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Abstract

Cereal fields are central to balancing food production and environmental health in the face of climate change. Within
them, invertebrates provide key ecosystem services. Using 42 years of monitoring data collected in southern England,
we investigated the sensitivity and resilience of invertebrates in cereal fields to extreme weather events and examined
the effect of long-term changes in temperature, rainfall and pesticide use on invertebrate abundance. Of the 26 inverte-
brate groups examined, eleven proved sensitive to extreme weather events. Average abundance increased in hot/dry
years and decreased in cold/wet years for Araneae, Cicadellidae, adult Heteroptera, Thysanoptera, Braconidae, Enic-
mus and Lathridiidae. The average abundance of Delphacidae, Cryptophagidae and Mycetophilidae increased in both
hot/dry and cold/wet years relative to other years. The abundance of all 10 groups usually returned to their long-term
trend within a year after the extreme event. For five of them, sensitivity to cold/wet events was lowest (translating into
higher abundances) at locations with a westerly aspect. Some long-term trends in invertebrate abundance correlated
with temperature and rainfall, indicating that climate change may affect them. However, pesticide use was more
important in explaining the trends, suggesting that reduced pesticide use would mitigate the effects of climate change.
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Introduction

Invertebrates on farmland provide key ecosystem ser-
vices (Millennium Ecosystem Assessment, 2005) such
as pollination (Pimentel ef al., 1997; Ricketts et al.,
2008), pest control (Bianchi et al., 2006) and nutrient
recycling (Losey & Vaughan, 2006). They are a key link
in the food chain supporting farmland mammals (Hof
& Bright, 2010), and declines in the abundance of in-
field invertebrates are linked to declines in farmland
birds (Potts, 1986; Brickle et al., 2000; Hart et al., 2006).
Lastly, farmland invertebrates are of biodiversity inter-
est in their own right (Dover, 1991; Carvell et al., 2007).
The major challenges to invertebrates in arable sys-
tems are climate change, operating both through an
increased frequency of extreme weather events and
more gradual changes in temperature and patterns of
rainfall (Mossman et al., 2013; Ma et al., 2014; Bell et al.,
2015), and agricultural intensification, operating
through changes in crop rotations and management
particularly the use of pesticides (Aebischer, 1991; Ben-
ton et al., 2002; Eglington & Pearce-Higgins, 2012).
Many climate models predict changes to the patterns of
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extreme weather events (Klein Tank & Konnen, 2003),
including increased frequency (Mearns et al., 1984;
Easterling et al., 2000; Peterson et al., 2012), as well as
increased magnitude of these events (Meehl et al., 2000;
Jentsch et al., 2007). Some effects of extreme weather
events on arable invertebrates have been investigated
in model systems (Zaller et al., 2014), but little is known
from field situations. The potential impacts of extreme
disturbance events, such as extreme weather condi-
tions, on an ecosystem can range from direct mortality
to changes in population dynamics as systems are
pushed beyond equilibrium (Scheffer & Carpenter,
2003). Understanding how vulnerable farmland inver-
tebrates are to extreme weather events could prove to
be important when developing models of climate
change impacts, as well as when planning and target-
ing conservation measures to mitigate against climate
change (Parmesan et al., 2000).

Climate change (particularly changes in the long-
term trends in temperature, rainfall) and rising CO,
concentrations affect invertebrate abundance and phe-
nology in an agricultural situation (Newman, 2005;
Musolin, 2007; Stige et al., 2007; Villalpando et al., 2009;
Robinet & Roques, 2010; Bell et al., 2015), through
expansion or contraction of species ranges (Mair et al.,
2012), increased risks from invasive species (Robinet &
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Roques, 2010) and increased abundance of pest species
(Cannon, 1998; Mossman et al., 2013; Bell et al., 2015). A
large body of scientific work already demonstrates the
impact of agricultural intensification (measured
through increases in chemical inputs, change in cultiva-
tion, etc.) on the abundance of invertebrates on farm-
land (Potts, 1986; Aebischer, 1991; Benton ef al., 2002;
Donald et al., 2006), but little research has compared
the effects of agricultural intensification and changes in
long-term trends in weather, often because measure-
ments of both these processes at the same scale are
lacking (Bell ef al., 2015).

Planning mitigation measures to counteract the
effects of ongoing climate change requires some knowl-
edge of the resilience of taxa affected by climate change.
Developing a greater understanding of factors that
confer resilience will help to bridge the gap between
ecological theory and practical land management
(Morecroft et al., 2012). In semi-natural habitats, sum-
mer droughts are capable of causing a range of changes
to butterflies, moth and carabid beetle communities
(Morecroft et al., 2002), although the impact of these
events was readily reversed. Landscape factors such as
elevation, aspect and slope can play an important role
in creating microclimates (Bennie et al., 2008), creating
refugia for invertebrates and plants against the effects
of climate change (Ashcroft et al., 2009; Oliver et al.,
2010). The wide array of invertebrate taxa that exist
within arable ecosystems mean that they are likely to
show differing responses under climate change
scenarios and have different abilities to recover.

We present here analysis on the effects of both climate
change (extreme events and long-term changes) and
agricultural intensification from a continuous 42-year
time series of invertebrate taxa collected within cereal
fields from a landscape-scale study in southern England
that includes information on pesticide use (Aebischer,
1991; Ewald & Aebischer, 2000; Potts et al., 2010). We
determined the sensitivity of a range of individual inver-
tebrate taxa to extreme weather events and also investi-
gated how long-term trends in weather and agricultural
intensification affected trends in invertebrate abundance.
We investigated what habitats, such as field boundaries,
surrounding semi-natural habitat, patch interconnected-
ness, altitude and aspect, and management practices
such as cropping and pesticide use, were associated with
invertebrate resilience to extreme events.

Materials and methods

Study area

From 1970 to the present day, The Game & Wildlife Conserva-
tion Trust has collected data on the invertebrate, flora and

avian components of the cereal ecosystem, as well as on cereal
crop management, from 32 km? of farmland on the Sussex
Downs in southern England (Potts, 1986, 2012; Aebischer,
1991; Ewald & Aebischer, 1999, 2000; Potts et al., 2010). The
study area is situated between the rivers Adur and Arun, and
the dominant soils are chalk rendzinas with abundant flint,
isolated caps of clay on higher parts and postglacial deposits
along the lower parts of a series of ‘dry valleys’. The cropping
consists of a mix of cereals (winter wheat, spring barley and
winter barley) with break crops (oilseed rape, linseed and
peas) and some grass leys (established through direct sowing
or undersowing). As the study began, cereal cropping over
the study area has moved from primarily spring barley to a
system dominated by winter wheat (Potts et al., 2010).

Invertebrate data

Information on the abundance of invertebrates in cereals was
obtained by sampling approximately 100 cereal fields per year
from 1970 to 2011 in the third week of June using a Dietrick
vacuum suction trap (D-Vac, Dietrick, 1961). Efforts were
made to sample every cereal field across the study area each
year. Invertebrates were identified at least to family level
using a binocular microscope. Although there are over 500
individual taxa recorded in the data set, analysis has been
restricted to long-term trends at the genus, family and class
level to ensure identification consistency over time, although
this may obscure trends at lower taxonomic levels (Aebischer,
1991).

One thing that should be borne in mind with this approach
is that other researchers have found that changes in weather,
particularly increases in temperature, have led, in some cases,
to changes in abundance at the species level, but no overall
change in abundance measured at higher taxonomic levels
(e.g. Collembola — Bokhorst et al., 2012; Braconidae — Fernan-
dez-Triana ef al., 2011; Aphididae — Ma ef al., 2014). Some
studies have even revealed changes within species reflected in
DNA-level changes over time (Drosophila — Umina et al.,
2005).

Statistical analysis. We selected for analysis those taxa that
were most commonly identified over time (occurred in an
average of 50% of the fields over the years where data were
available) and where the calculated change in abundance
(change index) was normally distributed. To obtain the annual
change indices, the invertebrate data were analysed using a
generalized linear model (GLM) with a Poisson error distribu-
tion and logarithmic link function, with field and year as fac-
tors. Fields with only 1 year’s data were omitted. For most
invertebrate taxa, the data spanned the period from 1970 to
2011, but for several taxa, the start year had to be moved for-
ward to 1971 or 1972. The year coefficients were exponentiated
to give an index of invertebrate abundance on the arithmetic
scale. All index values were relative to the start year, which
had a value of 1. Once these indices had been calculated, the
differences between successive years were computed and the
distribution of these differences was compared to a normal
distribution (Shapiro-Wilk test, W statistic, Shapiro & Wilk,
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1965). Taxa where the differences were not normally dis-
tributed were excluded from further analysis.

Invertebrate taxa selected for further analysis

In total, 26 individual taxa/age groups were selected for anal-
ysis: Araneae (spiders); Collembola (springtails); Aphididae
(aphids); Cicadellidae (leafhoppers); Delphacidae (planthop-
pers); Heteroptera (bugs), including all stages combined,
adults and young separately; Thysanoptera (thrips);
Braconidae (braconid wasps); Chalcididae (chalcid wasps);
Carabidae (ground beetles); Tachyporus (Staphylinidae: rove
beetles), including all stages combined, adults and young;
Enicmus (Lathridiidae: mould beetles) and Lathridiidae; Ato-
maria (Cryptophagidae: silken fungus beetles) and Cryp-
tophagidae; Cecidomyiidae (gall midges); Mycetophilidae
(fungus gnats); Empididae (dance flies); Lonchopteridae
(spear-winged flies); Agromyzidae (leaf-miner flies);
Opomyzidae (grass flies); and Drosophilidae (fruit flies).

Invertebrate long-term trends

Statistical analysis. Confidence limits (95%) around the
index values of each taxon were obtained by bootstrapping at
the field level. For each of 199 bootstrap runs, fields were
selected at random with replacement and a new set of indices
obtained as described above. For each year, the 95% confi-
dence limits were taken as the lower and upper 95th
percentiles of the distribution of all 200 index values (original
plus bootstrapped outcomes). To obtain the long-term trends
in invertebrate abundance, a generalized additive model
(GAM) was fitted to the abundance indices with one degree of
freedom per decade or part-decade. The 95% confidence limits
around the trendline were obtained by fitting GAMs to each
bootstrap sample and selecting the lower and upper 95th per-
centiles of each set of 200 annual values that resulted. A
decline was determined to have occurred when the upper 95%
confidence limit fell below one, while an increase occurred
when the lower 95% confidence limit was above one.

Invertebrate extreme events

Statistical analysis. The changes in annual invertebrate
indices were used to identify extreme events. For a given
taxon/age group, extreme event years were identified as such
if interannual change deviated by at least two standard devia-
tions from the mean change.

Extreme weather events

The type of weather events that are commonly associated with
changes in invertebrate abundance is either droughts (low
precipitation) or temperature anomalies (Frampton ef al., 2000;
Morecroft et al., 2002; Morsello et al., 2010; Zhou et al., 2011).
Consequently, we used monthly mean temperature and total
monthly precipitation in the analysis. The months of April,
May and June were selected, as this was considered to be the
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time period of the greatest importance to invertebrate devel-
opment prior to our invertebrate sampling. Together with the
average over this period, this meant that a total of eight
weather variables were used to identify extreme weather
events.

Statistical analysis. Data for each of the weather variables
were identified from the UK 5 x 5-km gridded climate data
set provided by the Meteorological Office (Perry & Hollis,
2005). A total of eight 5 x 5-km grid squares contained at least
some part of the Sussex Study Area, so an average value was
calculated for each of the annual weather variables across
these eight grid squares. An extreme weather event was
defined to be where a climatic variable deviated from the
mean by more than two standard deviations. This approach
identified an extreme weather event once every 20 years on
average, in either direction about the mean. All variables were
tested for normality before the mean and standard deviation
were calculated, to ensure that the data were suitable for iden-
tifying extreme events using this definition. Precipitation
events were normally distributed after a square root transfor-
mation. The extreme events were grouped into two categories
for ease of interpretation: cold and wet (low mean monthly
temperature and high monthly precipitation) and hot and dry
(high mean monthly temperature and low monthly precipita-
tion).

Landscape variables

The Sussex Study data set includes a Geographic Information

System database (arccis 10.1; ESRI, Redlands, CA, USA) of

land use from 1970 to the present day. In addition to geo-

graphical location of all invertebrate sampling locations, it
contains annual data on cropping, field boundaries, land own-
ership, agri-environment habitats and semi-natural habitats

(trees, downland). We extracted habitat variables pertaining to

the second year of the change measurement, so in the analysis

looking at sensitivity, the habitat variables were from the
event year, in the resilience analysis, the habitat variables were
from the year following an event year (see analysis section

below). Around each of the invertebrate sampling locations, a

circular buffer of radius 100 m was used to calculate the num-

ber of patches of habitat and the length of field boundaries in
the vicinity. This resulted in two variables describing the sam-
pling location:

1 Patch density — the number of individual habitat patches
within 100 m of the sampling location divided by the area
(ha) of the buffer; this variable was transformed to natural
logarithms.

2 Field boundary density — the density of field boundaries
(m ha™h).

Other descriptive variables concerning the sampling loca-

tion and extracted from the GIS database were as follows:

1 Crop — the crop in which the sample was taken (spring cer-
eal, winter wheat, winter barley/oats).

2 Field area — the area (ha) of the field in which the sample
was taken, In-transformed.
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Additionally, the GIS database includes a Land-form Panor-
ama Digital Terrain Model, and the elevation, aspect and slope
of each sampling location were determined. Aspect was cate-
gorized into north (315°-45°), east (45°-135°), south (135°-
225°) and west (225°-315°).

Pesticide use

Field-by-field information on pesticide use was available from
1970 to 2004 and included the number and type of herbicide,
foliar fungicide and insecticide applications made per year
(Ewald & Aebischer, 2000). The yearly intensity of pesticide
use was measured as percentage spray area, which takes into
account the number of times a field is treated with a pesticide
(i.e. if a field is treated twice then its spray area would be
twice the area of the field). Spray area was transformed to per-
centage spray area by dividing by cropped area and multiply-
ing by 100. We used principal component analysis to combine
the trends in herbicide, fungicide and insecticide use intensity
into one variable (Pesticide PC1) to represent the annual
variation in overall pesticide use intensity.

Sensitivity to weather events

To investigate the factors influencing sensitivity to extreme
weather events, we considered change in abundance between
the year preceding an event and the event year at the scale of
individual sample locations.

Statistical analysis. Analysis of variance, weighted by the
reciprocal of the variance of the annual indices, was used to
compare the average annual change in indices between the
hot/dry event years, the cold/wet ones and the remaining
nonevent years (including the years identified as invertebrate
extreme events). When significant differences were found
between the three types of events, they were compared using
least significant difference tests. If changes in the indices of
invertebrate abundance for a given taxon indicated that either
hot/dry or cold/wet events led to significant differences, the
invertebrate taxon was considered to be sensitive to extreme
weather events.

Recovery from extreme weather events

We defined the recovery time of a taxon as the number of
years taken for the annual index to return to the underlying
smoothed long-term trend after an extreme weather event.
The long-term trend was estimated as described above,
excluding years in which an extreme weather event was iden-
tified (to limit the influence that extreme weather events may
have had on the overall trend). Any years in which inverte-
brate extreme events were identified for a taxon were also
excluded before trend estimation.

Statistical analysis. The annual index was deemed to have
returned to the long-term trend following an extreme weather
event when the annual abundance index value lay within the

95% confidence intervals of the GAM spline fitted to the data.
If the annual abundance index was within the 95% confidence
interval of the smoothed long-term trend line in the same year
as the weather event occurred, a recovery time of zero years
was recorded.

Event years were included in the analysis of recovery time
only if no other extreme weather event occurred in the 3 years
following, to remove any influence of other events on
observed recovery times. Recovery time was calculated for all
taxa, regardless of the results from the sensitivity analysis.

Influence of habitat and landscape on sensitivity and
resilience

Statistical analysis. To investigate the factors influencing
sensitivity and resilience, we related the In-transformed
change in abundance between the event year and the year fol-
lowing the event at all sampling locations to the variables
describing landscape, habitat and pesticide use using linear
mixed modelling. We restricted the extreme weather events to
exclude any occurring in consecutive years to limit com-
pounding effects and undertook one analysis of all hot/dry
events and one of all cold/wet ones. Sampling location was
entered as a random effect; all potential explanatory variables
were entered as fixed effects and tested for significance using
Wald statistics. Year was entered as a categorical fixed effect
to avoid confounding temporal effects with habitat and land-
scape ones. Residuals from the models were checked for nor-
mality and heteroscedasticity. Relationships between
explanatory habitat variables were evaluated using correla-
tions; only the number of patches and the density of field
boundaries were shown to be significantly (P < 0.05)
positively correlated.

Invertebrate abundance and long-term trends in weather

Statistical analysis. To test for linear relationships between
invertebrate abundances and weather, we calculated Pearson
correlation coefficients between the annual abundance index
of each taxon and each of the eight weather variables.

Spectral and coherence analysis. Standardized (zero mean,
unit variance) series of abundance indices and their 5-year
running means for each taxon, as well as for temperature and
rainfall, were calculated to allow visual comparison between
the trends. Spectral density and coherence analysis were used
to compare the patterns in the long-term trends of weather
(both temperature and rainfall) and invertebrate abundance,
applying methods previously used to compare long-term
trends in weather and four marine trophic levels (Aebischer
et al., 1990).

The spectrum of a time series is a means of identifying the
measure of recurring cyclical patterns in the data over time,
by decomposing the variation into its frequency components.
A strong cyclical pattern recurring every 5 years, for instance,
would show as a peak at a frequency of 0.2. Coherence analy-
sis compares two time series across the frequency domain to
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identify the frequencies at which matching cyclical patterns
occur in both sets of data (detected by peaks in coherence at
those frequencies) and the phasing (degree of synchronicity)
of any such matches. For example, two time series, both with
a 4-year cycle but where the cyclical peaks and troughs of the
second series lag behind those of the first series by 1 year, will
exhibit a peak in coherence at 0.25 and a phase of —(/2) radi-
ans equal to —90°, that is one-quarter of the cycle length.

Spectra were calculated according to Barrodale & Erickson
(1980), and coherences were calculated according to Strand
(1977), both with a filter length of 4. Significance of peaks was
determined by comparison with results calculated from 1000
randomly generated time series for both spectral densities and
coherence of trends in invertebrate indices with trends in
weather.

Invertebrate abundance, long-term trends in weather and
changes in pesticide use

Statistical analysis. The relative importance of weather and
pesticide use on the indices of invertebrate abundance was
examined using multiple linear regression. Average monthly
mean temperature (April-June) and average total monthly
precipitation were used to represent the trend in weather and
Pesticide PC1 represented the trend in pesticide use.

All statistical analysis was carried out in GENSTAT RELEASE 15.0
for Windows (VSN International Ltd, Hemel Hempstead, UK).

Results

Temporal trends

The long-term trends in the invertebrate annual indices
of abundance follow four broad patterns (Fig. 1).
Several taxa showed an increase at some point over the
40 years of the study (pattern i). Cicadellidae and
Delphacidae both increased in the last few years, and
Chalcididae increased between 1980 and the mid-2000s,
before beginning to decline again in the latter part of the
decade. Collembola decreased between 1980 and 2000,
before increasing in the last 10 years to abundances sim-
ilar to those seen at the start of the study. Decreases in
indices of abundance (pattern ii) were noted for
Araneae, Aphididae, Braconidae, Carabidae, Tachy-
porus, Enicmus, Lathridiidae, Atomaria, Cryptophagidae,
Lonchopteridae, Agromyzidae and Drosophilidae.
More complex changes (pattern iii) were seen in the
trends for Heteroptera, Empididae and Opomyzidae,
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Fig. 1 (continued)

with early declines, recovering to initial abundances in
the 1980s. Heteroptera have recently exceeded the
abundance of early years, but Empididae and
Opomyzidae have returned to the low levels of the
early 1980s. Three taxa showed no change in abun-
dance (pattern iv — Thysanoptera, Cecidomyiidae and
Mycetophilidae).

Temperature, measured as the average of April, May
and June, showed a long-term increase, while there was
no long-term trend in precipitation over the same time
period (Fig. 2).

Pesticide use has increased throughout the time of
the Sussex Study, with big increases noted in the late
1980s to early 1990s (Fig. 3). Pesticide use was signifi-
cantly positively correlated (134 = 0.438, P = 0.002) with
increases in temperature.

Extreme events

A total of 12 extreme weather events were identified:
four low-precipitation events, one high-precipitation
event, four high-temperature events and three low-tem-
perature events (Table 1). Some overlap in years among
these 12 extreme weather events left a total of 10 event

years for use in the analysis. The years identified in
each category are as follows:

1 Cold/wet: 1972, 1986, 1991, 1996
2 Hot/dry: 1976, 1984, 1989, 1995, 2007, 2008

Overall 35 extreme events in the invertebrate series
were identified, of which 11 (31%) coincided with
extreme weather events and five with the drought of
1976 (Table 1). There were also seven invertebrate
extreme events the year after the 1976 drought, six of
which were negative, followed by a further six positive
invertebrate extreme events in 1977. This accounts for
18 of the 35 invertebrate extreme events (51%) in a 3-
year period.

Eleven (42%) of the 26 taxa examined were sensitive
to extreme weather events, namely Araneae, Cicadelli-
dae, Delphacidae, adult Heteroptera, Thysanoptera,
Braconidae, Enicmus, Lathridiidae, Cryptophagidae and
Mycetophilidae (Table 2). For Araneae, Cicadellidae,
adult Heteroptera, Thysanoptera and Braconidae, dif-
ferences between year categories followed a linear pat-
tern, whereby hot/dry events resulted in an increase in
the abundance index, which was higher than nonevent
years, which in turn was higher than for the cold/wet
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Fig. 2 Long-term trend in temperature (average April, May and June) and total rainfall (April, May and June) from 1970 to 2011. Tem-
perature showed a significant linear increase over the 42 years of the Sussex Study (Fy 49 = 26.10, P < 0.001), while there was no trend

in total rainfall (F 49 = 0.07, P = 0.799).

years. For the remaining taxa, the average change in
abundance indices was lowest in nonevent years.

Only five (two hot/dry and three cold/wet) of the 10
extreme weather event years were suitable for use in
the calculation of recovery time based on the criteria of
no other extreme event in the following 3 years. Mean
recovery time in the case of extreme weather events
was a year or less for the majority of the 26 taxa
(Table 3). Only two taxa (Cecidomyiidae and Myce-
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tophilidae) took longer than a year to recover from
hot/dry events, and again only two taxa (Thysanoptera
and Tachyporus young) took longer than a year to
recover from cold/wet events. For the 24 extreme
events identified in the invertebrate series that did not
coincide with an extreme weather event, the time to
recovery was also an average of 1 year. Only two taxa
took longer than a year to recover from these events,
Delphacidae and Heteroptera.
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Fig. 3 Long-term trends in intensity of pesticide use measures as percentage spray area from 1970 to 2004. Herbicide (a, F; 33 = 122.5,
P < 0.001), fungicide (b, F; 33 = 92.0, P < 0.001) and insecticide (c, F; 33 = 37.3, P < 0.001) use increased in intensity. This is reflected in
the trend through time of the first principal component of the three series (d, F; 33 = 164.5, P < 0.001).

There were few significant findings in the effect of
habitat and landscape on either the sensitivity or resili-
ence of invertebrate taxa (Tables 4 and 5, respectively).
The only one of note was for aspect in relation to sensi-
tivity to cold, wet years. Changes in the abundance of
five of the ten taxa examined (Araneae, Cicadellidae,
Thysanoptera, Cryptophagidae and Mycetophilidae)
showed a significant effect of aspect (Table 4b), such
that an increase in abundance was mainly associated
with west-facing slopes and a decrease in abundance
with east-facing slopes (Table 6). The large variation in
the samples from north-facing slopes was due to small
sample size within the study area. In the case of
Cicadellidae, abundance in samples on north-facing
slopes declined significantly more than those in sam-
ples on other slopes.

Invertebrate abundance and weather

Of the 26 taxa, 14 showed a significant correlation
between their annual index of abundance (Fig. 1) and
at least one measure of temperature for the April-May—
June period (Table 7). There were positive correlations
between temperature and the abundance of Hemiptera
(Aphididae, Delphacidae and Heteroptera) and Chalci-
didae. The opposite was true of four of the Coleopteran
taxa tested (Carabidae, Tachyporus, Atomaria and Cryp-
tophagidae). The abundance of Drosophilidae was also

negatively correlated with two measures of tempera-
ture. Seventeen taxa showed a significant correlation
between their annual index of abundance and at least
one measure of precipitation for the April-May-June
period. Precipitation was negatively correlated with the
abundance of Aphididae, Cicadellidae, Heteroptera,
Thysanoptera and Lathridiidae. Positive correlations
for precipitation were found for Collembola, several
Coleoptera taxa (Tachyporus, Enicmus and Atomaria) as
well as five of the seven Diptera taxa.

Comparing the results for temperature and precipita-
tion, in general if the abundance of a taxon increased
with temperature, it declined with precipitation and
vice versa. Of the 26 taxa examined, only three taxa
showed no significant correlations with at least one of
the weather variables: Araneae, Agromyzidae and
Opomyzidae (Table 7).

Periodicities in invertebrate abundance and weather

Most spectral densities varied from random frequencies
relating to long timescales — 20-100 years (Table 8;
Fig. S1). Significant periodicity at long timescales was
identified for temperature and thirteen of the taxa/age
groups examined (Collembola, Heteroptera adults, Het-
eroptera young, Braconidae, Chalcididae, Carabidae,
Tachyporus adults, Enicmus, Lathridiidae, Atomaria, Cryp-
tophagidae, Empididae and Opomyzidae). Significant

© 2015 John Wiley & Sons Ltd, Global Change Biology, 21, 3931-3950
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Table 1 Extreme weather events (hot/dry shaded light grey, cold/wet shaded darker grey) and extreme events in the long-term
trends of invertebrates in cereals (increases as +, decreases as —). Years where data were not available are shaded in black

Araneae
Collembola
Aphididae
Cicadellidae
Delphacidae
Heteroptera
Heteroptera (adults)
Heteroptera (nymphs)
Thysanoptera
Braconidae
Chalcididae
Carabidae
Tachyporus
Tachyporus (adults)
Tachyporus (young)
Enicmus
Lathridiidae

Atomaria

Cryptophagidae
Cecidomyiidae
Myecetophilidae
Empididae
Lonchopteridae
Agromyzidae
Opomyzidae
Drosophillidae

1970 . - _

1971
1972
1973
1974
1975
1976 4 +
1977 - - - - - -

1978  + + + +

1979

1980

1981 -

1982 -

1983

1984  +

1985

1986

1987

1988

1989

1990

1991

1992

1993

1994 -

1995 +

1996

1997

1998

1999

2000

2001

2002 +

2003
2004
2005
2006 -
2007 =+
2008
2009
2010
2011

Low June temp

Low average rainfall and high June temp

Low April rain

- Low April temp

Low May rain

High June rain

Low average rain
F + Low May temp

High April and average temp
High May temp

shorter periodicity was identified for rainfall and only
two taxa (Braconidae and Drosophilidae). Three taxa
show periodicity at medium frequencies: Thysanoptera,
Mycetophilidae and Agromyzidae, which did not reflect
periodicity in the weather variables examined.

The coherence analysis between temperature and
changes in invertebrate indices revealed a general pat-

© 2015 John Wiley & Sons Ltd, Global Change Biology, 21, 3931-3950

tern of significant similarities at two timescales
(Table 9; Fig. S2). These are at long timescales from
around 10 to 100 years, reflecting some of the long-term
changes seen in invertebrate abundance over the whole
of the time of the Sussex Study, and shorter timescales,
centring around 2 years. The nine taxa/age groups
with coherence with temperature at long timescale
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Table 2 Annual changes in invertebrate abundance in cereals in hot/dry, cold/wet and nonevent years (+standard error).
Significant differences indicate sensitivity to weather events. The data for taxa identified as being sensitive to extreme weather

events are shown in bold

Taxa Years F Hot/dry Nonevent Cold/wet
Araneae 40 Fy 37 = 4.30% 0.549 + 0.221° —0.141 + 0.096° —0.225 + 0.290°
Collembola 38 Fy35=1.18 0.327 + 0.256 —0.083 + 0.118 —0.196 + 0.354
Aphididae 40 F> 37 =1.06 0.191 £ 0.347 —0.028 £ 0.196 —0.919 + 0.679
Cicadellidae 39 Fy36 = 3.52% 0.761 + 0.318" —0.078 + 0.143° —0.409 + 0.401°
Delphacidae 39 F36 = 4.38 0.906 + 0.377° —0.282 + 0.190° 0.640 + 0.719%
Heteroptera 40 F; 37 =1.01 0.288 £ 0.256 0.003 + 0.110 —0.267 + 0.300
Heteroptera adults 40 Fp37 = 3.27% 0.884 + 0.369° —0.105 + 0.158° —0.365 + 0.577°
Heteroptera nymphs 40 F, 37 = 0.56 0.179 £ 0.286 0.031 + 0.118 —0.257 £ 0.311
Thysanoptera 38 Fpss = 254 0.622 + 0.306* ~0.112 + 0.141° ~0.306 + 0.528°
Braconidae 39 Fy 36 = 4.22% 0.321 + 0.268" 0.130 + 0.163% —1.238 =+ 0.480°
Chalcididae 39 Fy36 = 0.97 0.018 £ 0.220 0.027 £ 0.102 —0.516 + 0.378
Carabidae 40 Fr37=0.72 0.186 + 0.238 —0.072 £ 0.101 0.153 + 0.264
Tachyporus 40 Fr57 =217 0.517 £ 0.360 —0.219 + 0.129 0.152 + 0.337
Tachyporus adult 40 F>37 =049 0.188 + 0.318 —0.146 + 0.115 —0.089 + 0.251
Tachyporus young 40 Fr37 =237 0.548 £ 0.379 —0.234 + 0.136 0.238 + 0.368
Enicmus 40 F, 37 = 8.50** 1.400 + 0.368" —0.247 + 0.155° —0.073 =+ 0.399°°
Lathridiidae 40 F> 37 = 11.16%** 1.360 + 0.320" —0.282 + 0.136" —0.083 =+ 0.381°°
Atomaria 40 F; 37 =2.38 0.527 £+ 0.311 —0.163 £ 0.111 —0.260 + 0.261
Cryptophagidae 40 Fpsy = 7.23* 0.836 + 0.280° —0.247 + 0.110° 0.234 + 0.260°
Cecidomyiidae 39 F;36 = 2.39 0.570 £+ 0.313 —0.174 + 0.148 —0.248 + 0.497
Mycetophilidae 39 Fp36 = 5.18% 0.562 + 0.334" —0.276 + 0.142° 0.730 + 0.369"
Empididae 39 Frz6 =072 —0.309 £ 0.274 0.006 + 0.104 0.133 + 0.300
Lonchopteridae 39 F36 = 1.35 —0.527 + 0.387 —0.189 + 0.169 0.347 + 0.380
Agromyzidae 38 F;35 = 0.89 —0.423 + 0.438 0.091 + 0.202 —0.629 + 0.760
Opomyzidae 39 Fp36 = 0.80 0.186 £ 0.293 —0.005 + 0.138 —0.499 + 0.456
Drosophilidae 39 F;36 = 2.56 —1.300 + 0.501 —0.049 + 0.234 —0.319 £ 0.531

Means with the same letter are not significantly different (P < 0.05).

*P < 0.05, **P < 0.01 and ***P < 0.001.

were as follows: Cicadellidae, Braconidae, Chalcididae,
Carabidae, Tachyporus adults, Lathridiidae, Atomaria,
Cryptophagidae and Empididae. There were twelve
taxa/age groups that showed coherence with tempera-
ture at shorter timescales (Aphididae, Cicadellidae,
Heteroptera, Heteroptera adults, Heteroptera nymphs,
Thysanoptera, Braconidae, Carabidae, Lathridiidae,
Atomaria, Opomyzidae and Drosophilidae). These short
timescale events are not confined to taxa found to be
sensitive to extreme weather events, although the time-
scales involved reflect the recovery rates identified for
extreme weather events.

The results of the comparison between rainfall and
changes in invertebrate indices (Table 9b; Fig. 3) pro-
duced fewer significant similarities, with the general
trend of most significant coherences being at a time-
scale of between 5 and 10 years, as was the case for Del-
phacidae, Thysanoptera, Tachyporus, Tachyporus young,
Atomaria and Lonchopteridae. Coherence between rain-
fall and Collembola and Drosophilidae were significant
at shorter timescales (2 years).

Invertebrate abundance and multivariate relationships

A multiple regression involving temperature, rainfall
and pesticide use was significant in 22 of 26 cases
(Table 10). In five cases, only pesticide use was signifi-
cant (Araneae, Carabidae, Enicmus, Atomaria and Cryp-
tophagidae), in seven only weather variables
(Collembola, Aphididae, Cicadellidae, Empididae, Lon-
chopteridae, Opomyzidae and Drosophilidae) and for
the remaining 10 a combination of both was significant.

Considering all the Coleoptera (Carabidae, Tachy-
porus, Enicmus, Lathridiidae, Atomaria and Cryptophagi-
dae), abundance declined with increasing pesticide use,
with a few instances of weather also having an effect.
For Diptera, changes in abundance more -closely
reflected long-term trends in weather than those in pes-
ticide use, if a relationship was present. The abundance
of Araneae was negatively related to pesticide use,
while Collembola abundance was positively related to
rainfall. The abundance of Braconidae and Chalcididae
was related to both weather and pesticide use, but Bra-

© 2015 John Wiley & Sons Ltd, Global Change Biology, 21, 3931-3950
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Table 3 Average number of years (+standard error) taken to
recover following an extreme weather event and invertebrate
extreme events for invertebrates in cereals. The data for taxa
identified as being sensitive to extreme weather events are
shown in bold

Invertebrate
Hot/dry Cold/wet  extreme

Taxa events events events
Araneae 05+05 03+03 1.0
Collembola 1.0+10 0.0+£00 1.0
Aphididae 05+05 03+03
Cicadellidae 05+05 03+03 1.0
Delphacidae 1.0+£1.0 03+03 20
Heteroptera 05+05 03£03 2.5
Heteroptera adults 1.0 £1.0 0.7 +0.3 1.0
Heteroptera nymphs 0.5 £ 0.5 0.7 £ 0.7 0.5
Thysanoptera 05+05 15+05
Braconidae 05+05 07+07 05
Chalcididae 0.0+00 03+03 1.0
Carabidae 05+05 07+03 1.0
Tachyporus 1.0+00 13+£03
Tachyporus adult 05+05 03+03
Tachyporus young 1.0+00 13+£03

Enicmus 1.0 +1.0 0.0 £0.0
Lathridiidae 1.0 £10 0.0 +£0.0 1.0
Atomaria 0.0£00 00%£00 0.7
Cryptophagidae 1.0 £1.0 1.0+ 06
Cecidomyiidae 15+05 07+03
Mycetophilidae 1.5+05 03+03
Empididae 1.0+£10 1.0£00 1.0
Lonchopteridae 1.0+10 07+03 0.5
Agromyzidae 1.0+10 0.0+£00 1.0
Opomyzidae 0.0+00 03+03
Drosophilidae 05+05 03+03 1.0

conidae abundance was negatively related to
rainfall and pesticide wuse, while Chalcididae
abundance was positively related to temperature and
pesticide use.

Discussion

Extreme weather events

We were able to identify several extreme weather
events that occurred during the course of the Sussex
Study and found that several invertebrate taxa in cere-
als were sensitive to these events. However, the inverte-
brates we considered were also quick to recover, with
only two taxa taking longer than a year to return to pre-
event trends. Morley & Lewis (2014) reported similar
responses and quick recoveries when reviewing host—
pathogen responses to one of the extreme weather
events considered here, the 1976 drought. The inverte-
brate taxa that we examined can exhibit great

© 2015 John Wiley & Sons Ltd, Global Change Biology, 21, 3931-3950

interannual variability in their abundance (Fig. 1). The
variability may reflect the annual perturbation cycle of
their cereal ecosystem habitat, where crops are har-
vested, ground is ploughed and a new habitat sown
within months. This favours species with an ability to
cope with a highly variable environment. Farming
intensification, with the associated increase in pesticide
use, will have increased selection for taxa that are able
to recolonize fields after pesticide treatment (but see
Ewald & Aebischer, 1999 for evidence of a ‘carry-over’
effect of pesticide use on some invertebrate groups).
Beddington (2009) postulated that, for arable agricul-
ture, one of the consequences of climate change (both
globally and nationally) may be increased use of pesti-
cides in response to pest outbreaks. The main effect of
climate change on invertebrates in cereal fields may be
this intensification.

The only consistent trend to emerge from the analysis
of habitat and landscape features on the sensitivity and
resilience to extreme weather events was an effect of
aspect on invertebrate sensitivity to extreme cold and
wet weather events. The general pattern was that dur-
ing such events, invertebrate abundance increased com-
pared to the preceding year on west-facing slopes,
whereas it tended to decrease compared to the preced-
ing year on other slopes, especially east-facing ones.
This may indicate potential microclimate refugia to
extreme weather events on these slopes in arable sys-
tems (Suggitt et al., 2014).

Aspect has been highlighted as a potentially key
landscape component in influencing climatic conditions
at a small, localized scale (Oliver et al., 2010). It is
thought that these microclimates provide microrefugia
from weather events, and their influence on abundance
and distribution has been reported for a range of spe-
cies (at a range of scales), from invertebrates such as
Lepidoptera (Weiss et al., 1993) and Coleoptera (Dennis
et al., 1994), to bird species (Calladine & Bray, 2012).
Explanations for the influence of aspect range from dif-
fering levels of exposure to solar radiation across differ-
ing aspects (Bennie et al., 2008) to differences in
available soil moisture (Western et al., 1999), warmer
winter daytime temperature (Dennis et al., 1994) and
increased exposure to warm dry NW winds (Ashcroft
et al., 2009). As the effect of aspect in our study was
apparent only during cold and wet event years, some
interplay between temperature, moisture and wind on
a microclimatic level leading to conditions more suit-
able for invertebrates on those west-facing slopes is
likely to be occurring. Extrapolating our results to other
localities should be done with caution; thermal micro-
climate effects have been shown to be sensitive to local
conditions, making predictions on the effects of climate
on species difficult (Bennie et al., 2010). The lack of any
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Table 6 Mean change (+standard error) in abundance of invertebrates in cereals in relation to aspect of sampling location, for five
taxa sensitive to cold/wet extreme events that showed a significant result for aspect (Table 4). Means are adjusted for other factors
in the model, and ones that are not different (P < 0.05) are labelled with the same letter

Aspect Araneae Cicadellidae Thysanoptera Cryptophagidae Mycetophilidae
North —0.254 + 0.376 ab —1.038 £+ 0.346 a —0.633 £ 0.56 ab 0.349 + 0.448 ab 0.570 + 0.418 bc
East —0.235 £ 0223 a —0.151 £ 0.206 b —0.827 £ 0323 a —0.258 £ 0.259 ab —0.385 = 0.244 a
South —0.013 £ 0.125a 0.006 + 0.115b 0.122 + 0.180 b —0.377 £ 0.145a —0.190 + 0.137 ab
West 0.464 + 0.166 b 0.165 + 0.154 b 0439 + 0.234b 0.254 + 0.189 b 0.392 £ 0.179 ¢

Table 7 Pearson’s correlation coefficients and associated significance for correlation between each weather variable and annual

abundance index for each of the 26 invertebrate taxa

Mean temperature

Total precipitation

Years  April May June April-June  April May June April-June

Araneae 40 —0.035 0.266 —0.001 0.113 —0.137 0.047 0.052 —0.036
Collembola 38 0.025 —0.174 —-0.216 —0.178 0.004 0.498** 0.183 0.383*
Aphididae 40 —-0.091 0.116 0.331* 0.175 —0.195 —0.321* —0.250 —0.415**
Cicadellidae 39 0.237 0.042 0.425** 0.317% —0.423**  —0.188 —0.034 —0.398*
Delphacidae 39 0.194 0.377* 0.249 0.380% —0.092 0.226 0.053 0.102
Heteroptera 40 0.306 0.235 0.190 0.339% —0.047 —0.383* —0.108 —0.308
Heteroptera (adults) 40 0.181 0.476** 0.339% 0.469** —0.089 —0.364* —0.035 —0.259
Heteroptera (nymphs) 40 0.288 0.165 0.139 0.274 —0.032 —0.346* —0.116 —0.289
Thysanoptera 38 0.150 0.173 0.316 0.292 —0.426**  —0.183 —0.084 —-0.361*
Braconidae 39 -0.117  —0.043 0.157 0.002 —0.369*  —0.327* —0.114 —0.455**
Chalcididae 39 0.287 0.373* 0.458** 0.524*** 0.172 —0.049 —0.305 —-0.133
Carabidae 40 -0.197  —0.349% —-0.293 —0.393* —0.182 0.023 0.127  —0.043
Tachyporus 40 —0.059 —0.104 —0.414** -0.271 0.010 0.171 0.374* 0.315%
Tachyporus (adults) 40 —0.390*  —0.417*  —0.571**  —0.642*** —0.030 0.156 0.311 0.216
Tachyporus (young) 40 —0.012 —0.056 —-0.375* —-0.209 0.015 0.165 0.366% 0.314*
Enicmus 40 -0.237  —-0.129 0.015 —0.158 —0.358*  —0.178 —0.041 —0.356*
Lathridiidae 40 —0.221 —0.126 0.062 —0.127 —-0.410%  —-0.221 —0.053 —0.407**
Atomaria 40 -0.391*  —0.345% —0.475** —0.562*** —0.112 0.092 0.286 0.129
Cryptophagidae 40 —-0.281 —-0.297 —0.263 —-0.391* —0.246 0.032 0.158 —0.045
Cecidomyiidae 39 0.066 —0.077 —0.024 —0.027 —0.076 0.440*  —0.163 0.124
Mycetophilidae 39 —0.096 —-0.161 —-0.139 -0.19 —0.011 0.423*  —0.029 0.258
Empididae 39 0.178 0.292 —0.057 0.202 0.351*  —0.182 0.146 0.203
Lonchopteridae 39 0.007  —0.196 —0.348* —0.255 0.243 0.375% 0.037 0.334*
Agromyzidae 38 0.010 —-0.072 —0.200 —0.124 —0.138 0.003 0.150 0.035
Opomyzidae 39 0.132 0.293 0.172 0.287 —0.196 —0.253 0.060 —0.179
Drosophilidae 39 -0.227  —0.337*  —0.242 —0.380* 0.249 0.458**  —0.047 0.350%

*P < 0.05, **P < 0.01 and ***P < 0.001.

other clear-cut associations between landscape/habitat
and either sensitivity or resilience supports results from
our analysis of recovery time.

Long-term trends in invertebrate abundance, climate and
pesticide use

The measures of weather that we considered had both
significant positive and negative correlations with
invertebrate taxa over the duration of the study. This
may indicate that long-term changes in weather — con-

sistent with climate change — have been altering inver-
tebrate abundance over the time of the Sussex Study.
Any landscape-scale change in weather will also be
confounded with other landscape-scale changes taking
place in the Sussex Study area, for instance the back-
ground intensification of farming.

Our time series comparisons of invertebrate abun-
dance with temperature showed coherence at two time
periods, one of a relatively short time frame (~2 years)
and the other acting over long timescales (10 + years).
The shorter time frame may represent the impact of

© 2015 John Wiley & Sons Ltd, Global Change Biology, 21, 3931-3950
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Table 8 Spectral analysis of invertebrate abundance indices, temperature and rainfall. Grey rectangles indicate where spectral

densities are significantly higher than expected

Arancac
Collembola
Aphididae
Cicadellidae
Delphacidae
Heteroptera
Heteroptera (adults)
Heteroptera (nymphs)
Thysanoptera
Braconidae
Chalcididae
Carabidae
Tachyporus
Tachyporus (adults)
Tachyporus (young)
Enicmus
Lathridiidae
Atomaria
Cryptophagidae
Cecidomyiidae
Mycetophilidae
Empididae
Lonchopteridae
Agromyzidae
Opomyzidae
Drosophillidae
Temperature
Rainfall

100.00
50.00
33.33
25.00
0.00
6.67
4.29
2.50
111
0.00

3.70
3.57
3.45
333
323
3.13
3.03
2.94
2.86
278
2.70
2.63

Periodicity (years)

direct weather events that, owing to the quick recovery
of invertebrates in cereals, have had little long-term
effect on the community. In general, the taxa found to
have short-term coherences with weather differed from
those found to be sensitive to extreme weather events;
only five of the eleven taxa showed both sensitivity to
extreme weather events and coherence with trends in
temperature over a short time frame. The long time-
scale coherence may represent an effect of long-term
changes in weather, particularly temperature, and
matches the correlations between temperature and
abundance across the taxa examined.

Our multivariate analysis of invertebrate abundance
in relation to weather and pesticide use suggests that
the long-term trends in some higher-level taxa in Sus-
sex (Araneae and Coleoptera, for example, both pre-
dominately predatory arthropod groups and both
important components of integrated pest management
— IPM) are driven by increasing use of pesticide appli-
cations. Others (Collembola, Aphididae, Cicadellidae,
Lonchopteridae, Opomyzidae and Drosophilidae,
groups that are either herbivorous or that feed on rot-
ting plant material at some stage in their life cycle)
appear to be related more to changes in weather over
the long term. One driving force behind changes in
some groups may be a change in food resources, which
was not considered in this analysis. It is possible, for
instance, that Heteroptera and Chalcididae were
responding to increases in broad-leaved weeds (Potts
et al., 2010; Potts, 2012), related in part to the uptake of

© 2015 John Wiley & Sons Ltd, Global Change Biology, 21, 3931-3950

agri-environmental options, in particular conservation
headlands (Ewald et al., 2012).

Comparison of our results to published results

The most studied taxa that we have considered are the
Aphididae. Glasshouse and some field-based experi-
ments indicate that aphid responses to the direct effects
of increased temperature and CO, have been varied
and are species specific (Newman et al., 2003). The
interaction of temperature and CO, may result in little
change in abundance (Hoover & Newman, 2004); mod-
els that have applied this experimental work on a regio-
nal basis have found the same (Newman, 2005).
Monitoring across Europe suggests an increase in the
number of aphid species recorded and changes in tim-
ing of first or last flights (Hullé et al., 2010; Bell et al.,
2015), but no change in overall abundance due perhaps
to changes in the relative abundance of different species
(Ma et al., 2014). Our results for Sussex indicate a posi-
tive relationship with temperature, but the long-term
trend in aphid abundance in Sussex indicates no
increase. Other research has emphasized the impor-
tance of the effects of parasitoids and predators on reg-
ulating the abundance of aphids (Duffield & Aebischer,
1994; Legrand et al., 2004; Diehl et al., 2013), and
changes to the abundance and composition of these
naturally occurring biocontrol agents may explain why
there has been no long-term increase in the abundance
of Aphididae in Sussex, although several of the poly-



3946 J. A. EWALD etal.

Table 9 Coherence analysis of invertebrate abundance indices against (a) temperature and (b) rainfall. Grey rectangles indicate
where spectral frequencies of taxa were significantly similar to weather variable frequencies

(@) Temperature.

Araneae
Collembola
Aphididae
Cicadellidac
Delphacidae
Heteroptera
Heteroptera (adults)
Heteroptera (nymphs)
Thysanoptera
Braconidae
Chalcididae
Carabidae
Tachyporus
Tachyporus (adults)
Tachyporus (young)
Enicmus
Lathridiidae
Atomaria
Cryptophagidae
Cecidomyiidae
Mycetophilidae
Empididae
Lonchopteridae
Agromyzidae
Opomyzidae
Drosophillidae

100.00
50.00
33.33
25.00
20.00
9.09
8.33
7.69
7.14
6.67
6.25
5.88
5.56
5.26
5.00
4.76
4.55

w
“
~

=~ o wn o
oS R =
<+ < @ o

357
345
333
323
3.13
3.03
294
2.86
278
270
2.63
256
250
244
238
233
227
222
2.17
213
2.08
2.04
2.00

Periodicity (years)

(b) Rainfall.

Frequency

0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
021
022
023
024

)

027
028
029
0.30
032
033
034
035
0.36
037
038
0.40
041
042
043
044
045
046
047
048
049
0.50

o o

Araneae
Collembola
Aphididae
Cicadellidae
Delphacidac
Heteroptera
Heteroptera (adults)
Heteroptera (nymphs)
Thysanoptera
Braconidae
Chalcididae
Carabidae
Tachyporus
Tachyporus (adults)
Tachyporus (young)
Enicmus
Lathridiidae
Atomaria
Cryptophagidae
Cecidomyiidae
My cetophilidae
Empididae
Lonchopteridae
Agromyzidae
Opomyzidae
Drosophillidac

100.00]
50.00
3333
25.00
20.00
588
5.56
526
5.00
476
455
435

417
400
385
370
357
345
333
323
313
303
294
286
278
270
263
256
250
244
238
233
227
222
217
213
208
204
200

Periodicity (years)

phagous predator groups that we looked at have
declined (Araneae, Carabidae, Tachyporus). If this regu-
lation of abundance ceased, aphid pest outbreaks may
increase if temperature rises as projected under climate
change models.

In line with our results, other researchers have noted
the negative effect of agricultural intensification (in-
cluding pesticide use) on the diversity of spiders in ara-
ble landscapes (Dormann et al., 2008), with the effect of
reducing pesticides theorized to have a greater effect

on spider abundance where precipitation was highest
(Amano et al., 2011). Our results for the long-term
trends in Collembola (positive correlation with rainfall)
reflect the results in other studies that examined the
effect of drought (and irrigation) on the abundance of
this taxon (Frampton et al., 2000). For parasitoid taxa
(Braconidae and to some extent Chalcididae), the
expectation from modelling work is that increases in
temperature will decrease reproductive success (Denis
et al.,, 2011), although this may be offset through

© 2015 John Wiley & Sons Ltd, Global Change Biology, 21, 3931-3950
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Table 10 Multiple regression of abundance indices against temperature, rainfall and pesticide use for each of 26 invertebrate taxa

in cereals

Regression coefficients
Taxa/age groups Test statistic Temperature Rainfall Pesticide PC1
Araneae F350 = 3.60% 0.105 0.002 —0.090**
Collembola Fi08 = 3.76% -0.076 0.076* -0.027
Aphididae Fs50 = 4.59** 0.146* —0.076* —0.053
Cicadellidae F309 = 4.06* 0.219 —0.183* —0.082
Delphacidae Fj9 = 3.60% 1.676* 0.165 —0.912**
Heteroptera Fs 30 = 4.06% 0.159 —0.095 0.106
Heteroptera (adults) Fs50 = 3.07% 0.179 -0.076 0.047
Heteroptera (nymphs) Fs50 = 3.22% 0.152 —0.103 0.126
Thysanoptera F308 =2.87 0.224 -0.370 0.104
Braconidae Fs309 = 7.76%** 0.141 —0.111* —0.135**
Chalcididae F309 = 6.64*** 0.506* —0.032 0.204*
Carabidae Fs50 = 4.64** —0.021 —0.017 —0.174**
Tachyporus Fs50 = 4.68** 0.014 0.062* —0.083**
Tachyporus (adults) Fs 30 = 13.66%** —0.097* 0.030 —0.071***
Tachyporus (young) F330 = 3.89% 0.032 0.067* —0.085*
Enicmus Fs50 = 6.76*** 0.499 —0.887* —1.255%*
Lathridiidae F;50 = 8.85%** 0.163 —0.214** —0.289%*
Atomaria Fs50 = 12.94*** —0.078 0.019 —0.105***
Cryptophagidae Fs50 = 7.45%% —0.030 —0.015 —0.164***
Cecidomyiidae F;359 = 0.88 —0.279 —0.009 0.007
Mycetophilidae F39 = 1.58 —0.374 0.081 0.040
Empididae F309 = 3.20% 0.262* 0.096 0.020
Lonchopteridae Fi39 = 3.52% —0.022 0.082* —-0.072
Agromyzidae F300 = 0.47 —0.007 0.012 —0.110
Opomyzidae F509 = 3.02% 1.016* —0.136 —0.089
Drosophilidae F5 59 = 3.40% —0.169* 0.060 0.015

*P < 0.05, **P < 0.01 and ***P < 0.001.

adaptation (Denis et al., 2012). Results from a compar-
ison of parasitoid infections in lepidopteran caterpillars
from Brazil to Canada indicated that areas with higher
precipitation variability had lower levels of hymenop-
teran parasitoid infection, hypothesized to result from
the inability of these parasitoids to find their hosts in a
more variable environment (Stireman et al., 2005). In
northerly UK moorland habitats, declines have been
recorded in species of Carabidae, perhaps indicating a
negative effect of climate change, especially on species
adapted to northerly climes (Morecroft et al., 2009;
Brooks et al., 2012). However, in arable systems, others
have noted that declines in Carabidae abundance in an
agricultural setting are related to agricultural intensity
(Geiger et al., 2010), while some have found no effect
on species richness of Carabidae of either climate, land-
use intensity or landscape variables (Dormann et al.,
2008).

We note that most other data sets cover shorter time
periods and often begin between the mid-1980s to the
1990s, substantially after many of the changes in fungi-

© 2015 John Wiley & Sons Ltd, Global Change Biology, 21, 3931-3950

cide and insecticide use that we have observed in the
Sussex Study data set (Ewald & Aebischer, 1999, 2000).
The first hot, dry extreme event identified here (1976) is
correlated with the first indications of large-scale insec-
ticide use within Sussex. Aphicides were applied to
winter wheat crops in the summer of 1976 in response
to large-scale aphid outbreaks (Ewald & Aebischer,
1999). Our results indicate that the increasing pesticide
use that has accompanied the long-term increase in tem-
perature on the Sussex Study area has had more of an
effect on long-term changes in invertebrate abundance
for some of the taxa we investigated (particularly Ara-
neae, Carabidae and Tachyporus) than did temperature
change. Changes in the abundance of farmland birds
across the United Kingdom have been linked more clo-
sely to increases in agricultural intensification than cli-
mate change (Eglington & Pearce-Higgins, 2012). Both
of these findings suggest that the main driver of change
in an agricultural ecosystem is the anthropogenic man-
agement undertaken within this system, which in turn
will be influenced by a changing climate.
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Implications for cereal crop management

Our results suggest that there is little habitat manipula-
tion that can (or even should) be done to offset short-
term responses of invertebrates in cereal fields to
extreme weather events. Methods to mitigate the effect
of farming intensification are well known, and many
are currently funded in England through agri-environ-
ment schemes (beetle banks, conservation headlands,
unharvested cereal margins, low-input cereals). There
may be some advantage in targeting the location of
these to east-facing slopes in order to counteract the
effects of a cold, wet summer or to create west-facing
slopes by orienting beetle banks, in particular, in a
north-south direction. However, earlier work on beetle
bank location showed that those running east to west
had higher winter densities of Tachyporus hypnorum
(Dennis et al., 1994).

Several of the long-term effects of climate change
may lead to increases in some taxa (Rosenzweig et al.,
2001; Shaw et al., 2008; Finlay & Luck, 2011), some of
which contain cereal pests (Aphididae, Thysanoptera
and Opomyzidae). This may lead to an increased use of
insecticide, which will have a detrimental effect on
other invertebrate taxa. This appears to be the most
likely long-term negative effect of climate change on
invertebrate numbers in cereal fields based both on our
results here and in other analyses of the effects of pesti-
cide use (Potts, 1986; Aebischer, 1990, 1991; Sotherton,
1991; Ewald & Aebischer, 1999; Benton et al., 2002; Gei-
ger et al., 2010). The utilization of conservation head-
lands (Sotherton, 1991) together with beetle banks, as
part of an agri-environmental package for the conserva-
tion of farmland birds, will counteract this and reap
benefits for the conservation of invertebrates in cereal
fields (Winspear et al., 2010).
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(year™") for rainfall and invertebrate abundance.
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