate blocks in
total. Treatments were randomly allocated within blocks, although
an individual block was sometimes split between more than one
field. This was a practical necessity, as individual field sizes were
often small.

The seven treatments within each block followed an extensifi-
cation gradient intended to create a sequential increase in sward
architectural complexity. All management treatments represented
combinations of grazing by cattle (present or absent), cutting for
silage (cut at one of two heights (5 or 10 cm) in May and/or July)
and the application of inorganic fertilizer (Table 1). All manage-
ment manipulated the existing swards, i.e. these seven treatments
were not reseeded. Treatment 1 was the control, representing
conventional intensive grassland management, and received inor-
ganic fertilizer at rates of 225 kg ha−1 nitrogen (N), 22 kg ha−1

phosphorus (P) and 55 kg ha−1 potassium (K), two cuts to 5 cm
in May and July, and aftermath grazing. Treatments 1–3 were
grazed by cattle in September to a target height of 5–7 cm. Treat-
ments 3 and 4 received inorganic fertilizers at the same rates as
the control. Treatments 5–7 were extensively managed and inves-
tigated the effects of temporal variation on cutting dates, with
either a single silage cut in May (treatment 5), or hay cut in July
(treatment 6), or unmanaged (treatment 7). Further detail on the
management of these margins can be found in Woodcock et al.
(2007a).

2.3. Vegetation sampling

During August of each year, percentage cover of all vascular
plant species, dead vegetation, and bare ground, was estimated
by vertical projection within fixed 1 m × 1 m quadrats placed at
equal distances along a diagonal transect within each plot. This tim-
ing was chosen to allow sufficient time for the sward to recover
following the second cut, and was prior to the aftermath graz-
ing.

Following the methods described by Woodcock et al. (2007a)
fine grain sward architectural complexity was measured using
vertical drop pins. In summary, 10 mm × 3 mm diameter pins (sep-

arated by 1 cm) were lowered vertically through the sward of each
plot and the number of vegetation contacts of each species was
recorded at 5 cm intervals going up these pins. This provided strat-
ified information on the vertical distribution of plant structures,
referred to here as sward architecture. A modified version of the
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Table 1
Management practices used to establish the seven field margin treatments.

Management Experimental treatments

1 2 3 4 5 6 7

Fertilizer application * * *
Silage cut (5 cm) in May * * *
Silage cut (10 cm) in May * *
Silage cut (5 cm) in July * * *

*
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Silage cut (10 cm) in July
Hay cut in July
Aftermath grazing * *

hannon–Wiener diversity index was used to summarize informa-
ion from the drop-pin frames into a single parameter:

′
arch =

∑
pi × loge pi (1)

here H′
arch is the index of sward architectural complexity and pi

he proportion of the total number of contacts with the drop pin in
particular plot at each height interval i. Sward architecture was
easured four times each year, corresponding with the Auchen-

rrhyncha sampling dates, although an average measure of sward
rchitecture was used in subsequent analyses.

.4. Invertebrate sampling

Auchenorrhyncha were collected four times a year (April, June,
uly and September) from 2003 to 2005 using a Vortis suction sam-
ler (Burkard Co. Ltd., Rickmansworth, UK). Suction sampling is an
stablished method for the collection of quantitative data on above-
round grassland invertebrates (Woodcock et al., 2007b; Brook
t al., 2008). Sampling was conducted between 10:00 and 16:00 h
hen the weather was dry. Both the June and September sampling

ounds occurred at least two weeks after sward cutting manage-
ent. In each plot, 75 × 10 second suctions (0.26% of the plot area)
ere made. This number has been shown to be adequate to ensure

ampling of at least 90% of the total abundance and species rich-
ess of the Auchenorrhyncha (Brook et al., 2008). Samples were
venly spaced out along the experimental plot. For a given year
ll suction samples were pooled for each individual experimental
lot.

Adult Auchenorrhyncha were identified to species and assigned
o one of the three feeding specialisations proposed by Nickel and
emane (2002). These were: (1) monophagous (i.e. species feed-

ng on only 1 plant species or 1 plant genus); (2) oligophagous
pecies feeding on 1–5 plant families; (3) polyphagous species
eeding on >5 plant families. In this paper, the term ‘Auchenor-
hyncha’ includes the infraorders Fulgoromorpha and Cicadomor-
ha.

.5. Data analysis

Auchenorrhyncha abundance, plant species richness, and sward
rchitecture were averaged across the three blocks of each treat-
ent within a site, giving for each response and explanatory

ariable four replicates of each treatment (one for each farm) in all
ubsequent analyses. This was intended to reduce the impacts of
ithin site variation associated with the fact that individual blocks
ere often split across multiple fields within a farm. Repeated-
easures analysis using general linear mixed models in SAS 9.2

SAS, 2008), were used to analyse the response of Auchenorrhyncha

bundance and species richness to treatment effects and continu-
us and categorical environmental variables. Response variables
ere the abundance (loge n + 1) and species richness (loge n + 1)

f total Auchenorrhyncha (i.e. all feeding specialisations), as well
s separately for monophagous, oligophagous and polyphagous
*

species. The analysis was divided into three separate models, deal-
ing with overall treatment effects (representing combinations of
multiple management practices), management effects and contin-
uous measures of the plant community.

Model 1 tested for treatment effects, where each treatment
represented a combination of different management practices
(i.e. cutting, grazing and fertilizer) and is defined by a manage-
ment extensification gradient from treatments 1 to 7. This model
included the fixed effects of explanatory variables of year, treat-
ment and the treatment × year interaction.

Model 2 tested for specific responses of the Auchenorrhyncha
to individual management practices and included the explanatory
variables year, categorical environmental variables that code for
specific management practices, as well as their interaction with
year. The categorical environmental variables were: (i) presence or
absence of grazing (Grazed); (ii) number of silage cuts (0, 1 or 2
cuts per year) (Cutting no.); and (iii) presence or absence of NPK
fertilizer application (N treat). Note that for model 2 the manage-
ment treatments are confounded to some extent by the existence
of other management practices applied to the same plot. How-
ever, in the context of real grassland systems it would be rare for
management practices to be applied in isolation, while identifi-
cation of the importance of individual management practices for
Auchenorrhyncha will help elucidate the mechanisms underpin-
ning responses seen to the extensification gradient described in
Model 1.

Model 3 considers the effect of continuous descriptors of the
plant community on the Auchenorrhyncha. As management will
directly influence these continuous model parameters (e.g. sward
architecture will by definition be influenced by cutting), these
explanatory variables could not be included in either Model 1 or
2. Model 3 tested the effect of year, the continuous environmental
variables and their interaction with year. The continuous environ-
mental variables were: (i) sward architecture (Sward); (ii) grass
species richness (Grass); and (iii) forb species richness (Forb).

Model 4 tested for the response of sward architecture to treat-
ment effects, where each treatment represented a combination
of different management practices and is defined by a manage-
ment extensification gradient from treatments 1 to 7. This model
included the fixed effects of explanatory variables of year, treat-
ment and the treatment × year interaction.

All models used an autoregressive covariance structure to
account for increased similarity between repeated measures in
subsequent sampling years. Site (i.e. farm) was used as a random
effect. Solutions for both fixed explanatory and random effects were
estimated using the residual maximum likelihood approach, with
denominator degrees of freedom calculated using Kenward Rogers
approximation. Model simplification was by stepwise elimination
of the least significant term until the most parsimonious model

was achieved. Significance values were derived from F-ratios of
fixed effects, calculated using adjusted sums of squares where the
final minimum adequate model contained only those parameters
that had significant F-values, or were part of significant interaction
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Fig. 2. Response of Auchenorrhyncha to categorical environmental variables (a)
abundance (mean numbers per treatment ± SE) following number of cuts (0 = no
ig. 1. Response of Auchenorrhyncha to management treatments from 2003 to 2005

a) abundance (mean numbers per treatment ± SE); (b) species richness (mean num-
er of species per treatment ± SE). Graphs show untransformed data. Full description
f the management treatments 1–7 is given in the text.

erms. Between-treatment differences in response variables were
ested using post hoc Tukey’s multiple comparison test (P = 0.05).

. Results

Over the three experimental years, 48,099 Auchenorrhyncha
ere identified to one of 48 species, of which seven species
ere represented by only a single individual (Appendix A,

upplementary Data). The infraorder Fulgoromorpha comprised
1 species in two families (Cixiidae and Delphacidae), and the
icadomorpha comprised 37 species in two families (Cercopi-
ae and Cicadellidae). The species were categorised according
o their feeding specialisations (monophagous: 3,760 individu-
ls, 12 species; oligophagous: 32,994 individuals, 22 species; and
olyphagous: 11,345 individuals, 14 species). There were 25 grass
pecies (Poaceae) and 76 forb species recorded, of which the three
ost common families were Asteraceae (17 species), Fabaceae (10

pecies), and Polygonaceae (8 species).

.1. Response of Auchenorrhyncha to extensification

There was a general trend of increasing Auchenorrhyncha abun-
ance and species richness from treatment 1 to 7, i.e. following
he management extensification gradient (Figs. 1a and b; Table 2).
ukey’s test revealed a significantly higher abundance of total
uchenorrhyncha (i.e. all feeding specialisations) in treatments
–7 compared with treatment 1 (P < 0.05). Similarly, there was
significantly higher abundance of oligophagous Auchenorrhyn-
ha in treatments 5 and 7 compared with treatment 1, and of
onophagous and polyphagous Auchenorrhyncha in treatment 7

ompared with 1 only (P < 0.05) (Fig. 1a). Significantly higher val-
es were observed in treatment 7 for total species richness and
reatment 6 for oligophagous species richness, compared with
cut, 1 = one cut, 2 = two cuts); (b) species richness (mean number of species per
treatment ± SE) following grazing (No = no grazing, Yes = grazing). Graphs show
untransformed data. Full description of the management treatments 1–7 is given
in the text.

treatment 1 (P < 0.05) (Fig. 1b). There were no significant differences
between treatments for monophagous and polyphagous species
richness. There were no other significant fixed effects of interaction
terms for any of the response variables.

3.2. Response of Auchenorrhyncha to management

Model 2 described the effects on the Auchenorrhyncha of the
categorical factors (Table 2). Auchenorrhyncha abundance across
all groups (total, monophagous, oligophagous and polyphagous)
responded to the frequency of sward cuts. Tukey’s test revealed a
trend of decreasing abundance with increasing cutting frequency
for both the total and oligophagous groups (0 > 1 > 2 cuts) (P < 0.05)
(Fig. 2a). Two cuts produced a significantly lower abundance of
polyphagous species compared to zero or one cut (P < 0.05). A sin-
gle cut produced a significantly lower abundance of monophagous
species than zero or two cuts (P < 0.05). A significant effect of cut
frequency was also observed for monophagous species richness
(P < 0.05). There was also a weak interaction between fertilizer
addition (N treat) and year for oligophagous species abundance
(P < 0.05), with significant differences observed between all treat-
ment years. Significant effects of grazing on Auchenorrhyncha
species richness were observed for the total, monophagous and
oligophagous groups. Tukey’s test revealed significantly greater
species richness for all three groups in the absence of grazing
(P < 0.05) (Fig. 2b). There were no other significant fixed effects of
interaction terms for any of the response variables.
3.3. Response of Auchenorrhyncha plant community structure

Model 3 investigated the responses of the Auchenorrhyncha to
the continuous measures of plant community structure (Table 3).
Abundance of oligophagous Auchenorrhyncha, and species rich-
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Table 2
Summary of Auchenorrhyncha abundance and species richness to margin management treatments (Model 1), and the categorical environmental variables (Model 2).

Total Auchenorrhyncha Monophagous species Oligophagous species Polyphagous species

Model 1
Abundance (loge n + 1) Treat: F6,25.2 = 6.92*** Treat: F6,23 = 4.45** Treat: F6,31.9 = 12.68*** Treat: F6,25.9 = 2.97*

Year: F2,49.9 = 21.54*** Year: F2,49.1 = 43.14*** Year: F2,47.7 = 22.36*** Year: F2,52.7 = 53.10***
Treat × year: NS Treat × year: NS Treat × year: NS Treat × year: NS
AIC: 105.5 AIC: 249.3 AIC: 122.3 AIC: 147.5

Species richness (loge n + 1) Treat: F6,22.3 = 3.45* Treat: NS Treat: F6,33.5 = 4.59** Treat: NS
Year: F2,47 = 38.31*** Year: F6,49.4 = 56.78*** Year: F2,52.4 = 10.76*** Year: F2,49.1 = 14.46***
Treat × year: NS Treat × year: NS Treat × year: NS Treat × year: NS
AIC: −56.9 AIC: 57.0 AIC: −66.6 AIC: −17.2

Model 2
Abundance (loge n + 1) Year: F2,50.3 = 21.14*** Year: F2,49.5 = 42.96*** Year: F2,47.2 = 28.30*** Year: F2,54.1 = 55.39***

Grazed: NS Grazed: F1,25.9 = 9.34** Grazed: NS Grazed: NS
Cutting no.: F2,28.7 = 17.19*** Cutting no.: F2,25.9 = 9.43*** Cutting no.: F2,33.1 = 11.75*** Cutting no.: F2,30.8 = 8.94***
N treat: NS N treat: NS N treat: NS N treat: NS
Grazed × year: NS Grazed × year: NS Grazed × year: NS Grazed × year: NS
Cutting no. × year: NS Cutting no. × year: NS Cutting no. × year: NS Cutting no. × year: NS
N treat × year: NS N treat × year: NS N treat × year: F2,47.2 = 5.07* N treat × year: NS
AIC: 102.9 AIC: 251.9 AIC: 115.4 AIC: 142.5

Species richness (loge n + 1) Year: F2,48.0 = 37.01*** Year: F2,50.4 = 58.15*** Year: F2,54.2 = 10.98*** Year: F2,49.1 = 14.46***
Grazed: F1,28.2 = 22.12*** Grazed: F1,26.8 = 6.71* Grazed: F1,39.7 = 28.70*** Grazed: NS
Cutting no.: NS Cutting no.: F2,26.8 = 3.69* Cutting no.: NS Cutting no.: NS
N treat: NS N treat: NS N treat: NS N treat: NS
Grazed × year: NS Grazed × year: NS Grazed × year: NS Grazed × year: NS
Cutting no. × year: NS Cutting no. × year: NS Cutting no. × year: NS Cutting no. × year: NS

year: N

N iven i
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T
S

N

N treat × year: NS N treat ×
AIC: −77.2 AIC: 54.2

S, P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001. Coding for environmental variable is g

ess of total and polyphagous species, was correlated with forb
pecies richness, while monophagous abundance and species rich-
ess was correlated with grass species richness. However, the
irection of these correlations showed a high degree of variabil-

ty, changing from positive to negative between separate sample
ears. By contrast, oligophagous species richness was positively
orrelated with sward architecture for all three years of the study.

.4. Response of sward architecture to extensification

There was a general trend of increasing sward architecture from
reatment 1 to 7, i.e. following the management extensification gra-
ient (Fig. 3), with significant treatment (F6,17.9 = 21.60, P < 0.001)

nd year (F2,37.6 = 33.73, P < 0.001) effects. Tukey’s test revealed
ignificantly higher sward architecture values in treatments 5–7,
ompared with treatments 1 and 2 (P < 0.05). In addition, there
as a weak interaction between treatment and year (F12,37.6 = 2.12,
< 0.05).

able 3
ummary of Auchenorrhyncha abundance and species richness to the continuous environ

Total Auchenorrhyncha Monophagous s

Model 3
Abundance (loge n + 1) Year: F2,54.1 = 20.1*** Year: F2,51.8 = 18

Sward: NS Sward: NS
Grass: NS Grass: NS
Forb: NS Forb: NS
Sward × year: NS Sward × year: N
Grass × year: NS Grass × year: F2

Forb × year: NS Forb × year: NS
AIC: 119.9 AIC: 263.8

Species richness (loge n + 1) Year: F2,70.9 = 15.14*** Year: F2,62.0 = 15
Sward: NS Sward: NS
Grass: F1,64.0 = 14.39*** Grass: F1,67.8 = 9
Forb: NS Forb: NS
Sward × year: NS Sward × year: N
Grass × year: NS Grass × year: F2

Forb × year: F2,72.8 = 5.73** Forb × year: NS
AIC: −58.8 AIC: 55.6

S, P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001. Coding for environmental variable is given i
S N treat × year: NS N treat × year: NS
AIC: −88.7 AIC: −17.2

n Section 2. Non-significant terms removed from models by stepwise deletion.

4. Discussion

In support of Prediction 1, Auchenorrhyncha abundance and
species richness generally increased along the management exten-
sification gradient defined by the seven main treatments. In all
cases these represented a progressive reduction in cutting fre-
quency and/or intensity, cessation of fertilizer input and cessation
of grazing in late summer. This increase in abundance and species
richness was most noticeable for those treatments that were either
unmanaged (treatment 7), or received a single silage cut in May
(treatment 5) or hay cut in July (treatment 6). The results sup-
port other studies that have shown higher abundance and species
richness of beetles (Woodcock et al., 2007a) and insect pollinators
(Potts et al., 2009) associated with extensively managed grass-

land field margins that receive no inorganic fertilizer or grazing
management. Although effects of sample year were found, there
were no significant year and treatment interactions, suggesting
high between-year natural variation which can be a characteris-

mental variables (Model 3).

pecies Oligophagous species Polyphagous species

.44*** Year: NS Year: F2,56.0 = 47.72***
Sward: NS Sward: NS
Grass: NS Grass: NS
Forb: NS Forb: NS

S Sward × year: NS Sward × year: NS
,52.7 = 6.79** Grass × year: NS Grass × year: NS

Forb × year: F2,63.5 = 3.68* Forb × year: NS
AIC: 113.7 AIC: 155.0

.09*** Year: NS Year: F2,70.8 = 8.65***
Sward: F1,39.0 = 11.13** Sward: NS

.39** Grass: NS Grass: F1,57.2 = 10.03**
Forb: NS Forb: NS

S Sward × year: F2,70.9 = 4.25* Sward × year: NS
,63.3 = 4.20* Grass × year: NS Grass × year: NS

Forb × year: NS Forb × year: F2,72.6 = 6.48**
AIC: −81.8 AIC: −11.8

n Section 2. Non-significant terms removed from models by stepwise deletion.
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ig. 3. Response of sward architectural complexity to management treatments from
003 to 2005 (mean values per treatment ± SE). Full description of the management
reatments 1–7 is given in the text.

ic of Auchenorrhyncha populations (Prestidge, 1982). As expected,
ward architectural complexity increased along the management
xtensification gradient, with the highest values observed in the
ost extensively managed treatments (i.e. 5–7).
Prediction 2 suggested that specialist Auchenorrhyncha would

e more sensitive to intensive grassland management than general-
st species. Nickel and Hildebrandt (2003) observed that generalist
pecies dominated in high intensity treatments (i.e. ≥2 cuts, grazed
nd fertilised) of German flood plain grasslands, with special-
st species preferring low intensity management treatments that

ere unfertilised and mown only once per year. In our study, the
bserved responses were broadly similar across the feeding spe-
ialisations and management treatments. Significant responses of
rass species richness on monophagous and polyphagous species
ichness highlighted the importance of grasses as host plants for
oth groups. Although Nickel and Remane (2002) showed that
onophagous species were associated with grasses, sedges and

ushes, the majority of monophagous species in our study were
rass feeders. Similarly, while polyphagous species can feed on
orbs (Nickel and Remane, 2002), Nickel et al. (2002) concluded
hat forbs only played a minor role as food plants. This dominance
f the grasses within the sward confirms that grasses likely under-
in population changes within improved grassland systems, at least

n terms of our study area, i.e. South-West England.
Although oligophagous species richness did not respond to the

rass or forb species richness, it was positively correlated with
ncreasing sward architectural complexity for all three years of the
tudy, and therefore would have been affected by the loss of sward
rchitecture that occurs under more intensive cutting and graz-
ng management regimes. Woodcock et al. (2007b) emphasised the
mportance of sward architecture for phytophagous invertebrates,
nd suggested that the presence of suitable host plants alone may
e insufficient to allow successful establishment. Specifically, while
any phytophagous species may utilise the same plant species,

pecialisation on different plant structures means that the effects of
anagement on identical plant communities could have dramati-

ally different impacts on the invertebrate community present. This
xplanation is particularly likely if different plant structures (roots,
eaves, stems, inflorescences) differ in their likelihood of occurrence
n response to sward management, e.g. inflorescences are likely to
e lost by cutting.

Clear responses of Auchenorrhyncha abundance and species
ichness were observed to cutting and grazing. Both cutting and

razing had a deleterious effect on Auchenorrhyncha, with a gen-
ral trend of decreasing abundance and species richness with
ncreasing management intensity. Abundance was linked to the
umber of grass cuts, with a trend of decreasing abundance for
ll feeding groups with increasing cutting frequency. These results
d Environment 140 (2011) 506–513 511

support studies that have shown direct mortality to Auchenor-
rhyncha (Morris, 1981) and other invertebrates (Humbert et al.,
2009) following cutting. This trend was particularly apparent for
the responses of total and oligophagous species, where there was a
higher abundance in the absence of cutting, and with a single com-
pared to two cuts. These observations highlight the importance of
frequency of cutting for Auchenorrhyncha populations and sup-
port a study by Nickel and Achtziger (2005) who observed a lower
abundance and species richness with two cuts compared to a sin-
gle cut. The timing of cutting is equally crucial, as Morris (1981)
demonstrated that cutting twice per year in May and July (similar
to treatments 1–4 in our study) was more deleterious for Auchen-
orrhyncha abundance than a single cut in May (our treatment 5).
The July cutting date probably coincided with the peak summer
abundance of adult Auchenorrhyncha (Biedermann et al., 2005),
and so is likely to select against the populations by removing food,
shelter, and oviposition opportunities (Nickel and Achtziger, 2005).
Morris and Lakhani (1979) showed that the effect of mowing on
abundance and species richness was comparatively short-lived on
recently established grasslands, which are typically characterised
by a high proportion of bi- and multivoltine species (i.e. capable of 2
or more generations per year respectively). In our study, the species
were either uni-, uni- to bi-, or bivoltine (i.e. capable of 1, 1–2, or
2 generations per year respectively) (Appendix A, Supplementary
Data). Although these generation characteristics were taken from
a study conducted in Germany (i.e. Nickel and Remane, 2002), they
were considered applicable to our study area, as both countries
represent temperate regions of NW Europe and are therefore likely
to have similar climatic conditions. Taking those species that were
true univoltine (i.e. capable of only 1 generation per year) or true
bivoltine (i.e. capable of two generations per year), the abundance
of bivoltine species greatly outnumbered the univoltine species
across all years of the study. According to Nickel and Hildebrandt
(2003), generalist Auchenorrhyncha tend to be at least bivoltine,
and specialist species are generally uni- or bivoltine. Our study
provides further evidence that generalist species, by their bivoltine
nature, are better able to adapt to intensive management practices
and compensate for losses later in the season (e.g. from the July cut)
than specialist species. Studies on other invertebrates have gen-
erally found reductions in both abundance and species richness
following cutting (Morris, 2000). For example, Morris and Rispin
(1987), found fewer predatory beetles in cut compared to uncut
control plots.

Grazing offers a more selective management of the sward, and
can help retain key topographical features such as tussocks that
may be destroyed by cutting (Dennis et al., 1998). In our study,
grazing by cattle was applied to treatments 1–3 in September each
year to reduce the sward to a target height of 5–7 cm. Auchenor-
rhyncha species richness was linked to the presence or absence
of grazing for the total, monophagous and oligophagous feeding
groups, with lower species richness in grazed treatments (1–3)
compared to the ungrazed (4–7). Our results support studies by
Morris (1971) and Nickel and Hildebrandt (2003) who observed a
higher Auchenorrhyncha species richness on ungrazed plots com-
pared to plots grazed by sheep and cattle respectively. Furthermore,
species which preferred tall grassland were less abundant in sheep-
grazed plots compared to ungrazed plots (Morris, 1973). Grazing is
often preferred by conservationists to cutting as it is more selective
as not all plants are defoliated to the same degree (Morris, 2000).
This is particularly true in the case of cattle, which are generally
preferred to sheep as they tend to be less selective when choosing

particular plant species, and can thus help maintain plant species
diversity (Duffey et al., 1974). In addition, other behaviour of sheep
and cattle, including trampling, dung production and the avoid-
ance of less palatable plants, can also result in the enhancement of
plant species diversity and architecture (Morris, 2000; Helden et
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l., 2010). Although differences exist between the grazing patterns
f cattle and sheep (Duffey et al., 1974), the responses between the
wo animals in the context of the management applied in this study
re expected to be similar, as the swards were grazed at a low inten-
ity for only a few weeks of the year. As with cutting, grazing tends
o lead to reductions in abundance and species richness of other
hytophagous invertebrate groups (Morris, 2000; Sheridan et al.,
008), such as leaf miners (Brown et al., 1990). As the majority of
K grasslands are plagioclimax communities, they require appro-
riate management to prevent succession into scrub or woodland
Biedermann et al., 2005). While cessation of grazing and cutting

ay benefit Auchenorrhyncha species richness and abundance in
he short-term (Morris, 1990), the absence of this management
ill eventually lead to species declines for plants and ultimately
uchenorrhyncha (Biedermann et al., 2005). In our study, the low-
st intensity management regimes favoured the Auchenorrhyncha
opulations; however infrequent and rotational management such
s cutting or grazing, is recommended to prevent scrub succession.

The application of inorganic fertilizer (NPK) to grasslands is
ntended to increase plant productivity and influence the botan-
cal composition to favour more productive and palatable species
Frame, 2002). In our study, there was no difference in Auchen-
rrhyncha abundance and species richness between the fertilised
reatments (1, 3 and 4) and unfertilised treatments (2, 5–7) for
he total, monophagous and polyphagous feeding groups. Previ-
us studies have observed mixed responses for Auchenorrhyncha
opulations following fertilizer application. While Sedlacek et al.
1988) observed increases in Auchenorrhyncha abundance fol-
owing fertilizer application, Andrzejewska (1976) and Prestidge
1982) found no significant reductions in species richness. Prestidge
1982) concluded that effects of fertilizer application are often
xtremely difficult to detect, as we have found, unless studies are
onducted at species level and timed to coincide with the man-
gement application period. Our results may imply an interaction
ith other management practices as all the fertilised treatments,

nd the unfertilised treatments 2, 5 and 6, were managed in con-
unction with cutting and/or grazing. However, it was not possible
o test the interactions between the management treatments in our
tudy.

. Conclusions

Despite the introduction of agri-environment schemes, agricul-
ural grassland biodiversity continues to decline (Tallowin et al.,
005). There is a clear need to resolve the conflicting requirements
f agricultural production and biodiversity conservation in live-
tock farms. This study has demonstrated that current grassland
ractices can be utilised to manage field margins for the bene-
t of Auchenorrhyncha populations. However, there is a need to
aintain a balance if conservation strategies are to be successful.
rasslands require management to prevent succession into shrub
nd tree dominated habitats (Biedermann et al., 2005), and a single
nnual cut is a good way of achieving this, though this will have a
hort-term impact on the predominantly bivoltine Auchenorrhyn-
ha. However, the timing of the cut is likely to influence other
spects of farmland biodiversity. For example, while a May cut
ould benefit pollinating insects by promoting flower re-growth
ater in the summer (Potts et al., 2009), it might be detrimental
o higher trophic levels, such as un-fledged ground-nesting birds
Atkinson et al., 2005). A possible solution to meet the needs of

range of taxa is rotational management of field margins with a

ub-set of the margins within a farm cut or grazed in May, and the
emainder left undisturbed throughout the growing season. While
he cut margins would benefit pollinating insects, the undisturbed,
nfertilised part would allow an architecturally complex sward
d Environment 140 (2011) 506–513

to develop for the benefit of Auchenorrhyncha, other invertebrate
taxa and ground-nesting birds. The two management regimes for
the field margins would be rotated to avoid scrub development.
Furthermore the dominance of the grasses in the existing field
margins, as in our study, would also help to suppress problematic
weeds such as Cirsium arvense L. Successful uptake of extensively
managed field margins in intensive livestock areas through agri-
environment schemes will depend on supplying farmers and other
land managers with clear nature conservation objectives and advice
on how to achieve these in a cost effective way. The practicalities
of the intended management will vary between farms. For exam-
ple, while management of margins adjacent to grazed fields might
be expensive due to the cost of fencing, fields managed purely for
silage would require no fencing. If this is achieved, then novel grass-
land field margin management practices could deliver widespread
benefits to Auchenorrhyncha and other important components of
grassland biodiversity.
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