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Abstract

Increasing evidence suggests that land-use intensification contributes to destabilization of trophic networks of insect com-
munities in agriculture resulting in a loss of biodiversity. However, a more detailed understanding of the causes and conse-
quences of the widely reported insect decline is still lacking. Here, we used standardised daily long-term data on the activity
of flying insects (~250 d/year) to describe the interactive effects of climate warming in intensively cultivated regions and
changes in predatory taxa on the general long-term trend of insects and the regulation of herbivores. While the intensely
managed landscapes examined in this study show a substantial decline in several taxonomic groups (95.1% total biomass
loss in 24 year), the data on aphids support a general assumption that biodiversity loss is often closely associated with aris-
ing pest problems. Aphids being pests in agroecosystems develop earlier in spring in overall higher annual abundances. The
data highlight that regional insect abundances have declined over recent decades in agricultural landscapes, thus indicating
fundamental effects on food webs and insect herbivore performance.

Keywords Insect biodiversity losses - Intense management - Climate change - Landscape homogeneity - Biological
control - Land-use intensity
Key messages Introduction

Insect populations of terrestrial ecosystems are declin-
e The abundance of aerial insects in regions of intense  ing as a complex response to human-induced changes in

agriculture drastically declined (35 years). the environment (Wagner 2020), with land-use changes
e Taxonomic groups experienced a progressively declining  or intensification particularly suspected of being involved
density indicating community changes. (Sala et al. 2000). Within the last millennium, less than a
e Aphids, however, increased in density and duration of the ~ quarter of the terrestrial land surface remained unaffected
flight with earlier activity. by humans (Winkler et al. 2021). Almost all rural areas
e Low aerial insect quantities may have implications on  have been shaped or altered by human activity in Western
food chains thus influencing pest management. Europe and can be regarded as cultural landscape, with a
e Land-use intensification and climate change contribute  large part of the European land representing landscapes of
to the reduction of ecosystem services. intensively managed agriculture (Van Zanten et al. 2014). In

these landscapes, agricultural management is subject to fur-
ther developments that may affect the performance of insect
species (Beckmann et al. 2019; Klink et al. 2020). Due to
their economic benefits and their importance for the environ-
Communicated by Blas Lavandero. ment, there is substantial concern about insect conservation
while there is widespread recognition of the need to imple-
ment sustainable strategies for their protection (Firbank
et al. 2008; Wagner 2020; Didham et al. 2020). Studies have
Institute for Resistance Research and Stress Tolerance, already demonstrated shifts in the functional composition of
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linked to the intensification of agricultural practices (Henle
et al. 2008; Allan et al. 2015; Neff et al. 2021). In combi-
nation with recent climatic changes, they may even have a
stronger impact than would be expected from the individual
effects of the two factors when considered independently
(Outhwaite et al. 2022). At the same time, there is evidence
to suggest that susceptibility to agricultural insect pests
increased in some cropping systems (Lin 2011; Gaba et al.
2014; Tilman et al. 2014; Emmerson et al. 2016; Deutsch
et al. 2018).

Key threats to insects include aspects of intensification in
agricultural landscapes, such as the loss of habitats, homog-
enisation in time and space, application of synthetic fertiliz-
ers, or herbicides and pesticides (Tilman et al. 2002, 2014;
Uchida and Ushimaro 2014; Sirami et al. 2019; Powney et al.
2019). The resulting consequences for habitat quality are
widely recognized as a prime threat to biodiversity because
both environment and management are important in struc-
turing communities, and they are major determinants of the
abundance of individuals inhabiting a landscape (Bengtsson
et al. 2005; Storch et al. 2005). Abundance in populations,
in turn, can be an important aspect of biodiversity conserva-
tion, because small populations in general are more suscep-
tible to stochastic demographic events. The same is true for
reduced genetic variation as a reduction in population size
has an impact on the stability of species dynamics and finally
on the preservation of biological diversity (Gaston 2000;
Srivastava 2002; Emmerson et al. 2016). However, how
different species are affected by recent shifts in landscape
structure and land-use, and the downtrend may be amplified
by years with great heat and drought (Harvey et al. 2020), is
not yet sufficiently known. Taking the general widespread
loss of insects into account (Seibold et al. 2019; Wagner
2020; Klink et al. 2020), two scenarios may be assumed.
First, a decline of all species initiated by a few common
triggers, from e.g., changes in agricultural practices or local
climatic conditions, and secondly, a response to environmen-
tal changes strongly determined by interactions (Huxel and
McCann 1998; Mendenhall et al. 2014). Cascading trophic
effects and release from predation or competition may occur,
often termed ‘tipping points’, are possible scenarios that can
finally lead to drastic changes in ecological communities
(Snyder et al. 2006; Risch et al. 2018; Roque et al. 2018).

Considering this, reductions in insect population abun-
dances are associated with reduced densities of antagonistic
species (food webs), for instance insectivorous birds (Hall-
mann et al. 2014) or parasitic wasps, predatory insects (Zhao
et al. 2015) and a variation in the diversity of antagonists
(Neff et al. 2021). What they do have in common is that
they often provide valuable biological ecosystem services,
such as the biological control of herbivorous invertebrates.
This interrelationship is particularly important since the
entire diversity, frequency and abundance of antagonists
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has the potential to contribute to reduced pest dynamics in
agriculture (Wilby and Thomas 2002; Meisner et al. 2014;
Zhao et al. 2015). It is progressively recognized that insect-
mediated biological control gains importance when sustain-
able farming strategies aim to reduce the applications of
pesticides (Tilman et al. 2001; Lundgren and Fausti 2015;
Vogel 2017).

Here, we aim to focus on long-term surveys of flying
arthropods in agriculture dominated intensively managed
regions to estimate the rate of change of insects from dif-
ferent taxonomic groups including recorded seasonal shifts
caused by climate warming and to identify consequences for
insect herbivore groups potentially benefitting from reduced
antagonistic interaction networks (Martinez-Nufiez and Rey
2021).

Recent adjustments that took place in the agricultural
sector and their impact upon the environment have to be
considered (Gocht and Roder 2014) and also incorporate the
proportional area of farmland in these landscapes, the crop
diversity—here with a high share of cereals (mix of winter
wheat and rape seed, > 60%, see Fig. 1a) and common prac-
tices such as the application of pesticides or the input of
fertilizer (Goulson 2014; Briihl and Zaller 2019; Hallmann
et al. 2014). In addition to monitoring in agricultural regions
of low structural diversity, we considered regional climatic
changes to be meaningful for the studied insect groups and
discuss its influence.

The purposes of our examination were to (i) test whether
the decline of flying insects has been particularly marked
in agriculture dominated landscapes by using biomass val-
ues and to (ii) detect and specify the pattern of commu-
nity changes by showing annual abundances and trends in
taxonomic groups. Several species and taxonomic groups
contribute to the control of pest species in crop cultures.
We ask whether pest species in agriculture, for which the
trap systems were installed and which are extremely adapt-
able in many respects, showed similar trends, no changes,
or even increased over the same time periods. More specifi-
cally, in section five (results), we highlight and later discuss
how changes in climate, land-use and the third trophic level
translate into shifts in population dynamics of aphids.

Although many studies have described insect declines
in different ecosystems (Seibold et al. 2019; Klink et al.
2020) and have addressed changes in taxonomic invertebrate
groups over time (Dainese et al. 2017; Wagner 2020; Outh-
waite et al 2020), investigating trends in intensively managed
farmland has received much less attention. This is because,
estimating how strongly a high share of intensive farming
areas in combination with changing practices and a changing
climate affects regional insect declines can ultimately only
be done with long-term monitoring studies. However, we
do not claim to identify the main drivers of regional insect
declines, as in long-term data the strength of the different
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Cereal crops (a) in 2016: <139 % >1391t027.8%

) >36910448 % ® >44810521%

Fig. 1 Monitoring of flying insects in landscapes of intensive farm-
ing: agriculture land-use in Germany highlighting the a share of
cereal crops on arable farmland, regarding the utilized agricultural
area (UAA). Trap location situated in regions of intensive farming

>27.810 369 %

® >52110984 % g ) 0 s 0

(red dot) and a high proportion of cereal crops. The change of b per-
manent pasture area between 1999 and 2010 according to UAA (30%
in 1999, 28.2% in 2016). Black dots display trap locations: ST I-VI.
Data provided by Thuenen-Institute (Gocht and Roder 2014)
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Fig.2 a Patterns of daily captures of flying insects in an agricul-
tural landscape (ST1). Daily measures (net weight) of flying insects,
including web spiders, assessed by suction trap (12.2 m high, 3000
m’/h air intake) between 1st of April and 5th of December (250 d/
year): 1996 in (blue) and 1997 (orange) in comparison to samplings
in 2018 (yellow) or 2019 (grey). Dashed and solid lines indicate the
averages of daily biomass (gram per day) across the season (left)

1985 1990 1995 2000 2005 2010 2015 2020 1990 1995 2000 2005 2010 2015 2020

or mean share of biomass (right) in 2018 (~0.97 g/d) and 2019
(~1.04 g/d) compared to the biomass in 1996 (~26.52 g/d, here £
100%). Regional climate changes during the vegetation period (b
temperature, ¢ precipitation; annual means and sum for March-Sep-
tember) or winter (d temperature, e precipitation; November—Feb-
ruary) between 1985 and 2019 (blue and red dashed lines mark the
monitoring years 1996 and 2019)
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drivers already identified, or the combined effect of different
drivers might change over time (Allan et al. 2015).
Materials and methods

Insect sampling and data compilation

Data were obtained from samples of stationary suction
traps (see Table 1). This trap type collects flying insects and

spiders (ballooning) providing standardised daily records
during the main aphids flying season between April and
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Fig.3 Pattern of arthropod captures across the vegetation period.
Biomass of trap captures (ST1) highlighting the change in the occur-
rence of flying insects across the season when comparing a 1996 with
2018—or (b) 1997 with 2019—showing reduced overall biomass of

December (Shortall et al. 2009). It is part of a worldwide
operating suction trap network (Bell et al. 2015). The volume
of air intake of each trap is standardised to 3000 m>/h, and it
captures at a height of 12.2 m (tube length). The traps were
developed to provide an absolute population measurement
for which insect abundances can be sampled more precisely
in comparison to all other methods of aerial capture (Bell
et al. 2015). Traps conduct sampling with a high degree
of temporal resolution over many years (approximately 250
sample days per season in 8 hourly resolution) and the value
of these traps to monitor insects over large areas has been
demonstrated (Shortall et al. 2009).
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captures in 2018 or 2019, and a decline of captures with ongoing veg-
etation period recently (the grey dotted line represents the trend, from
weekly values. The grey bars indicate means and variance)
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Fig.4 Changes in suction trap captures from taxonomic groups and
total catch: a spiders, b psyllids, ¢ thrips, d cicada (per 1000 m® air
intake). Total aerial insect biomass e assessed by suction trap for the
years 1996 and 1997 compared to 2016-2019 (in addition, data of
2004 and 2020) as daily means of Ist April to 5th December (ST1:

grey, ST2: blue). On the lower right, a comparison between for-
merly and recent samplings from f fall 2004 (10"-12th of October,
12.833 g/d £ 3275 insects) and for the same period in g fall 2019
(0.8533 g/d £ 195 insects) illustrating the change in daily suction trap
catches (3 days each, see Table 2)
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Specifically, data of aerial arthropods from central Ger-
many (ST1) were analysed (between 1985 and 2020 from
approximately 9000 sampling days). A second trap near
Rostock, established as a separate northern unit in 1997
(ST2), sampled aphids until the end of 2017 and restarted in
2019 (~ 6250 days). Furthermore, aphid data from two traps
near Gottingen (ST3: 1993-1998) and near Stuttgart (ST4:
1994-1995) were included in the evaluation of regional
aphid abundances during the 1990s (see Fig. 1, Table 1).

Insect biomass captures over time

To estimate the effects of land-use drivers or environmen-
tal changes on aerial arthropods, we used total biomass of
trap captures at daily intervals. For each day capture, we
determined the dry weight of arthropods in the exact same
manner, i.e., daily arthropod-samples (kept in three 250 ml
plastic bottles containing water and detergent) were directly
poured into a plastic sieve (@=12.5 cm) which separated
arthropods from the collecting fluid. Subsequently, the sam-
ples remained on a cloth for about 10 s to dry and were then
weighed. Starting the monitoring on 1st April until 5th of
December, each season thus covered approximately 250 data
points (days/year). In addition, daily measures were used to
calculate the mean biomass weight per year (mean g/d across
the season). We recorded total biomass of flying insects—
including spiders—for each sample season between 2016
and 2020 (ST1) and since early spring 2019, daily biomass
was routinely measured at ST2 as well. Initially, these meas-
urements had been performed in the past during the sample
periods in 1996 and 1997 (at ST1), and for the year 2004.
Annual means of all available measurements of trap captures
are summarized (g/d—average across the season) in Fig. 4e.

Most insect samples were not stored for many years. Conse-
quently, further biomass measures could not be conducted
(1985-1995; 1998-2015).

Using the available biomass data, we initially compared
measures of an earlier year of capturing (1996) against daily
captures of a recent year (2018) to identify changes in both
total biomass (g/year) and in the pattern of captures across
the monitoring season (the comparison was also made for
the year 1997 with 2019). At the biomass level, the year
1996 in comparison to 2018, or 1997 in comparison to 2019
(g/d) were considered. Pattern of daily captures is illustrated
for each of the four years in Fig. 2, and annual means are
added (average g/d).

Seasonal biomasses captures changing over time

To get more detailed information about the pattern of cap-
tures over the season and its variation over time, we dis-
play weekly captures for two collection periods each (ST1
mia~ 250 d; Fig. 3). In order to facilitate comparisons with
earlier years (1996 or 1997), daily, weekly (Fig. 3a, b), or
annual means (Fig. 4e) are shown.

Therefore, daily trap captures were grouped according
to the total of seven-day captures (Fig. 3a, b), thus
emphasizing the relative change of insect biomass over
the season by comparing data of the earlier years with
recent years (1996 vs. 2018, or 1997 vs. 2019). In addition,
we calculated the proportional difference for each day
of the year 1996 compared to the same specific date of
the year 2018, in the same way between 1997 and 2019.
Illustrated is the reduction of captured biomass, in terms
of percentage change, for each month of the season (as
boxplots in Fig. S16).

Table 2 Comparison of insect

: . Insect guilds (family, order) 2004 2019 Changes

samplings in fall season of 2004

and 2019 (10.-12. Oct.) (10.-12. Oct.) —/+ (%)
Lacewings (Chrysopidae, Neuroptera) 124 88 —29.03
Hoverflies (Syrphidae, Diptera) 3 0 -
Flies (Diptera *) 3066 32 —98.96
Rove beetles (Staphylinidae, Coleoptera) 37 65 +75.67
Beetles (Others *, Coleoptera) 7 4 —42.86
Wasps (Vespidae, Hymenoptera) 1 1 -
True bugs (‘Heteroptera ‘, Hemiptera) 1 0 -
Parasitic wasps ~ (Chalcidoidea, Hymenoptera) 10 0 —100
Parasitic wasps  (Ichneumonidae, Hymenoptera) 24 5 —79.1
Moths (Tineidae, Lepidoptera) 2 0 -
Total catch 38.5g(12.8¢g/d)  2.56 g (0.85 g/d) —-93.35

@ Springer

Suction trap catches—other than aphids, psyllids, spiders, cicada: the here shown samples had been stored
in the laboratory for teaching purposes (from year 2004). (* Diptera group comprises biting midges
(Ceratopogonidae ~42.68%), mosquitos ( Culicidae, Ochlerotatus ~5.12%), dung flies (Scathophagidae
~0.91%), robber flies (Asilidae ~0.03%) Brachycera (e.g., Wheat bulb fly (Della coarctata) ~44.35%), oth-

ers ~6.91%)
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Fig.5 Changes in aphid captures over a period of 35 years starting in
1985. Annual counts of aphids a assessed by suction traps between
1985 and 2019, including data of ST2-4 (calculated trend: ST1; mov-
ing average: grey (ST1), yellow (ST2)). Seasonal abundances of

Estimating declines in taxonomic groups

Abundances of relevant insect groups were determined
according to the taxonomic level, such as aphids (super-
family), psyllids (superfamily), thrips (order), cicada (sub-
order), additionally web spiders (order): hereafter called
‘taxonomic groups’. Taxonomic groups were determined in
the laboratory and counted per day. Time series of taxo-
nomic groups were arranged (here: psyllids, thrips, cicada,
spiders) based on the abundance data of ST1 (see Table 1,
Fig. 4a—d). However, the exact timeline varied among taxo-
nomic groups. While the estimation of psyllid abundances
started in 2006, thrips and cicada counting started in 2008,
with few exceptions, e.g., thrips were excluded in 2016.
We consider the abundance of taxonomic groups per air
intake, because operation time of a suction trap may vary
between monitoring years (according to the beginning and
end of sampling) depending on the spring and fall weather
conditions. Annual captures were converted to the average
amount of individuals of each taxonomic group per 1000 m*
air intake per trap (hours per season at 3000 m? air intake/h).
For each taxonomic group, we computed linear regression
analyses, which aimed at illustrating the trends across the
different time series.

Insect composition in trap captures 2004 and 2019

More detailed determination of stored and newly sampled
captures are shown for 2004 and 2019 (Table 2). Specifically,
we determined a three-day sample from 2004—that had been
stored in the laboratory—and compared it with a three-day
capture in 2019 (each between the 10th and 12th of October)

aphids b in trap captures of ST1 for late spring (green—summarizing
April/May and June), summer (orange—July/August) or fall (grey —
September/October) and mean trend (dashed line)

to highlight arthropods (at the family or order level)
potentially contributing to the most significant changes in
aerial insect composition during the past 15 years.

We classified all species into taxonomic groups (Table 2).
This example may illustrate the quantity and composition
of insects captured by the same trap in fall 2004 in a direct
comparison with fall 2019 captures. Hence, the three-day
samplings of both years are shown in Fig. 4f—g to demon-
strate an average sample size during a season in 2019 and
back in fall 2004, compared to daily captures of the season
1996.

Overall trends in aphid dynamics

Aphids constitute a major group of crop pests that inflict
serious damages to plants and thus stationary suction
traps have been used for a long time to monitor aphids in
Germany (the first sampling goes back as far as 1985).
Therefore, we used available data from the suction trap in
central Germany (ST1) that contained records over a period
of 35 years (1985-2019) and compared these with data from
ST2 (1997-2017), ST3 (1993-1998) and ST4 (1994-1995)
to find, e.g., similarities in the level of aphid abundances of
a particular year across regions, or similarities in seasonal
dynamics over a particular period of time. Annual cycles
in aphids: In temperate regions, the life cycle of several
aphid species involves an alternation between two species
of host plants, for example between weed (or tree) species in
winter and an annual crop during spring time. Consequently,
winged females may develop early and late in the season,
allowing the insects to colonize new plants, and thus suction
traps record increasing aphid populations in spring time and
a second population increase in early fall.

@ Springer
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Total annual catch (N/year) of aphids and daily sam-
plings, as total or mean capture over a season, generated
the first categorical variable to describe changes in long-
term pest dynamics, calculated as total annual counts of
aphids (Fig. 5a: ST1-ST4, 1st April through 5th Decem-
ber) and average number of aphids per day (from ST1
totals: Fig. S10a). Basically, we used daily captures of
aphids to highlight changes in annual abundances over
time. We used changes in seasonal abundances of trap cap-
tures (for spring, summer, fall), phenological events (start
and end of aphids’ flight period) or temporal shifts in the
occurrence of peak densities (i.e. in spring and fall) during
the 35-year monitoring period.

Data handling and analyses

The data of each taxonomic group per year were summarized
over a given period (1st April-5th December) and calculated
as individuals per 1000 m* air intake (Fig. 4a-d). For aphids,
linear regressions were calculated to estimate the effects of
weather on phenology and annual abundances (e.g., Fig. 5,
Fig. S10). Here, stepwise multiple linear regression analyses
were performed to identify the effect of seasonal temperature
conditions (see weather data) on (i.) the number of aphids, or
(ii.) the timing of peaks in a specific season (e.g., Fig. S11).

To determine the relationship between annual abun-
dances of each taxonomic group and the respective time
scale (between 1985 and 2019), linear and quadratic regres-
sions (polynomial regression terms) were calculated. When
the linear regression term in a relationship was considered
significant but the quadratic term not, the relationship was
categorized as monotonic negative. If both linear and quad-
ratic effects were significant, it was then established whether

a
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Fig.6 Aphid dynamics changing over a period of 35 years. Aphid
captures a between 1985 and 2019 as five-day sums from a suction
trap near Quedlinburg (ST1). The dashed line indicates population
growth in spring, annual peak density, and reduction in the popu-
lation (also referred to as retrogradation) for the years 1985 (blue),
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it was significantly unimodal (hump-shaped or U-shaped)
using a statistical test developed by Mitchell-Olds and
Shaw (1987). This test determines whether the estimated
maximum of annual abundances in intermediate years of the
timeline is significantly higher than the annual abundances
at both earlier and more recent sampling years within taxo-
nomic groups (Chase and Leibold 2002). Statistical analyses
were performed using the software SPSS 27.0.

Testing relationships between aphids
and antagonists

To estimate the impact of insect antagonists in the field, we
used a modelling approach by simulating aphid develop-
ment under different weather conditions. We run the GET-
LAUSO1—model, a discrete and deterministic model for
simulating cereal-aphid population dynamics with a spe-
cial focus on antagonist efficiency (Gosselke et al. 2001).
GTLAUSO1 contains submodels for winter wheat, cereal
aphids (R. padi, S. avenae, M. dirhodum), and aphid preda-
tors (Coccinella septempunctata, Propylea quatuordecim-
punctata, syrphids). Each model run begins with a range of
starting values of density, structure and immigration type
of the aphid population and their antagonists at a specific
date during wheat flowering. Then, daily density values of
cereal aphids and antagonists are calculated by the model.
The model was previously validated and has been applied in
various projects, e.g., about climate change effects in preda-
tor—prey interactions. The GTLAUS tri-trophic for simulat-
ing wheat-aphid-antagonist interaction has been revised with
the aim to improve the model details to estimate antagonist
effects under climate change (Klueken et al. 2009). Cli-
mate data from 1994, 1996, and 2000 (years of moderate to
warm spring and winter temperatures) were used to simulate

— 60 b
2
© 50 e e
z
c 40 9] eo o
2 0.-""
= L.
3 30 °_sed” o
© _.e0"eo e o
o 20 e o ep.o”
o o__0o-66 oo ®
@ 10 - )
14 ) ee
0
1985 1995 2005 2015
year

1996 (orange), 2009 (grey) and 2019 (yellow). b Duration of the ret-
rogradation across sample years (1985-2019). Retrogradation: period
between peak density and the decline to an inferior state of the popu-
lations, i.e., very low density (see Fig. S9)



Journal of Pest Science

dynamics of the most abundant wheat aphids (R. padi, S.
avenae, M. dirhodum) from three different regions in central
Germany, i.e., Gotttingen, Magdeburg, Wittenberg. We used
data typical for field observations listed by Gosselke et al.
(2021): wheat (584 ears/m>—without pesticide application),
ladybirds (C. septempunctata: adult 0.4/m>, P. quatuordec-
impunctata: eggs 8.9/m?, hoverflies (Episyrphus balteatus,
and some other species): eggs 1.1/m? and larvae 0.1/m?2,
lacewing larvae (Chrysoperla carnea) 0.3/m?, carabid bee-
tles: adult 16.1/m?, staphylinids: adult 2.2/m?, spiders: adult
2.8/m”. For each successful simulation, the corresponding
model run was recalculated applying reduced predator den-
sities (10% of the field data), and the resulting differences
in aphid infestations were interpreted as the predator effect
(Fig. S8, see Gosselke et al. 2001).

Analyses of aphid phenology changing over time

We also tested for the relationship between population
dynamics in aphids and seasonal weather to estimate the
climatic effect on aphid captures. As first flight records were
expected to be earlier due to global warming in spring and
last longer in fall (Fig. S7a), we show changes in the first
and the last occurrence of aphids each year, or season. Here
listed as both the period of days with aphids and the period
of days without aphid captures in summer (Fig. S10b). In
addition, the counts of aphids in early spring are provided
in Fig. S10c (1985-2018). Weather plays a role in both, phe-
nology and abundance. Thus, interactions between first flight
date and seasonal temperatures were calculated (Fig. S10d)
using linear regression analysis (stepwise forward).

Aphid density is subject to strong seasonal variation,
normally resulting in outbreak densities (peaks) in spring
and summer. Generally, the date of phenological events was
listed as Julian date (JD =number of days from 1st Janu-
ary). The relationship between timing of peaks (JD) and total
aphid density (N) in spring was identified (April through
June, Fig. S7b). For each year, we presented temporal occur-
rence of peaks (JD) during spring and fall (Fig. S7a, all with
trends of linear regressions). For each year, we computed
the period (Ny,y,) between spring peak and recovery to low
densities (< 1% of seasonal means), until the end of June
(Fig. 6b). This period of population decline is called ret-
rogradation (Kindelmann and Dixon 2010) and the run of
this period is strongly affected by natural antagonists (Fig.
S9a; Harrington et al. 1999). Furthermore, the link between
peak dates in spring (1985-2019) and seasonal temperature
(definition in weather data, below) was calculated (Fig.
S1la). Additionally, the interaction between peak dates in
spring and seasonal temperatures was calculated for a time
section of pronounced winter warming, between 1985 and
2002 (Fig. S11b).

Seasonal long-term changes in aphid dynamics for the
period 1985-2019 were addressed by using trends of phe-
nological changes in peaks and first flight date in spring or
changes in seasonal aphid captures (i.e., spring, summer, late
summer) over time (Figs. S12, S15). We used the (temporal)
occurrence and duration of peak densities during the first
half of the year, because it is a good proxy for measuring
the change in aphid dynamics (from e.g., rapid emergence,
or seasonal mean densities; Kindelmann and Dixon 2010),
also as a combined effect of weather and antagonists (dura-
tion of increased-density period or of the retrogradation).
To highlight dynamical changes over time, peak densities in
relation to the occurrence in spring are shown (Fig. S12a).
For each year within this time series (1985-2019), dynami-
cal curves in three periods were added (Fig. S12b-d). Total
aphid captures for three seasons (spring, early and late sum-
mer) over a 35-year period are displayed in Figure S15 to
describe seasonal changes in abundances.

Weather data and climate warming

Each suction trap is operated in combination with a weather
station. Air temperature at 2 m (°C) and precipitation
(mm) were determined daily and used to calculate
monthly averages. Seasonal mean values of temperature
and precipitation (as averages or sums) were calculated to
demonstrate regional weather shifts at ST1. Temperature
changes between 1985 and 2019 are displayed in Fig. S14a—f
from (a.) annual (Jan—Dec), (b.) growing season (March-
Sept), (c.) spring (Mar-May), (d.) summer (Jun—Aug), (e.)
winter I (Nov-Feb), (f.) winter II (Jan—Feb). Additionally,
fall season (Sept-Oct), single months, spring (Apr—May),
summer I (June-July), summer II (Aug—Sept) and sample
period (Apr-Dec) temperature means (or precipitation sum)
were calculated to analyse response factors in annual or
seasonal aphid abundances.

Summer and winter periods for each year (1985-2019)
were displayed against the climate normal period (see Fig.
S13a, b: CNPper 1961-1990 from Magdeburg DWD
weather station; CNP . 1985-2013 from weather station
at ST1) using temperature and precipitation, thus highlight-
ing exceptional warm and dry years for the summer (Fig.
S13a) or winter (Fig. S13b) season. Datasets were provided
from the German weather service (Deutscher Wetterdienst
DWD) or came from weather stations associated with the
respective suction trap (normally beginning with the first
year of monitoring).

Landscape characteristics and agriculture
In Germany, agricultural acreage covers 16.6 million ha

und thus approximately fifty per cent of the total area. In
2020, about 70.3% were farmland (11.67 million ha) of
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which ~52% were covered with cereals (6.06 million ha,
see Fig. la), 28.5% were permanent pasture (4.73 million
ha, Fig. 1b). The most common crops (in 2020) are winter
wheat (23.7%), maize (19.7%) and rapeseed (8.2%), corre-
sponding to 2.77 million ha, 2.3 million ha, or 0.96 million
ha, respectively (BMELV 2020). Change in agriculture: The
permanent pasture was reduced from 31.1% in 1991 (5.3
million ha) to 28.2% (4.7 million ha) in 2020, by around 10%
(BMELYV 2020). Spatially mapped in Fig. 1b for the period
between 1999 and 2010. Since 2013, the pasture slightly
increased. Cultivation of winter wheat increased from < 2.5
million ha in 1985 to 2.95 million ha by more than 20% (or
500,000 ha) in 2021. The cereal share in 2016 is shown spa-
tially in Fig. 1a (Gocht and Roder 2014), including trap loca-
tions all located in regions with a high proportion of cereals
(mostly winter wheat in the recent past). The presence of
livestock and typical pasture landscape elements decreased
(BMELY, various years).

The first research area, which surrounds the trap loca-
tion (ST1) with a catchment area of about 30 km radius
(Bell et al. 2020), is mainly covered by winter wheat (40%),
rapeseed (17%), barley and maize (18%) or sugar beet (4%),
grown on large fields of approximately 40.8 ha on aver-
age (farm size ~270 ha). The region (ST1, mid-Germany,
near Quedlinburg; formerly Aschersleben) is in the transi-
tion zone between maritime and continental climate with
400450 mm precipitation and average annual temperature
of 8.8 °C. This landscape is situated in the federal state of
Saxony-Anhalt, 140 m above sea level, in the slightly hilly
northern Harz foreland (Fig. 1), precisely (N 51.771937,
E 11.146757) on the lee side of the Harz mountains (low
mountain range). Agricultural area surrounding the second
trap (ST2, northern Germany, near Rostock) is located 30 m
above sea level, close to the Baltic Sea (N 54.071552, E
12.324007) at around 580-620 mm precipitation and with
an average annual temperature of 8.28 °C. It is mainly cov-
ered by wheat (43%), rapeseed (13%) and maize (12%), at
a field size averaging about 32.5 ha (farm size ~275 ha).
The area around ST3 (western Germany, farm size ~ 69 ha,
near Gottingen) is mainly covered by winter wheat (39.5%),
rapeseed (14.6%) and sugar beet (5.8%), field size 10.2 ha
on average. Precipitation ranges between 624 and 664 mm
at average annual temperatures of 9.2 °C. Altitude is about
150 m above sea level (N 51.54048, E 9.215428). The fourth
area (ST4, near Stuttgart) is mainly covered by wheat (63%),
barley (12%), maize (8.6%) and rapeseed (8.3%). This trap
is in southern Germany (N 48.781776, E 9.303970, farm
size ~ 35 ha, field size 4.8 ha) and 247 m above sea level;
rainfall ranges between 860 and 900 mm precipitation at a
mean annual temperature of 9.3 °C (according to the Climate
Normal Period: CNP 1961-1990; data from a nearby climate
station of the German meteorological service, DWD.de).
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Results
Overall trends in insect biomass

Aerial insects from suction trap samplings declined substan-
tially over the past two and a half decades. Comparison of
the biomass-level of trap captures, calculated as means of
annual day captures (annual weight divided by monitoring
days), reveal that the total amount of aerial insects decreased
significantly over the 24-year period, with available biomass
data of the sample period in 1996 in relation to 2018 and
captures in 1997 vs. 2019 (Fig. 2a). When analysing the
biomass data during the vegetation period (~ 250 days/year,
Ist April until 5th of December), on average, 26.52 g per
day were sampled in 1996 (as a reference point in Fig. 2, £
100%) or 25.47 g in 1997, as compared to 0.97 g in 2018
(4.37%), or 1.04 g per day in 2019 (4.91%). Losses of more
than 90% of flying insects suggest a rapid and continuous
downward trend, which is supported by data from daily bio-
mass measures in 2004 (12.8 g/d), 2016 (1.32 g/d), 2017
(1.24 g/d) and 2020 (1.22 g/d). Presented data of ST1 for
the period from 1996 till 2020 suggest a decline of 4.18%
per year on average.

Over the same period, between 1985 and 2019, we
observe two striking trends in weather patterns for central
Germany (ST1). This is an almost linear increase in summer
temperatures between 1996 and 2019, with a simultaneous
decrease in precipitation over the past ten years (Fig. 2b, c).
Likewise, winter temperatures increased with a tendency
to greater dryness, i.e., less precipitation during winter
(Fig. 2d, e).

Patterns of change of flying insects from seasonal
occurrence

Complementing these findings, the second suction trap
(ST2), located in northern Germany, sampled 0.664 g/d
on average and thus approximately 63% biomass of fly-
ing insects of ST1 during the vegetation period in 2019
(Fig. 4e). However, the abundance of flying insects varies
within the vegetation period as a response to species-specific
phenologies or to changing weather conditions over days
or periodically, whereas typical phenological patterns may
change in the long term (with e.g., climate change or chang-
ing agricultural practices). The data from ST1 and ST2 show
daily samples of insects that vary at a low level across the
sample season for the years 2018 and 2019 (<1 g/d) inde-
pendently of the year of sampling and location (pattern in
Fig. 2a). Besides this, during the 2018 and 2019 seasons
(~250 d), days of markedly low captures were observed: N
days <1 g piomass (163 i5 2018 / 164 12019)> days <0.1 g iomas
(74 11 2018/68 10 2019)> OF days <0.01 g yiomags (34 45 2018 / 27
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in2019> Figs. 2, 3). Confirming this, a quite similar pattern
of daily captures has been detected in the main flying sea-
sons of 2016, 2017 and 2020. In contrast, the sample weight
remained at a robust high level within the capture periods of
1996 and 1997 (26.52 g/d 996, OF 25.47 g/d |47 ON average)
and remained on that level until the end of the collection
period (Figs. 2, 3a, b). Although mean daily biomass also
changed considerably across the season.

Data from ST1 furthermore highlight declining rates of
insect captures between spring and fall, illustrated by a com-
parison of samplings (biomass over seven days sampling)
between the years 1996 and 2018, or between 1997 and 2019
(Fig. 3a, b). In contrast, captures of 1996 and 1997 remained
at a constant high level.

Long-term trends in taxonomic groups

Data of single taxonomic groups continuously selected,
counted and stored, or selected during distinct time peri-
ods (Table 1) such as spiders (Araneae), psyllids (Sterno-
rhyncha), or thrips (Thysanoptera) revealed a downward
trend over the years (Fig. 4a-d), despite a non-significant
trend of cicada (Hemiptera). Considerable declines of more
than 50% suggest a general trend within two decades for
spiders (R*=0.49, n=10, p <0.001, year ;999 10;9)> PSYI-
lids (R*=0.267, n=14, p <0.001, year »y5 919)> OF thrips
(R*=0.12, n=8, p<0.002, year 5,5 20;¢) for the respec-
tive time scales, except for cicada (R2:0.0062, n=11,
p>0.5, year 5503_219)- In total 28.474 spiders were sampled
(1999-2019), 34.645 psyllids (2006-2019), 37.675 thrips
(2008-2016) and 11.350 cicada (2008-2019).

A comparative case study of samplings in fall season

Two suction trap samples (three days each) were analysed
to give more details on the change in the reported time
series between former and recent trap captures. As a com-
parative study of two specific samples in fall 2004 and 2019
(10th—12th of October), the determination gives an insight
into the shift in single insect guilds. First, daily captures in
Fig. 4e illustrate the rate of change for the year 2004 (3 days
in fall £ 38.5 g) as compared to three-day samples in 2019
(& 2.56 g). These three-day samples in turn (year 2004)
demonstrate roughly the weight of insects that had been
captured at a single day in 1996 (~26.52 g/d at a constant
high level, see Fig. 2).

Thus, we tested whether the trend of declining insect
biomasses affected all taxonomic groups or guilds equally by
counting the organisms of both suction trap samples (stored
in 2004 and 2019, see M&M) on the family or order level.
As a result, several insect taxa that strongly contributed to
total aerial biomass in fall 2004 were less frequent in 2019.
For instance, the number of Diptera caught was considerably

reduced in 2019 (Table 2) when compared with samplings
of the year 2004 (e.g., for biting midges (Ceratopogonidae)
42.68% reduction, or for mosquitos (Culicidae) 5.12%
reduction) by nearly 99%, followed by three antagonistic
families, the hoverflies (Chrysopidae) and with the
Ichneumonidae wasps (Ichneumonidae), or chalcid wasps
(Chalcidoidae) by two parasitic wasp families. Lacewings
(Chrysopidae, Neuroptera) were at a lower level in 2019,
Brachycera (Diptera) made up a larger part of daily captures
in 2004 (44.35% reduction in Anthomyiidae, e.g., wheat bulb
fly—Della coarctata). However, rove beetles were sampled
in higher abundance in 2019 (plus 75.67%).

Aphids in agricultural landscapes

The total size of aphid populations in nature is known to be
affected by environmental conditions or antagonists, which
is here reflected in the annual aphid abundances, and which
may vary considerably over time (Fig. 5a). In total 634.155
aphids were caught over a 35-year period (at ST1,4g5_5019)s
459.603 aphids during the 24-year period in northern Ger-
many (ST2,997_5017), 48.524 near Gottingen (ST3993_1995)
and 5.128 for the southern trap (ST4994.1995)- Annual catches
of aphids over comparable periods (~ st April until Sth of
December) displayed here as count of aphids per year (ST1,
Fig. 5a), increased considerably (R2 =0.277,n=34, p<0.05,
Nios5.2019)- This result presents a contrasting trend to the one
for total biomass of insects and spiders (Fig. 4e). Despite
a near cyclic dynamic of overall densities between years,
the level of aphid captures proved to be significantly higher
starting approximately with the 2002 season (as captures per
day in Fig. S10a). Similarly, aphids in northern Germany
(ST2) increased between 1997 and 2017 (R2 =0.192, n=20,
p<0.01, Fig. 5a). Three species, i.e., Sitobion avenae, Rho-
palosiphum padi, Metopolophium dirhodum, represent the
most dominant species for each of the four regions. Seasonal
aphid densities in captures increased, except in the summer
season in recent years (Fig. 5b).

Aphid dynamics change over time and its relation
to antagonists

Currently, high aphid densities last longer than they did
decades ago (R2 =0.468, n=34, p<0.001, Fig. 6b). Overall,
we detected a considerable increase in the duration of high-
density aphid levels in recent years, as compared to seasons
before 2000. The time span between peak density (i.e., the
maximum density during population growth in spring and
fall, see Fig. S9a) and the recovery towards a previously
existing low level of aphids (the retrogradation) turned out
to be considerably in three decades of monitoring (Fig. 6b).
Altogether, periods of high aphids’ densities in the first half
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of the year are prolonged by approximately 30 days between
1985 and 2019 (R*=0.356, n=34, p <0.001).

Testing for the impact of antagonists on cereal aphids of
winter wheat (S. avenae, M. dirhodum, R. padi), we used
a deterministic, discrete simulation model (see M&M—
GETLAUSO1). All three populations increased by up to two
to four times when using low antagonist densities (reduced
by 90 percentage points) compared to aphid densities
simulated in the presence of antagonists during warm
seasons (between 1994 and 2000). The largest influence
was observed during the warm dry year in 2000 for central
Germany (from climate station near ST1, see Fig. S8).

Discussion

The principle aim of this study was to find indications for the
rate of decline in insects within intensively managed agricul-
tural landscapes and to investigate trends and consequences
for important insect herbivores, i.e., aphids. Based upon the
analysis of standardised long-term monitoring data of aerial
insects (1985-2020), we demonstrated that biomasses in a
cultivated landscape (ST1 > 60% agricultural area) declined
at an unprecedented rate over a 24-year period (1996-2019).
Monitoring data of a second high-intensity agriculture
region (ST2) confirm overall low aerial insect abundances,
based on a low level of daily biomass captures over recent
years (still declining at a very low level until the end of time
series). It provides further inside in a phenomenon that has
been observed in nature reserves (Hallman et al. 2017; Klink
et al. 2020) and our data suggest an even stronger reduc-
tion of insect populations in landscapes with a high share
of agriculture. Here, aerial insect biomass decreased in the
overall daily catches at a rate of more than 90 per cent on
average. These results provide evidence in support of our
expectations that the abundance of flying insects markedly
decreased within agriculture-dominated landscapes during
the past decades, reflected in detail by a downward trend in
several taxonomic groups.

Within central Germany, the substantial decline of aerial
insect biomass is not a side effect of a naturally occurring
variation in insect populations because single guilds almost
linearly decreased within the investigated 35-year period
(Fig. 4a-d) and overall biomasses recently remained at an
unprecedented low level (2016-2020—still decreasing in
ST1 with similarly values for ST2, Fig. 4e). These observed
patterns are in line with current observations in grasslands
(Beckmann et al. 2019; Seibold et al. 2019), nature reserves
(Vogel 2017; Hallmann et al. 2017; Wagner 2020), and for-
ests surrounded by farmland (Sanchez-Bayo and Wyckhuys
2019; Powney et al. 2019; Klink et al. 2020). In general,
long-term fluctuations in anthropogenically influenced tem-
perate latitudes are a common phenomenon among insect
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populations and subject to various environmental influences
(Shortall et al. 2009). A certain degree of variation of the
naturally occurring insect biomass (annual totals) has been
demonstrated by Bell et al. (2020) between 1969 and 2016
based on standardised terrestrial insect time series from
England. Besides these fluctuations, their monitoring has
shown that the annual count of moths in Great Britain is in
significant decline and has been since about the mid-1980s,
a time of considerable climatic change, whereas in their view
it would seem unlikely that climate alone is responsible.

Our results indicate that regional declines in flying insects
are more likely in monotonous agricultural landscapes,
especially if climate change continues to accelerate. The
past dry years may have amplified the land-use biodiver-
sity effect, following unusually warm and dry conditions in
2018 and 2019. Furthermore, the effect of several extreme
years in succession may have a delayed impact on popu-
lations by repeated effects on demographic traits such as
adult lifespan, fecundity, and oviposition patterns (Zhang
et al. 2015). Confirming this, recent studies have quanti-
fied trends in insect biodiversity in several regions and spe-
cies groups (Harvey et al. 2020; Jaureguiberry et al. 2022)
and they mainly declare that land-use changes and climate
are main drivers of alterations in insect assemblages (Neff
et al. 2022). Previous regionally scaled studies have shown
that invertebrates in grassland habitats were declining at a
faster rate than in woodland, and their results suggest that
the effect is associated with agriculture at the landscape level
(Seibold et al. 2019; Klink et al. 2020). In addition, Out-
hwaite et al. (2022) demonstrate that human land use and
climate change have emerged as key determinants of change
in the biodiversity (Harvey et al. 2020) and they show that
these drivers act synergistically, particularly in areas of
intensive agricultural land use when climate includes the
warmest temperatures relative to seasonal and inter-annual
variation. They emphasize that insect abundance declined
steeply with further intensification during climate change
(Outhwaite et al. 2022).

In contrast to the general trend of flying arthropods,
aphids increased in density within two available long-term
datasets over decades, and those represent harmful insect
herbivores in agriculture. Our results suggest insect biomass
and biodiversity losses—including antagonistic species—
may contribute substantially to the upward trend in some
agricultural pest populations. Changes in dynamics and
upward trends in peak densities correlate with decreases in
taxonomic groups including those that act as antagonists
of aphids. In the face of land-use and climate changes
over decades (Dainese et al. 2017; Wagner 2020), we were
expecting fundamental shifts in the composition of insect
communities. At the beginning of the observations, aerial
insects were mainly represented by (i.) herbivores, i.e., pests
(here: aphids, psyllids, cicada), by (ii.) antagonistic guilds
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(lacewings, hoverflies, parasitic wasps, spiders), or by (iii.)
dipteran species (e.g., detrivores, parasites, crop pests—
the year 2004 highlighted as an example of major changes
compared to recent captures, see Table 2). However, a
significant proportion of diurnal and nocturnal flying insects,
particularly dipteran species (e.g., Brachycera) or beneficial
antagonistic arthropod groups such as spiders, substantially
disappeared from captures (Table 2, Fig. 4a—d).

These findings provide support for the assumption that
insect populations markedly decreased during past decades
and that some taxa hardly changed while others increased in
abundance (Outhwaite et al. 2020). It suggests a more com-
plex pattern of biodiversity change, but how this translates
into community-level effects is not sufficiently clear. For
instance, the underlying mechanisms driving different herbi-
vore and antagonist dynamics are not specifically examined
here. The most parsimonious interpretation of these results
regarding aphids is that a change in agronomic practices and
intercorrelated changes in the environment (Beckmann et al.
2019) are positively associated with the abundance of pests
(Harrington et al. 2007), while other insect taxa decline.

A further aspect in our consideration on community
structuring, i.e., the climate effect, incorporates seasonal
weather events that should benefit arthropod development
in general, if the conditions are below the species-specific
optimum values (Pilotto et al. 2020; Filazzola et al. 2021).
Based upon continuous observations, we identified sea-
sonal temperature and precipitation variation that almost
certainly affect environmental suitability for some insects,
shown here at the dynamics of aphids (Fig. S7). All sea-
sons became warmer over the last two decades, but heat
and drought events occurred more often in summer (Fig.
S14, Fig. 5b). For aphids, the change in phenology and
survival from increasingly warm winter and spring con-
ditions probably plays a key role in the general upward
trend in annual densities (Fig. S11), although other factors
most definitely contributed to this increase in abundance.
Warm winter and moderate spring conditions often explain
exponential growth in several species, such as R. padi, or
M. dirhodum (Bell et al. 2015). Thus, climatic conditions,
especially temperature, are vitally important in determin-
ing aphid dynamics, and climatic changes are likely to
strongly affect their pest status (Harrington et al. 2007).

However, an increasing frequency of pest outbreaks
often results from a combination of climate change and
biodiversity loss (Mooney et al. 2009; Lundgren and Fausti
2015). Mass outbreaks of aphids tend to be suppressed
by ladybeetles, lacewings, parasitic wasps, and spiders
(Pifiol et al. 2009). In this respect, we detected high aver-
age rates of decline in several insect guilds and suggest
that the general increase in aphids relates to the fact that
antagonists such as spiders and parasitoids became less
abundant, which points to a response to reduced antagonist

efficiency (Loreau and Manzancout 2013; Lundgren and
Fausti 2015; Deutsch et al. 2018). Another indication, the
abundance of aphids during peak densities, has recently
decreased significantly slower (Fig. 6b) and densities gen-
erally remained on a higher level than three decades ago
(Fig. 5a).

Supporting this, Gosselke et al. (2001) demonstrated
by testing the efficiency of predatory arthropods in a
tritrophic system ‘winter wheat-cereal aphids-antagonists’
in simulations (model GETLAUSO1), that the aphid
infestation rates rose by nearly a factor of seventeen in
scenarios without predators. In our study, we repeated those
simulations including changing regional weather aspects
near the monitoring sites (1996 cold, 1994 medium, 2000
warm spring) and found a two to four-times higher aphid
population size under reduced predator presence (Fig. S8).
This illustrates that the dynamics of several insect herbivores
are tightly linked to the development of parasitoids and
the rate of reduction by parasitoids or further antagonists
(Harrington et al. 1999), which themselves are influenced
by weather and often by the exposure to pesticides (Krauss
et al. 2011; Sentis et al. 2013). Exclusion of aphid predators
resulted in a remarkable increase in aphid infestation,
conspicuously high in warm spring conditions. Hence, low
densities of sedentary predators or even low predation rates
can have a disproportionate effect on the final aphid density,
especially as they initially prey on small populations in early
spring and thus achieve a high degree of aphid reduction
(Wilby and Thomas 2002; Pifiol et al. 2009).

Generally, the timing of pest occurrence relative to the
growing season determines the likelihood of pest out-
breaks (Meisner et al. 2014) and here peak densities tend
to last longer in recent years, as aphids start earlier in the
season in higher abundance (Fig. 6). This, in combination
with the general losses in biodiversity, can result in signifi-
cant changes in the structure and composition of species
assemblages with effects on important food chains (Petchey
et al. 2008; Fahrig et al. 2011). Furthermore, the impact of
drought events that were observed in recent years for e.g.,
the observation area of ST1 (Fig. S13a, S12d), may further
intensify insect declines in case these are non-tolerant to
drought (Parmesan et al. 2000). In turn, losses in biodiver-
sity contribute to less stable communities that show higher
rates of decline during drought because increasing species
numbers generally increases drought tolerance (Tilman et al
2014; Ma et al. 2015). Sentis et al. (2013) show that ecosys-
tems with predators that exert a strong biotic control may
be less influenced by abiotic factors and then are likely to
be more resistant to extreme climatic events than impover-
ished ecosystems that lack predators. Thus, a low level of
insect densities would also be disproportionately reduced by
extreme climatic events.
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Despite these overall decreasing trends in flying insects,
we showed that specific time periods of the growing season,
which coincide with the period when insectivorous birds
raise their offspring (Poulin 2012), have experienced
drastic declines in insect abundance with hardly any
activity observed (Fig. 3). Besides, flying insects reach
peak biomass early in the season and this at very low levels
of daily captures (Fig. 3a, b). The two factors, periods of
exceptional low quantities of aerial insects and peak biomass
early in the season may alter ecosystem functioning, as they
are representing food sources for higher trophic levels, with
important implications for food chains.

These relationships demonstrate the complexity of bio-
diversity dynamics in cultivated landscapes. Basically,
invertebrate communities have been shown to be important
for maintaining ecological coupling and functioning in an
increasingly defaunated world (Risch et al. 2018; dos Santos
et al. 2021). This underlines once more that invertebrates are
central to the functioning of ecosystems (Allan et al. 2014;
Sirami et al. 2019). If insect populations become smaller, the
temporal isolation after harvesting or due to crop rotation,
for instance, is likely to play an increasingly important role
for survival because dispersal might be less successful in
otherwise unsuitable homogenous landscapes (Pilotto et al.
2020).

Another important issue is the effect from further land-
use intensification and changes in land-use type in a specific
region and its amplifying effect in combination with climate
change including recent drought years (Meehan et al. 2011;
Uchida and Ushimaro 2014; Outhwaite et al. 2020). Our
dataset represents, to the best of our knowledge, an excep-
tional record in terms of temporal extent with a high-time
resolution from standardised sampling and makes a valuable
contribution to long-term biodiversity monitoring records
in Europe. It demonstrates some declines in most moni-
tored taxonomic groups across all functional groups except
for some herbivores—here aphids and cicada—suggesting
a more general reduction of flying insects in agricultural
landscapes.

Hence, current evidence clearly shows that the results
that have emerged from our insect capture analyses over the
past decades are challenging and need additional research
to answer the following questions: (i) to which extent in
detail did changes in agriculture contribute to insect losses,
(ii) is there a balance between agricultural productivity and
sustainable management both within the field and across
landscapes, with ecosystem functions contributing to yield
improvement, (iii) how much semi-natural habitat is required
to drive local maintenance of biodiversity, and how diverse
must a landscape design be with respect to the spatial pattern
of different habitats or changes over time.

Summarizing this, agriculture may cause many pressures
on different taxa and these effects are very difficult to

@ Springer

separate (Firbank et al. 2008). Moreover, the relative
importance of different pressures might change, given
the timeline of our analyses over several decades (Sax
and Gaines 2003). Further studies should uncover causal
factors most threatening to insects and devise strategies for
counteracting their declines. Subsequently, it is necessary to
understand to what extent conservation efforts can counteract
biodiversity loss and which are the most important measures
at the landscape scale.
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