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Most studies oninsect trends have focused on the past few decades, but
major changes could have occurred earlier. If so, shifted baselines can
resultin misleading conclusions or poor conservation decisions. Here we
analyse nine decades of insect trends in Switzerland and relate them to
changesinland use and climate. By reconstructing continuous trends in
speciesrichness based on 1.2 million records of 595 saproxylic beetle and
216 butterfly species, we find that both groups declined from the 1930s to
the1960s. While saproxylic beetle richness stabilized and subsequently
recovered, butterfly richness continued to decline until the 1980s and has
notrecovered. The strong mid-century decreases were linked to increases
inagricultural mechanization, while the subsequentincreases were linked
to climate warming. Over the entire 90-year period, declines primarily
affected specialist and cold-adapted species, while warm-adapted species
have increased since the 1980s. Recent gains in saproxylic beetle richness
mightalso reflectincreased deadwood availability from windthrow and
‘biodiversity-friendly’ forest management. Our findings suggest that
reducing adverse land use is key to maintaining and promoting insect
diversity, and that shifted baselines and climate-change effects should be
considered when setting restoration goals and priorities.

Alarming findings on a massive insect decline' have sparked research
into temporal trendsininsect diversity>’. However, most studies have
covered amaximum of afew decades**, despite increasing anthropo-
genic pressure on insect diversity throughout the entire twentieth
century’. Itis therefore hypothesized that these comparatively short
time series fail to capture the most detrimental changes resulting from
global change because they miss animportant time span®. The few stud-
iesthat cover more than afew decades are often limited to single time
points (for example, data from the twentieth century compared with

data from the twenty-first century’), to several discrete time windows
over the twentieth century?®, or to asmallnumber of study sites or single
taxonomic groups when analysing continuous data’ 2, Most of these
studies found support for long-termdeclinesininsect diversity. A con-
tinuous long-termtime series of insect diversity, covering alarge spatial
scaleand differentinsect groups, is still lacking, but will help to better
understand community changes over more than 40 years—including
the time of large-scale agricultural intensification in the second half
of the twentieth century". Furthermore, continuous long-term time
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Fig.1|Study region and changes in environmental conditions since 1930.

a, The study country, Switzerland, is located along the Alps in Central Europe
and was divided into six biozones based on biogeographic regions and elevation
(indicated by different colour shadings). Species records were analysed at
theresolution of 5 km x 5 km squares (overlaid grid). b, Variables indicating
environmental conditions and changes therein for the period 1930 to 2021,
shown separately for each of the six biozones. Values are shown for intervals of
8 years (1930-1937,1936-1943 and so on), in which variables of absolute (abs.)
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1950 1975
values (for example, temperature abs.) are centred intercepts and variables

of change (for example, temperature change) are slope coefficients from

linear regressions. Two variables (mechanization period, storm aftermath)

are two-level factors, in which the presence of the factor is indicated in orange.
For comparability, continuous variables were standardized (std.) to standard
deviation of 0.5 and aminimum of O (the latter only for variables with exclusively
positive values). See Supplementary Figs. 3-8 for details.

series of insect diversity can provide a quantification of the biases due
to the shifting baseline phenomenonin studies that start later>™*, which
will be key for prioritizing insect conservation action.
Herewereconstructed the temporal trajectories of insect species
distributionsin Switzerland between 1930 and 2021, based on 1.2 mil-
lion species records and occupancy-detection models®™. We focused
ontwo functionally distinct groups: saproxylic beetles and butterflies.
Saproxylicbeetles depend on deadwood and comprise various trophic
levels, including decomposers, fungivores and predators'. They are
predominantly found in forests and other wooded areas, where they
play avital rolein decomposing deadwood", and many species, particu-
larly longhornand jewel beetles, feed on pollen as adults. Butterflies are
important pollinators as adults and herbivores as caterpillars™®". They
aredistributed in various habitats, but most speciesin the study region
are found in open, agriculturally managed habitats*. We estimated
the distribution of 595 saproxylic beetle species (out of approximately

1,000 speciesin Switzerland) and 216 butterfly species (out of approxi-
mately 230 species) in terms of the mean occupancy of 5 km x 5 km
squares (thatis, mean number of occupied squares) across the entire
study period (1930-2021, aggregated in 2-year intervals) and for 6
biozones (Fig. 1a). These biozones comprise a wide range of environ-
mental conditions and trajectories therein (Fig. 1b) and were derived
from biogeographic regions? and elevation (the high Alps biozone
includes all squares with a mean elevation above 1,400 m above sea
level (a.s.l.)). We compared the estimated temporal changes of species’
mean occupancies tored list status and atemporally restricted stand-
ardized butterfly monitoring scheme and found strong congruence
(Supplementary Figs.1and 2). Based on mean occupancy per species,
we estimated the average species richness per square for both insect
groupsineach biozone and 2-year interval (sum of mean occupancies).
Furthermore, to obtain an overall trend, we aggregated the data for
Switzerland as awhole.
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Fig.2| Change in saproxylic beetle and butterfly species richness since

1930 distinguished by biozones. Trajectories of average species richness per
5km x5 kmsquare, shown relative to the value for the whole of Switzerland in
1930 (first panel on the left), for saproxylic beetles and butterflies. The first panel

(yellow shading) shows values for all of Switzerland; the other panels show values
for individual biozones (Fig. 1a). Lines represent means; shaded areas indicate
95% Cls. Vertical lines mark decade boundaries.

Results and discussion

Temporal changes of species richness

From 1930 to the 1960s, the relative average species richness in Swit-
zerland declined continuously for both saproxylic beetles and but-
terflies (Fig. 2). The strongest declines were observed in the 1930s for
saproxylic beetles, with an estimated decrease in relative richness of
-3.1%(95% credible interval (Cl): -4.9% to -1.2%) per decade, and in the
1950s for butterflies, with adecrease of —4.5% (95% Cl: —6.4% to —2.6%)
per decade. For saproxylic beetles, these declines were followed by
increases, most notably in the2000s with an estimated increase of 3.9%
(95% Cl:2.2% t0 5.5%) per decade (Fig. 2). For butterflies, however, the
decline continued and beganto level off only in the 1980s (Fig. 2). Since
then, butterfly richness has fluctuated, maintaining roughly the level
observedinthe1980s. Consequently, therichness of saproxylic beetles
was estimated to be similar at the end of the study period (2020-2021)
compared with the beginning (1930-1931), whereas butterfly richness
decreased by —12.0% (95% Cl: -14.3% t0 -9.5%). The decline in butterfly
richness is smaller than the declines reported for insects over shorter
time periods*?2. However, this may be attributed to differences in
the spatial scale of analyses. Our estimates represent regional rich-
ness (5 km x 5 kmsquares), whereas previous studies mostly reported
declines at the local plot scale.

The continuous decrease in saproxylic beetles until the 1960s and
inbutterfly richness until the 1980s has been hypothesized before®, but,
toour knowledge, has not previously been analysed with such fine tem-
poral resolution at a national scale. Furthermore, our results provide
compelling evidence that shifted baselines are animportant concern
inshort-term studies of temporal trendsininsects*. For example, if we
had considered only the past four decades of the present dataset, we
would have estimated a Switzerland-wideincrease inrichness 0f10.8%
(95% CI: 8.1% to 13.5%) for saproxylic beetles and 6.5% (95% Cl: 4.8%
to 8.4%) for butterflies. These figures clearly differ from the 90-year
estimates of +2.7% (95% CI: —0.2% to 5.7%) and —12.0% (95% CI: -14.3%
t0-9.5%), respectively. Thus, the limitation of shifted baselines should
be acknowledged more when interpreting short time series>.

Trajectories of richness clearly differed between the biozones
(Fig.2).Forsaproxylicbeetles, we observed similar declinesin the early
decades in all biozones, but recovery was less evident in the plateau
and southern Alps biozones. For butterflies, there was a particularly
strong and continuous declineinrichnessinthe plateau and northern
Alps biozones (Fig. 2). Over the full study period, butterfly species
richness decreased by —29.2% (95% CI: -=33.0% to —25.2%) in the plateau,
where the majority of the Swiss population, infrastructure and crop
production are located, and by -13.3% (95% Cl: -17.8% to —8.5%) in the
northern Alps. In the Jura and central Alps biozones, we observed the

smallest changesinbutterfly richness. While butterfly richness started
to recover to some extent in all regions from the end of the twentieth
century onwards, this was not the case in the southern Alps.

Drivers of insect richness changes

Many studies have highlighted the link between changes in insect
communities and climate and land-use changes®>*****. Over the
90-year study period, climate warming was evident in all biozones
from the 1980s onwards® (Fig. 1b and Supplementary Fig. 3). Agri-
cultural intensification was strongest in the lowland plateau biozone
and the adjacent mountainous Jura and northern Alps biozones,
becoming most pronounced from the 1950s to the 1980s (Fig. 1b and
Supplementary Fig. 4). Wood harvest intensity, an indicator of for-
est management intensity and deadwood removal, was particularly
high during World War Iland increased slightly in the plateau, Juraand
northern Alps biozones over the course of the twentieth century (Fig. 1b
and SupplementaryFig.5). Concurrently, the vital role of deadwoodin
forest ecosystems wasincreasingly recognized in forest management,
leading to anincrease in deadwood in forests from the 1990s onwards®,
which was also promoted by several extreme storm events leading to
windfall (Supplementary Fig. 5).

The differencesinenvironmental conditions and changes therein
between the biozones (Fig. 1b) can explain the differences in species
richness trajectories between zones (Fig. 2). For example, the strong
declinesinbutterfly species richness inthe plateau and northern Alps
biozones coincide with the zones that underwent the most substantial
agricultural mechanization (Fig. 1b and Supplementary Fig. 4). We
directly tested the influence of multiple drivers, particularly land use
and climate change, ontrendsinrichness of saproxylic beetles and but-
terflies. To this end, we divided the study period into 8-year intervals
and calculated the relative species richness trend for each biozone in
eachinterval. We then related these trends to the state and change of
a set of environmental variables for the same intervals and biozones
(Fig. 1b) using regression models.

Absolute temperature, expressed as the average temperature
anomaly over an 8-year interval, was positively related to species rich-
ness trends, particularly for saproxylic beetles (Fig. 3), indicating
more positive richness trends in warmer time intervals. For saprox-
ylic beetles, anincrease in absolute temperature of 0.5 s.d. (0.34 °C)
resulted in a 2.0 percentage point (95% CI: 0.67 to 3.3) increase in the
species richness change per 8-year interval (richness relative to the
average richness in Switzerland in 1930). The increase in the richness
of saproxylic beetles in warmer climates has previously been observed
and may reflect the higher survival and dispersal of saproxylic beetle
species at higher temperatures”. When the model predictions are
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Fig. 3| Regression model results linking relative richness trends to (changes
in) environmental conditions. Posterior distributions of slope estimates from
regression models relating the trend of relative richness in a biozone and 8-year
interval to aset of environmental variables for the same zone and interval.
Modelled slope estimates were transformed to represent the change in the
species richness trend inan 8-year interval. For example, an effect size of 2 means
thatifthe respective variableisincreased by 0.5s.d., the richness changein an
8-yearinterval (relative to the overall value in1930) is 2 percentage points higher.
Separate models were fitted for saproxylic beetles and butterflies. Continuous
predictor variables were scaled to s.d. 0.5 before the analyses. Points show means;
segments of varying thickness show 80%, 90% and 95% Cls. n = 90 observations
(biozone-interval combinations) per model. Temp., temperature absolute;
ATemp., temperature change; AHuman pop. dens., human population density
change; Mechaniz., mechanization absolute; Mechaniz. period, mechanization
period (factor); Grassl. area, grassland area absolute; AGrassl. area, grassland area
change; AW. harvest intensity, wood harvest intensity change.

scaled to an absolute temperature increase of 2 °C, which occurred
in Switzerland over the past 100 years® (Supplementary Fig. 3), the
estimated increase in richness trends of saproxylic beetles is 12.0 per-
centage points (95% CI: 3.9 t019.0). Therefore, climate warming since
the 1980s (Supplementary Fig. 3) has potentially contributed to the
(partial) recovery of species richness in saproxylic beetles.

We quantified the degree of agricultural mechanization with the
number of tractors reported in each biozone relative to its absolute
area. Weidentified aclear period of mechanization between the 1950s
and the 1980s in three biozones (Fig. 1b and Supplementary Fig. 4).
Species richness trends were clearly related to agricultural mechani-
zation (Fig.3). Anincrease in absolute mechanization of 0.5s.d. (0.92
tractors per km?) was associated with a —0.65 percentage point (95%
Cl: -1.4 t0 0.096) reduction in richness trends per 8-year interval for
saproxylic beetles. This negative relationship potentially reflects the
closelinks between agriculture and silviculture in Switzerland, where
many farmers are also forest owners®. Thus, agricultural mechaniza-
tion may have largely coincided with silvicultural mechanization. For
much of the twentieth century, increasing mechanization resulted
in the intensification of forest management, which typically leads to
the simplification of forest structures and a reduction in the amount
of available deadwood'®*’. These relationships would explain the
generally negative relationship between mechanization and tempo-
ral trends in saproxylic beetle richness. For butterflies, periods of

mechanization—the time intervals during the transition from low to
high absolute mechanization between the 1950s and 1980s in three
biozones (Fig. 1b and Supplementary Fig. 4)—were associated with a
-3.2 percentage point reduction (95% Cl: —=6.2 to —0.30) in richness
trends (Fig. 3). This emphasizes that agricultural intensificationin the
second half of the twentieth century was a major cause of the decline
ofbutterflies, agroup ofinsects that is strongly associated with open,
agriculturally managed habitats such as semi-natural grasslands’. The
strongincrease in mechanization was accompanied by several changes
in agricultural practices, such as the use of more efficient machinery
(forexample, modern rotary mowers), the replacement of permanent
grassland with rotational grassland, the increased use of fertilizers
and pesticides, and the structural homogenization of landscapes (for
example, the removal of structural elements and larger field sizes)">*".
Allthese changes contributed to the negative effects on butterflies**.
Therefore, over the past 90 years, mechanization and agricultural
intensification have been detrimental to both butterfly and saproxylic
beetle communities.

Following the growing awareness of environmental issues in the
1970s, biodiversity-friendly management practices were increasingly
promoted in Switzerland towards the end of the twentieth century. In
forests, near-to-nature management became widely adopted, which
resulted, forexample,inanincreasein deadwood—achange that should
have promoted many saproxylic beetle species”. Indeed, the change
in forest management undoubtedly contributed to the recovery of
saproxylicbeetlerichnessinthe second half of the study period (Fig.2).
Inopenlands, theintroduction of agri-environmental measuresinthe
1990s and the subsequent increase in the amount and connectivity
of suitable habitats in agricultural areas probably contributed to sta-
bilizing butterfly richness trends® (Fig. 2). While these management
changes certainly contributed to trend stabilizations and reversals,
quantifying these effects, particularly with regard to different measures
and species groups, is beyond the scope of our study.

Finally, we found evidence that trendsinsaproxylicbeetle species
richness were associated with large storm events (for example, storm
Vivianin1990 and storm Lothar in1999; Fig. 3). The trend in saproxylic
beetle richness per 8-year interval was 1.5 percentage points (95% ClI:
-0.16 to 3.1) higher in intervals following large storm events. This can
be explained by increased amounts of deadwood and better light con-
ditions following storms, which benefit saproxylicinsects®. Given the
expected increase in storm frequency due to climate change?®, some
insect groups, such as saproxylic beetles, may benefit fromincreased
food and habitat availability.

Trait-dependent richness changes

Global change affects insect species unevenly, creating winners and
losers®. Using a trait-based approach to analyse temporal trendsin spe-
ciesrichness providesinsightinto the causes of these changes and their
functional consequences?. We found that changes in species richness
varied among groups of species with different trait values (Fig. 4). The
average richness of large saproxylic beetles was -9.2% (95% Cl: -15.8%
to -2.2%) lower at the end of the study period thanin1930, whereas the
richness of small saproxylic beetles remained similar to thatin 1930
(Fig.4a).Large saproxylic beetles have been affected more by changesin
forestmanagement®®”, for example, due to their requirement for larger
deadwood diameters—aresource thatis more prevalentin old-growth
forests, which have become rare?”**, By contrast, small butterfly species
declined more than large species (a —26.4% (95% CI: =29.7% to —22.8%)
decrease versusal4.1% (95% Cl: 6.3% t0 22.5%) increase). Butterfly body
sizeisagood indicator of dispersal ability*’, and global change drivers
suchasland-useintensification are known to harm species with lower
dispersal ability disproportionately*’. Thus, the decline in small butter-
fly species over the past 90 years may be linked to their lower dispersal
ability, whichis becoming an increasingly significant disadvantage in
arapidly changing world.
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Fig. 4| Change in saproxylic beetle and butterfly species richness since 1930,
distinguished by traits. a-d, The line graphs show the trajectories of average
species richness per 5 km x 5 km square relative to the 1930 value (per trait value)
for saproxylic beetles and butterflies for the whole of Switzerland, separated by
different traits: size (a), habitat specialization (b), food specialization (c) and
temperature niche (d), and trait values (colours). Lines represent means; shaded
areasindicate 95% Cls. Vertical lines mark decade boundaries. The bar plots
ontheright of each panel show how the proportions of species with different
trait values within the overall richness have changed between 1930 (left) and
2021 (right). Rel., relative; Ov., overall; Monoph., monophagous; Oligoph.,
oligophagous; Polyph., polyphagous; Interm., intermediate.

For the other traits considered in both species groups (habitat
specialization, food specialization and temperature niche), the dif-
ferences in overall changes between trait values largely matched
between saproxylic beetles and butterflies (Fig. 4b—d). Over the full
study period, the greatest decreasesin richness were observed among
habitat specialists, with the average richness of highly specialized
species decreasing by —8.4% (95% CI: -14.9% to —-1.3%) for saproxylic
beetles and —41.0% (95% CI: —44.5% to —37.4%) for butterflies (Fig. 4b).
Atthesametime, the average richness of habitat generalists remained
largely constant across the study period. The clear decreases in the
richness of habitat specialists, particularly at the beginning of the study

period, are consistent with previous studies on saproxylic beetles?*

and butterflies®*. These decreases reflect the degradation and loss of
suitable habitats for many species, such as old-growth forests® and
semi-natural grasslands*'. Furthermore, land-use intensification and
eutrophication have contributed to the decline of specialist species***%,
The important roles of land-use intensification and eutrophication
in community restructuring are also reflected in the clear declines of
butterfly species with fewer generations per year and that overwinter
inearlier developmental stages (Extended DataFig.1), which areknown
to be more strongly affected by these drivers***,

Similar to the pattern observed for habitat specialization, the
richness of food-specialized species decreased the most over the entire
study period. The decrease in average richness of monophagous spe-
cies was -16.6% (95% CI: -25.2% to -7.3%) for saproxylic beetles and
-22.3% (95% Cl: —26.1% to —18.4%) for butterflies (Fig. 4c). Decreases
among food-specialized butterflies have previously been observed®.
These decreasesreflect the loss of food plants specific to these species,
due to the impoverishment of plant communities in open habitats**,
which is a consequence of land-use change and intensification*,
increasing atmospheric nitrogen deposition*® and the homogenization
of plant communities*. Approximately half of the studied monopha-
gous saproxylic beetle species are specialized on Pinus, Populus or
Quercus.Speciesfromthese generaprobably decreased innumber until
the mid-twentieth century owing to more intensive forest management
(Pinus, Quercus)*® and the loss of floodplain forests (Populus)*’, which
would explain the decline of many monophagous species. Decreases in
specialistinsects were clear and prevalentirrespective of insect group
or specialization axis, reflecting losses of habitats and resources over
the past century.

Finally, clear differences in temporal patterns emerged between
species with different temperature niches (Fig. 4d). In both saprox-
ylic beetles and butterflies, we observed the strongest decreases in
warm-adapted species during the first 50 years, which can be attrib-
uted to their greater prevalence in the intensively used lowland
regions. However, around 1980, this trend reversed, with the richness
of warm-adapted species increasing in both insect groups. By 1980,
the average richness of warm-adapted species had fallen by -28.1%
(95% CI: —=34.3% to —21.4%) for saproxylic beetles and -28.4% (95% CI:
-32.1%to-24.5%) for butterflies. By 2020, these declines had somewhat
recovered, resulting in decreases of only —4.9% (95% CI: —12.9% t0 3.9%)
for saproxylic beetles and -13.5% (95% Cl: —17.8% to —9.1%) for butter-
flies over the entire study period. This increase after 1980 coincided
with the acceleration of global warming, which began in the 1980s*
(Supplementary Fig. 3). Unlike warm-adapted species, the richness of
cold-adapted species decreased more consistently (Fig. 4), particularly
among butterflies, for which the average richness at the end of the
study period was —29.8% (95% Cl: -34.8% to —24.7%) lower than at the
beginning. The trend reversal in the 1980s was also apparent for but-
terfly species with two or more generations (Extended Data Fig. 1b),
which generally benefit from a warming climate®. Our findings support
climate-driven restructuring of insect communities***, which seems
to have become prevalent since the acceleration of climate warming
inthe1980s.

Toinvestigate therelationship between species traits and drivers
of global change further, we used regression models similar to those
used above, but with a separate model for each trait, which incorpo-
rated aninteractive effect between environmental variables and trait
values. These interactions would show that species characterized by
certain trait values are more or less sensitive to specific environmental
conditions or changes therein. For instance, cold-adapted species
should be more adversely affected by climate warming®. Indeed, we
found that the generally positive relationship with absolute tempera-
ture did not apply to cold-adapted saproxylic beetle and butterfly
species (Extended Data Figs. 2 and 3). Furthermore, we found this
interactive effect not only for absolute temperature, but also for
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temperature change. Warm-adapted species in both groups showed
more positive trends duringintervals of greater temperatureincrease
(Extended DataFigs. 2 and 3). Interestingly, the negative relationship
withabsolute mechanization did not apply to warm-adapted saproxylic
beetle and butterfly species (Extended Data Figs. 2 and 3). Two main
processes that can result in warmer microclimatic conditions more
suitable for warm-adapted species may explain this. Firstly, higher
mechanization of agricultural land use is associated with alower pro-
portion of structural landscape elements, such as hedges™. Secondly,
mechanizationin forest management may resultin younger stands with
lower canopy closure owing to regular management activities”. Over-
all, our findings clearly show that species adapted to intermediate and
warm temperatures could benefit directly fromawarming climate, as
well as potentially from land-use change. By contrast, species adapted
to colder conditions could not benefit or were harmed.

By reconstructing the temporal trajectories of species richness
for functionally distinct groups of insects across alarge environmental
gradient and over almost a century, we provide insights into insect
declines during a crucial time period, which has largely been missing
from previous analyses. Our results show that insect declines were
sharpest around the mid-twentieth century, shifting the baseline
for studies on changes in insect diversity that start in the late twen-
tieth century. This should be more explicitly acknowledged when
interpreting insect trends over just the past few decades. While the
mechanization of agricultural management between the 1950s and
1980s—potentially accompanied by mechanization of forest manage-
ment—was associated with pronounced declines in insect richness,
changes towards more biodiversity-friendly management in recent
decades have probably contributed to the stabilization of butterfly
richness trends and the recovery of saproxylic beetle richness. Further
transitioning to biodiversity-friendly management, particularly in
agriculture, will be key to increasing insect richness and restoring it
to levels before large-scale agricultural mechanization. The ongoing
decline of specialist butterfly speciesin recent decades highlights that
specialist insect species should be a particular focus of conservation
efforts, for example, through the restoration of suitable habitats and
landscape connectivity**. At the same time, climate warming has clearly
restructured insect communities since the 1980s. Targeted efforts will
berequiredto conserve cold-adapted species, for example, by protect-
ing their alpine habitats. Managing landscapes in a changing world to
support a high diversity of functionally distinct insect groups will be
challenging, but necessary for maintaining and promoting functional
ecosystemsinthe future.

Methods

We performed all statistical analyses with R version 4.0.2 (ref. 51)
and higher and Stan version 2.27.0 (ref. 52) and higher. Besides the
explicitly mentioned packages, the R packages cowplot®, data.table**,
DHARMa>, ggh4x>¢, ggpubr?, giscoR*, lubridate™, ncdf4°, posterior®,
raster®, sf®, stheaders®, stars®, tidyverse®® and zoo® were used for
datahandling, data analysis and plotting. To summarize posterior dis-
tributions from Bayesian models, we used means and Cls. We calculated
Cls with the package bayestestR®,

Study region

The study includes species records from Switzerland, whichis situated
alongthe Alpsin Central Europe (Fig.1a). Switzerland covers 41,285 km?
and an elevational gradient ranging from 193 m to 4,634 m a.s.l. Based
on biogeographic regions® and elevation, we divided the country into
sixbiozones, which were characterized by distinct ecological communi-
ties, environmental conditions and trajectories over the past century
(Fig. 1a). Out of the six biogeographic regions of Switzerland, which
are defined from the distribution of flora and fauna while accounting
for institutional borders”, we pooled the two central alpine regions to
have higher numbers of records per biozone. The five resulting biozones

were the following: the mountainous Jura biozone in the northwest is
characterized by high shares of managed grasslands and also forests,
and experienced a significant intensification of agriculture in the past
century (Fig.1b and Supplementary Figs. 4, 6 and 7). The lowland plateau
biozone, where most of the human population and intensive agriculture
are based, has comparatively low forest cover. It experienced strong
increases in human population and agricultural intensity in the past
century (Fig.1band Supplementary Figs.4 and 6-8). The mountainous
northern Alps biozone includes the northern Prealps, with high shares
ofgrassland-based agriculture, which was significantly intensified inthe
pastcentury (Fig.1b and Supplementary Figs. 4 and 6). The central Alps
biozoneincludestheinner alpine valleys with more continental climate,
where managed grasslands and forests are prevalent, while agricultural
intensification was less evident compared with the three northern bio-
zones (Fig. 1b and Supplementary Figs. 4, 6 and 7). The southern Alps
biozone entails the southern Prealps, which are climatically influenced by
Mediterranean climate. Forest sharesincreased strongly in this biozone
inthe past century, while managed grasslands have clearly decreased
and agricultural intensification was less evident than in the regions
north ofthe Alps (Fig.1b and Supplementary Figs.4, 6 and 7). Toaccount
for elevational differences in insect communities and environmental
conditions, we defined an additional high Alps biozone as the area that
liesabove 1,400 ma.s.l. We chose the elevational threshold such that bio-
zones covered contiguous areas with similar environmental conditions
and also entail high-enough species record numbers for analyses. The
high Alps biozone is the least densely populated zone and agricultural
use is clearly lower compared with that of the low-elevation biozones,
except forrelatively highshares of grasslands that are used as summer-
ing pastures. Forestareais comparably low, asalarge share of the areais
located above the treeline (Fig. 1b and Supplementary Figs. 4 and 6-8).

Speciesrecords data

We retrieved records data from 1930 to 2021 of 1,439 beetle spe-
cies of 52 taxonomic families that contain saproxylic species
(Supplementary Table 1) and of 241 butterfly species (including few
species aggregates; butterfly refers here to Papilionoidea and Zygaeni-
daemoths) (Supplementary Table 2) from the database curated by info
fauna (The Swiss Faunistic Records Centre; metadata available from
the Global Biodiversity Information Facility (GBIF) through https://doi.
org/10.15468/cjmjy2 and https://doi.org/10.15468/atyllj). This data-
base contains species records from projects such as research projects
orred listinventories as well as from naturalists, museum collections
and private collections. Weincluded only records for which precision of
the spatialinformation was atleast 2,500 m. We used the spatial infor-
mation to attribute each record to a 5 km x 5 km square (henceforth
‘square’), which we used as spatial observational unit in the analyses
(Fig. 1a). We retrieved 375,713 beetle records and 2,165,090 butterfly
records. Besides information on species and on location, each record
contained informationon the observer or projectidentity, on whether
the observation originated fromadigitized museumcollection, and on
thetrapping methodifrecords originate from trappingactivities. The
latter was available and relevant only for beetles, which are regularly
collected using traps, while butterflies are generally observed directly
inthe field. We pooled trapping methods into the following categories:
emergence traps, flight-interception traps, ground traps, light traps
and other traps. To account for low numbers of records in early years
(Supplementary Fig. 9), we used intervals of two consecutive years
(1930-1931,1932-1933 and so on) as temporal units in the models for
occurrence probability (see below).

Next, we attributed each record to a visit, which we used as the
spatiotemporal replication unitin the models for detection probability
(seebelow). Forbutterflies, we defined a visit by a unique combination
of square, observation date and observer (project, if available; other-
wise, person). For saproxylic beetles, a considerable amount of datawas
based onsamples fromtraps (25.2% of the records of the final dataset).
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For these, information on the exact sampling date was often missing
because traps were active over several days or weeks. Furthermore, sev-
eral traps might have been active within asingle square. Thus, we chose
amore elaborate definition of avisit for saproxylic beetle records from
trapping. On the basis of the spatial precision of each record (ranging
between1m and 2,500 m) and the spatial and temporal information,
we built spatiotemporal clusters of records (that is, records from within
asquare that overlap temporally and spatially based on the recorded
precision). We defined a visit as a unique combination of square, spa-
tiotemporal cluster, observer (project, if available; otherwise, person)
and trapping method. If records were not from trapping, we used the
same definition of a visit as for butterflies (that is, unique combination
of'square, observation date and observer).

Before the analyses, we excluded from both datasets records
from squares for which only records from a single 2-year interval
were available®® (587 beetle records, 109 butterfly records). Further-
more, the datasets contained many instances of multiple records per
species and visits, which we excluded from analyses (81,517 beetle
records, 1,181,366 butterfly records). Finally, inrecent years, there was
aclustering of observers (projects or naturalists) with extraordinarily
high numbers of species recorded per visit evident from the beetle
dataset. This resulted in anincrease of the average number of species
recorded per visitinrecent years, which might lead to biased analyses
(Supplementary Fig.10). Thus, we excluded the records from observers
with an average number of species per visit above the 97.5% quantile
(after exclusion of observers with only one visit) (57,444 records), which
removed the bias in average species number per visit in recent years
(Supplementary Fig. 10). The final datasets contained 236,165 beetle
records (from1,500 squares) and 983,615 butterfly records (from 1,719
squares) (Supplementary Fig. 9).

Occupancy-detection models

Based on these species records, we estimated the mean occupancy
(that s, the average number of squares occupied) per 2-year interval
and biozone for each species using occupancy-detection models™’°.
Wefollowed the approaches usedinrefs. 24,69.In occupancy-detection
models, the occurrence and detection probabilities are modelled
simultaneously with two hierarchical models to correct for observa-
tion bias in the records data. We fitted separate models for all spe-
ciesrecorded in at least 25% of 2-year intervals. We did not fit models
for non-saproxylic beetle species (Supplementary Table 1), although
these were used to determine non-detections of other beetle species
(seebelow), and for some butterfly species recorded with insufficient
taxonomic identification (Supplementary Table 2). In total, we fitted
595 models for saproxylic beetle species and 216 models for butter-
fly species, covering a large part of the extant species in Switzerland
(approximately 1,000 strictly saproxylic species and 230 butterfly
species have beenrecorded).

The modelfor occurrence probability included fixed and random
terms for elevation, the 12 fine biogeographic regions of Switzerland
(defined from floristic and faunistic distributions, while following
institutional borders?), the square and the 2-year interval. In the model
for detection probability, we accounted for the thoroughness of the
observation through the number of species recorded, the scope and
expertise of the observer, the type of observation (for example, trap
type; only for saproxylic beetles), the origin of the data (from a museum
ornot), the observeridentity and the 2-year interval of the observation.

We implemented the occupancy-detection models in Stan and
fitted them using cmdstanr”. On the basis of occurrence probability
estimates, we determined mean occupancy per species, 2-year interval
and biozone. These estimates were used for further analyses. While
we based our modelling approach on approaches that were shown to
be robust***”2, we further validated the estimated occupancies with
additional available data. First, we compared linear 90-year trends
per speciesto their red list status for species that were assessed in the

available Swiss red lists”>”* (198 saproxylic beetle and 214 butterfly spe-
cies). We found red list status and species trends to be clearly related
(Supplementary Fig.1). Second, we compared butterfly species trends
based on occupancy-detection models with species trends based on
a standardized, Switzerland-wide sampling scheme, which has been
in place since 2003. For the overlapping 19 years, we found very high
alignmentbetween the trends based on the two different data sources
(Supplementary Fig.2). Amore detailed description of the modelling
approach canbe found in Supplementary Methods.

Species traits

Toanalyse how speciesrichness trends depended on species traits, we
categorized all study species according to a set of categorical traits.
For saproxylic beetles, we extracted a set of morphological and eco-
logical traits from ref. 75 and filled gaps based on refs. 36,76. We used
data on body length (continuous), moisture preference (three-level
factor: xerophilous, mesophilous, hygrophilous), sunlight prefer-
ence (three-level factor: sciaphilous, unspecific, heliophilous),
tree-group preference (five-level factor: coniferous, mostly conif-
erous, mixed, mostly deciduous, deciduous), deadwood-diameter
preference (three-level factor: thin (that is, <10 cm), unspecific, thick
(thatis,>40 cm)) and onrecorded hosts (deadwood tree species). We
converted body length to a categorical body size (three-level factor:
small, medium, large) based on equally distanced breaks (previous log
transformation). From the four habitat-related traits, we determined a
categorical habitat specialization trait for each species: we counted the
number of specialized trait values (that is, xerophilous and hygrophil-
ous for moisture preference, sciaphilous and heliophilous for sunlight
preference, coniferous and deciduous for tree-group preference, thin
and thick for deadwood-diameter preference). We defined species with
specialized trait values inall four habitat-related traits as species with
high habitat specialization (stenotopic), species with three specific
trait values as species with moderate habitat specialization (oligotopic)
and all other species as species with low habitat specialization (eury-
topic). Furthermore, we categorized species by food specialization.
We considered species recorded from plant hosts of more than one
taxonomic family as polyphagous (low food specialization), species
recorded from hosts of more than one genus as oligophagous (medium
food specialization) and species recorded from hosts of only one genus
as monophagous (high food specialization).

For butterflies, we extracted traits from ref. 20 and filled gaps
based on some additional sources””° and expert knowledge. We
used data on wing length, which we transformed to categorical body
size (three-level factor: small, medium, large) based on equally dis-
tanced breaks (previous log transformation), on habitat specialization
(three-level factor: high, moderate, low; reflecting the three levels
stenotopic, oligotopic and eurytopic), and on food specialization
(three-level factor: monophagous, oligophagous, polyphagous)
as main traits. In addition, we included data on hibernation stage
(five-level factor: egg, egg and larva, larva, pupa, adult) and voltinism
(four-level factor: 0.5,1, 2,3 generations per year).

Toestimate temperature preferences of all study species, we deter-
mined temperature niches for each species following the approach of
the species temperature index®. To that end, we extracted records for
all saproxylic beetle study species from the GBIF database (GBIF.org,
https://doi.org/10.15468/dl.mak332). We restricted records to Europe
and aggregated them at the Common European Chorological Grid
Reference System (CGRS) grid. At the same grid, we aggregated mean
temperature data (1970-2000) at 2.5 minspatial resolution from Word-
Clim 2 (ref. 81). Then, we calculated each species’ temperature niche
as the mean temperature of the CGRS grid cells that it was recorded
from. For butterflies, we used temperature niches determined with the
sameapproachinan earlier analysis**. We determined the categorical
temperature niche (three-level factor: cold, intermediate, warm) based
on equally distanced breaks within each of the two groups.
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Species richness

Forbothsaproxylic beetles and butterflies, we used the posterior distri-
butions of the mean occupancy per biozone and 2-yearinterval toiden-
tify variables of community-wide changes. First, we determined a proxy
for average expected species richness per square and 2-year interval as
the sum of all species’ mean occupancies per biozone and also for the
whole of Switzerland. On the basis of 5,000 Monte Carlo simulations,
we summarized the various posterior distributions with means and 95%
Cls. Also, we used the same approach for species subsets defined by the
different categorical traits to identify whether trajectories of species
richness differed between species characterized by different traits. To
enable better comparison of the results, we calculated richness values
relative to the point estimate of species richness per functional group
(andtraitvalueifapplicable) for the whole of Switzerland in 1930 (that
is, percentage richness compared with the starting valuesinan average
squareinthewholestudy region). We report (changes in) these relative
richness values throughout.

To analyse changesinrelative species richness and their relation-
ship to (changes in) environmental conditions, we divided the study
periodinto15 consecutive 8-year intervals (1930-1937,1936-1943, ...,
2014-2021). The overlap of consecutive intervals is a consequence of
the2-yearintervals at which richness was estimated. For example, the
first 8-yearinterval of richness estimates ends with 1936-1937 and the
second starts with1936-1937 to avoid gaps between consecutive inter-
vals. The length of the intervals is short enough to track variability in
environmental conditions (Supplementary Figs.3-8) and long enough
to cover insect community changes®®. To check the sensitivity of our
resultstothe choice of thelength of the interval, we additionally used
9 12-year intervals (1930-1941, 1940-195], ..., 2010-2021). For each
interval and zone, we determined the change in relative richness with
linear models (relative richness - year). We extracted slope estimates for
the yearforall 5,000 Monte Carlo simulations and used point estimates
(means) for further analyses. In addition, we used the same approach
to determine richness trends for each interval and biozone for each
species subset defined by the different categorical traits.

Environmental variables

For the whole study period, we reconstructed environmental condi-
tions and changes therein, with a special focus on the global change
variables for which we expected the strongest relations to occupancy
changes during the study period, thatis, climate change and land-use
change***%% Forland-use variables, we focused on variables related
toforestsand agriculturally managed openlands, which represent the
major habitats of our two study groups (saproxylic beetles, butterflies).
We quantified all variables for each biozone and for the same 8-year
intervals (and 12-year intervals), for which occupancy changes were
determined. Anoverview and detailed description of the variables and
the underlying data are given in Supplementary Table 3.

Interms of climate change, we focused on mean annual tempera-
ture anomaly and how it changed, as average temperature is crucially
linked to the distributions of insect populations®®. Also, mean tem-
perature has clearly changed over the studied period in Switzerland
(Supplementary Fig.3), whichis why we expected it tobe animportant
driver of community changes. To account for lag effects in range shifts®,
we included both the change in mean annual temperature anomaly
per 8-year interval (‘temperature change’) and the mean annual tem-
perature anomaly of each 8-year interval (‘temperature absolute’)
(Supplementary Table 3and Fig. 3). Asageneralindicator of increasing
anthropogenic pressures on the studied ecosystems, we included the
change in human population density per biozone and 8-year interval
(‘human populationdensity change’; Supplementary Table 3 and Fig. 8).
Thisvariable may be indicative of several processes, such asincreasing
urban sprawl, which we expected to affect insect community changes®®.

Open-land habitats such as grasslands, which are particularly
important for butterflies®, are strongly shaped by agricultural use in

Switzerland. Weincluded the mean amount and the change of grassland
area per biozone and 8-year interval as indicators of habitat availabil-
ity and change therein (‘grassland area absolute’ and ‘grassland area
change’; Supplementary Table 3 and Fig. 6). We not only accounted for
changes but also considered absolute values, as we expected persis-
tently lowamounts of habitats to negatively affect populations, particu-
larly owing to fragmentation®. During the studied period, agriculture
was strongly intensified in Switzerland and elsewhere®. Among other
changes, mechanization of agricultural management greatly changed
agroecosystems®?°, We determined the number of tractors that were
used inagriculture as a proxy for mechanization across the whole study
period and used the mean amount and the change therein per biozone
and 8-yearinterval as variables of agricultural intensification (‘mecha-
nization absolute’and ‘mechanization period’; Supplementary Table 3
andFig.4). Weimplemented mechanization period asafactor variable,
as aclear transition period from the 1950s to the 1980s was apparent
fromthe observed changes (Supplementary Fig. 4). Simultaneously to
theincreasingmechanization, other changesin agricultural practices
such as increasing fertilizer and pesticide use or increasing farm and
field sizes took place in Switzerland and elsewhere™?', which we did
not quantify directly.

Forest habitats are particularly important for saproxylic beetle
species, which depend on deadwood or specific structures associ-
ated with deadwood to complete their life cycles. We included the
meanamountand the change of forested area per biozone and 8-year
interval asindicators of habitat availability and change therein (‘forest
area absolute’ and ‘forest area change’; Supplementary Table 3 and
Fig. 7). As for grasslands, we included not only change in forest area
but also the absolute values to account for the persistent effect of
both low or high habitat amounts. As a proxy of forest management
intensity, which is known to affect saproxylic beetle communities,
particularly through changesin deadwood availability”, we determined
the amount of wood harvested per forest area. We chose to include only
the changein wood harvestintensity (‘wood harvestintensity change’;
Supplementary Table 3 and Fig. 5), as this proved to be most indica-
tive of changes that we observed during the study period, such as the
increase of wood harvest intensity in Switzerland during World War Il
(Supplementary Fig. 5). Increases in wood harvest intensity probably
contributed to asignificantreduction in the deadwood available to sap-
roxylic beetle communities. In addition, we observed strong outliers
inwood harvestintensity, whichwe could link to extraordinary storm
events with high amounts of windthrow (Supplementary Fig.5). These
windthrow events and the resulting changes to deadwood amount and
foreststructure (for example, light conditions) are known to strongly
affect forest insect communities such as saproxylic beetles®. For this
reason, we included a factor denoting the 8-year intervals following
a storm event with high amounts of windthrow (‘storm aftermath’;
Supplementary Table 3 and Fig. 5).

To compare the different variables before and after modelling (see
below), we scaled all continuous variables to astandard deviation of 0.5,
which allows a better comparison of factors and continuous variables’,

Regression models

We used regression models to relate the richness trends (average
linear model slope) to the selected environmental change variables
at the level of the 6 biozones and the 15 8-year intervals (1930-1937,
1936-1943, ...,2014-2021; the overlap is because of richness estimates
for 2-year intervals) (n =90). We fitted one model per studied group
(saproxylicbeetles, butterflies). Besides the 11 environmental change
variables (Fig.1b; all absolute pairwise correlation coefficients between
continuous variables were below 0.7 (ref. 93)), which we included
as fixed terms, we included random terms for the 8-year interval (15
levels) and the biozone (6 levels). To analyse whether species with dif-
ferent trait values responded differently to the various environmental
changes, we used richness trends per 8-year interval and biozone for
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each categorical trait value (n =270 for traits with 3 trait values). We
restricted these analysesto the traits that are shared between the two
insect groups (size, habitat specialization, food specialization, tem-
perature niche). Then, we fitted additional models per insect group
and trait with the same structure as above and additionally included
the trait value and the interactions between the trait value and each
environmental change variable as fixed terms. In addition, we added
arandom term for each 8-year interval and biozone combination (90
levels). To check whether our results are sensitive to the choice of the
interval length (8 years), we used the same set of regression models,
but for the longer 12-year intervals (n = 54 for overall models, n =162
for trait models with 3 trait values). All main findings were qualitatively
confirmed with the longer intervals (Supplementary Figs. 11-13).

We implemented all regression models in the package brms®*.
We used Student’s t-distribution as response distribution to account
for underdispersion of residuals. The models ran on 4 Markov chain
Monte Carlo chains with 20,000 iterations each (including 10,000
warm-up iterations). Priors are given in Supplementary Table 4. We
quantified model results through the posterior distributions of dif-
ferent model predictions.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Therawrecords dataare protected by acode of conduct, whichis com-
mon to all Swiss national data centres. An anonymized version of the
records data, which canbe used to reproduce the occupancy-detection
models, is available via Zenodo at https://doi.org/10.5281/
zenodo.17256301 (ref. 95). The average occupancy estimates per spe-
cies, 2-year interval and biozone are available via Zenodo at https://
doi.org/10.5281/zenodo.17255265) (ref. 96). Data on traits as well as
on drivers and other data necessary to reproduce the main analyses
are available via Zenodo at https://doi.org/10.5281/zenodo0.17256301
(ref. 95).

Code availability

All relevant codes used for the analyses are deposited in a GitHub
repository (https://github.com/nefffl/insect_trends_1930) available
viaZenodo at https://doi.org/10.5281/zenod0.17256301 (ref. 95).
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Extended Data Fig. 2 | Predictions from models relating saproxylic beetle
occupancy changes to environmental variables and traits. Regression model
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beetles (separated by different trait values) in a biozone and eight-year interval to
the environmental conditions and changes therein in the same zone, eight-year
interval and to different trait values. Also, models included interactions between
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Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Use the terms sex (biological attribute) and gender (shaped by social and cultural circumstances) carefully in order to avoid
confusing both terms. Indicate if findings apply to only one sex or gender; describe whether sex and gender were considered in
study design; whether sex and/or gender was determined based on self-reporting or assigned and methods used.

Provide in the source data disaggregated sex and gender data, where this information has been collected, and if consent has
been obtained for sharing of individual-level data; provide overall numbers in this Reporting Summary. Please state if this
information has not been collected.

Report sex- and gender-based analyses where performed, justify reasons for lack of sex- and gender-based analysis.

Reporting on race, ethnicity, or | Please specify the socially constructed or socially relevant categorization variable(s) used in your manuscript and explain why
other socially relevant they were used. Please note that such variables should not be used as proxies for other socially constructed/relevant variables
groupings (for example, race or ethnicity should not be used as a proxy for socioeconomic status).
Provide clear definitions of the relevant terms used, how they were provided (by the participants/respondents, the
researchers, or third parties), and the method(s) used to classify people into the different categories (e.g. self-report, census or
administrative data, social media data, etc.)
Please provide details about how you controlled for confounding variables in your analyses.

Population characteristics Describe the covariate-relevant population characteristics of the human research participants (e.g. age, genotypic
information, past and current diagnosis and treatment categories). If you filled out the behavioural & social sciences study

design questions and have nothing to add here, write "See above."

Recruitment Describe how participants were recruited. Outline any potential self-selection bias or other biases that may be present and
how these are likely to impact results.

Ethics oversight Identify the organization(s) that approved the study protocol.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.
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For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Ecological, evolutionary & environmental sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description In this study, we determined mean bi-annual occupancy of 811 insect species (595 saproxylic beetle species, 216 butterfly species
[Papilionoidea, incl. Zygaenidae moths]) for the period 1931-2021 in six biogeographic zones of Switzerland. These occupancy
estimates were based on records data that originate from the info fauna database (www.infofauna.ch). To calculate mean
occupancies, we divided our study region into 5 km x 5 km squares and determined occurrence probability for each square, two-year
interval and species using occupancy-detection models (1,500 squares for saproxylic beetles, 1,719 squares for butterflies). Mean bi-
annual occupancy estimates per species and biogeographic zone were used to reconstruct species richness trends per zone for the
years 1931-2021 (sum of mean occupancies). Furthermore, we divided the study period into consecutive eight-year intervals and
reconstructed a set of environmental variables for these intervals based on census and climate data. We related species richness
trends in the same intervals to the environmental variables to analyse the main drivers of richness changes. Finally, we aggregated
species richness estimates for different trait-based groups to analyse how temporal trends of species depend on their traits.
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Research sample All species records data originated from the curated records database hosted by info fauna (www.infofauna.ch). The two insect
groups (saproxylic beetles, butterflies) were selected based on data availability and to cover different functional groups with different
ecological requirements. The geographic range of the data (Switzerland) was set by the database and the availability of data on
environmental conditions.

Sampling strategy All records data available for the study period were used (after data curation). The selection of species, for which occupancy-
detection models were fitted, was based on data availability (predefined threshold of being recorded in at least 25% of the analysed
two-year intervals).

Data collection Species records included in the info fauna database have various origins, including different projects (e.g. research, Red List
inventories) and observations from species experts and amateur naturalists. Parts of the data originate from digitized museum
collections. The database is curated by species experts and only contains records of high credibility.

To quantify environmental conditions, we used census data (e.g. agricultural censuses, see Table S3 for sources) and reconstructed
climate data provided by MeteoSwiss (www.meteoswiss.admin.ch).
Species traits were calculated from several datasets (refs 20, 36, 75, 76, 77, 78, 79) and gaps were filled based on expert knowledge.

Timing and spatial scale  Species records from the years 1931-2021 and from whole of Switzerland were used.
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Data exclusions The species records database is curated by species records and does not contain records of low credibility. We further exIcluded:
- Species records with too low spatial resolution (could not be attributed to squares)
- Data from 5 km x 5 km squares with only records from a single two-year interval (per dataset) (no reliable occurrence probability
estimated possible)
- Duplicated records (same observer, square, visit and species) (add no information to the analyses)
- Saproxylic beetle records from observers that reported extraordinarily high numbers of species (57,444 records, cf. Fig. S8) (to
prevent a bias in recent decades, in which observations of these observers clustered)

Reproducibility All codes necessary to reproduce the analyses are available from a public repository (https://doi.org/10.5281/zenodo.17256301).

Randomization This study used observational data from a curated database and did not rely on standardised sampling. Thus, randomization was not
possible. In the occupancy-detection models, we account for confounding factors in the observation process (detection probability
model).

Blinding This is a study based on observational data from a curated database. Blinding was not relevant in this context.

Did the study involve field work? |:| Yes No

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study
Antibodies |:| ChIP-seq
Eukaryotic cell lines |:| Flow cytometry
Palaeontology and archaeology |:| MRI-based neuroimaging

Animals and other organisms
Clinical data

Dual use research of concern

X X X X X X X
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Plants

Plants

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor

was applied-
Authentication Describe-any-atthentication-procedures foreach seed stock- tised-or-novel-genotype generated.—Describe-any-experiments-tsed-to

assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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