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Recent declinesin arthropod diversity, abundance and biomass are central
to the global biodiversity crisis. Yet, we lack a mechanistic understanding

of the respective contributions of species richness, species identity and
abundance to overall biomass change, and how the environment filters these
processes. Synthesizing 11 years of data from a biodiversity experiment and
from farmed grasslands in central Europe across a gradient of plant species
richness and land-use intensity, we show that local arthropod biomass
declines were predominantly (>90%) linked to species richness losses.
Abundance declines among persisting species accounted for only 5-8% of
lost biomass. The role of species identity depended on the environment and
diminished over time: especially under high plant diversity and low land-use
intensity, arthropod species with both below-average total biomass and
above-average individual biomass (large, rare species) contributed dis-
proportionately to species turnover—but this was only detectable in early
years when the communities were still relatively abundant. We conclude that
arthropod communities are currently homogenizing towards few common
species of similar biomass, probably reducing their adaptability to future
environmental change. Increasing the diversity and reducing the land-use
intensity of grasslands may mitigate ongoing community simplification and
loss of arthropod diversity and functioning.

Amid the global biodiversity crisis and the related loss of ecosys-
tem functioning, arthropods are receiving increased attention' ™.
Arthropods are the most diverse and abundant animal group on
Earth’, but their numbers are decreasing at concerning rates®™°,
which may escalate further with ongoing climate change'. While
the causes of arthropod declines are often related to anthropogenic
global change, including land-use intensification and subsequent
loss of habitat and basal resource diversity>*'*"*, the consequences
of their shrinking populations on ecosystem functioning are poorly
understood™. Numerous arthropod-mediated ecosystem functions,
such as energy flow between trophic levels, are strongly influenced by

their biomass'*®. With an estimated total biomass similar to that of

humans and their livestock”, terrestrial arthropods play pivotal roles
in food webs and nutrient cycling'®. Reported declines of arthropod
biomass>*'®' may therefore impede ecosystem functioning and
stability across trophic levels*".

Notably, recent studies have also reported neutral or positive
site-level temporal trends of arthropod species richness, abundance
and biomass?**. However, evenif there are nolocal declinesin species
richness, abundance or biomass, community (dis-)assembly must
be taken into account to capture changes in species identities and
dominance, potentially altering ecosystem functions provided by
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arthropods®“. This is for multiple reasons: (1) homogenization: local
species richness measures may miss homogenizing effects on the
functions present in the community, for example, due to adaptation
tospecificland-use types or novel climatic regimes®?*; (2) trait shifts:
trait-based analyses suggest that anthropogenic global change may
increase shares of small-bodied species in arthropod communities,
possibly because species with smaller body sizes are better able to cope
with diminishing, yet variable, resource and habitat availability®®*;
and (3) abundance shifts: the ecological consequences of commu-
nity turnover moreover depend on abundance changes in persisting
species, that is, shifts in dominance®’, and the abundance of lost and
gained species®****, For example, formerly highly abundant species
may not be lost entirely, but declining numbers could reduce their
functional impact substantially*. On the other hand, rare species
with small contributions to the communities’ functioning may be
lost entirely, but the consequences for the net community func-
tioning could be negligible**”°. Indeed, rare species are generally at
higher risk of declining than common or dominant species®* (but see
refs. 10,21,34), potentially shifting the relationship between species
richness and ecosystem functioning over time*. In sum, combining the
quantitative and qualitative perspective of abundance change and spe-
ciesidentity turnover within community assembly may help elucidate
shifts in community metrics, such as biomass, and potentially associ-
ated ecosystem functioning, that previously went unnoticed?*?¢%%,

Other than the intrinsic community (dis-)assembly processes of
declining arthropod numbers, accelerating and mitigating factors of
the decline need to be identified". Widespread negative effects of cli-
mate change on biodiversity are well documented' >, but local plant
diversity declines and land-use practices also affect ecosystems'>%,
On average, diverse plant communities benefit arthropod commu-
nities, increasing their (multitrophic) diversity***’, stability*’ and
functioning**%. Plant species diversity may be especially important
for primary consumers such as herbivores, but indirect effects can
also escalate up to higher trophiclevels such as predators®*. Land-use
intensification, including, for example, fertilization, frequent mowing
and more intense grazing in grasslands, however, can homogenize
arthropod communities”*?, accelerating the global loss of species
and ecosystem functioning™. It is therefore crucial to examine the
role of plant diversity and land-use intensity (LUI) in shaping temporal
arthropod community (dis-)assembly and functioning.

Here we used two time series of highly standardized arthropod
samplings over periods of 11 years each. One time series (2010-2020;
Coleoptera, Hemiptera, Araneae, Hymenoptera) was collected from
the Jena Experiment, an experimental grassland site in central Ger-
many, comprising 80 small-scale plots (5 x 6 m) along a controlled
gradient of plant species richness (PSR)**. The other time series
(2008-2018; Coleoptera, Hemiptera, Araneae, Orthoptera) comes
from150 grassland plots of larger size (50 x 50 m) in the Biodiversity
Exploratories, a network of real-world farmed grasslands spanning
a wide range of management practices in three geographic regions
across Germany*. Separately for each time series, we used the ecolog-
ical Price equation to partition temporal changes in local arthropod
community biomass into the contributing components of community
dis-(assembly). The Price equation was originally developed for quan-
tifying changing gene frequencies under natural selection*. The eco-
logical adaptation partitions changes in ecosystem functions****, or
inour case biomass***°, between two communities into the underlying
community (dis-)assembly processes, separating effects of average
species turnover (species richness) from non-average species turno-
ver (speciesidentity) and effects independent from species turnover
(here: abundance change). Specifically, the five components are:
(1) + (2) specieslosses and gains assuming that all species undergoing
turnover have average biomass relative to their respective commu-
nities (expected effect of species richness); (3) + (4) the difference
between the expected and observed biomass change associated
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Fig. 1| Different scenarios of temporal changes in arthropod community
assembly and biomass between a baseline community and acomparison
community. a-c, Changesin the total community biomass can be associated
with changes in species richness (a), species identity (b) and abundance of
persisting species (c). The species richness component assumes an equal
(average) contribution of all species to community biomass. However, species
under turnover may have non-average biomass (b), in which case their identity
must be considered. Consequently, the species identity component reflects
the difference between the biomass change expected from the species richness
component and the actual observed biomass change associated with species
turnover. In comparison community a, one species with average total biomass
relative to the baseline community was lost (the expected species richness
change explains the observed biomass change); in comparison community b,
one species with below-average total biomass was lost and one species with
even lower biomass was gained (species identity change has to be considered
to explain the observed biomass change); and in community ¢, no species was
lost or gained, but the abundances of two species declined (abundance changes
of persisting species explain the biomass change). All scenarios can occur in
combination (see Extended Data Fig. 1for anillustrated example). Reversing the
roles of baseline and comparison in this hypothetical scenario would illustrate
opposite trends of community and biomass changes. Credit: arthropodicons,
Gabriele Rada/iDiv.

with species turnover, thatis, the deviation of lost and gained species
from the average biomass of their respective communities (species
identity of lost and gained species); and (5) changes in abundance of
persisting species” (Fig. 1 and Extended Data Figs. 1 and 2; see Sup-
plementary Methods for the mathematical equation). In declining
arthropod communities, the ecological Price equation may thus
help to identify whether species loss per se or more subtle changes
in community composition underpin biomass loss. Because high
inter-annual variability of arthropod diversity, ecosystem function-
ing and environmental conditions was previously reported in both
research programmes**°, we modelled linear temporal trends of
each component based on pairwise comparisons using a restricted
moving average approach. For this, we pooled all available pairs for
eachtime span (moving average) thatinclude any of the first 5 years as
baseline (restriction). We thus generated more generalizable results,
reducing the sensitivity to the first sampling year and single years in
general (with, for example, climatic extremes or random events affect-
ing sample size) while also reflecting systematic temporal trends”..
Given the expected variability between any two community-level
samples due to detection probabilities®***, we included a control in
our analysis, quantifying intra-annual species turnover and associ-
ated biomass change among replicates®. Ininteraction with time, we
also assessed the effects of PSR (Jena Experiment) and LUI (Biodiver-
sity Exploratories; based on mowing, grazing and fertilization>*) on
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arthropod responses. Assuming a more pronounced decline of sec-
ondary consumers, such as predators, due to bottom-up effects”***,
butamoredirectlink of plant diversity to primary consumers, such as
herbivores®**, we further added separate analyses for the community
(dis-)assembly of herbivorous and predatory arthropods, using the
Jena Experiment data.

Results and discussion
General patterns of biomass decline
Analysing a total of 239,690 arthropod individuals across 1,572 mor-
phospecies (Supplementary Tables 2 and 3), we found an overall decline
of local arthropod biomass and species richness in central European
grasslands over time in both time series (Jena Experiment: ~5% yearly
declines; Biodiversity Exploratories: -0.5% yearly declines; but see
refs. 8,43). In the beginning of both time series and among intra-
annual control comparisons, species gains compensated for species
losses, but gain rates stagnated or decreased over time, while species
losses increased (Figs. 2a,b and 3a,b, and Extended Data Fig. 3). After
7 years, more than 90% of predicted local arthropod biomass loss was
associated with species richness declines, while abundance losses of
persisting species contributed only up to 8%. Species identity mat-
tered most in early years: detected species with below-average total
biomass and above-average individual biomass (that is, mostly rare
species) contributed disproportionately to species turnover (Figs. 2¢,d
and 3c¢,d). Inlater years, however, lost and gained detected species
had more average biomass, indicating that rare species were lost early
on or decreased in abundances to the point of undetectability, while
the community structure simplified towards few common species—
which themselves wereincreasingly lost. Increasing PSR and decreas-
ing LUl generally promoted absolute arthropod community turnover
(Figs. 2 and 3), mitigating effects of community simplification.
Estimated yearly biomass declines of arthropods were approxi-
mately 5.1% (95% confidence intervals (CI): 2.7, 7.4) in the Jena Experi-
ment and 0.5% (0.1, 1.1) in the Biodiversity Exploratories (Figs. 2f and
3f, and Supplementary Tables 4-8). Species richness declines were
~4.7%(2.7,6.6) and ~0.2% (0.03, 0.4), respectively (Extended Data Fig. 3
and Supplementary Tables 4-6). These rates are lower than previously
reported annual decline rates of approximately 7% for biomass and
3.8-5.6% for speciesrichness in both research programmes®*. Our use
of arestricted moving average approach was expected to yield lower
estimates than time series with fixed baselines due to averaging of
systematic temporal trends within each moving window. Yet, reducing
the dependence on the first sampling year (baseline) and smoothing,
butnotremoving, extreme years with for example climaticanomalies
makes detected trends more generalizable and robust™ (see Extended
Data Figs. 4 and 5, Supplementary Notes 1 and 2, and Supplementary
Figs.1and 2 for further sensitivity analyses). Higher decline rates in
thejJena Experiment thaninthe Biodiversity Exploratories may partly
be explained by the highly controlled setting with aconstant manage-
ment regime in the Jena Experiment, and greater temporal variability
of management intensity and arthropod biomass in the Biodiver-
sity Exploratories. Notably, moderate plant biomass declines due to
nutrient depletion and hence lower resource availability in the Jena
Experiment**® did not show a significant relationship with arthropod
biomass loss (Supplementary Table 9). Extinction debts owing to the
establishment of the Experiment on a previously agricultural site in
2002 are also unlikely to have substantially influenced our results, as
they were probably largely paid off by 2010, when grassland arthropod
communities were established®’. However, our partitioning analysis
focuses on relative arthropod community (dis-)assembly processes
driving biomass change rather than providing absolute numbers
of the total decline. Overall, our study adds moderate, but robust,
support to the growing evidence of declining arthropod diversity
and biomass**'52%3* Results from alternative modelling analyses,
that is, fixed baseline comparisons and unrestricted moving average

comparisons (Methods), were similar to the reported main analysis
(Extended Data Figs. 4 and 5, and Supplementary Note 1).

Community assembly and biomass decline

Despite the differencesin setup (experiment versus real world), spatial
scale, location and taxonomic coverage in the investigated research
programmes, our partitioning approach—thatis, the ecological Price
equation—consistently showed that the vast majority of local arthro-
podbiomassloss waslinked to declinesinspecies richness (Fig.4). Even
whenaccounting for species identity effects, 95.3% (Jena Experiment;
95% Cl:72,116.4) and 93.5% (Biodiversity Exploratories; Cl: 43.1,150.3)
of'the total biomass loss after 7 years was associated with species loss
(Supplementary Tables 7 and 8). Abundance declines in persisting
species were associated with relatively small biomass losses of 4.8%
(1.6,10.5) and 8.1% (2.5,19.1). Speciesidentity effects, defined as the devi-
ationinbiomass of lost and gained species from the expected biomass
change based onspecies richness (assuming all species have average
biomassrelative to their respective communities), played a dynamic
role over time: initially, species with below-average total biomass but
above-average individual biomass contributed disproportionately to
species turnover (Figs. 2c,d and 3¢,d, Extended Data Figs. 6 and 7,and
Supplementary Tables 5-8,10 and 11). These species can be considered
rare, because the low total biomass contribution despite the high
individual biomassis aconsequence of their low abundances. Indeed,
large-bodied species are typically rare® (Supplementary Note 3).
The initial disproportionate turnover of rare species offset the
expected biomass change of species richness losses by up to 31.6%
(95% Cl: -16.7, 82; Figs. 2c,d and 3¢,d, and Supplementary Tables 7
and 8). Yet, while species loss and associated biomass loss increased
in later years, the absolute offsets by lost rare species stagnated or
declined, reducingrelative offsets to 0.4 (-0.1,2.8)-3.4%(0.4,9), and
gained species had almost entirely average biomass (see Supplemen-
tary Fig. 3 for additional rank abundance curves). Underscoring the
diminishing role of species identity and, particularly, of (relatively)
rare species over our study period, biomass change associated with
detected spatial turnover of rare species (below-average total biomass
and above-average individual biomass) among replicates declined sig-
nificantly over time (Extended DataFigs. 8 and 9,and Supplementary
Tables12-15). Thisis notable because rare species are statistically more
likely to show turnover among communities than common species™.
We suggest that, because rare arthropod species in grasslands were
previously shown to decline the fastest®, their diminishing contribu-
tion to species turnover and biomass change is a symptom of their
decline. Note, however, that supplementary analyses showed that
our sampling coverage slightly decreased over time from 89 to 85%
(95% Cl: £0.5%) in the Jena Experiment and 90 to 89% (+0.4%) in the
Biodiversity Exploratories, potentially reducing the detection of rare
species (Supplementary Fig. 4, and Supplementary Tables16 and 17).
Yet, we emphasize that first, because our sampling effort was constant
over time, declining detections still reflect shrinking abundances and
biomass, indicating that most species are becoming rarer in absolute
terms; and second, declines in the turnover of rare species were par-
ticularly strong in the Biodiversity Exploratories, where sampling
coverage was higher thaninthe Jena Experiment and only decreased by
1% (Fig.3c,d and Supplementary Fig. 4). Further supplementary analy-
ses showed that rarely detected species were not just highly mobile
‘tourists’ in our plots, but rather the opposite: commonly detected
species tended to show higher mobility (Supplementary Fig. 5 and
Supplementary Tables 18 and 19). This implies that in the open sys-
tems of our plots, turnover of common species may be amplified by
mobile, visiting species to some degree (see Supplementary Note 4 and
Supplementary Figs. 6 and 7 for additional sensitivity analyses on the
robustness of observed patterns when reducing the analysis to species
that occurred in at least 10% or 30% of all plots per year per research
programme). We thus add robust findings of temporally homogenizing
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Fig. 2| Arthropod biomass declines are primarily associated with species
richness loss, while species richness gains and the role of species identity
decline over time in the Jena Experiment. All panels are based on replicate-level
(n=160) median point estimates and predictions from 1,000 linear mixed-effects
models drawing from shuffled data subsets, avoiding the reuse of sampling
events in multiple pairwise comparisons. a-e, Main plots show temporal biomass
change per replicate per plot (restricted moving average) associated with
species richness loss (assuming average biomass of lost species relative to their
respective communities; a), species richness gain (assuming average biomass

of gained species relative to their respective communities; b), species identity
loss (deviation of observed biomass change associated with lost species from

the expected biomass change from species richness loss; ¢), species identity gain
(deviation of observed biomass change associated with gained species from the

expected biomass change from species richness gain; d) and abundance change
of persisting species (e). f, Total biomass change without partitioning. Year O
represents biomass change within years, between replicates (control). Mean
biomass change values per replicate per plot are shown as coloured dots along
aplantspecies richness (PSR) gradient (legend), white dots show mean values
across all plots (n = 80). Solid regression lines indicate significant relationships
(P<0.05), dotted lines indicate marginally significant relationships (P < 0.1),
dashed lines indicate non-significant relationships (P> 0.1); exact two-sided
Pvalues for the main effect of time are provided in the panels. Shaded areas
around the black main effect line represent 95% CI. Significant effects of PSR on
arthropod biomass change are shown in the main panels, coloured along the PSR
gradient (legend). Insets show median point estimates with 95% Cl (error bars) for
the effects of time and PSR on biomass change individually and in interaction (x).

biomass distributionsinarthropod communities to previous reports
on homogenizing taxonomic and functional diversity*>*°. Our analyses
suggest that this is both driven by homogenizing abundance distri-
butions—that is, declines of rare species®*’—and homogenizing size
distributions—that is, declines of large-bodied species®*. Losses of
rare species with potentially unique and complementary functional
profiles threaten ecosystem functioning and resilience® . At the same
time, the overwhelming contribution of species richness loss per se to
declining arthropod biomass reveals the consequences of arthropod
communities increasingly losing their common members'>?. This
may have further escalating negative implications for multitrophic
diversity and ecosystem functioning”®".

In our datasets, species gains were increasingly unable to com-
pensate for species losses (Figs. 2b, 3b and 4, and Extended Data

Fig.10). Notably, species losses and gains in moderate sample sizes,
such as ours, always depend on detection probabilities rather than
real extinctions or immigrations®, and a key limitation of the eco-
logical Price equation is that information on species-level traits and
identities are lost in the community aggregation®. Nonetheless,
increasing imbalance in detected species gains and losses indicates
real community-level species loss and counters previous observations
of balanced extinctions and immigrations in changing arthropod
communities**’, We underscore the lack of species gains because
immigrations sometimes outpace extinctions in community (dis-)
assembly under afast-changing climate®. If gains do not keep up with
losses already now, species declines are likely to continue. Overall, the
partitioning shows thatlocal arthropod biomass declines in grasslands
arestrongly associated with species richness declines, supporting the

Nature Ecology & Evolution | Volume 10 | January 2026 | 83-94

86


http://www.nature.com/natecolevol

Article

https://doi.org/10.1038/s41559-025-02909-y

Biodiversity Exploratories

a Species richness loss
’g? 0 f—mmmmm e
—~  -100 ®1
» 2 -
- Tooooooo. ¢
S -1,000 ©
: I
£ -2,000 8
& 2] +
@ -5
< P <0.001
O B000+4 I —
\ &
o 1 2' 3 4 5 6 7 8 9 /\\& \}5,-&\6\
Restricted moving average N
(time (years passed)) v
(] Species identity loss
g 2000 - 5.0
8 1,000 - 2.0
©
3 om0 00 £ OT ¢y
s o *NERTTITYS-F o
[0) -100 — +
o) -2.0 1
G
& 000 { P<0001 -5.0
T T T T T T T T T T I
O 1 2 3 45 6 7 8 9 e N\ &
; . IS
Restricted moving average S
(time (years passed)) A\
e Abundance change
5
£ 2000 5
% 1,000 2
[
E 100 b
g 0 e R N
< -100 E
g -1,000 -2
S -2,000 - -5
= P=0.012
(@] T T T T T T T T T T T T T
(] \ &
01234567839 RS
Restricted moving average 0\+
(time (years passed)) v

b Species richness gain
g P=0.672 20 4
~ 2,000
3 05 -
o [
£ 1,000 - T
2 E of--
c 0 O 0
= e o - e s T
o g-0-0—-0=0-0 * o5
2 100+
2 2.0
o Sy, AP Yy .Y -2.0
o T T T T T T T T T T T T
@ N\ &
0 1 2' 3 4 5 6 7 8 9 A
Restricted moving average >
(time (years passed)) A
d Species identity gain
=) 10 -
E
@ 100 - 51
@ 2
£ 0 +-—~-5-0O=0" = 0 - 2
o —— = ©
5 -100 g 0+---%
£ a
() w -2 -
2 -1,000 - -5
8 P=0.002 210 4
o _2’000 T T T T T T T T T T I I I
2 N\ &
0 1 2' 3 4 5 6 7 8 9 A
Restricted moving average >
(time (years passed)) N
f Total biomass change
=)
£ 2000 10
§ 1,000 5
g 200 o 2
o 0 O F~50—C—=0=0-_r" g o
o -200 = -
E -1,000 8 -2
2 -2,000 -5
5 P=0.01 -10
8 5,000 =0.
(@] | B — T T 1 T
@ N\ &
01 2' 3 4 5 6 7 8 9 A
Restricted moving average >
(time (years passed)) A

LU

05 15 25 35

Fig. 3| Arthropod biomass declines are primarily associated with species
richness loss, while species richness gains stagnate and the role of species
identity declines over time in the Biodiversity Exploratories. All panels are
based onreplicate-level (n = 300) median point estimates and predictions from
1,000 linear mixed-effects models drawing from shuffled data subsets, avoiding
the reuse of sampling events in multiple pairwise comparisons. a-e, Main

plots show temporal biomass change per replicate per plot (restricted moving
average) associated with species richness loss (a), species richness gain (b),
speciesidentity loss (c), species identity gain (d) and abundance change of
persisting species (e; see Fig. 2 for detailed explanations). f, Total biomass change
without partitioning. Year O represents biomass change within years, between

replicates (control). Mean temporal biomass change values per replicate per plot
are shown as coloured dots along the land-use intensity (LUI) gradient (legend),
white dots show mean values across all plots (n =150). Solid regression lines
indicate significant relationships (P < 0.05), dashed lines indicate non-significant
relationships (P> 0.1); exact two-sided P values for the main effect of time are
provided in the panels. Shaded areas around the black main effect line represent
95% Cl. Significant effects of LUl on arthropod biomass change are shownin the
main panels, coloured along a LUl gradient (legend). Insets show median point
estimates with 95% CI (error bars) for the effects of time and LUl on biomass
change individually and in interaction (x).

validity of biodiversity-ecosystem functioning relationships based on
species richness*>**, We emphasize, however, that our results reflect
onlocal-scale community turnover (alpha diversity). With increasing
spatial scale, temporal species turnover statistically decreases and
shifts in community composition (species identity) and particularly
abundances, that is, changes in species dominance, may dominate
community turnover®. In our study, this is reflected by slightly higher
contributions of species identity and abundance to biomass change
in the 50 x 50 m plots of the Biodiversity Exploratories (3.4%, 8.1%)
thanin the 5 x 6 m plots of the Jena Experiment (0.4%, 4.8%). Moreo-
ver, supplementary analyses show that removing species occurring
in less than 10% or 30% of plots reduced biomass change associated
with species richness turnover, but the relative contribution of abun-
dance change increased in both research programmes by 1-2%, and
species identity effects increased by ~1% in the small plots of the Jena
Experiment (Supplementary Note 4, Supplementary Figs. 6 and 7,

and Supplementary Tables 20 and 21). Removing the rarest detected
species can thus be interpreted as similar to increasing the sample
size: while stochastic species turnover decreases, shiftsinabundance
and species identity gain in importance®. Yet, removing the rarest
detected species decreased the absolute and relative contributions of
rarespeciesturnover inthe Biodiversity Exploratories. Thisemphasizes
differences in the study designs, with the Biodiversity Exploratories
spread over alarge geographic range and the Jena Experiment covering
onefield site; while 72% of species occurred in at least 30% of the plots
in the Jena Experiment, only 57% of species did so in the Biodiversity
Exploratories. Accordingly, excluding species that occur in few plots
was more impactful in the Biodiversity Exploratories. In sum, species
richness alone cannot fully explain changes in arthropod biomass
across spatial scales?®*. Species identity of lost species may counter-
act biomass declines as rare species tend to be lost first, especially in
diverse communities®*.
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Fig. 4| Arthropod biomass declines are primarily associated with species
richness loss, while losses and gains of species with non-average total
biomass (species identity) contribute disproportionately to arthropod
biomass change under high PSR (Jena Experiment) and low LUI (Biodiversity
Exploratories). Modelled change of arthropod biomass and species richness per
replicate per plot after 2and 7 years (restricted moving average) in dependence
on plant species (PSR) and land-use intensity (LUI). Starting at the average
community biomass and species richness value in the first year (baseline), the
community assembly components of biomass change are displayed as vectors
(arrows) in the order of (1) species richness loss, (2) species identity loss,

(3) species richness gain, (4) species identity gain and (5) abundance change of
persisting species (see Fig. 2 for detailed explanations), reaching the predicted
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comparison community values of absolute biomass and species richness after
the respective time spans of 2 and 7 years. Most arthropod biomass change
isassociated with species richness change, but the vertical vectors of species
identity and abundance change show that species richness change alone does
not explain all biomass change. Vectors are based on median predictions from
1,000 linear mixed-effects models (see Methods and Supplementary Tables
22 and 23). Vectors for high PSR (60 plant species) and low LUI (0.5) plots are
colouredingreen/blue, vectors for low PSR (monoculture) and high LUI (3.5)
plotsare coloured inbeige/brown (see legend). See Extended Data Fig. 10 for
anillustration of the underlying data spread after 7 years. Seven years is the
maximum replicated moving window in the Jena Experiment, see Supplementary
Note 1forinformation on the maximum time span of 10 years (fixed baseline).

Environmental drivers

We found that arthropod biomass loss and the roles of species rich-
ness and species identity were mediated by plant diversity and LUI.
Arthropod communities in plots of high PSR (Jena Experiment) and
communities in plots of low LUI (Biodiversity Exploratories) showed
higher absolute species and biomass turnover with disproportionate
contributions of rare species (Figs. 2-4, and Supplementary Tables 5,
6,22 and 23), suggesting larger species pools with more heterogeneous
biomass and abundance distributions>. Especially in the small plots of
theJena Experiment, we cannot assume that the sampled arthropods
completed their full lifecycle in high-diversity plots, but we canidentify
astark and consistent spatial preference, indicating enhanced provision
of resources and habitat***. Meanwhile, communities under low PSR
and high LUI contained simplified communities, with their biomass
largely concentrated in common species. In plots of high LUI, gained
species even had above-average total biomass, possibly indicating the
rise of abundant generalist species, establishing their numerical domi-
nance” (Figs. 3d and 4). This provides temporal support for findings
along space-for-time gradients, reporting taxonomic and functional
homogenization of arthropod communities with decreasing plant
diversity and increasing LUI**%, A possible avenue for mitigating the
ongoing community simplification is, therefore, a diversification of
plant communities via, for example, reduced LUl or active restoration

in managed grasslands****'"%, Yet, absolute (not relative) biomass
declines were especially pronounced in the diverse arthropod commu-
nities associated with high PSR and partly also under low LUI (Figs.2a,e,f
and 3a). Thisindicates that landscape-scale environmental conditions
may impose such strong negative effects that locally beneficial condi-
tions can only buffer biodiversity and functioning declines to alimited
extent®®, Accordingly, arthropod declines were previously not only
reported from intensively managed or disturbed ecosystems, but also
from protected and natural grasslands™ or tropical rainforests>*.

Patterns across trophic guilds

Temporal trends or responses to plant diversity of primary consum-
ers (herbivores) and secondary consumers (predators) were similar
(Fig. 5 and Supplementary Table 24). This adds to the evidence that
different trophic guilds are jointly declining®>**. Intrend, plant diver-
sity strengthened the role of species identity for biomass changes in
both trophic guilds, but it only promoted rare species turnover sig-
nificantly for predators (Fig. 5¢,d). This contrasts with previous find-
ings that primary consumers are more tightly linked to plant diversity
and LUI than secondary consumers®”*°. Nevertheless, recent research
reported that top-down control by arthropod predators increases
with plant diversity®* and declining LUI®’. Predators may benefit two-
fold from increased plant diversity, as both resource diversity and

Nature Ecology & Evolution | Volume 10 | January 2026 | 83-94

88


http://www.nature.com/natecolevol

Article

https://doi.org/10.1038/s41559-025-02909-y

Jena Experiment

Species richness loss

-1.0
-2.0

Change in biomass
(mg)

<)

N O
——

—.—

I

|

|

|

I

T
Restricted PSR x time
moving average

(time (years passed))

Species identity loss

s i T

T
Restricted
moving average
(time (years passed))

Change in biomass ©
(mg)

T
PSR x time

Abundance change

02 +
-1.0
Restricted

moving average
(time (years passed))

Change in biomass
(mg)
o

I I
PSR PSR x time

Feeding guild <@ Herbivores

Fig. 5| Temporal trends and PSR effects on arthropod biomass change are
similar among trophic guilds (herbivores, predators) in the Jena Experiment.
All panels show replicate-level (n =160) median point estimates from 1,000 linear
mixed-effects models drawing from shuffled data subsets, avoiding the reuse

of sampling events in multiple pairwise comparisons with 95% Cl (error bars).
a-e, Temporal biomass change (restricted moving average) is associated with

-2

Species richness gain
1.0 +
__ 02 + +

Change in biomass
(mg
o

-0.2
-1.0
T T T
Restricted PSR PSR x time
moving average

(time (years passed))
d

Species identity gain
§
€ 0.5
Q
5=
cgo
o= O0t+--—--F-F—-o b -4~
o
c  -01
©
e
O -05

T T T
Restricted PSR PSR x time
moving average

(time (years passed))

f Total biomass change

Change in biomass

(mg)
L o

|

I

I

|

|

|

I

I

|

|

|

i

|
—e—
. |

|

|

I

I

}

I

|

|

I

I

|

|

Restricted PSR x time

moving average
(time (years passed))

“®- Predators

species richness loss (a), species richness gain (b), species identity loss (c),
speciesidentity gain (d) and abundance change of persisting species (e; see

Fig.2 for detailed explanations). f, Total biomass change without partitioning.
The point estimates of plant species richness (PSR) effects on biomass change are
shownindividually and ininteraction (x) with time. Estimates for herbivores are
coloured dark blue, predators are coloured orange (see legend).

habitat heterogeneity increase—boosting their chances for successful
foraging and reproduction®®°, Biomass losses associated with abun-
dance declines of persisting species accelerated over time only for
herbivores, possibly reflecting their larger sample size**. Overall,
we show that high PSR benefits multitrophic diversity and potentially
biomass-mediated functioning®**¢2,

Conclusions

Our study provides insights into temporal declines of local arthro-
pod biomass in anthropogenic central European grasslands within
alimited and relatively recent time frame (2008-2020). Within that
time, we detected asmall, yet notable, role of species identity in early
years, with rare species disproportionately contributing to species
turnover. However, communities shrank and their biomass distribution
homogenized almost completelyinlater years, with biomass declines
primarily associated with species richness declines—a pattern that was
consistentamong the different setups and scales of the Jena Experiment
(experiment, smallscale) and the Biodiversity Exploratories (real world,
larger scale), and which probably transfers to many shrinking biotic
communities®. These are concerning findings, hinting at simplified
biomass distributions and highly vulnerable arthropod communities
in the face of ongoing anthropogenic global change, with arthropod
speciesrichness per serequiring high priority in conservation efforts.

Yet, in other ecosystems around the world, the mechanisms behind
arthropod biomass declines may be different and similar studies are
needed elsewhere. Notably, previous long-term research across agri-
cultural, grassland and forest sites suggests that arthropod declines
started well before our study period*>*", potentially explaining the
already relatively minor role of rare species in the early years of our
study. However, long-term studies also indicate a deceleration of
the decline in the twenty-first century®*. Our results on fluctuating
arthropod biomass in the Biodiversity Exploratories partly support
these findings, but the general species turnover and biomass trends
emphasize ongoing arthropod community simplification®***, and
that even common species may be increasingly under threat'*?*,
Escalating negative consequences for ecosystem functioning have to
be expected, as biomass-mediated functions such as energy transfer
between trophiclevels may be impaired””. Considering that community
simplification can partly beirreversible due to newly established domi-
nance structures®, swift action is required to halt ongoing arthropod
declines'. As our results reflect local, community-scale processes, we
encourage future research to apply the ecological Price equation to
temporal arthropod biomass and diversity change at larger spatial
scales, potentially yielding different assembly mechanisms for, for
example, whole regions or biomes®. On a positive note, we clearly iden-
tify increasing plant diversity and decreasing LUl as mitigating factors
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for arthropod declines and their community simplification. As plant
diversity and decreasing LUI of grasslands are closely intertwined®,
land-use extensification—but not abandonment®®—is a promising
avenue for fostering arthropod-mediated ecosystem functioning and
resilience in the face of future environmental change.

Methods

Data sampling

The study builds on data collected in grassland plots of the Jena
Experiment** and the Biodiversity Exploratories* in Germany. The
JenaExperiment was established in2002 and consists of one1 hafield
site (central Germany, 130 m above sea level (asl)) with 80 spatially
randomized plots of 5 x 6 m each (minimum distance between plots
4 m), comprising unique plant compositions with experimentally
implemented PSR levels of 1,2, 4, 8,16 and 60 plant species per plot*.
Monocultures and 16-species mixtures are represented on 14 plots
each, 60-species mixtures on 4 plots and all other combinations (2,
4 and 8 species) on 16 plots, while the randomized design prevents
clustering of plots of the same diversity. Plant species notincluded
inthe originally sown plant composition of a plot are removed two to
three times per year. Established in 2006, the Biodiversity Explorato-
ries are observational research plots distributed over three regions
(northeast Germany, 3-140 m asl; central Germany, 285-550 m asl;
and southwest Germany, 460-860 m asl), with 50 grassland plots
in each region (150 plots total, 50 x 50 m each, minimum distance
between plots 200 m; see Supplementary Figs. 8 and 9 for maps of
both study programmes). The various types and degrees of land use
across the observatories range from low to intensively managed
grasslands®. LUI values were calculated based on the combined
intensities of fertilization, grazing and mowing, with LUI values
ranging between 0.5 (for example, less than one mowing event per
year and no fertilization or low livestock densities) and ~3.5 (for
example, frequent mowing and high fertilization or intense graz-
ing)**. Because local farmers may change land-use practicesamong
years, we averaged the LUI for the sampling year and the previous 2
years for each sampling®.

Plots of the Jena Experiment were sampled annually from 2010 to
2020, except fortheyears2011,2013, 2015 and 2018. Arthropods were
collectedin spring (May) and summer (July) using suction sampling on
avolume of -0.75 m*at two distinct locations per plot (replicates A and
B; minimum distance 1 m; Supplementary Fig. 8). InMay 2019, only half
of the sampling could be completed; we therefore extrapolated the
sample using resampling (see below). In the Biodiversity Exploratories,
arthropods were sampled in spring (June) and summer (August) from
2008 to 2018 by sweep netting along 150 m transects with 60 double
sweeps per sampling (Supplementary Fig. 9). Allsamplings were con-
ducted under standardized conditions (dry and windless, after morning
dewhad dried; see Supplementary Tables 25 and 26 for details on mean
temperature and humidity on the sampling day).

The study design of the Biodiversity Exploratories does notinclude
replicates per sampling campaign, because each plot was sampled
once at each timepoint. Partitioning biomass change over time, how-
ever, requires a control accounting for variability of the community
composition and biomass due to detection probabilities within each
timepoint®*, To create replicates for both the Jena Experiment and the
Biodiversity Exploratories, we split each plot-level arthropod sample
into two subsamples. First, we randomly sampled a Poisson-distributed
number of individuals without replacement based on half the sample
size (replicate A). The remaining individuals were assigned to replicate
B.Fortheincomplete sampling of May 2019 in the Jena Experiment, we
keptthe whole sample asreplicate A and created an artificial replicate
B by randomly resampling a Poisson-distributed number of individuals
with replacement from the entire sample. To ensure that the artifi-
cial replicates A and B captured the real sampling ‘noise’ within each
treatment, we compared their results with those from the original

field replicatesin theJena Experiment and found no differences (Sup-
plementary Fig.10).

Among all sampled arthropods, we analysed three common
arthropodtaxainbothresearch programmes: the highly diverse order
of Coleoptera, the herbivore-dominated Hemiptera (excluding Ster-
norrhyncha) and the predatory Araneae. Hymenoptera (representing
diverse feeding guilds) were analysed exclusively in the Jena Experi-
ment (excluding Formicidae), while Orthoptera (mostly herbivorous)
were included only in the Biodiversity Exploratories. Overall, these
groups can be adequately captured in grasslands with the respec-
tive methods®*, covering some of the most diverse arthropod taxa
and multiple feeding guilds. All taxa were identified at species level,
except for Hymenoptera, which were sorted to morphospecies with
identification corresponding at least to the taxonomic family. Body
length values and feeding guilds were assigned based onref. 70 and ref.
71.Individual biomass was estimated based on body length, using the
taxon-specific allometric equations of ref. 72 at the highest available
taxonomic classification (Araneae were split into web-weaving and
hunting spiders based onref. 73).

Data analysis

The ecological version of the five-part Price equation partitions
changes of a given function, or in our case biomass, between a base-
line and a comparison community into the components of (1, 2) spe-
cies richness losses/gains; (3, 4) species identity losses/gains; and (5)
changes in the functional contribution of persisting species™”* (Fig. 1
and Extended data Fig. 1). Here, the equation therefore first assumes
that (1) lost species have average biomass relative to the overall base-
line community (species richness loss); and (2) gained species have
average biomass relative to the overall comparison community (spe-
cies richness gain). The component of (3) species identity loss then
calculates the deviation of observed biomass change associated with
lost species from the expected biomass change associated with species
richness loss; and (4) species identity gain calculates the deviation of
observed biomass change associated with gained species from the
expected biomass change associated with species richness gain. Bio-
mass changes of (5) persisting species can be exclusively attributed to
changes in abundance because we used constant body length values
fromtheliterature (see above). While the combination of biomass and
abundance captures the main acting mechanisms of biomass change in
dynamic communities, its species turnover components (1-4) cannot
distinguish between effects of abundance and meanindividual biomass
of aspecies®. Therefore, we supplemented a second approach to the
Price Equation, based solely on mean individual biomass per species,
removing effects of abundance (see Results and discussion, Extended
DataFigs. 2, 6 and 7, and Supplementary Tables 6 and 7).

All analyses were conducted in R 4.2.2 and newer versions”. We
calculated all components of community change per replicate per
plot across all available sampling years and between replicates per
plot in each available sampling year, with sampling months pooled.
Specifically, we calculated and visualized the five Price components
of biomass change (see above) and additionally total biomass change
and changesinspeciesrichness (species lost, species gained, total spe-
cies richness change) using the packages priceTools” and ggplot2™.
Because LUI values between years may differ, we averaged the LUI
values within each comparison. To assess possible changesinsampling
coverage over time, we estimated the sample coverage of eachsample
(replicate) using the ‘Coverage’ function with the ‘Best’ estimatorin the
entropart package’”. To control for the influence of species with low
sampling probabilities, we added two sensitivity analyses restricting
theinclusioninouranalysesto speciesthatoccurinatleast10%or30%
of all plots per year per research programme (Supplementary Note 4
and Supplementary Figs. 6 and 7).

How community (dis-)assembly drives biomass change over time
depends strongly on the baseline community, which itself relies on
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environmental conditions before and at the sampling timepoint**7%,
Basing the analysis on only one baseline can therefore only be inter-
preted asrelative to aspecific set of conditions—which are likely to be
highly variable over time**°. To identify robust patterns, we applied
three analysis approaches: (1) fixed baseline comparison: we contrasted
temporal change only to the first year of each time series (2010 in the
Jena Experiment, 2008 in the Biodiversity Exploratories). (2) Moving
average comparison: we averaged all available time spans categorically,
that is, all 1-year comparisons (2008 versus 2009, 2009 versus 2010,
..., 2017 versus 2018), all 2-year comparisons, all 3-year comparisons
andsoon, and all controls. Only time spans with at least two replicates
were considered. This provides more generalizable insightsinto tem-
poral community (dis-)assembly dynamics, less depending on starting
conditions and extreme years®. The maximum replicated time spans
available were 7 years (Jena Experiment) and 9 years (Biodiversity
Exploratories). Adownside to the moving average approach, however,
is that information on systematic temporal changes in community
assembly patterns is partly lost. (3) Restricted moving average com-
parison: to balance the highly sensitive first approach (contrasting
versus one baseline year) and the generalizing moving average (con-
trasting across all available years), we restricted the moving average to
comparisonsincluding any of the first Syears as baseline. This enables
robust estimations of a general timeline for community (dis-)assembly
processes while safeguarding sensitivity to systematic changes over
time (Supplementary Note 1).

Using linear mixed-effects models in the Ime4 package’ and linear
models (base R; only used for fixed baseline comparisons), we fitted
models for each replicate-level biomass and species richness com-
ponent as response. We included the temporal differences including
controls (between-replicates turnover, that s, year 0) as fixed baseline
comparison, moving average comparison and restricted moving aver-
age comparison in interaction with PSR (defined as the initially sown
PSR; Jena Experiment) or LUI (Biodiversity Exploratories) as scaled
continuous fixed effects®. We further added plant biomass change
as predictor in a supplementary model of total arthropod biomass
changeinthejJena Experiment, accounting for possible effects of sys-
tematically declining plant biomass* (Supplementary Table 9; data
derived fromrefs. 56,81). Inadditional sensitivity analyses, we excluded
all control comparisons from the models, analysing solely changes
in Price components among increasing time spans (Supplementary
Note 2 and Supplementary Figs. 1and 2). Because our data structure
compares each sample across multiple time spans, using all pairwise
comparisons inone model would inflate the degrees of freedom, intro-
ducing pseudoreplication®’. Therefore, we randomly sampled 1,000
subsets of the pairwise comparisons, with the sample size determined
by the maximum number of possible random pairs without reusing
any plot/year combination. We then ran models for each subset. We
included the sampling plot and each contributing sampling year of each
temporal comparison (year baseline and year comparison) as random
effectsin the moving average mixed-effects models because both were
sampled multiple times across unique combinations. Because for the
fixed baseline models, each plot was only picked once per resampling
and the temporal difference was covered by the fixed effect (the base-
line is fixed, therefore each temporal comparison consists of unique
years), we used a simple linear model without random effects. We
obtained point estimates for low and high PSR and LUl values using
the ‘emtrends’ function from the emmeans package® and linear pre-
dictions via the ‘ggemmeans’ function from the ggeffects package®".
We derived median point estimates, predictions and 95% Cls from
the distribution of the 1,000 model coefficients and predictions®**,
We further calculated two-sided P values of point estimates as twice
the proportion of point estimates falling on the less frequent side of
zero®®. To estimate the combined contributions of (1) species richness
losses and gains, (2) species identity losses and gains, and (3) all species
turnover components to overall biomass change, we also derived the

median and 95% Cl for their combined 1,000 predictions. Moreover, to
analyse the temporal development of within-year between-replicate
speciesturnover, we fitted amodel exclusively for the controls across
all years (see Results and discussion, Extended Data Figs. 8 and 9, and
Supplementary Tables 12-15). Although the pairwise comparisons in
this model do not cover multiple time spans, pseudoreplication was still
anissue as each sample was compared twofold, once as baseline and
once as comparison (replicate A versus B, and B versus A). Therefore,
thismodel was alsorunacross1,000 subsets, sampling each plot/year
combination once per iteration (either A versus B or B versus A were
sampled) and plot wasincluded as random effectin the model. Insup-
plementary models, we fitted (1) the overall sampling coverage per
replicate per plot as response, with sampling year in interaction with
PSR/LUI as fixed effects, and (2) the abundance per species per repli-
cate/plotasresponse and species dispersal ability (obtained from refs.
70,71) asfixed effect. The latter model was fitted as a generalized linear
mixed-effects model using the Poisson family with log-link to fit the
count data distribution”. Both models included two random effects:
plot nested within year, accounting for repeated measures within
plot-year combinations, and plot alone, accounting for plot-level vari-
ability. We checked all models for normal and homoscedastic residual
distribution and ensured low multicollinearity between predictors
using variance inflation factors (VIF < 2; ref. 87). All responses except
the sample coverage were square-root transformed to ensure good
model fit*. Because relative change in community biomass is a sym-
metric process, that is, positive and negative values are possible with
comparable skew (few extreme values), we used absolute values for the
transformation and reconstructed the original sign afterwards®. For
approximations of percentage biomass loss over time, we divided the
predicted biomass loss at the last timepoint by the average biomass
withinthefirstSyears of eachtime series (restricted moving average).

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

Data availability

This work is based on data from the Jena Experiment (DFG research
units FOR5000 and FOR 1451) and the Biodiversity Exploratories (DFG
Priority Program 1374). The analysed data from the Jena Experiment
are available at https://jexis.idiv.de/ under the identifiers 747 (raw
data, available upon request due to ongoing analyses) and 749 (pro-
cessed data, openly available). The analysed data from the Biodiversity
Exploratories are openly available at https://www.bexis.uni-jena.de
under the identifiers 32231 (raw data) and 32232 (processed data).

Code availability
The R code used for the analyses is provided at https://github.com/
BWildermuth/Model_every species_counts.
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according to the info box. The vectors of community assembly components of community has average biomass relative to the complete comparison

biomass change are displayed in the order of 1) species richness loss, 2) species community. However, since it has abelow-average total biomass, the vector of
identity loss, 3) species richness gain, 4) species identity gain, and 5) abundance species identity gains corrects for that. Finally, the vector of abundance changes
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the two species lost from the baseline community have average biomass relative persisting species. Credit: arthropod icons, Gabriele Rada/iDiv.
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community. Credit: arthropod icons, Gabriele Rada/iDiv.
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used in the main manuscript). Temporal biomass change was associated
with a) species richness loss, b) species richness gain, ¢) species identity loss,
d) speciesidentity gain, and e) abundance change of persisting species

(see Fig. 2 for detailed explanations). f) Total biomass change without
partitioning. Solid lines indicate p < 0.05 (significant), dotted lines indicate
p <0.1(marginally significant), dashed lines indicate non-significant
relationships (p > 0.1); exact two-sided p-values are provided in the panels.
Shaded areas around the regression line represent 95% confidence intervals.
See Supplementary Note 1for further interpretations.

Nature Ecology & Evolution


http://www.nature.com/natecolevol

Article

https://doi.org/10.1038/s41559-025-02909-y

Jena Experiment - Presence-absence

a Species richness loss b Species richness gain
= Of ~-----=---------mmmmmmmm -
0.5
E -10 0.5
A 100
8 30 g o ARt R Y Y A ,30'1
s O\C\O_O__O_J E of---- - T CA— | o E ot}---¢-
£ 1001 === _ _ g o o 30 bt il g,
[) - -0.
<) Dl A 10
s 0.5
< -200 _ 0.5
o p <0.001 -1 ol-P=0Q266 _________ ..
c Species identity loss d Species identity gain
3 30 0.5
£ 30 05
@ 10 oA
£ e 10 o 0.1
-9 0TS 2 50 3 o @ wh - g o+t-4-9- o"--.o__ g
_g O.__Q-——Q—O-'O—o ‘3 --y-..o__év_-o ‘3 O-___
@ 10 " o.1 OTEes """ " " E R e Sco I
S -0.
c
g .30 =
S p =0.386 05 10 008 05
0 1 2 3 4 5 6 7 P i
Restricted Moving Average N ‘2+«"
Time (years passed Q-
[ v P ] Qq, e Total biomass change
— 100 10
=)
E 30 5
g 10
g Of- £ 05
-_g -10 § ot+--}1-1-
g % 05
(]
g 100 3
§ 2901 p=0.006
-10
0 1 2 3 4 5 6 7 @& &
Restricted Moving Average &"&Qi&‘&
[Time (years passed)] &
R

Plant species richness - PSR

Extended Data Fig. 6 | Biomass change associated with large species stagnates
or declines over time while biomass loss associated with species loss increases
inthe Jena Experiment. All panels are based on replicate-level (n =160) median
point estimates and predictions from 1,000 linear mixed-effects models drawing
from shuffled data subsets, avoiding the reuse of sampling events in multiple
pairwise comparisons. The main panels show temporal biomass change without
abundance per replicate per plot (restricted moving average) associated with

a) species richness loss, b) species richness gain, ¢) species identity loss, and

d) speciesidentity gain (see Fig. 2 for detailed explanations). e) Total biomass
change without partitioning. Year O represents biomass change within years,
between replicates (control). Mean biomass change values per replicate per

s
124816 60
plotare shown as colored dots along a plant species richness (PSR) gradient
(legend), white dots show mean values across all plots (n = 80). Solid regression
lines indicate significant relationships (p < 0.05), dotted lines indicate marginally
significant relationships (p < 0.1), dashed lines indicate non-significant
relationships (p > 0.1); exact two-sided p-values for the main effect of time are
provided in the panels. Shaded areas around the black main effect line represent
95% confidence intervals. Significant effects of PSR on arthropod biomass
change are shown in the main panels, colored along the PSR gradient (legend).
Insets show median point estimates with 95% confidence intervals (error bars) for
the effects of time and PSR on biomass change individually and ininteraction (x).
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Extended Data Fig. 7| Biomass change associated with large species stagnates
over time while biomass loss associated with species loss increases in the
Biodiversity Exploratories. All panels are based on replicate-level (n =300)
median point estimates and predictions from 1,000 linear mixed-effects models
drawing from shuffled data subsets, avoiding the reuse of sampling events in
multiple pairwise comparisons. The main panels show temporal biomass change
without abundance per replicate per plot (restricted moving average) associated
witha) species richness loss, b) species richness gain, ¢) species identity loss, and
d) speciesidentity gain (see Fig. 2 for detailed explanations). e) Total biomass
change without partitioning. Year O represents biomass change within years,
between replicates (control). Mean biomass change values per replicate per plot
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are shown as colored dots along aland-use intensity (LUI) gradient (legend),
white dots show mean values across all plots (n =150). Solid regression lines
indicate significant relationships (p < 0.05), dotted lines indicate marginally
significant relationships (p < 0.1), dashed lines indicate non-significant
relationships (p > 0.1); exact two-sided p-values for the main effect of time are
provided in the panels. Shaded areas around the black main effect line represent
95% confidence intervals. Significant effects of LUl on arthropod biomass change
are shownin the main panels, colored along the LUl gradient (legend). Insets
show median point estimates with 95% confidence intervals (error bars) for the
effects of time and LUl on biomass change individually and in interaction (x).
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biomass change values per replicate per plot are shown as colored dots along
aplant species richness (PSR) gradient (legend), white dots show mean values
across all plots (n = 80). Solid regression lines indicate significant relationships
(p <0.05); exact two-sided p-values for the main effect of year are provided in the
panels. Shaded areas around the black main effect line represent 95% confidence
intervals. Significant effects of PSR on arthropod biomass change are shown in
the main panels, colored along the PSR gradient (legend). Insets show median
point estimates with 95% confidence intervals (error bars) for the effects of year
and PSR on biomass change individually and in interaction (x).

Plant species richness - PSR

Extended Data Fig. 8 | Species turnover among replicates, especially of rare
species (above-average total biomass, below-average individual biomass),
declines over time in the Jena Experiment. All panels are based on replicate-
level (n =160) median point estimates and predictions from 1,000 linear
mixed-effects models drawing from shuffled data subsets, avoiding the reuse
of sampling events in multiple pairwise comparisons. The main panels show
spatial (within plot, between replicates) biomass change with abundance (a-d)
and without abundance (e-h) per replicate per plot over the years associated
with a,e) species richness loss, b,f) species richness gain, ¢,g) species identity
loss, and d,h) speciesidentity gain (see Fig. 2 for detailed explanations). Mean
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Extended Data Fig. 9 | See next page for caption.
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Extended Data Fig. 9 | Species turnover among replicates, especially of rare
species (above-average total biomass, below-average individual biomass),
declines over time in the Biodiversity Exploratories. All panels are based on
replicate-level (n =300) median point estimates and predictions from1,000
linear mixed-effects models drawing from shuffled data subsets, avoiding the
reuse of sampling events in multiple pairwise comparisons. The main panels
show spatial (within plot, between replicates) biomass change with abundance
(a-d) and without abundance (e-h) per replicate per plot over the years
associated with a,e) species richness loss, b,f) species richness gain, ¢,g) species
identity loss, and d,h) species identity gain (see Fig. 2 for detailed explanations).

Mean biomass change values per replicate per plot are shown as colored dots
along aland-useintensity (LUI) gradient (legend), white dots show mean values
across all plots (n =150). Solid regression lines indicate significant relationships
(p <0.05), dashed lines indicate non-significant relationships (p > 0.1); exact two-
sided p-values for the main effect of year are provided in the panels. Shaded areas
around the black main effect line represent 95% confidence intervals. Significant
effects of LUl on arthropod biomass change are shown in the main panels,
colored along the LUl gradient (legend). Insets show median point estimates with
95% confidence intervals (error bars) for the effects of year and LUl on biomass
change individually and in interaction (x).
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Extended DataFig. 10 | Visualization of the raw data spread underlying

the vector (arrow) illustration of all 5 community assembly components
associated with biomass loss. Modelled change (thick vectors; restricted
moving average) and raw data change (thin vectors) of arthropod biomass (y axis)
and species richness (x axis) per replicate per plot after 7 yearsin dependence on
plant species richness (PSR) and land-use intensity (LUI). Starting at the average
community biomass and species richness value in the first year (Baseline), the
community assembly components of biomass change are displayed as vectors
(arrows) in the order of 1) species richness loss, 2) species identity loss, 3) species
richness gain, 4) species identity gain, and 5) abundance change of persisting

Species identity loss

Species richness gain  Species identity gain ~ Abundance change

species (see Fig. 2 for detailed explanations), reaching the predicted comparison
community values of absolute biomass and species richness after 7 years. Most
arthropod biomass change is associated with species richness change, but the
vertical vectors of species identity and abundance change show that species
richness change alone does not explain all biomass change. Modelled vectors
are based on median predictions from1,000 linear mixed-effects models

(see methods and Tables S22, S23). Vectors for high PSR (60 plant species) and
low LUI(0.5) plots are colored in green/blue, vectors for low PSR (monoculture)
and high LUI (3.5) plots are colored in beige/brown (see legend).
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