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Abstract

Recent studies reporting widespread declines in arthropod biomass, abundance and species diversity raised wide concerns
in research and conservation. However, repeated arthropod surveys over long periods are rare, even though they are key for
assessing the causes of the decline and for developing measures to halt the losses. We repeatedly sampled arthropod fauna
in a representative Swiss agricultural landscape over 32 years (1987, 1997, 2019). Sampling included eight study sites in
four different semi-natural and agricultural habitat types and different trap types (pitfall, window, yellow bucket) over an
annual period of 10 weeks to capture flying and ground dwelling arthropod taxa. In total, we analyzed 58,448 individuals
from 1343 different species. Mean arthropod biomass, abundance and species richness per trap was significantly higher in
2019 than in the prior years. Also, species diversity of the study area was highest in 2019. Three main factors likely have
contributed to the observed positive or at least stable development. First, the implementation of agri-environmental schemes
has improved habitat quality since 1993, 6 years after the first sampling. Second, landscape composition remained stable, and
pesticide and fertilizer was constant over the study period. Third, climate warming might have favored the immigration and
increase of warm adapted species. Our results support the idea that changes in arthropod communities over time is highly
context-dependent and complex.

Implications for insect conservation We conclude that the integration and long-term management of ecological compensa-
tion patches into a heterogenous agricultural landscape supports insect conservation and can contribute to stable or even
increased arthropod abundance, biomass and diversity. Future studies are needed to clarify interdepending effects between
agricultural management and climate change on insect communities.
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Introduction

In agroecosystems, arthropods provide important ecosys-
tem functions and services such as pollination (Gallai et al.
2009), pest control (Bianchi et al. 2006) or nutrient cycling
(Belovsky and Slade 2000). Furthermore, arthropods are
an important resource for many insectivores (Bowler et al.
2019; Vaughan 1997). Recent long-term studies reporting
dramatic insect declines all over the world raised wide con-
cerns about cascading effects on the overall biodiversity.
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Such temporally synchronous developments on different
trophic levels are indicated by strong declines in special-
ized insectivorous farmland birds over Europe (Bowler et al.
2019; Jenni and Graf 2018). In 2017, the entomological soci-
ety of Krefeld reported a decline of 75% in flying insect
biomass in German nature reserves over a period of 27 years
(Hallmann et al. 2017). Over a period of 10 years, Seibold
et al. (2019) measured similarly strong declines in insect
biomass, abundance and species diversity of 67%, 78% and
34%, respectively in German grasslands. Studies have previ-
ously drawn attention to declining trends in abundance and
diversity in Europe and North America (Dirzo et al. 2014)
and this has been supported by many other even earlier and
more recent studies on individual arthropod groups. For
example, bees, hoverflies, butterflies and carabid beetles
were observed to decline in species diversity (Bartomeus
et al. 2018; Biesmeijer et al. 2006; Homburg et al. 2019;
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Maes and van Dyck 2001; Soroye et al. 2020) and abundance
(Brooks et al. 2012; Schuch et al. 2012; Thomas et al. 2004).
At the global scale, a decline of 9% per decade was assessed
for terrestrial insects (van Klink et al. 2020). This would
mean a halving of insect abundance over 75 years, which
is suggested to cause substantial and irreplaceable losses of
ecosystem services to humanity (Cardoso et al. 2020). Habi-
tat loss and agricultural intensification with the resulting
habitat degradation are seen as the most important reasons
for insect declines (Cardoso et al. 2020). However, among
studies investigating long term insect trends, highly modified
landscapes like farmland are underrepresented (van Klink
et al. 2020). There are strong indications from other regions
like the tropics that climate change and in particular altered
precipitation strongly contribute to declining insect trends
(Wagner 2020). Other authors warned of increasing droughts
as an additional cause of insect declines in non-tropical
regions as well (Wagner et al. 2021b), although some posi-
tive biodiversity responses have been reported (Outhwaite
et al. 2022). Several meta-analyses revealed large variations
in local trends with even positive trends for certain (aquatic)
insect groups and observation periods in particular regions
(Crossley et al. 2020; Outhwaite et al. 2022; van Klink et al.
2020). For example, moth biodiversity trends varied con-
siderably in a comparison including Ecuador, Arizona and
Costa Rica (Wagner et al. 2021a) and tiger moth species
richness even mostly increased on Barro Colorado Island in
Panama (Lamarre et al. 2022). This all shows that changes
in insect abundance and diversity are complex, heterogenous
and do hardly correlate amongst taxa (van Klink et al. 2022).
All studies revealed winners and losers among insect taxa
(Jackson et al. 2022), but their proportion varied. Each study
contributes therefore to the general body of knowledge about
changes in species richness and abundance of arthropods in
general.

The Swiss Limpach valley offered a unique opportunity
for a repeated arthropod assessment spanning 32 years in
an agricultural landscape. It is a representative agricultural
landscape for Central Europe with temporary grassland,
cereals, and maize as the main cultures and with only small
semi-natural habitat patches left. In this landscape, the
arthropod fauna was recorded in different habitat types with
standardized methods in a large-scale field study in 1987
(Duelli and Obrist 2003). The study was then repeated 10
years later (Gygax 1999). In 2019, we resampled again in the
same habitat types, at closest possible proximity (crop rota-
tion) and with the same trapping methods, which allowed us
to compare arthropod (insects and spiders) biomass, abun-
dance and species richness of the years 1987, 1997 and 2019.
We examined a majority of arthropod taxa and trophic guilds
occurring in these habitats, namely all beetles (Coleoptera),
true bugs (Hemiptera: Heteroptera), spiders (Araneae), acu-
leate bees, wasps and ants (Hymenoptera: Aculeata), hover
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flies (Diptera: Syrphidae), lacewings (Neuroptera), snake-
flies (Raphidioptera) and scorpionflies (Mecoptera). In par-
ticular, we addressed the following research questions: (1)
Are there changes in arthropod biomass, abundance or spe-
cies richness in the agricultural Limpach valley since 1987
and 1997? (2) Are there differences in temporal changes
between habitat types, taxa and trophic guilds?

Methods
Study area and sampling

Our study area, the Limpach valley, is located in the Swiss
Central Plateau (47.10° N, 7.44° W, cantons BE and SO). It
extends over 13 km along a flat, agricultural plain bordered
by two hills at an altitude of around 470 m above sea level.
Formerly a large swamp and peat-cutting landscape, it was
drained and converted into intensively cultivated farmland
mainly during the two World wars and until 1951 (Imhof
1988). Two semi-natural habitat patches are still left, a
south-exposed, dry, low-fertility meadow bordering the for-
est and a wetland reserve (Wengimoos), the last remnant
of the former swamp. Both patches were expanded through
restoration measures since the first arthropod survey in 1987.

In 2019, we placed traps for sampling arthropods in four
habitat types at eight different sites (two per habitat type) in
a transect of 5 km length through the valley. Seven of these
sites had already been sampled in the year 1987 (Duelli and
Obrist 2003) (only one at dry meadow). Four were resam-
pled in a partial repetition (one per habitat type) in 1997
(Gygax 1999). The spatial extent of data considered is iden-
tical in all 3 years of sampling, but the number of repetitions
per habitat type varied. The sites covered four agricultural
and four semi-natural habitat types: two temporary grass-
lands, two wheat fields, two dry, low-fertility meadows and
two wet meadows in the wetland reserve (Fig. 1).

In 2019 we used the same trap types as in the years 1987
and 1997. At each site, two pitfall funnel traps (15 cm diam-
eter), a window trap (glass plate 50 cm X 83 cm, 1.2 m above
ground) and a yellow bucket (20.5 cm diameter, 20 cm above
the vegetation, maximum at 1 m height) were placed (Online
Appendix S1). Additionally, a combi-trap was placed at each
site in 1997 and 2019. It is a combination of the yellow
bucket and window trap (2 plexiglass plates 50 cm X 41.5 cm
crossed over a yellow funnel of 42 cm diameter, 1 m above
ground) and showed comparable results to the sum of the
single traps (Duelli et al. 1999; Gygax 1999). In 1997, five
pitfall traps instead of 2 were placed at each site (Table 1).
In the analyses, we only compared the same trap types with
each other and took account of the uneven trap numbers by
averaging over the traps. Traps at each site were placed at
least 10 m away from the field edge and in 5 m distance to
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Fig. 1 Study area with the eight study sites of 2019 depicted as white
symbols. Black symbols indicate the seven sites from 1987, grey
symbols show the four sites from 1997. Habitat types are illustrated
by different symbols; triangle=wet meadow, circle=temporary
grassland, square=wheat field, rhomboid=dry meadow. Study site
positions are not exactly the same because of crop rotation among

Table 1 The number of study sites and trap types in the three study
years

1987 1997 2019

Study sites
Dry meadow
Wet meadow
Wheat field
Temporary grassland
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the years, but they did vary less than 300 m between the sampling
years. Biodiversity promotion areas (BPA) of the year 2019 are drawn
in orange (we have no data of the location of BPA’s in 1997 and the
system did not yet exist in 1987). Inset: Location of the study area
(circle) in Switzerland

each other. All traps were filled with water and 0.2% Rocima
GT antifouling detergent (Acima, Buchs SG, Switzerland) as
preservative. Traps were emptied weekly. Pitfall traps catch
ground-dwelling arthropods, whereas the other three trap
types catch flying insects (flight traps). Window and pitfall
traps catch moving arthropods randomly (Duelli et al. 1999),
whereas the yellow bucket and the yellow part of the combi-
trap attract flower visiting insects actively (Yi et al. 2012).
Because the used trap types catch only moving arthropods,
the results represent a mixed measure of population density
and activity pattern, the so-called activity-density (Yi et al.
2012).

We started sampling 3 weeks after the dandelion full
bloom (Taraxacum officinale; 90% of the flowers open),
at the beginning of May. This phenological start time
is used to calibrate for variation in spring weather and
altitude above sea level (Duelli et al. 1999). To reduce
sampling and species identification effort, we conducted
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the sampling over 10 weeks according to the optimized
minimal sampling program opti3 + 2. According to Duelli
et al. (1999) biodiversity assessments of an area with
reduced sampling and species identification effort can be
best achieved by sampling in two periods of five weeks
with a break of 1 week in between. In the end, out of the
10 study weeks, the three and 2 weeks richest in indi-
viduals from the first and second study period respectively
are analysed (Duelli et al. 1999). Possible effects of bad
weather (rainy, cold) could thus be balanced out by picking
only the vials of the weeks containing highest abundances
across all sites. The financial effort of the opti3 +2 pro-
gram is 20% of a full season sampling, but still yields 49%
of the species diversity and 37% of all individuals (Duelli
et al. 1999). We selected the opti3 + 2 weeks separately for
pitfall and flight traps (Online Appendix S2).

To compare landscape configuration since 1987 we cal-
culated the area of forest cover, agricultural land and gar-
dens, houses and roads in a buffer of 2 km around the study
sites. We used historized map data from the Federal Office
of Topography (swisstopo) for this purpose [swissTLM3D
© 2020 swisstopo (5,704,000,000)].

Analyzed taxa

The following arthropod taxa were identified to the spe-
cies level: Araneae, Coleoptera, Diptera (only Syrphidae),
Hymenoptera (only Aculeata incl. Formicidae), Hemiptera:
Heteroptera, Mecoptera, Neuroptera and Raphidioptera.
These taxa were selected because they cover a majority
of the arthropods sampled (50-80%) and represent a wide
range of trophic guilds. Individuals that could not be identi-
fied to the species level were excluded from the analysis.
To ensure that no bias was introduced by excluding these
individuals, taxa with an insufficient identification resolution
(less than 80% of the individuals from the taxon were identi-
fied to species level), the family, subfamily or genus were
excluded from the analysis (Online Appendix S3). However,
for the Curculionidae we decided to make an exception,
because the identification proportion was too low only for
the year 1997. Keeping the Curculionidae in the analysis did
not change the observed differences. Excluded taxa are the
coleopteran families Cryptophagidae, Coccinellidae, Latri-
diidae, Melyridae, Dermestidae, Mordellidae, Nitidulidae,
Ptiliidae, Phalacridae, Scraptiidae and Chrysomelidae, fur-
ther the staphylinid subfamilies Aleocharinae and Pselaphi-
nae as well as the heteropteran families Anthocoridae and
Nabidae. Taxa with a clustered occurrence like the honeybee
(Apis mellifera) and carrion beetles (Silphidae), which were
attracted by the smell of carrion, were also excluded from
the analysis.
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Classification into trophic guilds

All species were classified into one out of six trophic guilds
according to their main food source (herbivore, carnivore,
detritivore, fungivore, trophobiotic, omnivore). If a species
used different food sources to a similar extent across larval
and adult stage, it was classified as omnivore (Gossner et al.
2015).

Biomass calculation

We calculated biomass using the weight-length relationship
determined by Sohlstrom et al. (2018):

BOdy mass [mg] — ](la+brlog 10(body length [mm])) )

Intercept a and slope b were chosen individually for each
taxon (from Model 5, Supporting Information 1 in Sohlstrom
et al. 2018). Information on body length of each species
was obtained from existing databases or compiled from the
literature.

Data analysis

For analyses, the freshly sampled records were merged
with the extracted data from the historic samples, which
are stored in a WSL internal database (https://doi.org/10.
16904/envidat.163). Analyses were performed using the
Software RStudio version 2021.09.1 with the underlying R
engine (R Core Team 2021). For each trap we compiled the
species-specific count data into weekly biomass, abundance
and number of species values. Pitfall and combi-traps were
analyzed separately, whereas we pooled the weekly data of
the yellow bucket and window trap per site and analyzed it
as yellow + window traps. The pooling has two advantages:
firstly, the results are better comparable with the results of
the combi-traps (Gygax 1999) and secondly, we can avoid
small samples, because the yellow bucket traps often caught
only small amounts of insects. Sample sizes for each year
can be calculated by: Number of traps per site*sites*5
weeks.

Weather data (mean daily air temperature [°C] 2 m above
ground, mean daily wind speed [m/s], daily precipitation
sum [mm]) were obtained from the nearest MeteoSwiss
weather station, located 15 km east of the study area. We
calculated mean weather values for all opti3 + 2 study weeks.
In addition, we also calculated climate variables of previous
years to consider potential lag-effects, number of frost days
of the previous winter as well as 5-year temperature averages
to consider climate change effects. All of these factors could
have affected our catches, with lag effects and extreme val-
ues not necessarily reflecting temporal trends. Specifically,
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we used: the number of frost days (temperature below 0 °C),
the precipitation sum and the average temperature of the year
preceding the sampling (always week 16 of the previous year
until week 15 of the sampling year), as well as the average
temperature of the 5 years preceding the sampling.

To test for differences among the 3 years, we fitted gener-
alized linear mixed models (function ‘glmmTMB’, R pack-
age glmmTMB; Brooks et al. 2017). The models included
the year, habitat type, weather of the sampling week [mean
weekly temperature (°C), rain (mm) and wind speed (m/s)]
as fixed effects. The study site and week number were
included as random effects, because we compared repeated
measures from the same sites (Bolker et al. 2009). The
weather variables were scaled to zero mean and unit vari-
ance prior to the analysis with the R function ‘scale’. As an
additional term correcting for the fact that the number of
species increases with the number of individuals caught, the
log(Abundance) was included as fixed effect in the richness
models. It was not possible to include climate variables of
the previous year and 5-year averages into our models as
they all were highly correlated with the factor year, reflecting
continuous climate warming over the 32 year study period.
We tested for model misspecification problems such as mul-
ticollinearity, over/underdispersion, zero-inflation residual,
spatial and temporal autocorrelation with the R package
DHARMa (Hartig 2020). If moderate or high collinearity
of two fixed effects was detected, we excluded one of them.
If overdispersion was detected, we included an individual
level random effect and zero-inflation factor, respectively.
Biomass data was analyzed as gauss distribution with log
link, abundance and species richness data as poisson dis-
tribution with log link. Explicit formula per input variable
(species richness, abundance, biomass) and trap types (pit-
fall traps, combi-traps, yellow + window traps) are given in
Online Appendix S4.

In the end, we backtransformed the model’s estimates and
pairwise compared the differences between the years with
the R package emmeans (Lenth 2020).

To test for temporal changes in overall diversity in the
study area, we additionally calculated gamma diversity (spe-
cies diversity of the study area) for each year. To avoid any
bias, sampling effort was equalized to the same trap types
and numbers for each site (2 pitfall traps, 1 yellow bucket, 1
window trap). We used the R package iNEXT designed for
rarefaction and extrapolation of species richness to correct
for different numbers of sites sampled in the different years
(Chao et al. 2014). We obtained diversity estimates for the
Hill numbers g=0, 1 and 2. Q=0 equals species richness,
g =1 equals the exponential of Shannon entropy and g=2
equals the inverse of Simpson diversity (Hill 1973). With
increasing Hill number dominant species are more strongly
weighted. Confidence intervals were calculated by bootstrap-
ping (n=200 bootstraps).

Results
Biomass, abundance and species richness

In total, 58,448 individuals from 1343 identified species
were included in the analysis. The raw data are displayed
in Fig. 2. By considering weather and site effects biomass
was significantly higher in 2019 than 1997 (yellow + win-
dow and pitfall traps) and 1987 (only yellow + window
traps) (Table 2; Fig. 3). Mean biomass per yellow + win-
dow trap in 2019 was twice as high (2688 mg) as in 1987
(1367 mg) and has increased by a factor of 1.8 since 1997
(1505 mg; Table 2; Fig. 3). According to the raw data, bio-
mass in the yellow + window traps increased consistently
in all habitat types for the three study years (Fig. 2). In the
pitfall traps similar biomass was found in 1987 (2453 mg)
compared to 2019 (2548 mg), but a 40% lower biomass
in 1997 (1514 mg) compared to 2019. Differences in the
pitfall traps were habitat-dependent, with a decrease in
dry meadows and temporary grassland and an increase in
wheat, whereas biomass in wet meadow was quite stable
between years (Fig. 2).

Also abundance differed significantly between years
with higher number of individuals caught in 2019 com-
pared to 1997 (only pitfall traps) and 1987 (yellow + win-
dow and pitfall traps) as well as in 1997 compared to 1987
(yellow + window traps) (Table 2; Fig. 3). The average
number of individuals in the yellow 4+ window traps dou-
bled between 1987 (69) and 2019 (138), while in 1997
(149) it was even slightly higher (Table 2). The abundance
in the pitfall traps was 60% higher in 2019 (94) than in
1987 (60) and 1997 (56). Not all habitats showed the same
pattern as the total (Fig. 2); we observed a general abun-
dance increase in wheat, stable conditions in temporary
grassland, an increase followed by a weaker decrease
in wet meadows and a decrease followed by a stronger
increase in dry meadows.

After controlling for differences in abundance, spe-
cies richness was significantly higher in 2019 than 1997
(yellow + window traps) and 1987 (yellow + window and
pitfall traps) as well as in 1997 compared to 1987 (pitfall
traps) (Table 2). Raw data revealed that mean species rich-
ness in the yellow + window traps was 30% higher in 1997
than 1987 and 50% higher in 2019 (Fig. 2). Mean species
richness increased consistently in all habitat types, except
in dry meadows where it was lower in 1997 than the other
2 years. In the pitfall traps of 1997, the mean species rich-
ness was higher in all habitat types by 35% compared to
1987 and 20% in 2019 compared to 1997 except for the
wet meadow, where it was a bit lower in 2019.

Species diversity of the study area (gamma diversity)
was significantly lower in 1987 than in the other 2 years,
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Fig.2 Averaged total biomass, abundance, and species richness in
four different habitat types for the years 1987, 1997 and 2019. The
boxplots show the average numbers per trap week. Black lines show

reaching highest values in 2019 (Fig. 4, non-overlapping
confidence intervals). This result was independent of the
weighing of rare and common species (q-level). The dif-
ferences between the years were more pronounced when
common species were more strongly weighted. This shows
that rare as well as common species increased in spe-
cies richness, but the increase was strongest in common
species.

Data from the combi-traps over the 2 years 1997 and
2019 confirmed the patterns observed for the yellow + win-
dow traps (Fig. 2, Online Appendix S5). We found a similar
strong increase in biomass from 1997 to 2019, similar abun-
dances in both years and a higher species richness in 2019.

From 1997 to 2019, the increase in biomass in the flight
traps was stronger than the increase in abundance. This sug-
gests that some of the captured arthropods were heavier in
2019 than in 1997. However, we found no clear shift in the
average body size of the community across the study years
(Online Appendix S6).

Trends of individual taxa and trophic guilds

The most abundant taxa in the flight traps were the Coleop-
tera (besides the Diptera, of which only Syrphidae were
evaluated), and both the Coleoptera and Araneae in the
pitfall traps. Most insect groups, except for the Syrphidae
and Neuroptera, Mecoptera and Raphidioptera, were abun-
dant enough to infer individual trends. For the coleopteran
families Carabidae and Staphylinidae, trends were evaluated
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the median, 25th to 75th percentile of the data are within the boxes
and the whiskers indicate 1.5%the interquartile range. Dots mark out-
liers

separately. Trends for the Coleoptera (excl. Carabidae and
Staphylinidae), Carabidae, Heteroptera and Aculeata were
similar to the increasing trends of all taxa compiled (Fig. 5,
Online Appendix S7). The Araneae increased in biomass
and abundance but declined in species richness. For the
Formicidae, no clear abundance or richness changes could
be distinguished between the years. The taxon for which
the trends deviate most from the overall trends were the
Staphylinidae. They showed consistently lower biomass in
2019 than in 1997 and depending on the trap type different
abundance and species richness trends.

Herbivores showed consistently increasing trends over the
3 years (Fig. 5, Online Appendix S7). Carnivores increased
in biomass, abundance and species richness in the flight traps
and showed no major changes in the pitfall traps. Omnivore
species richness was clearly increasing, whereas biomass
stayed stable and abundance trends were trap-dependent (the
abundance in the pitfall traps was highest in 2019, whereas
in the yellow + window traps it was highest in 1997).

Landscape change

Our analysis of landscape configuration since 1987 shows
only minimal changes hinting towards loss of habitat quan-
tity or quality. The forest cover remained stable (9.1 km?,
29.7% of total area). The area of agricultural land and gar-
dens decreased by 0.3% (1985: 2058 ha, 2019: 2049 ha,
66.6% of total area) and was replaced mostly by buildings,
which increased in area by 0.3% (1985: 31.7 ha, 2019:
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Table 2 Pairwise comparison

- Model type Trap type Contrast ~ N;/N, Ratio SE df tratio pvalue
(N %/N ,) of the statlstl.cally N,/N,
estimated means of biomass,
abundance, and species Biomass Pitfall traps 1987/1997 2453/1514 1.62 041 244 191  0.137
E;CIZIESTSAE;gjfki‘;r::;zy;fs) [mg] 1987/2019 2453/2548 096 0.18 244 —020 0978
1997/2019 1514/2548 0.59 0.10 244 -—-3.18 0.005
Yellow +window traps  1987/1997 1367/1505 091 0.23 83 —-0.38 0.924
1987/2019 1367/2688 0.51 0.09 83 —3.79 0.001
1997/2019 1505/2688 0.56 0.12 83 —2.79 0.018
Abundance Pitfall traps 1987/1997 60/56 1.08 022 245 0.36 0.933
1987/2019 60/94 0.64 0.11 245 -—-2.61 0.026
1997/2019 56/94 0.60 0.07 245 —441 <0.0001
Yellow + window traps 1987/1997 69/149 046 0.06 84 —5.89 <0.0001
1987/2019 69/138 0.50 0.07 84 —-5.06 <0.0001
1997/2019 149/138 1.08 0.18 84 045 0.896
Species richness Pitfall traps 1987/1997 16/19 0.82 0.06 244 -—-2.49 0.036
1987/2019 16/20 082 0.05 244 -3.09 0.006
1997/2019 19/20 099 0.05 244 -0.13 0.991
Yellow +window traps 1987/1997 36/32 1.12 0.06 83 193 0.138
1987/2019 36/46 0.79 0.04 83 —524 <0.0001
1997/2019 32/46 0.70 0.04 83 —6.86 <0.0001

Ratios < 1 indicate higher values in the denominator

Bold means p < 0.05

39.2 ha) and a few new roads (1985: 282.3 km, 2019:
290.1 km).

Potential lag effects and climate change

Weather conditions led to a substantial increase in tempera-
tures over the study period. Mean temperature in the preceding
year to the sampling was 8.28 °C in 1987, 8.64 °C in 1997 and
10.39 °C in 2019. According to the Swiss weather archives
(https://www.meteoswiss.admin.ch/home/climate/the-climate-
of-switzerland/monats-und-jahresrueckblick/the-swiss-weath
er-archive.html), the period from spring 1986 to spring 1987
was with high precipitation, one of the coldest winters of the
century and a cold, wet summer 1987. 1996 was an average
year without much deviation from normal values, followed by
the winter 1997, which had temperatures above normal. The
summer of 2018 was then the hottest summer since measure-
ments began and extremely dry. Also, the year 2019 was hotter
than average, with only January and May clearly colder than
average. Accordingly, the number of frost days decreased in
our 3 sampling years (1986/87: 65 days, 1996/97: 39 days,
2018/19: 29 days) and so did the precipitation sum in the
year preceding the sampling (1986/87: 1153 mm, 1996/97:
1000 mm, 2018/19: 699 mm). The comparison of the 5 year
temperature average preceding the sampling (1982-1987:
8.32 °C, 1992-1997: 9.18 °C, 2014-2019: 9.72 °C) and the

@ Springer

5 year frost days average (1982-1987: 58.2 days, 1992-1997:
40.2 days, 2014-2019: 33.2 days) show less extreme dif-
ferences but still a general warming of the climate (Online
Appendix S11).

Discussion

We found higher arthropod biomass, abundance, and spe-
cies richness per trap as well as higher overall regional
species diversity in 2019 compared to the previous study
years 1987 and 1997 in an intensively used agricultural
landscape in Switzerland. Even after accounting for vari-
ous effects (weather during sampling, habitat) in our sta-
tistical models, we often found the highest values in 2019.
This correlates with the fact, that average temperatures
also increased over each of the sampling years. Increases
were largely consistent across taxonomic and trophic
groups, which suggests that the respective environmental
factors affected species independently of their taxonomic
or trophic position and corroborates that our findings are
reflective of changing diversity and abundance in Limpach
valley region. However, increases were more prominent in
flight traps than in pitfall traps, indicating that flight-active
species were more responsive than the ground-dwellers.
Based on reports of strong insect declines in grass-
lands or nature reserves surrounded by agricultural land
in Germany during the last decades (Seibold et al. 2019;
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Fig.4 Comparison of gamma diversity of the study area in the three
study years. For each year, the data from two pitfall, one window and
one yellow bucket trap per site (sampling unit) were combined over
all study weeks. Solid lines are rarefied values, dashed lines extrapo-
lated values. Species diversity was calculated in three ways with Hill
numbers q=0, 1 or 2. Q=0 (left panel) equals species richness, q=1

Biomass Abundance Species richness
Trap type PT  Y+WT PT  Y+WT  PT  Y+WT
Coleoptera = / 7 7 7 Vd
Carabidae N V V / v W
Staphylinidae ~ ~ V ~ = A
Aculeata - / - /7 /
Heteroptera /7 - /7 7
Formicidae = = ~ -
Araneae Va - Ve AN
Carnivore = /7 = V ~ y
Omnivore = Vi v ~ / /
Herbivore Ve 7 / 7 v V
Other v' / N / = W
Total 7 7 7 / 7

Fig.5 Summary of the biomass, abundance and species richness
trends derived from the raw data in total and separated by taxon and
trophic guilds (Online Appendix S7). Trends for pitfall traps (PT)
and yellow +window traps (Y+WT) over 3 years (1987, 1997,
2019). The arrows indicate the direction of the trends, for example
an increase, decrease, no obvious changes among the study years,
decrease followed by an increase or vice versa. Trends were not
assessed for group-trap type combinations with a dash (=), as well as
for the Syrphidae, Neuroptera, Raphidioptera and Mecoptera, as their
abundances were too low. The trophic guild Other comprises detriti-
vores, fungivores and trophobiotic species

Hallmann et al. 2017), we had expected to find similar
results in the intensively used agricultural landscape of
our study. In the following, we discuss why our findings

(middle panel) equals the exponential of Shannon entropy and q=2
(right panel) equals the inverse of Simpson diversity. The higher q is,
the heavier are frequent species weighted. Confidence intervals were
calculated by bootstrapping (n=200 bootstraps). Non-overlapping
confidence intervals indicate significant differences

might not be in line with the general expectation of nega-
tive biomass and richness trends.

First, in highly modified landscapes like the Limpach
valley, major landscape and land-use changes that may
have had strong negative impact on insect communi-
ties often happened in historic times (Habel et al. 2016;
Ollerton et al. 2014). The wet Limpach valley was drained
and turned into intensively cultivated land from 1900 to
1951 (Imhof 1988). The chosen baseline in our study is
the year 1987. As this baseline is only around 30 years
old, it might underestimate historical baseline situations
(Didham 2020). Presumably, arthropod abundance and
species declines happened decades before the 1980s—
possibly leaving mainly generalist species surviving- and
could since then be halted in the study area. Our results
provide indications that source populations still exist in
agricultural landscapes, at least in the one we studied, and
can recolonize areas if improved e.g. by agri-enviromental
schemes.

Second, measures to promote habitat quality were
implemented in the Limpach valley over the study period.
In the wetland reserve (Wengimoos, Western end of study
area, Fig. 1) an agricultural field was restored to its natural
state and habitat improvement measures were implemented
in recent years (Friedli 2015). However, more far-reaching
for the entire study area was probably the introduction of
agri-environmental schemes in the 1990s: federal compen-
sation payments are remunerated to farmers for dedicating
parts of their land to measures beneficial for the environ-
ment or biodiversity (BAFU and BLW 2016). Currently,
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around 13% of the agricultural land are so called biodiver-
sity promotion areas (BPAs) in the Swiss lowlands (BAFU
and BLW 2016). They consist of different extensively used
habitat types such as low intensity grasslands, traditional
orchards, hedges, wild flower strips and fallow patches
with restrictions on fertilization and mowing (Jeanneret
et al. 2003). The respective proportion of BPAs in the
Limpach valley is around 8% (https://geodienste.ch).
Generally, areas under such an agri-environmental scheme
have higher arthropod biodiversity and abundance (Aviron
et al. 2009; Kleijn et al. 20006).

Third, pesticide use, nitrogen input and land-cover config-
uration remained comparable during the study period. Since
1987, pesticide use in Switzerland stayed within a similar
range (de Baan et al. 2015). Nitrogen surplus and leaching
decreased between 1990 and 2005 by around 20% (Decrem
et al. 2007; Herzog et al. 2008) and remained stable since
then (Bundesamt fiir Landwirtschaft BLW 2019). Detailed
information about fertilizer and pesticide applications of
the study sites were not available, but the Limpach valley
is a representative agricultural area in the Swiss Central
Plateau and the same crops are still cultivated as 32 years
ago. The region is dominated since decades by agriculture
and therefore landscape configuration changed only mini-
mally indicating a minor loss of habitat quantity or quality.
Few agricultural land and gardens were replaced by either
buildings or new roads. However, most agricultural fields
were merged and became larger but can still be considered
as being small in international comparison. The relatively
small-scale mosaic-like arrangement of agricultural and
semi-natural habitats as well as bordering forests could have
a positive effect on the arthropod community in the study
area (Outhwaite et al. 2022).

Fourth, climate change has brought along an increase in
average temperature coupled with a decrease of frost days
and precipitation. All these factors were highly correlated
with the year of sampling (Online Appendix S11), thus con-
founding factors for a comparative analysis. Nevertheless,
the effects of climate change should also be considered as
explanatory factors for the observed differences in species
richness, abundance and biomass, although effects may even
be species specific (Jackson et al. 2022). Beside the spe-
cific weather conditions in the study years (Online Appen-
dix S10) also lag effects (weather conditions in preceding
years, frost days in previous winter) could have affected our
catches. We could not analyze the role of lag effects statisti-
cally as these factors highly correlated with the factor year.
However, we found an increase in average temperature of the
previous year, an increase of the preceding 5 year’s average
temperature and a decrease of number of frost days over the
study period. These values thus reflect the long-term climate
warming.
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The influence of weather conditions is a challenge in esti-
mating arthropod abundances. Weather conditions during
sampling influence the catching probability of arthropods.
Higher temperatures and relatively dry weather for instance
lead to higher activity of arthropods, which enhances the
catching probability (Yi et al. 2012). We tried to account
for the influence of weather conditions by including them
in the mixed effects models and by adapting the sampling
scheme (see “Methods”). However, essentially all quantita-
tive insect sampling methods suffer from this effect (Didham
et al. 2020), which means that also in studies finding insect
declines this bias is present.

The influence of climate warming is very complex, there
are winners and losers among the insects and it is difficult
to say, if climate warming results in a net gain or loss of
insect biomass, abundance and species richness. Warmer
temperatures are associated with higher overwintering
survival, more generations and the immigration of warm
adapted species (Vittoz et al. 2013), which might explain the
higher species richness in recent years. On the other hand,
warmer temperatures, fewer frost days, less rain and altered
vegetation periods can also lead to altered prey-predator
interactions (Barton and Ives 2014), asynchronous develop-
ment or distribution range shifts (Robinet and Roques 2010),
which might have a negative impact on insect communi-
ties. Especially in the tropics, climate change is supposed
to be a main driver of insect declines (Wagner 2020). In
temperate regions however, many forests have become much
more suitable for a number of species due to climate change
(Pureswaran et al. 2018). As our study area is surrounded
by forests, this might also partly explain the higher number
of species observed in the last year of observation. In addi-
tion, the gamma diversity analysis indicates, that the higher
species diversity in 2019 might be due to increases in more
common Species.

In general, in studies looking at insect trends, great vari-
ation can be found even in geographically close sites (van
Klink et al. 2020) or between different habitats in the same
landscape. For example, in Britain, moth biomass declined
in woodland, grassland and urban environments, but not
in—likely already depleted—arable land (Macgregor et al.
2019). Contrastingly, carabid beetle abundance declined in
moorland and pastures, but increased in woodland over a
period of 15 years (Brooks et al. 2012). The reasons for
differences in trends between regions and habitats are still
largely unknown and thus every study can contribute to the
understanding of the bigger picture.

When evaluating long-term insect population trends, one
has to consider many challenges and pitfalls involved (Did-
ham et al. 2020). We are well aware of the limited inference
from the data presented in our study from a single region and
a snapshot comparison of only three timepoints. Estimates of
population change can be sensitive to selection bias effects
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in the choice of the time-points, much as described for false
baseline effects above. Population densities of arthropod
communities and therefore their biomass is known to fluc-
tuate substantially from year to year. Unfortunately, at the
time of writing only few comparative long-term datasets on
arthropod communities exist for Switzerland that allow to
estimate the natural range of such fluctuations. To cite a few
international ones, moth biomass in Britain varied twofold
within a decade (Macgregor et al. 2019), whereas carabid
beetle biomass varied up to five fold within 10 years (Hom-
burg et al. 2019). Biomass fluctuations of whole arthropod
communities, as assessed in our study, are less pronounced
than those of single taxonomic units. In the study of Seibold
et al. (2019) the whole community varied 2- to 3-fold per
decade. In our study, biomass increased 1.5-fold in the pitfall
traps and 3-fold in the yellow + window traps as well as in
the combi-traps. If we assume a scenario of a substantial
abundance and biomass decline over the 32 years, our find-
ings of substantial increases in the flight traps likely outreach
the range of natural fluctuations. A measure of yearly fluc-
tuations in species richness gives us the study of Obrist and
Duelli (2010). From 2000 to 2007, arthropod species rich-
ness was monitored at 45 locations in Switzerland. Yearly
fluctuations averaged 6%, with the highest difference reach-
ing 20% between any of the 8 years. Warmer years yielded
more species.

To estimate the potential bias of our three sampling years
being exceptional, we evaluated these years in comparison to
earlier and later years based on other studies. The butterfly
abundance data from the long-term Swiss biodiversity moni-
toring (http://www.biodiversitymonitoring.ch/en/home.html)
clearly shows that 2019 was a year with average abundances,
even though it was a rather hot year and preceded by a very
hot year with a peak in abundances (Online Appendix S8).
Interesting is, that also butterfly abundance increased in the
Swiss Central Plateau between 2003 and 2019. Similarly,
the abundance of water insects increased between 2010 and
2019 (Online Appendix S8). Primarily generalist butterfly
species with low habitat specialization have increased, as
well as species that respond positively to the establishment
of biodiversity promotion areas (BPAs) in agricultural areas.
Certain warm adapted species have also become more com-
mon (Widmer et al. 2021), which could also be the case
in our study. In order to estimate the representativeness of
the years 1987 and 1997, we compared mean abundance
and species richness per trap with data collected in other,
similar studies conducted by the Swiss Federal Research
Institute WSL between 1980 and 2000 (Online Appendix
S9). The years 1987 and 1997 did not stand out as years with
exceptionally low or high insect abundances, which indicates
our results to represent average years. In terms of weather
conditions, 1987 was colder than average whereas 1997 was
a more or less normal year.

In our study single taxonomic groups and trophic guilds
mostly followed the overall increasing trends. Carabid bee-
tles (Coleoptera: Carabidae) as well as most other beetle
families showed mainly higher biomass, abundance, and
diversity in 2019 than in the previous study years. In other
countries either stable abundance and biomass (Homburg
et al. 2019) or declining trends were found for these groups
(Brooks et al. 2012; Ewald et al. 2015; Hallmann et al.
2020; Harris et al. 2019). Only the rove beetles (Coleop-
tera: Staphylinidae) showed somewhat diverging and often
declining abundance and richness patterns in our study.
However, other comparative long-term studies are lacking
and prevents any comparisons. In another Swiss agricultural
landscape, ground-living spiders (Araneae) were found to
decline in abundance by 8% between 1994 and 2004 (Bland-
enier et al. 2014), but in our case spider abundance increased
while diversity decreased. This is in line with the finding that
biodiversity promotion areas do not seem to enhance spider
diversity (Aviron et al. 2009). Despite reports of declining
local bee diversity in various countries like Britain, Neth-
erlands or Spain (Bartomeus et al. 2018; Biesmeijer et al.
2006), we found a consistently higher species richness for
these important pollinators (Hymenoptera: Aculeata). As a
last taxon, for which trends could be inferred, the true bugs
(Hemiptera: Heteroptera) seem to be generally less affected
by declines, neither in our study nor in Dutch nature reserves
(Hallmann et al. 2020) or in cereal fields in England (Ewald
et al. 2015).

To draw a more comprehensive picture, further rep-
etitions of former arthropod surveys and studies would be
needed. The only standardized monitoring of arthropods
across different habitats of Switzerland is the Swiss biodi-
versity monitoring (http://www.biodiversitymonitoring.ch/
en/home.html), which is limited to butterflies and aquatic
insects (Ephemeroptera, Plecoptera, Trichoptera). It would
be most important to complement the Swiss biodiversity
monitoring with additional, functionally different insect
taxa, including their abundances, to elucidate possible
causes of declines or increases.

Conclusions

We consider (a) the ecological restoration and enlargement
of the wetland reserve, (b) the integration of biodiversity
promotion areas into the agricultural land since 1993, (c) a
relatively stable landscape configuration and habitat com-
position, (d) a stable to declining use of pesticides and fer-
tilizers, and (e) the warming climate as the main drivers of
the apparent increases in arthropod biomass and diversity
in the Limpach valley between 1987 and 2019. The influ-
ence of weather and climate warming are context-dependent
and cannot be assessed conclusively with our existing data.
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However, climate change should similarly have affected
arthropod populations in other studies, in which massive
insect declines were observed. Since we only treat one focus
area in our study, we abstain from generalizing our results.
We also emphasize the shifting baseline syndrome: positive
trends are easier to achieve in systems that have been impov-
erished in historic times already. To fill the gap between
contrasting changes in arthropod biodiversity, we encour-
age further long-term investigations on arthropod dynamics
in regions with different management history and types, to
reveal the drivers of the spatial differences in temporal pat-
terns of arthropod abundance, biomass and diversity.
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