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Theimpact of local biodiversity loss on ecosystem functioning is well
established, but therole of larger-scale biodiversity dynamicsin the
delivery of ecosystem services remains poorly understood. Here we
address this gap using acomprehensive dataset describing the supply of 16
cultural, regulating and provisioning ecosystem services in 150 European
agricultural grassland plots, and detailed multi-scale data onland use and
plant diversity. After controlling for land-use and abiotic factors, we show
that both plot-level and surrounding plant diversity play animportant role
inthe supply of cultural and aboveground regulating ecosystem services.
In contrast, provisioning and belowground regulating ecosystem services
are more strongly driven by field-level management and abiotic factors.
Structural equation models revealed that surrounding plant diversity
promotes ecosystem services both directly, probably by fostering the
spill-over of ecosystem service providers from surrounding areas, and
indirectly, by maintaining plot-level diversity. By influencing the ecosystem
services thatlocal stakeholders prioritized, biodiversity at different scales
was also shown to positively influence a wide range of stakeholder groups.
These results provide acomprehensive picture of which ecosystem services
rely most strongly on biodiversity, and the respective scales of biodiversity
that drive these services. This key informationis required for the upscaling
of biodiversity—ecosystemservice relationships, and the informed
management of biodiversity within agricultural landscapes.

Global threats to biodiversity have motivated much research into
the relationship between biodiversity and ecosystem functioning' .
This work has provided substantial evidence that plot-level (typically
<1,000 m?) biodiversity drives multiple ecosystem functions and ser-
vices, inboth experimental communities>* and in natural ecosystems® %,
However, most of these studies have focused on the effects of biodiver-
sity on ecosystem processes at these relatively small spatial scales, rather
than ontheimpactoflarger-scale biodiversity on ecosystem services” .
This gapis substantial as biodiversity change occurs at all spatial scales,
and sometimesin contrasting directions, forexample local enrichment
but homogenization and loss at larger spatial scales'®”. The lack of a
mechanisticunderstanding of how biodiversity at larger spatial scales

affects the delivery of multiple ecosystem services also precludes the
upscaling of biodiversity-ecosystemservice relationshipsto thelarge
spatial scales relevant to policy and management'*",

Considering the multi-scale nature of biodiversity is essential to
understanding how biodiversity underpins ecosystem services".
At the plot level, higher plant species richness (that is, a-diversity)
enhances ecosystem functioning due to complementarity between
co-occurring species"'® and because diverse plant communities are
more likely to contain species that strongly affect ecosystem func-
tioning (that is, the selection effect'*?’; Fig. 1, arrow 1). However, plant
diversity and the associated diversity of other taxa at larger scales
could also influence local ecosystem functioning” %%, The overall
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plant diversity of the surrounding species pool (that is, y-diversity)
can directly affect ecosystem services by fostering the spill-over of
a diverse pool of associated ecosystem service providers from sur-
rounding areas? (Fig. 1, arrow 2), and indirectly by enhancing local
plant diversity through dispersal processes (Fig. 1, arrows 1 and 3).
Alongside the effects of y-diversity, heterogeneity in species identi-
ties and abundances between local communities (that is, B-diversity)
can affect local ecosystem services directly and positively, by cre-
ating diverse habitat niches for ecosystem service providers with
complex life histories. These will in turn promote ecosystem services
insurrounding areas”. However, B-diversity could also have negative
direct effectsif ecosystemservice providers require large amounts of
contiguous habitat. Finally, B-diversity can have indirect effects, as the
presence of functionally distinct speciesin the surrounding areas can
maintain plant a-diversity in the face of environmental change?®***
(Fig.1,arrows2and 3).

Following the pathways described above, we predict that ecosys-
tem services provided by mobile animal species that use the whole
landscape to meet their feeding and habitat requirements?, such as
abovegroundregulating ecosystemservicesrelying onarthropods (for
example, pollination and pest control) or cultural ecosystem services
(for example, birdwatching), will be most strongly influenced by the
direct ‘spill-over’ of these organisms>® (Fig. 1, arrow 2) but that the
direction of these effects will vary depending on the ecology of eco-
system service providers. By contrast, ecosystem services provided
by less mobile species, such as provisioning ecosystem services linked
to plants or regulating belowground ecosystem services that rely on
soil biodiversity, will be more affected by local biodiversity, and thus
the indirect ‘dispersal’ effects of a diverse surrounding species pool
(Fig.1,arrowsland3).

Withinagricultural landscapes, which cover alarge proportion of
the Earth’s surface”, biodiversity effects on ecosystem services oper-
ate within the context of land-use factors, which influence ecosystem
services directly, and indirectly by affecting biodiversity’>*°. Therefore,
tounderstand therole of biodiversity in the supply of agroecosystem
services, the relative importance of these many pathways and influ-
ences should be determined. At the agricultural field level, intensive
land use typically promotes a small set of provisioning ecosystem
services directly (for example, fertilization and pesticide use that
promotes biomass production; Fig. 1, arrow 4) but causes changes to
biodiversity and functional composition that indirectly impact other
ecosystem services*’ (Fig. 1, arrows 5 and 6). Land-use effects at local
scales can also operate via long time lags, such as lasting effects of
tillage on soil biodiversity and structure®-*’. At the landscape level,
the conversion of natural or semi-natural habitats, such as forests or
grassland, into cropland can have bothimmediate and legacy effects on
biodiversity®"**and ecological processes*. For example, the presence
and permanency of semi-natural habitats in the surroundinglandscape
cansignificantly affect local ecosystem service provision directly, by
affecting cross-habitat exchanges of material and energy**°® (Fig. 1,
arrow 7), and indirectly by influencing the dispersal and colonization
of plant species®*"*”*¢ (Fig. 1, arrows 8 and 9). In addition, the land-
scape context can determine local land-use decisions due to physical
constraints (for example, viafarmer decisions to specialize or diversify
inland use, Fig. 1, arrow 10) and therefore indirectly affect ecosystem
services”, While there has been a substantial effort to identify how
landscape-level factors in agroecosystems affect biodiversity and
ecosystem services”*°, these studies tend to focus onasmall number
of regulating ecosystem services provided by aboveground species,
suchas pollination and pest control**-*2, How spatial processes influ-
ence a broader set of ecosystem services, particularly cultural and
belowground regulating ecosystem services, is far less understood.

Inthis Article, we addressed the gaps highlighted above by inves-
tigating how plant diversity at different spatial scales affects the
supply of a wide range of ecosystem services, while controlling for

and evaluating the effects of land-use factors. We did this by using a
comprehensive dataset from the German Biodiversity Exploratories
project® on indicators for the supply of 16 cultural, regulating and
provisioning ecosystemservices (hereafter ‘ecosystemservices’) in 150
agricultural grassland plots, and detailed multi-scale dataonland use,
plantdiversity and the ecosystem service priorities of different stake-
holder groups. These measures were taken in agricultural grassland
fields that vary strongly in their land-use intensity (LUI)****, and that
weresituated inlandscapes of varying complexity®® and management
history (Methods).

Ecosystem services were classified into four types: (1) cultural
ecosystem services: acoustic diversity, birdwatching potential and
total flower cover; (2) aboveground regulating ecosystem services:
pollination, natural enemy abundance, lack of pathogeninfection, lack
of herbivory and dung decomposition; (3) aboveground provisioning
ecosystemservices: shoot biomass and forage quality; (4) belowground
regulating ecosystem services: soil aggregation, phosphorus reten-
tion index, nitrogen retention index, soil carbon stocks, potential
nitrificationand groundwater recharge (Supplementary Data Table1).
The capacity of ecosystems to provide these bundles was captured by
calculating separate multifunctionality metrics*® for each ecosystem
service type. We also calculated grassland ecosystem service multi-
functionality, a measure of overall ecosystem service supply relative
to demand”, from the perspective of the main grassland stakeholder
groupsinthe studied areas: local residents, nature conservation asso-
ciations, agriculture and tourism sectors. These measures were based
upon the relative priority given to the four grassland ecosystem ser-
vices most valued by local stakeholders: aesthetic value, biodiversity
conservation, fodder productionand carbonsequestration (Methods).

We used structural equation models (SEMs) to estimate the direct
andindirect effects of different factors on the local supply of grassland
ecosystemservices, accordingto the pathways of influence described
above (Fig.1). These factors belong to five main classes: plant diversity
measured at the plotlevel (here defined as 50 m x 50 m) and field level
(heredefined as the plot surroundingsina 75 mradius, ascale selected
to coincide with the dispersal kernel of most plant species*®), environ-
mental factors, and land-use components encompassing field-level
and landscape-level (defined as within a1,000 m radius) factors. The
specific variables considered represent drivers of the local supply of
ecosystemservices. At the plot level, plant diversity (that s, a-diversity,
measured as plot-level plant species richness) was considered a proxy
for the diversity of multiple taxa (hereafter defined as ‘plant diver-
sity’), because plant species richness is closely correlated with whole
aboveground ecosystem biodiversity in these grasslands*’. At the field
level, we test for the effects of the overall surrounding plant species
pool (that is, plant y-diversity, measured as field-level plant species
richness, whichalso represents the y-diversity of other taxa) and of the
surrounding habitat heterogeneity® (thatis, B-diversity, measured as
the Sgrensen dissimilarities between field-level plant communities).

To more accurately estimate the role of plant diversity across
scales in driving ecosystem services, we statistically control for and
estimate the effects of environmental and land-use factors known to
affect plant species richness and ecosystem processes. Environmental
factors considered were soil pH, soil thickness and topographic wet-
nessindex (TWI)**, Field-level LUl was measured as acompound index
of grazing, mowing and fertilization intensities***. In addition, we
consider the effect of the grassland permanency (that is, the number
oftimes the field was recorded as being grasslandin four survey dates
spanning 200 years), as tillage in grasslands can have lasting negative
effects on biodiversity and ecosystem functioning®-% Finally, at the
landscapelevel, the presence of stable natural or semi-natural habitats,
such as grasslands, can positively affect biodiversity and ecosystem
services”?*3°°, We therefore consider the effects of the quantity (that
is, grassland cover) and stability (that is, historical grassland cover) of
semi-natural habitats, and the presence of a diversity of habitats (that
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Fig.1| Conceptual framework of the relationship between landscape- and
field-level land use, field- and plot-level plant diversity and plot-level
ecosystem services. Landscape-level (1,000 m radius from the plot centre) land
use is represented in blue, field-level (75 m radius from the plot centre) plant
diversity and land use are represented in dark green and in yellow, respectively,
and plot-level (50 m x 50 m plot) factors are represented in light green. Note
that this framework is a simplification of the full SEM used in this study, and for
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Plot-level ecosystem services
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simplicity, multiple paths between environmental factors and the other variables
are not shown. Allindividual paths considered are presented in Supplementary
Data Table 2. Each planticon represents a different species in the species pool.
Arrowsillustrate causal links between plot-level plant diversity, field-level plant
diversity and land use, landscape-level land use and ecosystem services. For a full
explanation of these relationships and associated hypotheses, see introduction.

is, land-cover diversity) in the surrounding landscape, which can act
as a proxy for landscape-level biodiversity. We interpret the associa-
tions between the drivers described above and local levels of ecosys-
tem services as evidence of biodiversity and land-use effects, and for
simplicity use terms such as ‘effects’ and ‘drivers’ hereafter. While we
acknowledge the correlational and static nature of our study, we believe
ourinterpretationis supported by existing knowledge and the nature
of our study design, which minimizes confounding factors (Fig. 1).

Results and discussion

Overall drivers of ecosystem services

The supply of many ecosystem services was strongly affected by the
surrounding plant diversity and landscape factors, and these classes
of effects were of equal importance to plot-level plant diversity
and field-level land use (Fig. 2). This suggests that spatial biodiver-
sity dynamics are a major driver of local ecosystem service supply.
Although plant diversity showed many positive effects, the strength
and direction of these effects varied between the four ecosystem ser-
vicetypes (Fig. 3; see also Extended Data Figs.1and 2). Both plot-and
field-level plant diversity played a positive and important role in the
supply of cultural and aboveground regulating ecosystem services.
In contrast, provisioning and belowground regulating ecosystem

services were more strongly driven by field-level land use and envi-
ronmental factors (Fig. 2). After accounting for inherent regional
differences, the total remaining explained variance in ecosystemser-
vice supply varied greatly between ecosystem services. On average,
our SEMs explained 26 + 9.0% s.e.m. (average + standard error of the
mean total effect size across all ecosystem services of this category)
of the variance for cultural ecosystem services, 11 + 0.9% s.e.m. for
aboveground regulating ecosystem services, 46 +10.5% s.e.m. for
aboveground provisioning ecosystem services and 27 + 7.6% s.e.m.
for belowground ecosystem services (Fig. 2). Below, we detail which
ecosystem services were most reliant on biodiversity and the scale of
biodiversity that drives these services.

Cultural ecosystem services

Cultural ecosystem services were promoted by independent effects
of both plot- and field-level plant diversity (Fig. 3 and Extended Data
Fig.2), meaning that, as hypothesized, cultural ecosystem services,
including acoustic diversity, flower cover and birdwatching potential,
were higher in diverse grassland plots surrounded by diverse plant
communities. Plot-level plant diversity accounted for12.2 + 4.6% s.e.m.
of the total effects for cultural ecosystem services (Fig. 2), with a total
standardized effect (hereafter ‘total effect’) of plant a-diversity of
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Fig.2|Relative importance of plant diversity and land-use predictors on
cultural, aboveground regulating and provisioning, and belowground
regulating ecosystemservices. The effects of the predictors were calculated
considering both direct and indirect relationships (total effects) between the
predictors and the response variables. We then expressed the importance of
eachgroup of predictors as the percentage of total effects they explained,
based on the comparison between the absolute values of their standardized
path coefficients and the sum of the absolute value of all standardized path
coefficients from the SEM. Relative effects were calculated for each group of
predictors: environmental factors, plot-level (50 m x 50 m) plant diversity,
field-level (75 m radius from the plot centre) plant diversity, field-level (75 m
radius from the plot centre) land use, and landscape-level (1,000 m from the
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plot centre) land use. R? for each ecosystem service is calculated on the basis of
the full SEM (for the individual path coefficients, see Supplementary Data Table
2). All predictors and response variables were scaled to interpret parameter
estimates on acomparable scale. For the total standardized effects of each
predictor, see also Extended Data Fig. 1. The number of biologically independent
samples for each ecosystem service was n =150 for birdwatching potential,
forage quality, nitrogen retention index, potential nitrification and groundwater
recharge; n =147 for lack of herbivory; n = 146 for soil carbon stocks; n = 142 for
dung decomposition, lack of pathogen infection and shoot biomass; n =136 for
phosphorus retention index; n =119 for pollination; n = 114 for acoustic diversity;
n=93forsoil aggregation; n = 83 for natural enemy abundance; n = 70 for total
flower cover.

0.06 on cultural ecosystem service multifunctionality index (Fig. 3
and Supplementary Data Table 2). Field-level plant diversity accounted
for30.3 £ 7.0% s.e.m. of the total effects (Fig. 2), with a total effect of
planty-diversity of 0.33 (Fig. 3). Cultural ecosystem services were also
negatively affected by field-level LUI (25.9 + 2.0% s.e.m.; Fig. 2), witha
total effect of LUl of —0.17 (Fig. 3). In general, the effects of field-level
plant diversity were as strong as those of field-level land use (Fig. 2).
In addition, field-level grassland permanency positively affected cul-
turalecosystem services (total effect 0.17). Grassland permanency can
enhance the local abundance and the diversity of cultural ecosystem
service providers, such as birds® (Extended Data Fig. 1). However, these
organisms often need diverse habitats to meet their nesting and feeding
requirements® >, potentially explaining the negative relationship with
ahigh cover of permanent grasslands at the landscape level (total effect
of historical grassland cover —0.15; Fig. 3). This hypothesisis supported
by the net positive effect of land-cover diversity within the landscape
on cultural ecosystem services (total effect of land-cover diversity
0.09; Fig.3) and particularly ontheindividual service of birdwatching
potential (total effect of land-cover diversity 0.18; Extended Data Fig.1).

Aboveground regulating ecosystem services

Similar to cultural ecosystem services, aboveground regulating ecosys-
temservices were positively affected by both plot- and field-level plant
diversity (total effects of plant a-diversity 0.23, and of plant y-diversity
0.13; Fig. 3). This was particularly true for pollination and natural enemy

abundance (Extended Data Fig. 1). The strength of positive effects of
planty-diversity increased when considering multifunctionality indices
calculated as the percentage of measured services that exceeded 75%
of their maximum observed level across all study plotsinstead of 50%
(Extended Data Fig. 3), meaning the supply of aboveground regulating
ecosystem services was highest in plots with biodiverse surround-
ings. Theseresults, along with those presented for cultural ecosystem
services, suggest that promoting alarge species pool in agricultural
landscapes could offset the negative effects of land-use practices on
culturaland aboveground regulating ecosystem services. The effects
of B-diversity, however, contrasted with those on cultural ecosystem
services, as they were negative (total effects of plant 3-diversity —-0.09;
Fig. 3), indicating that local habitat heterogeneity benefits cultural
ecosystemservice providers but not the arthropod providers of regu-
lating ecosystem services.

Alongside the effects of plant diversity, aboveground regu-
lating ecosystem services were strongly influenced by both
field-level (accounting for 20.1 £ 2.8% s.e.m. of the total effects) and
landscape-levelland use (26.4 +1.7% s.e.m. of the total effects; Fig. 2).
Field-level LUl reduced the local supply of aboveground regulating eco-
systemservices (total effect —0.04; Fig. 3). The effect of landscape-level
land use was largely due to positive effects of historical grassland cover
on aboveground regulating ecosystem services (total effects 0.10;
Fig.3). The stability of favourable and resource-rich grasslands at the
landscape level can thus strongly benefit the mobile organisms that
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provide aboveground regulating services*~**

(Extended DataFig.1).

, such as pollinators

Aboveground provisioning ecosystem services

Unlike cultural and aboveground regulating ecosystem services,
aboveground provisioning ecosystem services were primarily driven
by field-level land use (accounting for 32.9 +1.0% s.e.m. of the total
effects, Fig. 2), in that LUI strongly and positively increases above-
ground provisioning services (total effect 0.49), including fodder
production (Extended Data Fig. 1). Landscape-level land use played
little role in driving this type of services, and accounted for only
13.6 +3.0% s.e.m. of the total effects (Fig. 2). We also found a negative
effect of plot-level plant diversity (total effect of the plant a-diversity
-0.29) and of the field-level plant diversity on these services (total
effects of plant B-diversity —0.05, plant y-diversity —-0.08, Fig. 3). These
effects are probably related to high fodder production and quality in
fertilized ecosystems*® and the shift towards higher plant tissue quality
thataccompanies fertilization-induced plant functional composition
changes and diversity loss®.

Belowground regulating ecosystem services

Belowground regulating ecosystem services, such as those related
to carbon storage and nutrient cycling, were most strongly driven by
environmental factors (Fig. 2). These services were positively related
to topographic wetness (total effect of TW10.20) and soil pH (total
effect 0.08; Fig. 3). This relates to tighter cycling of nutrients and higher
topsoil carbon stocks in moist and pH-neutral soils (Extended Data Fig.
1). We also found a strong positive effect of field-level grassland per-
manency onbelowground regulating ecosystem services (total effect
0.23;Fig.3), reflecting that soil processes were faster, nutrient cycling
tighter and carbon stocks higher in fields that have not been ploughed
and remained as grasslands for alongtime (Extended Data Fig.1). This
is probaby due to the accumulation of soil organic matter, after local
tillage has stopped®” but may also include the positive effects of soil
biodiversity on soil processes*****’ as more diverse soil communities
develop following the cessation of agricultural practices such as till-
age™®. Such effects of soil biodiversity are unlikely to be captured by our
plant diversity measures as belowground diversity is weakly associated
with aboveground biodiversity in these grasslands®.

Direct and indirect effects of field-level plant diversity

We assessed whether the effects of plant y-diversity and 3-diversity
on ecosystem services operate directly, or indirectly, according to
the mechanisms described in the introduction. This was achieved by
focusing on a subset of our SEM, specifically direct paths from plant
y-diversity and B-diversity to ecosystem services, and indirect paths
of plant y-diversity and B-diversity through changing plant a-diversity
(Fig. 4 and Extended Data Fig. 4). These analyses revealed that plant
y-diversity and B-diversity affected the supply of multiple ecosystem
services via different mechanisms (Fig. 4). As hypothesized, cultural
ecosystemservices, which rely upon highly mobile animal species, were
affected mainly by positive and independent direct effects of both plant
y-diversity and B-diversity (Fig. 4b). This indicates that higher plant
diversity in the surroundings promoted a large regional species pool
that provided ecosystemservices, and that high habitat heterogeneity
provides diverse resources and habitats for these ecosystem service
providers.In contrast, above- and belowground regulating ecosystem
services were mostly affected by an indirect positive effect of plant
y-diversity (Fig. 4b). This suggests that the surrounding field-level
plant diversity enhances these services by maintaining plot-level plant
diversity. Conversely, we found weakly negative direct and indirect
B-diversity effects on aboveground regulating ecosystem services, indi-
cating negative effects of heterogeneity on ecosystemservice providers
that require large amounts of contiguous habitat. For aboveground
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Fig.3|The multiple drivers of cultural, aboveground regulating

and provisioning, and belowground regulating ecosystem services
ingrasslands. Total standardized effects were calculated on the basis

of the results of SEMs (considering both direct and indirect effects of

the predictors) for each predictor: environmental factors, plot-level

(50 m x 50 m) plant diversity, field-level (75 m radius from the plot centre)
plant diversity, field-level (75 m radius from the plot centre) land use, and
landscape-level (1,000 m radius from the plot centre) land use. Models were
fitted to four multifunctionality measures: cultural, aboveground regulating
and provisioning, and belowground regulating ecosystem service
multifunctionality. The total standardized effects correspond to the sum

of standardized direct effects (that is, individual paths) and indirect effects
(thatis, the multiplied paths). For each multifunctionality measure, total
standardized effects of the different predictors are ordered from the highest
positive effect to the lowest negative effect. All predictors were scaled to

allow interpretation of parameter estimates on a comparable scale. Plot-level
and landscape-level predictors were log transformed. For the individual path
coefficients, see Supplementary Data Table 2, and for the effects of predictors on
eachindividual ecosystem service, see Extended Data Fig.1.n =150 biologically
independent samples.
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Fig. 4| The strength of direct and indirect effects of field-level plant diversity
on plot-level ecosystemservices. a, To disentangle the direct and indirect
effects of field-level plant y-diversity and plant B-diversity, through changing
plot-level plant a-diversity, a subset of the full SEM was considered. b, Direct
andindirect effects of field-level plant y-diversity and plant B-diversity were
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calculated on the basis of the full SEMs, that is, also including the components
shownasfadedina, for cultural, aboveground regulating and provisioning, and
belowground regulating ecosystem services separately. All individual paths
considered are presented in Supplementary Data Table 2. n =150 biologically
independent samples.

provisioning ecosystem services, the surrounding field-level plant
diversity had negative effects, operating via both direct and indirect
pathways (Fig.4b). An exceptionto this trend was that plant y-diversity
had a strong direct and positive effect on aboveground provisioning
services (Fig.4b), driven mostly by its positive effect on forage quality
(Extended DataFig.1). While the underlying mechanismis difficult to
discerninthis case, higher biodiversity in the surroundings could help
secureasustainable supply of provisioning ecosystem services such as
forage quality, for example, via dilution effects on pathogen spread®’.

Linking biodiversity to stakeholders

To estimate the impact of biodiversity across scales on ecosystem ser-
vices that directly benefit local people in the study regions, we fitted
our SEMs to measures of the grassland ecosystem services, at the final
benefits level®, most prioritized by local stakeholders, asidentified in
asocial survey® (Methods). This showed that both aesthetic value and
biodiversity conservation were strongly promoted by plant y-diversity,
with total effects of 0.18 on aesthetic value, and 0.28 on biodiversity
conservation (Extended Data Fig. 6). By contrast, fodder production
and carbon sequestration were mostly driven by land-use and envi-
ronmental factors (Extended Data Fig. 6). Field-level LUI positively
affected fodder production, with a total effect of LUl of 0.50. Grassland
permanency and historical grassland cover also had strong positive
effects on carbon sequestration, with total effects of 0.43 and 0.22,
respectively (Extended Data Fig. 6).

When considering multifunctionality measures calculated from
the perspective of local residents, nature conservation associations,
and the agriculture and tourism sectors, we found that biodiversity
across scales positively influenced all four stakeholder groups (Fig.
5).Plant a-diversity had a total effect of 0.32 on multifunctionality for
local residents, 0.34 for conservationists, 0.11 for the agriculture sec-
tor and 0.35 for the tourism sector (Fig. 5). Similarly, plant y-diversity
had strong positive effects on multifunctionality for each stakeholder
group (total effect 0.54 for local residents, 0.50 for conservation-
ists, 0.29 for the agriculture sector and 0.58 for the tourism sector),
with differences reflecting their relative prioritization of cultural and
provisioning services. Alongside biodiversity effects, LUl promoted
multifunctionality across stakeholder groups owing to the relatively
high priority given by all groups to fodder production (Fig.5and Sup-
plementary Table1). Thus, by influencing the ecosystem services that
different local stakeholders prioritized, biodiversity at arange of scales
positively influences all major grassland stakeholder groups in these
study regions.

These resultsindicate that management strategies focusing on the
delivery of few aboveground provisioning ecosystem services may be
detrimental to other prioritized cultural ecosystem services, as they
are driven in opposing directions by the same factors. However, our
results alsoindicate that such trade-offs may be weakened by conserv-
ing both high- and low-intensity patches within agriculturallandscapes,
as biodiverse low-intensity areas promoted multiple services when
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present in the immediate landscape. It remains to be seen whether a
spatially interwoven mosaic of permanent and biodiverse habitats and
intensive patches (that is, land-sparing’ strategy®) is the best means
of delivering landscape multifunctionality to multiple stakeholder
groups, thatis, landscapes that simultaneously provide high levels of
multiple ecosystem services to people*.

Wider implications

Theresults presented here show that a focus on local diversity when
investigating the relationships between biodiversity and ecosystem
servicesis not sufficient, as biodiversity change across arange of scales
has consequences for ecosystem functions and services™?*¢*, Many
theoretical studies have highlighted the potential importance of 3-
and y-diversity for ecosystem functioning (for example, refs. ¢+,
but so far very little empirical evidence has been provided (but see
ref."). By decomposing the directand indirect effects of surrounding
biodiversity on local ecosystem service supply, we reveal that both a
biodiverse species pool (plant y-diversity) and habitat heterogeneity
(plant B-diversity) can promote many ecosystem services, probably via
different mechanisms. These are fostering the spill-over of a diverse
array of ecosystem service providers, maintaining plot-level biodiver-
sity (Fig.4), and creating habitat niches for ecosystem service providers
with complex life histories. These surrounding biodiversity effects were
strongest for culturaland aboveground regulating ecosystemservices
(Fig. 2). Loss of diversity within the overall species pool and loss of
habitat heterogeneity may therefore affect cultural and aboveground
regulating ecosystem services just as strongly as local species losses
(loss in plant a-diversity).

Alongside the effects of biodiversity, cultural and belowground
regulating ecosystem services were higher in grasslands that were
not converted regularly (characterized by a high field-level grassland
permanency). We also found that aboveground regulating ecosystem
services were positivelyimpacted by the presence and the permanency
of grasslands at the landscape-level (Fig. 3). There is now substan-
tial evidence that permanent grasslands are important in maintain-
ing the biodiversity of ecosystem service providers in agricultural
landscapes®****°, However, these studies focused almost exclusively
onasmallnumber of aboveground regulating services, such as pollina-
tion or pest control’”***, By considering multiple ecosystem services,
our resultsindicate that reducing grassland field conversion, coupled
with the strategic arrangement of permanent grasslands within agri-
cultural landscapes, can both help to maintain a biodiverse species
pool and enhance the supply of above- and belowground ecosystem
services that are essential to sustainable agriculture.

Sofar, biodiversity-ecosystem functioning research has concen-
trated onthe impact of biodiversity loss at small spatial scales on eco-
system functions, rather than ontheimpact of large-scale biodiversity
change onecosystem services'>**, However, itis at larger spatial scales
that most management and policy decisions affecting biodiversity and
ecosystem functioning are taken. As all stakeholder groups considered
inthis study prioritized ecosystem services driven by biodiversity, we
show that biodiversity across spatial scales benefits the whole local
community and therefore that landscape-level biodiversity conserva-
tion would benefit these rural communities. The role of biodiversity in
driving stakeholder multifunctionality might even be underestimated
inour metrics as we did not consider the role of regulating ecosystem
services inunderpinning final benefits, and these were heavily depend-
entonspatial biodiversity (Fig. 3). However, despite a general depend-
ency on biodiversity, the relative importance of biodiversity differs
across stakeholders, depending on their ecosystem service priorities,
and this may in part explain relative differences in attitudes towards
nature and conservation between these groups®.

While this study demonstrates a general reliance of local-level
ecosystem services on surrounding biodiversity and other studies
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Fig. 5| Effect of multiple drivers on the multifunctionality of grassland
ecosystem services prioritized by four local stakeholder groups. Total
standardized effects were calculated on the basis of the results of SEMs
(considering both direct and indirect effects of the predictors) for each
predictor: environmental factors, plot-level (50 m x 50 m) plant diversity,
field-level (75 m radius from the plot centre) plant diversity, field-level

(75 mradius from the plot centre) land use, and landscape-level (1,000 m radius
from the plot centre) land use. Models were fitted to four multifunctionality
measures calculated for each stakeholder group. These measure the combined
supply of the four most prioritized grassland ecosystem services (that is,
aesthetic value, biodiversity conservation, fodder production and carbon
sequestration) relative to their demand (for details, see Methods). The total
standardized effects correspond to the sum of standardized direct effects
(thatis, individual paths) and indirect effects (that is, the multiplied paths). For
each multifunctionality measure, total standardized effects of the different
predictors are ordered from the highest positive effect to the lowest negative
effect. All predictors were scaled to allow interpretation of parameter estimates
onacomparablescale. Plot-level and landscape-level predictors were log
transformed. For the priority scores given by each stakeholder groups to each
ecosystem service, see Supplementary Table 4, and for the effects of predictors
oneachindividual prioritized ecosystem service, see Extended Data Fig. 6.n =52
independent samples.
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haveinvestigated the correlation between larger-scale biodiversity and
landscape multifunctionality®®®, a fully mechanistic understanding of
how spatial biodiversity dynamics affect the landscape-level supply of
ecosystemservices is still largely missing'*°"“%, Larger-scale, interdisci-
plinary and mechanistic approaches that are spatially explicitin terms
of both ecosystem service supply and demand are therefore needed
to fully understand the link between biodiversity and ecosystem ser-
vices, and the impact of landscape management actions on the needs
of multiple stakeholder groups®*”°.

Conclusion

By employing a comprehensive study setup and using SEMs, we
revealed that the supply of multiple ecosystem services requires bio-
diversity across spatial scales, and that surrounding biodiversity pro-
motes local ecosystem services through arange of mechanisms. Future
assessment of ecosystem service delivery must therefore consider
spatial biodiversity dynamics, for example when mapping ecosystem
services®, to accurately assess the status and drivers of ecosystem
services, and to evaluate the consequences of biodiversity change.
Another key message of this work is that the local-level supply of many
important ecosystem services is enhanced in landscapes containing
biodiverse and permanent grasslands. Preserving large species pools
within permanent habitats in agricultural landscapes can promote a
wider range of the vital ecosystem benefits, especially the cultural and
aboveground regulating ecosystem services, upon which many rural
people ultimately depend”.

Methods

Study design

The studied grassland plots are part of the large-scale and long-term
Biodiversity Exploratories project* (www.biodiversity-exploratories.
de) and are located in three German regions: (1) the Schwébische
Alb region in the low mountain range of south-western Germany;
(2) the Hainich-Diin region in hilly central Germany; and (3) the
Schorfheide-Chorinregioninthe post-glacial lowlands of north-eastern
Germany. The three regions differ in climate, geology and topogra-
phy, but each is characterized by a gradient of grassland LUI that is
typical for large parts of temperate Europe*. In each region, 50 plots
(50 m x 50 m) were chosen in mesic grasslands by stratified random
sampling from a total of 500 candidate plots on which initial vegeta-
tion, soil and land-use surveys were conducted. This ensured that the
plots covered the whole range of LUIs and management types, while
minimizing confounding factors such as spatial position or soil type.
All plots were grasslands for at least 10 years before the start of the
projectin2006 (ref.*).

Ecosystem service indicators

In each of the 150 grassland plots, data on 16 indicators of ecosystem
services were collected’””””. These services included (1) three cultural
ecosystem services: acoustic diversity (the distribution of acoustic
energy among frequency bands during diurnal recordings), birdwatch-
ing potential (bird speciesrichness) and aesthetic value (measured as
the total flower cover’®”); (2) five aboveground regulating ecosystem
services: pollination (number of flower visitors), the abundance of
natural enemies that regulate crop pestsin neighbouring arable fields
(measured asthe number of brood cellsrecorded intrap nests attacked
by parasitoids of pest insects), lack of pathogen infection (inverse of
the total cover of foliar fungal pathogens), lack of herbivory (inverse of
the total proportion of leaf area damaged by invertebrate herbivores)
and dung decomposition (proportion of dung dry mass removed); (3)
two aboveground provisioning ecosystem services: shoot biomass
(peak standing biomass), forage quality (index based on crude pro-
tein concentration and relative forage value); (4) six belowground
regulating ecosystem services: soil aggregation (proportion of water
stable soil aggregates), phosphorus retention index (calculated as

aratio between shoot and microbial phosphorus stocks and that of
soil extractable phosphorus), nitrogen retention index (calculated as
aratio between shoot and microbial nitrogen stocks and that of soil
extractable nitrogen), soil carbon stocks (soil organic carbon stocks
inthetop 10 cm), potential nitrification (ammonia oxidation underlab
conditions) and groundwater recharge (annual net downward water
fluxes to below 0.15 m soil depth). To classify ecosystem services, we
used the Common International Classification of Ecosystem Services®’
and the Intergovernmental Platform for Biodiversity and Ecosystem
Services (whichincludes ecosystem servicesin the broader concept of
nature’s contributions to people”) classifications. For further details,
see also Supplementary Data Table 1.

Measures of overall ecosystem service supply can be useful for
addressing general trends (for example, for management purposes)
inaddition to the study of responses of individual ecosystem services.
We therefore calculated the overall ecosystem capacity to maintain
ecosystem services simultaneously (that is, multifunctionality®**5").
To do so, we first scaled values of each ecosystem service. We then
calculated multifunctionality measures for cultural, aboveground
regulating, aboveground provisioning and belowground regulating
ecosystem services separately. Multifunctionality was calculated as
the percentage of measured services that exceeded a given threshold
of their maximum observed level across all study plots®. To reduce
the influence of outliers, we calculated the maximum observed level
as the average of the top five sites™. Given that any threshold is likely
tobearbitrary, the use of multiple thresholdsis recommended to bet-
terunderstand the role that biodiversity and land use play in affecting
ecosystem multifunctionality and to account for trade-offs between
services®. Therefore, we used three different thresholds (25%, 50%
and 75%) to represent a wide spectrum in the analyses performed.
Our results focus on the 50% threshold, while results for the 25% and
75%thresholds are presented in Extended Data Fig. 3. Asan alternative
approach, wealso calculated average-based indices by calculating the
averageacrossall services®. Inthese metrics, all ecosystem services are
weighted equally, thus preventing the measure from being driven by
specific services (Extended Data Fig. 2). We further calculated overall
multifunctionality measures, considering all ecosystem services simul-
taneously. As the different types of ecosystem services considered
in this study show contrasting responses, the use of an overall multi-
functionality measure provides little insights (for results for overall
ecosystem multifunctionality measures, see Extended Data Fig. 5).

Ecosystem service prioritized by local stakeholders

As part of a wider study, expert workshops were conducted in 2018
in the same three German regions, with representatives of numerous
pre-selected stakeholder groups. On the basis of these workshops,
lists of stakeholder groups and ecosystem services that are prioritized
regionally were established®’. We considered only ecosystem services
withdirect links to final benefits, thus excluding regulating ecosystem
services (for example, pollination), which underpin the supply of other
services (for example, food production) but do not directly benefit
humans. A larger survey was then conducted across 14 stakeholder
groups in 2019 (ref. ©), in which 321 respondents were requested to
distribute a maximum of 20 points across all ecosystem services to
quantify the priorities of their group. As the survey considered the
wholestudy region, including other land-use types and services deliv-
ered at larger scales, survey results were subsetted to include only
the most prioritized ecosystem services provided by grasslands (for
example, removing timber and food crop production), resulting in
four ecosystem services: aesthetic value, biodiversity conservation,
livestock production and carbon sequestration®**2, Priority scores
for each ecosystem service were normalized by the total number of
points attributed to grassland ecosystem services by each respondent.
We focused on four stakeholder groups, who placed high priority on
grassland services, but with contrasting priorities to different services:
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local residents, nature conservation associations, and the agriculture
andthetourismsectors (126 respondentsin total). The priority scores
for each group did not vary significantly across regions, so we used
overall scores.Senckenberg Gesellschaft fiir Naturforschungemployed
theresearchers who conducted this study. They did not have an ethics
committee for social science research at the time when the data were
collected. However, the standards and recommendations of the Ger-
man DataForum (2017) were followed and employed. Thisincludes that
awritten consent for the collection and processing of the anonymized
personal survey data was obtained before starting the survey. Partici-
pationin the survey was voluntary. At any time, the participants were
ableto cancel the survey or withdraw their consent.

We estimated the supply for prioritized ecosystem services from
severalindicators. For aesthetic value, we integrated direct measures
ofacoustic diversity and total flower cover (sum of scaled indicators).
Acoustic diversity was used as experience of nature sounds, and spe-
cifically bird songs that have positive effects on human wellbeing®.
We also considered flower cover to characterize aesthetic value as
people value flower-rich landscapes®*. Biodiversity conservation was
based onbird species richness, the main focus of conservation efforts
inthese regions, for instance for the delimitation of Natura2000 sites
based on the Birds and Habitat Directives. For fodder production, we
integrated both the shoot biomass and the forage quality (sum of scaled
indicators), which are strongly linked to yield output®®. Finally, climate
regulation via carbon sequestration was quantified as soil organic
carbon stocks in the top 10 cm, which is where most carbon is stored
inthese systems. We then used these measures to calculate ecosystem
service multifunctionality for each of the four stakeholder groups*.
Todoso, wescaled the ecosystem service values between O and 1, and
weighted these values by the relative priority scores of each service to
the stakeholder group*. These weighted values were then summed for
eachstakeholder group. Measures therefore quantify the overall supply
of all prioritized grassland ecosystem services, relative to stakeholder
demand*®?, when priority is defined as the relative importance of an
ecosystem service to a stakeholder® and demand is ‘the amount of a
service required or desired by society’®®. While demand is a dynamic
property, itisrepresented as a fixed value in ecosystem service multi-
functionality measures. In these, the service level demanded is repre-
sented by two separate components. The first of these is the priority
score, inthatany service with a priority score of zerois not demanded
atall. The second component is the supply-benefit relationship. This
can take a variety of forms and describes the relationship between
ecosystem service supply and the benefit received. Here we assumed
the relationship was linear, and thus that demand is not saturated at
thelevels of supply measured. As values for individual indicators were
missing for some plots, we focus on a subset of the data, considering
plotswith allindicatorsavailable, to calculate ecosystem service mul-
tifunctionality measures (n =52).

Plant diversity

At the plot level (that is, 50 m x 50 m grassland plot), we annually
sampled vascular plants in an area of 4 m x 4 m on each plot between
mid-May and mid-June, and estimated the percentage cover of each
occurring species®. For our local plant a-diversity measure, we used
mean plant species richness between 2009 and 2018.

To assess the field-level plant diversity of each grassland plot, we
surveyed the vegetation within the major surrounding homogeneous
vegetation zonesina?75 mradius of each plotin 2017 and 2018 (ref.%®).
Each of these zones represented visually distinct habitats and were
mostly situated within the same grassland field as the focal plot, but
we occasionally surveyed other habitat types (approximately 20% were
situated in hedgerows, margins or forests). In each of these zones, we
selected a single, representative area of 2 m x 2 m in which the cover
of all vascular plant species was estimated. We surveyed at least four
zones for eachgrassland plot. If less than four different homogeneous

zoneswereidentified, we surveyed the vegetation twice or more within
alarge homogeneous zone. We characterized the overall surrounding
species pool (thatis, field-level plant y-diversity) by calculating the total
species richness recorded in these surrounding zones. In addition, to
characterize the overall changesin species composition between these
surrounding plant communities (that is, field-level plant B-diversity),
we calculated dissimilarities between plant communities based on
Serensen dissimilarity index using the betapart package®**°. A high
B-diversity is often associated with the presence of distinct habitatsin
the surroundings of the grassland plot (for example, ditches, hedge-
rows, wetlands, scrub and forest). These are not always species-rich
habitats; hence, field-level plant y-diversity and -diversity were not
highly correlated (r = 0.40). These two metrics therefore represent
distinct aspects of the surrounding diversity: overall surrounding
biodiversity and habitat heterogeneity, respectively.

Field-level land use
LUI was assessed annually for the field within which each plot, and
most associated field-level plant diversity plots, was located. This was
doneviaquestionnaires sent toland managersin which they reported
thelevel of fertilization (N total kg ha™ year™), the number of mowing
events per year (fromoneto three cuts) and the number and type of live-
stock and their duration of grazing (number of livestock units x grazing
days hayear™). We used thisinformation to calculate three indices for
fertilization, mowing and grazing intensity respectively, standardized
by their meanvalue across all three regions overall the years 2006-2018
(refs. ***%), We then quantified the LUl as the square root of the sum of
these three indices according to ref. **, using the LUI calculation tool”
implemented in BEXIS (https://doi.org/10.17616/R32P9Q). We used this
compound index as fertilization and mowing are positively correlated
(r=0.68),and grazing and mowing negatively correlated (r = -0.62). At
the minimum LUl of 0.5-0.7, grasslands are typically unfertilized, and
grazed by one cow (>2 years old) per hectare for 30 days (or one sheep
per hectare for the whole year). Atanintermediate LUl of 1.5, grasslands
are usually unfertilized (or fertilized with less than 30 kg N ha™ year™),
and are either mown twice ayear or grazed by one cow per hectare for
most of the year (300 days). At a high LUl of 3, grasslands are typically
fertilized at a rate of 60-120 kg N ha year™, are mown two to three
times a year or grazed by three cows per hectare for most of the year
(300 days), or are managed by acombination of grazing and mowing.
Additionally, we used historical land-use maps to calculate the per-
manency of field-level land use®*. Historical maps from the Schwibische
Alb are digitized cadastral maps from 1820, topographic maps (map
scale1:25,000) from the German Empire from 1910, and topographic
maps (mapscale1:25,000) from the Federal Republic of Germany from
1960. Historical maps from the Hainich are digitized old topographic
maps (map scale 1:25,000) from 1850, topographic maps (map scale
1:25,000) from the German Republic from 1930, and topographic maps
(mapscale1:10,000) from the German Democratic Republic from1960.
Historical maps from Schorfheide-Chorin are digitized old topographic
maps (map scale 1:25,000) of 1850, topographic maps (map scale
1:25,000) from the German Republic from 1930, and topographic maps
(mapscale1:25,000) from the German Democratic Republic from 1960.
Field-level land use permanency was calculated as the number of times
the field was recorded as being grassland within four survey dates
between1820/50 and 2008, and varied between 4 (the field was always
recorded asagrasslandinalltimepoints) and 1 (theland userecorded
atthefield level was different between all subsequent timepoints).

Landscape-level land use

Atthelandscapelevel (thatis, 1,000 mradius of the centre of the grass-
land plot), land use was recorded in 2008 within a1,000 m radius of
each grassland plot®**, and mapped in a geographical information
system database running on QGIS v3.24. This scale has been chosen
as it approximates the dispersal distance of different taxa. Land use
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was classified into six broad categories: croplands, grasslands, for-
ests, water bodies, roads and urban areas (Supplementary Table 2).
To describe the current landscape-level land use, we first calculated
the proportion of the landscape covered by grasslands. Grasslands
represent relatively undisturbed habitats in temperate agricultural
landscapes and are likely to act as favourable habitats and dispersal
corridors for some ecosystemservice providers®~°, We also calculated
the diversity of land-cover typesinthe landscape (thatis, the Shannon
diversity of land-cover types), which is positively related to biodiver-
sity in agricultural landscapes and been shown to positively affect
associated ecosystem services***>* Note that the Shannon diversity
index contains an evenness component, meaning low-abundance
land-cover types have little weighting in the three regions. Within the
1,000 mradii, water bodies, roads and urban areas generally covered
a small proportion (0.55-6.39%) of the landscape (Supplementary
Table 2). Therefore, the land-cover diversity metric was not sensitive
to the presence of these rare land-cover types. A second landscape
land-use survey was doneina250 mradius of the plotsin2017,and we
found that grassland cover (r= 0.81), forest cover (r=0.80) and total
land-cover diversity (r = 0.71) recorded in 2017 were highly correlated
with data calculated in the same 250 m radius of each grassland plot
in2008, suggesting that over the last 10 years landscape composition
was largely unchanged.

Additionally, we used the historical land-use maps to quantify the
landscape-level historical grassland cover, between1820/50 and 2008.
Todo so, we calculated theratio of the mean to the standard deviation
of grassland cover recorded in the landscape from 1820/50 to 2008.
Historical grassland cover values were high when there was a high
grassland cover, and this cover did not fluctuate over time.

Environmental factors

Ineach grassland plot, we measured important environmental covari-
ates known to affect plant species richness”'°? and ecosystem pro-
cesses’’. Soil thickness was measured as the combined thickness of all
topsoil and subsoil horizons. We determined soil thickness by sampling
asoil core in the centre of the study plots. We used a motor-driven
soil column cylinder with a diameter of 8.3 cm for the soil sampling
(Eijkelkamp, Giesbeek, the Netherlands). To determine soil pH, acom-
posite sample representing the soil of the whole plot was prepared
by mixing 14 mineral topsoil samples (0-10 cm, using a manual soil
corer with 5.3 cm diameter) from the same plot'®. Soil samples were
air dried and sieved (<2 mm), and we then measured the soil pHin the
supernatantofal:2.5mixture of soiland 0.01 M CacCl,. Finally, for each
plotwe calculated the TWI, defined as In(a/tanB) where aiis the specific
catchmentarea (cumulative upslope area that drains through a digital
elevation model (DEM, http://www.bkg.bund.de) cell, divided by per
unit contour length) and tanBis the slope gradientin radians calculated
over alocal region surrounding the cell of interest®”'**. TWI therefore
combines both upslope contributing area (determining the amount
of water received from upslope areas) and slope (determining the loss
of water from the site to downslope areas). TWI was calculated from
raster DEM data with a cell size of 25 m for all plots, using ArcGIS tools
(flow direction and flow accumulation tools of the hydrology toolset
and raster calculator)'®. The TWImeasure used was the average value
fora4 x4 window in the centre of the plot, that is, 16 DEM cells corre-
sponding to an area of 100 m x 100 m. Initial analyses found that this
was a stronger predictor than more local measures, thus indicating
itisrepresentative of the 50 m x 50 m plot area and its surroundings.

Data analysis

All analyses were performed using R version 4.1.2 (ref. '°°). To assess
the relative importance of plot-, field- and landscape-level factors in
driving cultural, aboveground regulating, aboveground provisioning
and belowground regulating ecosystem services, we used SEMs'"”.

Structural equation modelling is a statistical framework that uses a

combination of scientific theory and statistical control of co-varying
factors to help determine causal relationships in observational data-
sets's, This approach therefore allows for the quantification of inde-
pendent direct and indirect effects of multiple variables. We defined
five groups of predictors, spanning a range of spatial scales: (1) envi-
ronmental factors that may drive plant species richness”'* and also
directly affect ecosystem services®’: soil pH, soil thickness and the TWI;
(2) the plot-level plant diversity, corresponding to plant a-diversity;
(3) thefield-level plant diversity, whichincluded plant B-diversity and
planty-diversity; (4) the field-level land-use factors, which included LUI
and field-level grassland permanency; (5) the landscape-level land-use
factors, which included the land-cover diversity, the grassland cover
and the historical grassland cover. We formulated a hypothetical causal
model (Fig.1) based ona priori knowledge of grassland agroecosystem
landscapes and used this to test the fit of the model to the data. We
detailedintheintroductionafull explanation of the pathsincludedin
thismodel, and associated hypotheses, but note that this hypothetical
causal modelisbased onalargebody of theoretical and empirical stud-
ies beyond those cited in this study. Co-variances between variables
were added to the initial model if they significantly improved model
fit using modification indices (P < 0.05). We fitted separate SEM for
each ecosystem service measure individually, and for the different
multifunctionality measures (that s, cultural, aboveground regulating,
aboveground provisioning and belowground regulating ecosystem
services, and overall multifunctionality), using the lavaan package'®’.
Toaccount forinherent regional differencesin environmental factors,
plant diversity, land use and ecosystem services, we calculated the
residuals forall our variables from linear modelsincluding regionas a
predictor, and then used these residual values in all SEM analyses. To
allow comparison between the responses of the different ecosystem
services, we always use the same SEM structure, without running any
model simplification.

Weestimated direct and indirect effects as standardized path coef-
ficients, thus allowing for comparisons between ecosystem services.
We calculated the fit of each SEM to the data using a chi-squared test
(Supplementary Table 3). Response variables and predictors were log
transformed if necessary before analysis to meet linear model assump-
tions. To evaluate the relativeimportance of (1) environmental factors,
(2) the plot-level plant diversity, (3) the field-level plant diversity, (4)
the field-level land use and (5) the landscape-level land use as drivers
of ecosystem services, we expressed the importance of each group of
predictors as the percentage of the total effect they explained, based
onthe comparisonbetween the absolute values of their standardized
path coefficients and the sum of all absolute values of standardized
path coefficients from the SEM**'?%"'°, Before running our SEM, we
fitted separately linear models contained in the SEM (Supplementary
DataTable 2) to test for residual spatial autocorrelation using Moran’s
Itests. We did not find any evidence of residual spatial autocorrelation
(Pvalues > 0.10). To establish the link between biodiversity at a range
of spatial scales and the ecosystem services prioritized by a range of
stakeholders within our study regions, we used a similar approach
and fitted our SEM separately to each prioritized ecosystem service
measure, and to the different multifunctionality measures calculated
for each stakeholder group.

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

Data availability

This work is based on data from several projects of the Biodiversity
Exploratories programme (DFG Priority Program 1374). The data used
foranalyses are publicly available from the Biodiversity Exploratories
Information System (https://doi.org/10.17616/R32P9Q), or willbecome
publicly available after an embargo period of 3 years from the end of
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data assembly to give the owners and collectors of the data time to
perform their analysis. Any other relevant data are available from the

corresponding author upon reasonable request.

References

1.

10.

mn.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Hooper, D. U. et al. Effects of biodiversity on ecosystem
functioning: a consensus of current knowledge. Ecol. Monogr. 75,
3-35(2005).

Cardinale, B. J. et al. Biodiversity loss and its impact on humanity.
Nature 486, 59-67 (2012).

Tilman, D., Isbell, F. & Cowles, J. M. Biodiversity and ecosystem
functioning. Annu. Rev. Ecol. Evol. Syst. 45, 471-493 (2014).
Hector, A. et al. Plant diversity and productivity experiments in
European grasslands. Science 286, 1123-1127 (1999).

Soliveres, S. et al. Biodiversity at multiple trophic levels is needed
for ecosystem multifunctionality. Nature 536, 456-459 (2016).
Gross, N. et al. Functional trait diversity maximizes ecosystem
multifunctionality. Nat. Ecol. Evol. 1, 0132 (2017).

van der Plas, F. et al. Towards the development of general

rules describing landscape heterogeneity-multifunctionality
relationships. J. Appl. Ecol. 56, 168-179 (2019).

Jochum, M. et al. The results of biodiversity-ecosystem
functioning experiments are realistic. Nat. Ecol. Evol. 4,
1485-1494 (2020).

Duffy, J. E., Godwin, C. M. & Cardinale, B. J. Biodiversity effects in
the wild are common and as strong as key drivers of productivity.
Nature 549, 261-264 (2017).

van der Plas, F. et al. Biotic homogenization can decrease
landscape-scale forest multifunctionality. Proc. Natl Acad. Sci.
USA 113, E2549-E2549 (2016).

Isbell, F. et al. High plant diversity is needed to maintain
ecosystem services. Nature 477,199-202 (2011).

Hautier, Y. et al. Local loss and spatial homogenization of plant
diversity reduce ecosystem multifunctionality. Nat. Ecol. Evol. 2,
50-56 (2018).

Srivastava, D. S. & Vellend, M. Biodiversity-ecosystem function
research: is it relevant to conservation? Annu. Rev. Ecol. Evol. Syst.
36, 267-294 (2005).

Isbell, F. et al. Linking the influence and dependence of people on
biodiversity across scales. Nature 546, 65-72 (2017).

Mori, A. S., Isbell, F. & Seidl, R. B-Diversity, community

assembly, and ecosystem functioning. Trends Ecol. Evol. 33,
549-564 (2018).

Chase, J. M. & Knight, T. M. Scale-dependent effect sizes of
ecological drivers on biodiversity: why standardised sampling is
not enough. Ecol. Lett. 16, 17-26 (2013).

Chase, J. M. et al. Embracing scale-dependence to achieve a
deeper understanding of biodiversity and its change across
communities. Ecol. Lett. 21,1737-1751 (2018).

Barry, K. E. et al. The future of complementarity: disentangling
causes from consequences. Trends Ecol. Evol. 34, 167-180 (2019).
Loreau, M. & Hector, A. Partitioning selection and complementarity
in biodiversity experiments. Nature 412, 72-76 (2001).

Hagan, J. G., Vanschoenwinkel, B. & Gamfeldt, L. We should not
necessarily expect positive relationships between biodiversity
and ecosystem functioning in observational field data. Ecol. Lett.
24, 2537-2548 (2021).

Brose, U. & Hillebrand, H. Biodiversity and ecosystem
functioning in dynamic landscapes. Philos. Trans. R. Soc. B 371,
20150267 (2016).

Isbell, F. et al. Benefits of increasing plant diversity in sustainable
agroecosystems. J. Ecol. 105, 871-879 (2017).

Tscharntke, T. et al. Landscape moderation of biodiversity
patterns and processes-eight hypotheses. Biol. Rev. 87,

661-685 (2012).

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

a1.

42.

43.

44,

45,

Ricotta, C. On beta diversity decomposition: trouble shared is not
trouble halved. Ecology 91, 1981-1983 (2010).

Kraft, N. J. B. et al. Disentangling the drivers of (3 diversity

along latitudinal and elevational gradients. Science 333,
1755-1758 (2011).

Gonthier, D. J. et al. Biodiversity conservation in agriculture
requires a multi-scale approach. Proc. R. Soc. Lond. B 281,
20141358 (2014).

Flynn, D. F. et al. Loss of functional diversity under land use
intensification across multiple taxa. Ecol. Lett. 12, 22-33 (2009).
Seibold, S. et al. Arthropod decline in grasslands and

forests is associated with landscape-level drivers. Nature 574,
671-674 (2019).

Foley, J. A. et al. Solutions for a cultivated planet. Nature 478,
337-342 (20M).

Allan, E. et al. Land use intensification alters ecosystem
multifunctionality via loss of biodiversity and changes to
functional composition. Ecol. Lett. 18, 834-843 (2015).

Le Provost, G. et al. Land-use history impacts functional diversity
across multiple trophic groups. Proc. Natl Acad. Sci. USA117,
1573-1579 (2020).

Adl, S. M., Coleman, D. C. & Read, F. Slow recovery of soil
biodiversity in sandy loam soils of Georgia after 25 years

of no-tillage management. Agric. Ecosyst. Environ. 114,
323-334(2006).

Le Provost, G. et al. Contrasting responses of above- and
belowground diversity to multiple components of land-use
intensity. Nat. Commun. 12, 3918 (2021).

James, L. A. Legacy effects. Oxford Bibliographies in
Environmental Science https://doi.org/10.1093/OB0O/9780199
363445-0019 (2015).

Lamy, T., Liss, K. N., Gonzalez, A. & Bennett, E. M. Landscape
structure affects the provision of multiple ecosystem services.
Environ. Res. Lett. 11, 124017 (2016).

Alsterberg, C. et al. Habitat diversity and ecosystem
multifunctionality—the importance of direct and indirect effects.
Sci. Adv. 3, €1601475 (2017).

Tscharntke, T., Klein, A. M., Kruess, A., Steffan-Dewenter, |. &
Thies, C. Landscape perspectives on agricultural intensification
and biodiversity—ecosystem service management. Ecol. Lett. 8,
857-874 (2005).

Gamez-Virués, S. et al. Landscape simplification filters species
traits and drives biotic homogenization. Nat. Commun. 6,

8568 (2015).

Benton, T. G., Vickery, J. A. & Wilson, J. D. Farmland biodiversity:
is habitat heterogeneity the key? Trends Ecol. Evol. 18,

182-188 (2003).

Bullock, J. M., Aronson, J., Newton, A. C., Pywell, R. F. &
Rey-Benayas, J. M. Restoration of ecosystem services and
biodiversity: conflicts and opportunities. Trends Ecol. Evol. 26,
541-549 (201M1).

Dainese, M. et al. A global synthesis reveals biodiversity-
mediated benefits for crop production. Sci. Adv. 5,
eaax0121(2019).

Mitchell, M. G. E., Bennett, E. M. & Gonzalez, A. Linking landscape
connectivity and ecosystem service provision: current knowledge
and research gaps. Ecosystems 16, 894-908 (2013).

Fischer, M. et al. Implementing large-scale and long-term
functional biodiversity research: The Biodiversity Exploratories.
Basic Appl. Ecol. 11, 473-485 (2010).

Blathgen, N. et al. A quantitative index of land-use intensity in
grasslands: Integrating mowing, grazing and fertilization. Basic
Appl. Ecol. 13, 207-220 (2012).

Vogt, J. et al. Eleven years’ data of grassland management in
Germany. Biodivers. Data J. 7, 36387 (2019).

Nature Ecology & Evolution


http://www.nature.com/natecolevol
https://doi.org/10.1093/OBO/9780199363445-0019
https://doi.org/10.1093/OBO/9780199363445-0019

Article

https://doi.org/10.1038/s41559-022-01918-5

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Manning, P. et al. Redefining ecosystem multifunctionality. Nat.
Ecol. Evol. 2, 427-436 (2018).

Linders, T. E. W. et al. Stakeholder priorities determine the impact
of an alien tree invasion on ecosystem multifunctionality. People
Nat. 3, 658-672 (2021).

Nathan, R. Long-distance dispersal of plants. Science 313,
786-788 (2006).

Manning, P. et al. Grassland management intensification weakens
the associations among the diversities of multiple plant and
animal taxa. Ecology 96, 1492-1501 (2015).

Clough, Y. et al. Density of insect-pollinated grassland plants
decreases with increasing surrounding land-use intensity. Ecol.
Lett. 17, 1168-1177 (2014).

Vickery, J. A. et al. The management of lowland neutral grasslands
in Britain: effects of agricultural practices on birds and their food
resources. J. Appl. Ecol. 38, 647-664 (2001).

Lopez-Jamar, J., Casas, F., Diaz, M. & Morales, M. B. Local
differences in habitat selection by Great Bustards Otis tarda in
changing agricultural landscapes: implications for farmland bird
conservation. Bird. Conserv. Int. 21, 328-341 (2011).

Wells, K., Bohm, S. M., Boch, S., Fischer, M. & Kalko, E. K. Local
and landscape-scale forest attributes differ in their impact on bird
assemblages across years in forest production landscapes. Basic
Appl. Ecol. 12, 97-106 (2011).

Bommarco, R., Lindborg, R., Marini, L. & Ockinger, E. Extinction
debt for plants and flower-visiting insects in landscapes with
contrasting land use history. Divers. Distrib. 20, 591-599 (2014).
Kuussaari, M. et al. Extinction debt: a challenge for biodiversity
conservation. Trends Ecol. Evol. 24, 564-571(2009).

Lee, M., Manning, P., Rist, J., Power, S. A. & Marsh, C. A global
comparison of grassland biomass responses to CO, and nitrogen
enrichment. Philos. Trans. R. Soc. B 365, 2047-2056 (2010).
Smith, P. Do grasslands act as a perpetual sink for carbon? Glob.
Change Biol. 20, 2708-2711(2014).

Wagg, C., Bender, S. F., Widmer, F. & van der Heijden, M. G. A.
Soil biodiversity and soil community composition determine
ecosystem multifunctionality. Proc. Natl Acad. Sci. USA 1M,
5266-5270 (2014).

Bradford, M. A. et al. Discontinuity in the responses of ecosystem
processes and multifunctionality to altered soil community
composition. Proc. Natl Acad. Sci. USA 111, 14478-14483 (2014).
Schaub, S. et al. Plant diversity effects on forage quality, yield
and revenues of semi-natural grasslands. Nat. Commun. 11,

768 (2020).

Mace, G. M., Norris, K. & Fitter, A. H. Biodiversity and ecosystem
services: a multilayered relationship. Trends Ecol. Evol. 27,

19-26 (2012).

Peter, S., Le Provost, G., Mehring, M., Miiller, T. & Manning, P.
Cultural worldviews consistently explain bundles of ecosystem
service prioritisation across rural Germany. People Nat. 4,
218-230 (2022).

Emmerson, M. et al. How agricultural intensification affects
biodiversity and ecosystem services. Adv. Ecol. Res. 55,

43-97 (2016).

Gonzalez, A. et al. Scaling-up biodiversity-ecosystem functioning
research. Ecol. Lett. 23, 757-776 (2020).

Loreau, M., Mouquet, N. & Gonzalez, A. Biodiversity as spatial
insurance in heterogeneous landscapes. Proc. Natl Acad. Sci. USA
100, 12765-12770 (2003).

Anderson, B. J. et al. Spatial covariance between biodiversity
and other ecosystem service priorities. J. Appl. Ecol. 46,
888-896 (2009).

Maes, J. et al. Mapping ecosystem services for policy support
and decision making in the European Union. Ecosyst. Serv. 1,
31-39 (2012).

68.

69.

70.

7.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Metzger, J. P. et al. Considering landscape-level processes

in ecosystem service assessments. Sci. Total Environ. 796,
149028 (2021).

Costanza, R. et al. Twenty years of ecosystem services: how far
have we come and how far do we still need to go? Ecosyst. Serv.
28, 1-16 (2017).

DefFries, R. & Nagendra, H. Ecosystem management as a wicked
problem. Science 356, 265-270 (2017).

Diaz, S. et al. Assessing nature’s contributions to people. Science
359, 270-272 (2018).

Schenk, N. et al. Assembled ecosystem measures from grassland
EPs (2008-2018) for multifunctionality synthesis—June 2020.
Version 40. Biodiversity Exploratories Information System
https://www.bexis.uni-jena.de/ddm/data/Showdata/27087 (2022).
Michael Scherer-Lorenzen, M. & Mueller, S. Acoustic diversity
index based on environmental sound recordings on all forest EPs,
HAI, 2016. Version 2. Biodiversity Exploratories Information System
https://www.bexis.uni-jena.de/ddm/data/Showdata/27568
(2020).

Michael Scherer-Lorenzen, M. & Mueller, S. Acoustic diversity
index based on environmental sound recordings on all forest EPs,
Alb, 2016. Version 2. Biodiversity Exploratories Information System
https://www.bexis.uni-jena.de/ddm/data/Showdata/27569 (2020).
Michael Scherer-Lorenzen, M. & Mueller, S. Acoustic diversity
index based on environmental sound recordings on all

forest EPs, SCH, 2016. Version 2. Biodiversity Exploratories
Information System https://www.bexis.uni-jena.de/ddm/data/
Showdata/27570 (2020).

Penone, C. et al. Assembled RAW diversity from grassland EPs
(2008-2020) for multidiversity synthesis—November 2020.
Version 2. Biodiversity Exploratories Information System https://
www.bexis.uni-jena.de/ddm/data/Showdata/27707 (2021).
Penone, C. et al. Assembled species information from grassland
EPs (2008-2020) for multidiversity synthesis—November 2020.
Version 3. Biodiversity Exploratories Information System https://
www.bexis.uni-jena.de/ddm/data/Showdata/27706 (2021).
Junge, X., Schiipbach, B., Walter, T., Schmid, B. &
Lindemann-Matthies, P. Aesthetic quality of agricultural
landscape elements in different seasonal stages in Switzerland.
Landsc. Urban Plan. 133, 67-77 (2015).

Lindemann-Matthies, P., Junge, X. & Matthies, D. The influence of
plant diversity on people’s perception and aesthetic appreciation
of grassland vegetation. Biol. Conserv. 143, 195-202 (2010).
Haines-Young, R. & Potschin, M. B. Common International
Classification of Ecosystem Services (CICES) V5.1 and Guidance
on the Application of the Revised Structure. https://cices.eu/
content/uploads/sites/8/2018/01/Guidance-V51-01012018.pdf
(2018)

Byrnes, J. E. et al. Investigating the relationship between
biodiversity and ecosystem multifunctionality: challenges and
solutions. Methods Ecol. Evol. 5, 111-124 (2014).

Neyret, M. et al. Assessing the impact of grassland management
on landscape multifunctionality. Ecosyst. Serv. 52, 101366 (2021).
Ferraro, D. M. et al. The phantom chorus: birdsong boosts human
well-being in protected areas. Proc. R. Soc. B 287, 20201811 (2020).
Graves, R. A., Pearson, S. M. & Turner, M. G. Species richness
alone does not predict cultural ecosystem service value. Proc.
Natl Acad. Sci. USA 14, 3774-3779 (2017).

Chan, K. M. A, Satterfield, T. & Goldstein, J. Rethinking ecosystem
services to better address and navigate cultural values. Ecol.
Econ. 74, 8-18 (2012).

Villamagna, A. M., Angermeier, P. L. & Bennett, E. M. Capacity,
pressure, demand, and flow: a conceptual framework for
analyzing ecosystem service provision and delivery. Ecol.
Complex. 15, 114-121 (2013).

Nature Ecology & Evolution


http://www.nature.com/natecolevol
https://www.bexis.uni-jena.de/ddm/data/Showdata/27087
https://www.bexis.uni-jena.de/ddm/data/Showdata/27087
https://www.bexis.uni-jena.de/ddm/data/Showdata/27568
https://www.bexis.uni-jena.de/ddm/data/Showdata/27569
https://www.bexis.uni-jena.de/ddm/data/Showdata/27570
https://www.bexis.uni-jena.de/ddm/data/Showdata/27570
https://www.bexis.uni-jena.de/ddm/data/Showdata/27707
https://www.bexis.uni-jena.de/ddm/data/Showdata/27707
https://www.bexis.uni-jena.de/ddm/data/Showdata/27706
https://www.bexis.uni-jena.de/ddm/data/Showdata/27706
https://cices.eu/content/uploads/sites/8/2018/01/Guidance-V51-01012018.pdf
https://cices.eu/content/uploads/sites/8/2018/01/Guidance-V51-01012018.pdf

Article

https://doi.org/10.1038/s41559-022-01918-5

87. Bolliger, R., Prati, D., Fischer, M., Hoelzel, N. & Busch, V. Vegetation
Records for Grassland EPs, 2008-2018. Version 2. Biodiversity
Exploratories Information System https://www.bexis.uni-jena.de/
ddm/data/Showdata/24247 (2020).

88. Le Provost, G. & Manning, P. Cover of all vascular plant species
in representative 2x2 quadrats of the major surrounding
homogeneous vegetation zones in a 75-m radius of the 150
grassland EPs, 2017-2018. Version 4. Biodiversity Exploratories
Information System https://www.bexis.uni-jena.de/ddm/data/
Showdata/27846 (2021).

89. Koleff, P., Gaston, K. J. & Lennon, J. J. Measuring beta diversity for
presence-absence data. J. Anim. Ecol. 72, 367-382 (2003).

90. Baselga, A. Partitioning the turnover and nestedness components
of beta diversity. Glob. Ecol. Biogeogr. 19, 134-143 (2010).

91. Ostrowski, A., Lorenzen, K., Petzold, E. & Schindler, S. Land
use intensity index (LUI) calculation tool of the Biodiversity
Exploratories project for grassland survey data from three
different regions in Germany since 2006, BEXIS 2 module. Zenodo
https://doi.org/10.5281/zenodo.3865579 (2020).

92. Thiele, J., Weisser, W. & Scherreiks, P. Historical land use and
landscape metrics of grassland EP. Version 2. Biodiversity
Exploratories Information System https://www.bexis.uni-jena.de/
ddm/data/Showdata/25747 (2020).

93. Steckel, J. et al. Landscape composition and configuration
differently affect trap-nesting bees, wasps and their antagonists.
Biol. Conserv. 172, 56-64 (2014).

94. Westphal, C., Steckel, J. & Rothenwohrer, C. InsectScale /
LANDSCAPES - Landscape heterogeneity metrics (grassland EPs,
radii 500m-2000m, 2009) - shape files. Version 2. Biodiversity
Exploratories Information System https://www.bexis.uni-jena.de/
ddm/data/Showdata/24046 (2019).

95. Fahrig, L. et al. Functional landscape heterogeneity and animal
biodiversity in agricultural landscapes. Ecol. Lett. 14, 101-112
(20M).

96. Sirami, C. et al. Increasing crop heterogeneity enhances
multitrophic diversity across agricultural regions. Proc. Natl Acad.
Sci. USA 116, 16442-16447 (2019).

97. Gessler, P.E., Moore, I. D., Mckenzie, N. J. & Ryan, P. J. Soil-
landscape modelling and spatial prediction of soil attributes. Int.
J. Geogr. Inf. Syst. 9, 421-432 (1995).

98. Zinko, U., Seibert, J., Dynesius, M. & Nilsson, C. Plant species
numbers predicted by a topography-based groundwater flow
index. Ecosystems 8, 430-441(2005).

99. Moeslund, J. E. et al. Topographically controlled soil moisture
drives plant diversity patterns within grasslands. Biodivers.
Conserv. 22, 2151-2166 (2013).

100. Keddy, P. A. Assembly and response rules: two goals for
predictive community ecology. J. Veg. Sci. 3, 157-164 (1992).

101. Myers, M. C., Mason, J. T., Hoksch, B. J., Cambardella, C. A. &
Pfrimmer, J. D. Birds and butterflies respond to soil-induced
habitat heterogeneity in experimental plantings of tallgrass
prairie species managed as agroenergy crops in lowa, USA. J.
Appl. Ecol. 52, 1176-1187 (2015).

102. Carvalheiro, L. G. et al. Soil eutrophication shaped the
composition of pollinator assemblages during the past century.
Ecography 43, 209-221(2020).

108. Schoning, I., Klétzing, T., Schrumpf, M., Solly, E. & Trumbore,

S. Mineral soil pH values of all experimental plots (EP) of the
Biodiversity Exploratories project from 2011, Soil (core project).
Version 8. Biodiversity Exploratories Information System https://
www.bexis.uni-jena.de/ddm/data/Showdata/14447 (2021).

104. Sgrensen, R., Zinko, U. & Seibert, J. On the calculation of the
topographic wetness index: evaluation of different methods
based on field observations. Hydrol. Earth Syst. Sci. 10,

101-112 (2006).

105. Le Provost, G. et al. Aggregated environmental and land-use
covariates of the 150 grassland EPs used in ‘Contrasting
responses of above- and belowground diversity to multiple
components of land-use intensity’. Version 5. Biodiversity
Exploratories Information System https://www.bexis.uni-jena.de/
ddm/data/Showdata/31018 (2021).

106. R: a language and environment for statistical computing (R
Foundation for Statistical Computing, 2020).

107. Grace, J. B. Structural equation modeling for observational
studies. J. Wildl. Manag. 72, 14-22 (2008).

108. Grace, J. B. Structural Equation Modeling and Natural Systems
(Cambridge University Press, 2006).

109. Rosseel, Y. Lavaan: an R package for structural equation
modeling and more. Version 0.5-12 (BETA). J. Stat. Softw. 48,
1-36 (2012).

10. Le Bagousse-Pinguet, Y. et al. Phylogenetic, functional, and
taxonomic richness have both positive and negative effects
on ecosystem multifunctionality. Proc. Natl Acad. Sci. USA 116,
8419-8424 (2019).

Acknowledgements

We thank the managers of the three Exploratories, I. Steitz, S.
Weithmann, F. Staub, S. Gockel, K. Wiesner, K. Lorenzen, A. Hemp,

M. Gorke, M. Teuscher and all former managers for their work

in maintaining the plot and project infrastructure; S. Pfeiffer, M.
Gleisberg, C. Fischer and J. Mangels for giving support through

the central office, J. Nieschulze, M. Owonibi and A. Ostrowski for
managing the central database, and E. Linsenmair, D. Hessenmoller,
F. Buscot, E.-D. Schulze and the late E. Kalko for their role in setting up
the Biodiversity Exploratories project. We thank the administration of
the Hainich National Park, the UNESCO Biosphere Reserve Swabian
Alb and the UNESCO Biosphere Reserve Schorfheide-Chorin as well
as all landowners for the excellent collaboration. The work was partly
funded by the DFG Priority Program 1374 ‘Biodiversity-Exploratories’
and by the Senckenberg Gesellschaft fir Naturforschung. C.W.

is grateful for being funded by the German Research Foundation
(DFG, Project number 493487387). E.K. is supported by the German
Research Foundation (DFG, KA1590/8-5). H.S. is supported by a Maria
Zambrano fellowship funded by the Ministry of Universities and
European Union-Next Generation plan. M.M.G. acknowledges support
from the Swiss National Science Foundation (grant number 310030E-
173542). S.M. is supported by the German Research Foundation (DFG,
MA4436/1-5). P.M. acknowledges support from the German Research
Foundation (DFG; MA 7144/1-1). Field work permits were issued by the
state environmental offices of Baden-Wurttemberg, Thiringen and
Brandenburg from 2008 to 2021.

Author contributions

G.L.P. and P.M. conceived the study, designed and performed

the analyses; G.L.P. and P.M. wrote the manuscript with significant
inputs from all authors. Data were contributed by G.L.P.,, NV.S.,
C.P,JT,CW., E.A., M.A,,N.B.,RS.B.,R.B., V.B., M\.F.,, M.M.G., N.H.,
K.J., EK., V.HK., TK., S.L., S. Marhan, K.M., S. Miller, F.N., Y.O., D.P., S.P,
D.J.P, MC.R, D.S., M.S.-L., M. Schloter, I.S., M. Schrumpf, J.S., I.S.-D.,
MT., JV., CW., W. Weisser, KW., MW., W. Wilcke and P.M. Authorship
order was determined as follows: (1) core authors; (2) other authors
contributing data and inputs on the manuscript (alphabetical); (3)
senior author.

Competinginterests
The authors declare no competing interests.

Additional information
Extended data is available for this paper at
https://doi.org/10.1038/s41559-022-01918-5.

Nature Ecology & Evolution


http://www.nature.com/natecolevol
https://www.bexis.uni-jena.de/ddm/data/Showdata/24247
https://www.bexis.uni-jena.de/ddm/data/Showdata/24247
https://www.bexis.uni-jena.de/ddm/data/Showdata/27846
https://www.bexis.uni-jena.de/ddm/data/Showdata/27846
https://doi.org/10.5281/zenodo.3865579
https://www.bexis.uni-jena.de/ddm/data/Showdata/25747
https://www.bexis.uni-jena.de/ddm/data/Showdata/25747
https://www.bexis.uni-jena.de/ddm/data/Showdata/24046
https://www.bexis.uni-jena.de/ddm/data/Showdata/24046
https://www.bexis.uni-jena.de/ddm/data/Showdata/14447
https://www.bexis.uni-jena.de/ddm/data/Showdata/14447
https://www.bexis.uni-jena.de/ddm/data/Showdata/31018
https://www.bexis.uni-jena.de/ddm/data/Showdata/31018
https://doi.org/10.1038/s41559-022-01918-5
https://doi.org/10.1038/s41559-022-01918-5

Article

https://doi.org/10.1038/s41559-022-01918-5

Supplementary information The online version contains supplementary
material available at https://doi.org/10.1038/s41559-022-01918-5.

Correspondence and requests for materials should be addressed to
Gaétane Le Provost.

Peer review information Nature Ecology & Evolution thanks Rebecca
Chaplin-Kramer, Shaopeng Wang, and the other, anonymous,
reviewer(s) for their contribution to the peer review of this work.

Reprints and permissions information is available at
www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with
regard to jurisdictional claims in published maps and
institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with
the author(s) or other rightsholder(s); author self-archiving of the
accepted manuscript version of this article is solely governed by the
terms of such publishing agreement and applicable law.

© The Author(s), under exclusive licence to Springer Nature Limited
2022

Gaétane Le Provost ® 2"/, Noélle V. Schenk ® 3, Caterina Penone ®3, Jan Thiele®, Catrin Westphal®, Eric Allan®?3,
Manfred Ayasse®, Nico Bliithgen®7, Runa S. Boeddinghaus®®, Andrea Larissa Boesing®', Ralph Bolliger ®3,

Verena Busch'®, Markus Fischer ® ', Martin M. Gossner ® "2, Norbert Holzel ® *®, Kirsten Jung ® %, Ellen Kandeler®5,
Valentin H. Klaus ® ", Till Kleinebecker ® °, Sophia Leimer ® *°, Sven Marhan?, Kathryn Morris® ', Sandra Miiller®",
Felix Neff ® "8, Margot Neyret®", Yvonne Oelmann®, David J. Perovié ® °, Sophie Peter ® "%, Daniel Prati®,

Matthias C. Rillig?>?%, Hugo Saiz>*?*, Deborah Schifer?, Michael Scherer-Lorenzen® ", Michael Schloter ® 267,

Ingo Schoning ® 2, Marion Schrumpf ® 2, Juliane Steckel?®, Ingolf Steffan-Dewenter?®, Marco Tschapka®, Juliane Vogt®°,
Christiane Weiner ®’, Wolfgang Weisser ® *', Konstans Wells ® *, Michael Werner ® 2°, Wolfgang Wilcke ® ** &

Peter Manning®"**

'Senckenberg Biodiversity and Climate Research Centre (SBIK-F), Senckenberg Gesellschaft fiir Naturforschung, Frankfurt, Germany. 2INRAE, Bordeaux
Sciences Agro, ISVV, SAVE, Villenave d’'Ornon, France. 3Institute of Plant Sciences, University of Bern, Bern, Switzerland. “Thiinen Institute of Biodiversity,
Braunschweig, Germany. *Functional Agrobiodiversity, Department of Crop Sciences, University of Géttingen, Géttingen, Germany. ®Institute of
Evolutionary Ecology and Conservations Genomics, University of Ulm, Ulm, Germany. ’Ecological Networks, Biology, Technische Universitat Darmstadt,
Darmstadt, Germany. 8Institute of Soil Science and Land Evalution, Department of Soil Biology, University of Hohenheim, Stuttgart, Germany. °Center

for Agricultural Technology Augustenberg (LTZ), Section Agroecology, Karlsruhe, Germany. '°Department of Landscape Ecology and Resources
Management, Justus Liebig University Giessen, GieBen, Germany. "Forest Entomology, WSL Swiss Federal Research Institute, Birmensdorf, Switzerland.
Department of Environmental Systems Science, Institute of Terrestrial Ecosystems, ETH Zdirich, Ziirich, Switzerland. ®Institute of Landscape Ecology,
University of Miinster, Miinster, Germany. “Institute of Agricultural Sciences, ETH Ziirich, Ziirich, Switzerland. ®Research Data Services, University
Library, University of Duisburg-Essen, Duisburg, Germany. *Department of Biology, Xavier University, Cincinnati, OH, USA. VUniversity of Freiburg, Faculty
of Biology, Geobotany, Freiburg, Germany. ®Agroecology and Environment, Agroscope, Zurich, Switzerland. *Geoecology, University of Tiibingen,
Tibingen, Germany. 2°School of Environmental and Rural Science, University of New England, Armidale, New South Wales, Australia. ?ISOE—Institute
for Social-Ecological Research, Biodiversity and People, Frankfurt am Main, Germany. ZInstitut fiir Biologie, Plant Ecology, Freie Universitat Berlin, Berlin,
Germany. ZBerlin-Brandenburg Institute of Advanced Biodiversity Research (BBIB), Berlin, Germany. 2*Departamento de Ciencias Agrarias y Medio
Natural, Escuela Politécnica Superior, Instituto Universitario de Investigacion en Ciencias Ambientales de Aragon (IUCA), Universidad de Zaragoza,
Huesca, Spain. ®Botanical Garden of the University of Bern, Bern, Switzerland. Helmholtz Munich, Research Unit for Comparative Microbiome Analysis,
Oberschleissheim, Germany. ?Chair for Soil Science, Technical University of Munich, Freising, Germany. Max-Planck Institute for Biogeochemistry,
Jena, Germany. 2°Department of Animal Ecology and Tropical Biology, Biocenter, University of Wiirzburg, Am Hubland, Wiirzburg, Germany. *°Natura
2000-Station ‘Unstrut-Hainich/Eichsfeld’, Wildtierland Hainich gGmbH, Hérselberg-Hainich, Germany. *'Terrestrial Ecology Research Group, Department
of Ecology and Ecosystem Management, Technical University of Munich, Freising, Germany. **Department of Biosciences, Swansea University, Swansea,
UK. ®Institute of Geography and Geoecology, Karlsruhe Institute of Technology (KIT), Karlsruhe, Germany. **Department of Biological Sciences,
University of Bergen, Bergen, Norway. [</e-mail: gaetane.le-provost@inrae.fr

Nature Ecology & Evolution


http://www.nature.com/natecolevol
https://doi.org/10.1038/s41559-022-01918-5
http://www.nature.com/reprints
mailto:gaetane.le-provost@inrae.fr
http://orcid.org/0000-0002-1643-6023
http://orcid.org/0000-0003-3240-1135
http://orcid.org/0000-0002-8170-6659
http://orcid.org/0000-0001-9641-9436
http://orcid.org/0000-0001-6349-4528
http://orcid.org/0000-0002-7467-4281
http://orcid.org/0000-0001-5383-9713
http://orcid.org/0000-0002-5589-5900
http://orcid.org/0000-0003-1516-6364
http://orcid.org/0000-0002-6367-3400
http://orcid.org/0000-0002-9449-2215
http://orcid.org/0000-0002-2854-0012
http://orcid.org/0000-0002-7469-6800
http://orcid.org/0000-0003-1121-2861
http://orcid.org/0000-0001-6272-204X
http://orcid.org/0000-0003-3548-444X
http://orcid.org/0000-0003-4289-755X
http://orcid.org/0000-0001-7266-2589
http://orcid.org/0000-0001-9435-1634
http://orcid.org/0000-0003-3513-6568
http://orcid.org/0000-0002-7301-5591
http://orcid.org/0000-0002-5262-6780
http://orcid.org/0000-0001-9566-590X
http://orcid.org/0000-0003-1671-1125
http://orcid.org/0000-0002-9830-5026
http://orcid.org/0000-0003-4219-4125
http://orcid.org/0000-0003-4013-4663
http://orcid.org/0000-0002-2757-8959
http://orcid.org/0000-0003-0377-2463
http://orcid.org/0000-0002-1670-7137
http://orcid.org/0000-0002-6031-4613
http://orcid.org/0000-0002-7940-2023

Article

https://doi.org/10.1038/s41559-022-01918-5

B Environmental factors
Plot-level plant diversity (50 m x 50 m)

- Field-level plant diversity (75 m radius from the plot centre)
Field-level land use (75 m radius from the plot centre)

- Landscape-level land use (1,000 m radius from the plot centre)

Cultural ecosystem services m

Aboveground regulating ecosystem services

Acoustic Bird watching Total flower - Natural enemy Lack of pathogen . Dung
diversity potential cover Pollination abundance infection Lack of herbivory decomposition
Historical grassland cover | | [ | || | | | I
Grassland cover l | | I l l I
Land-cover diversity ] || | | | | |
\ \
| \ \ \
Plant y-diversity l | || | 1 | |
Plant -diversity | ] [ | | || | |
iversit \ ] \
Topographic wetness index | | | [ | [ | | |
Soil thickness \ . | l l I ‘
Soil pH ] ] | 1 | | [ |
06 -02 02 0606 -02 02 0606 -02 02 0606 -02 02 06-06 -02 02 06-06 -02 02 0606 -02 02 0606 -02 02 06
Aboveground provisioning . .
ecosystem services Belowground regulating ecosystem services ;I;
Shoot biomass Forage quality Soil ) Pho;pht_)rus Nitrogt_en retention Soil carbon Pqt_entigl Groundwater
aggregation retention index index stocks nitrification recharge
Historical grassland cover [ | | [ | || |
Grassland cover | | ] || |
Land-cover diversity B [ | | [ | |
\ | |
\
Plant y-diversity [ | ] | . [ | [ ]
Plant B-diversity | [ | || | | |
: ers \ \ \
Topographic wetness index . | . . . .
Soil thickness | ] | | |
Soil pH ] | | |
06 02 02 0606 02 02 0606 -02 02 0606 02 02 0606 02 02 0606 -02 02 0606 -02 02 0606 02 02 06

Extended Data Fig. 1| Drivers of individual cultural, aboveground regulating
and provisioning, and belowground regulating ecosystem servicesin
grasslands. Total standardized effects were calculated based on the results

of structural equation models (considering both direct and indirect effects
ofthe predictors) for each predictor: environmental factors, plot-level (50 m
x50 m) plant diversity, field-level (75 m radius from the plot centre) plant
diversity, field-level (75 m radius from the plot centre) land use, and landscape-
level (1,000 m radius from the plot centre) land use. The total standardized
effects correspond to the sum of standardized direct effects (that is individual
paths) and indirect effects (that is the multiplied paths). All predictors were
scaled to allow interpretation of parameter estimates on a comparable scale.
Plot-level and landscape-level predictors were log-transformed. n =150

Total standardized effect

biologically independent samples for birdwatching potential, forage quality,
nitrogen retention index, potential nitrification, groundwater recharge; n =147
biologically independent samples for lack of herbivory; n = 146 biologically
independent samples for soil carbon stocks; n =142 biologically independent
samples for dung decomposition, lack of pathogen infection and shoot biomass;
n=136Dbiologically independent samples for phosphorus retention index;
n=119 biologically independent samples for pollination; n = 114 biologically
independent samples for acoustic diversity; n = 93 biologically independent
samples for soil aggregation; n = 83 biologically independent samples for the
natural enemy abundance; n = 70 biologically independent samples for the total
flower cover.
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Extended Data Fig. 2| The multiple drivers of cultural, aboveground
regulating and provisioning, and belowground regulating ecosystem
services in grasslands considering average-based multifunctionality indices.
Total standardized effects were calculated based on the results of structural
equation models (considering both direct and indirect effects of the predictors)
for each predictor: environmental factors, plot-level (50 m x 50 m) plant
diversity, field-level (75 m radius from the plot centre) plant diversity, field-level
(75 mradius from the plot centre) land use, and landscape-level (1,000 m radius
from the plot centre) land use. Models were fitted to four multifunctionality

measures: cultural, aboveground regulating and provisioning, and belowground
regulating ecosystem service multifunctionality. The total standardized effects
correspond to the sum of standardized direct effects (that is individual paths)
andindirect effects (that is the multiplied paths). For each multifunctionality
measure, total standardized effects of the different predictors are ordered from
the highest positive effect to the lowest negative effect. All predictors were scaled
to allow interpretation of parameter estimates on acomparable scale. Plot-

level and landscape-level predictors were log-transformed. n =150 biologically
independent samples.
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Extended Data Fig. 3| The multiple drivers of cultural, aboveground
regulating and provisioning, and belowground regulating ecosystem
services in grasslands considering multifunctionality indices calculated
atthe25% (panel ontheleft) and75% (panel on theright) thresholds. Total
standardized effects were calculated based on the results of structural equation
models (considering both direct and indirect effects of the predictors) for each
predictor: environmental factors, plot-level (50 m x 50 m) plant diversity, field-
level (75 mradius from the plot centre) plant diversity, field-level (75 m radius
fromthe plot centre) land use, and landscape-level (1,000 m radius from the
plot centre) land use. Models were fitted to four multifunctionality measures:
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cultural, aboveground regulating and provisioning, and belowground regulating
ecosystem service multifunctionality. The total standardized effects correspond
to the sum of standardized direct effects (that is individual paths) and indirect
effects (thatis the multiplied paths). For each multifunctionality measure,

total standardized effects of the different predictors are ordered from the
highest positive effect to the lowest negative effect. All predictors were scaled

to allow interpretation of parameter estimates on acomparable scale. Plot-

level and landscape-level predictors were log-transformed. n =150 biologically
independent samples.
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Extended Data Fig. 4 | Drivers of plot-level plant a-diversity, and field-level factors, plot-level (50 m x 50 m) plant diversity, field-level (75 m radius from the
plant B-diversity and y-diversity. To assess the surrounding field-level plant plot centre) plant diversity, field-level (75 m radius from the plot centre) land
diversity of each grassland plot, we surveyed the vegetation within the major use, and landscape-level (1,000 m radius from the plot centre) land use. The
surrounding homogeneous vegetation zonesin a 75 mradius of each plot (that total standardized effects correspond to the sum of standardized direct effects
is field level). These zones were mostly situated within the same grassland-field (thatis individual paths) and indirect effects (that is the multiplied paths). Total
as the focal plot but we occasionally surveyed other habitat types (c.20% were standardized effects of the different predictors are ordered from the highest
situated in hedgerows, margins or forests). We surveyed at least four quadrats positive effect to the lowest negative effect. All predictors were scaled to allow
inthe surroundings of each grassland plot. Total standardized effects were interpretation of parameter estimates on a comparable scale. Plot-level and
calculated based on the results of structural equation models (considering both landscape-level predictors were log-transformed. See Supplementary Data Table
directand indirect effects of the predictors) for each predictor: environmental 2for the individual path coefficients. n = 150 biologically independent samples.
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Extended Data Fig. 5| Drivers of overall ecosystem service total standardized effects correspond to the sum of standardized direct
multifunctionality, considering (a) a 50% threshold-based index or (b) effects (thatis individual paths) and indirect effects (that is the multiplied
an average-based index. Total standardized effects were calculated based paths). For each multifunctionality measure, total standardized effects of the
on the results of structural equation models (considering both direct and different predictors are ordered from the highest positive effect to the lowest
indirect effects of the predictors) for each predictor: environmental factors, negative effect. All predictors were scaled to allow interpretation of parameter
plot-level (50 m x 50 m) plant diversity, field-level (75 m radius from the plot estimates on acomparable scale. Plot-level and landscape-level predictors were
centre) plant diversity, field-level (75 m radius from the plot centre) land log-transformed. n =150 biologically independent samples.

use, and landscape-level (1,000 m radius from the plot centre) land use. The
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Extended Data Fig. 6 | The multiple drivers of the most prioritized ecosystem
servicesingrasslands by local stakeholders: aesthetic value, biodiversity
conservation, fodder production, carbon sequestration. Total standardized
effects were calculated based on the results of structural equation models
(considering both direct and indirect effects of the predictors) for each
predictor: environmental factors, plot-level (50 m x 50 m) plant diversity,
field-level (75 mradius from the plot centre) plant diversity, field-level (75m
radius from the plot centre) land use, and landscape-level (1,000 m radius

from the plot centre) land use. Models were fitted to four ecosystem service
supply variables: aesthetic value (that is acoustic diversity and total flower
cover, n=129 independent samples), fodder production (that is shoot biomass

and forage quality, n =150 independent samples), biodiversity conservation
(thatis birdwatching potential, n =150 independent samples) and carbon
sequestration (that is soil carbon stocks, n =146 independent samples). The total
standardized effects correspond to the sum of standardized direct effects (that
isindividual paths) and indirect effects (that is the multiplied paths). For each
ecosystem service supply variable, total standardized effects of the different
predictors are ordered from the highest positive effect to the lowest negative
effect. All predictors were scaled to allow interpretation of parameter estimates
onacomparablescale. Plot-level and landscape-level predictors were log-
transformed.
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For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Acoustic diversity was recorded using an autonomous recording system (Soundscape Explorer T, Lunilettronics).

Total nitrogen concentrations in ground samples of aboveground biomass were determined using an elemental auto-analyzer (NA1500,
CarloErba, Milan, Italy).

To estimate Phosphorus concentrations for the phosphorus retention index, we used a continuous flow analyzer (Bran+Luebbe, Norderstedt,
Germany) with the molybdenum blue method.

Ammonium and nitrate concentrations were determined by continuous flow analysis with a photometric autoanalyzer (CFA-SAN Plus; Skalar
Analytik, Germany).

To prepare samples for estimation of soil carbon stocks, we used a ground with a ball mill (RETSCH MM200, Retsch, Haan, Germany). Total
carbon (TC) contents were analyzed on ground subsamples by dry combustion in a CN analyzer “Vario Max” (Elementar Analysensysteme
GmbH, Hanau, Germany).

We used a motor driven soil column cylinder with a diameter of 8.3 cm for the soil sampling (Eijkelkamp, Giesbeek, The Netherlands) to
determine soil thickness and soil pH.




Data analysis Data analyses were conducted using R version 4.1.2 and QGIS version 3.24.
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- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

This work is based on data from several projects of the Biodiversity Exploratories programme (DFG Priority Program 1374). The data used for analyses are publicly
available from the Biodiversity Exploratories Information System (https://doi.org/10.17616/R32P9Q), or will become publicly available after an embargo period of
three years from the end of data assembly to give the owners and collectors of the data time to perform their analysis. Any other relevant data are available from
the corresponding author upon reasonable request.

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender Sex and gender information were not considered in our analyses as it was not relevant to our research questions.
Population characteristics See above.
Recruitment Expert workshops were conducted in 2018 in three German regions, with representatives of numerous pre-selected

stakeholder groups. Based on these workshops, lists of stakeholder groups were established. A large survey was then
conducted across 14 stakeholder groups in 2019, in which 321 voluntary respondents were invited to complete the survey
and requested to quantify the priorities for ecosystem services of their respective group. At the beginning of the survey,
written consent was requested for the collection and processing of anonymous personal data. All participants of the survey
and workshops could withdraw at any time and we have complied with all relevant ethical regulations. We focused on four
stakeholder groups, who placed high priority on grassland services, but with contrasting priorities to different services: local
residents, nature conservation associations, the agriculture and the tourism sectors (126 respondents in total). For further
details on survey methodology see Peter et al. (2022) People and Nature 4, 218-230.

Ethics oversight Senckenberg Gesellschaft fur Naturforschung employed the researchers who conducted this study. They did not have an
ethics committee for social science research at the time when the data were collected. However, the standards and
recommendations of the German Data Forum (2017) were followed and employed. This includes that a written consent for
the collection and processing of the anonymised personal survey data was obtained before starting the survey. Participation
in the survey was voluntary. At any time, the participants were able to cancel the survey or withdraw their consent.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

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.

|:| Life sciences |:| Behavioural & social sciences |X| Ecological, evolutionary & environmental sciences

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 The studied grassland plots are part of the large-scale and long-term Biodiversity Exploratories project (www.biodiversity-
exploratories.de) and are located in three German regions: (i) the Schwabische Alb region in the low mountain range of south-
western Germany; (ii) the Hainich-Duin region in hilly central Germany; and (iii) the Schorfheide-Chorin region in the post-glacial
lowlands of north-eastern Germany. The three regions differ in climate, geology and topography, but each is characterized by a
gradient of grassland land-use intensity that is typical for large parts of temperate Europe. In each region, fifty plots (50 m x 50 m)
were chosen in mesic grasslands by stratified random sampling from a total of 500 candidate plots on which initial vegetation, soil
and land-use surveys were conducted. This ensured that the plots covered the whole range of land-use intensities and management
types, while minimizing confounding factors such as spatial position or soil type. All plots were grasslands for at least 10 years before
the start of the project in 2006. In summary, there are 150 replicates, nested within three regions, each containing 50 replicates.

Research sample The sample unit is a 50 m x 50 m grassland plot, in which we took measures of biodiversity and 16 ecosystem services (cultural
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Research sample

Sampling strategy

Data collection

ecosystem services: acoustic diversity, bird watching potential and total flower cover; aboveground regulating ecosystem services:
pollination, natural enemy abundance, lack of pathogen infection, lack of herbivory, dung decomposition; aboveground provisioning
ecosystem services: shoot biomass and forage quality; belowground regulating ecosystem services: soil aggregation, phosphorus
retention index, nitrogen retention index, soil carbon stocks, potential nitrification, groundwater recharge). Data from different years
and samples were pooled per plot. Measures were also taken in the surroundings of each plot (see sampling strategy section).

At the plot level (i.e. 50 m x 50 m grassland plot), we annually sampled vascular plants in an area of 4 m x 4 m on each plot between
mid-May and mid-June, and estimated the percentage cover of each occurring species. For our local plant a-diversity measure, we
used mean plant species richness between 2009 and 2018.

To assess the field-level plant diversity of each grassland plot, we surveyed the vegetation within the major surrounding
homogeneous vegetation zones in a 75-m radius of each plot in 2017 and 2018. Each of these zones represented visually distinct
habitats and were mostly situated within the same grassland-field as the focal plot, but we occasionally surveyed other habitat types
(c. 20% were situated in hedgerows, margins or forests). In each of these zones, we selected a single, representative area of 2 m x 2
m in which the cover of all vascular plant species was estimated. We surveyed at least four zones for each grassland plot. If less than
four different homogeneous zones were identified, we surveyed the vegetation twice or more within a large homogeneous zone. We
characterized the overall changes in species composition between these surrounding plant communities (i.e. field-level plant B-
diversity) by calculating the average of all pairwise dissimilarities between plant communities based on Sgrensen dissimilarity index.
In addition, to characterize the overall surrounding species pool (i.e. plant y-diversity), we calculated the total species richness
recorded in these surrounding zones.

In each of the 150 grassland plots, data on 16 indicators of ecosystem services were collected. These services included (i) three
cultural ecosystem services: acoustic diversity (the distribution of acoustic energy among frequency bands during diurnal recordings),
bird watching potential (bird diversity), aesthetic value (total flower cover); (ii) five aboveground regulating ecosystem services:
pollination (number of flower visitors), natural enemy abundance (number of attacked brood cells by parasitoid predating pest
insects recorded in trap-nesting wasps), lack of pathogen infection (inverse of the total cover of foliar fungal pathogens), lack of
herbivory (inverse of the total proportion of leaf area damaged by invertebrate herbivores), dung decomposition (proportion of dung
dry mass removed); (i) two aboveground provisioning ecosystem services: shoot biomass (peak standing biomass), forage quality
(index based on crude protein concentration and relative forage value); (iv) six belowground regulating ecosystem services: soil
aggregation (proportion of water stable soil aggregates), phosphorus retention index (calculated as a ratio between shoot and
microbial phosphorus stocks and that of soil extractable phosphorus), nitrogen retention index (calculated as a ratio between shoot
and microbial nitrogen stocks and that of soil extractable nitrogen), soil carbon stocks (soil organic carbon stocks in the top 10 cm),
potential nitrification (ammonia oxidation under lab conditions), groundwater recharge (annual net downward water fluxes to below
0.15 m soil depth).

No statistical methods were used to predetermine sample size.
The percentage cover of each vascular plant species was visually estimated and recorded on sheets of paper.

Acoustic diversity was estimated by recording sounds 1 minute every 10 minutes each day in April and May 2016, from 7am to 7pm,
using an autonomous recording system (Soundscape Explorer T, Lunilettronics) placed at 2-m height in the center of the grassland
plot. The acoustic diversity (ADI) was calculated across the frequency range of 0-24 kHz using 1 kHz steps and a decibel threshold of
-50.

Birds were surveyed during the breeding season (March-June) by standardized audio-visual point-counts between 2008-2012. We
used fixed-radius point counts and recorded all individuals, seen or heard during a five-minute count during the morning chorus
(sunrise-11:00h) were registered. In exceptional cases, observations were made during the evening chorus (last 3 hours before
sunset). Each plot was visited five times each year.

Flower cover was estimated by counting flowering units, i.e. single flowers or aggregations of flowers that touched each other, of all
flowering plant species (excluding grasses and sedges) on transects along the four edges of each plot (50 m x 4 x 3 m = 600 m2).
Flowering units were counted before and after the first mowing event. For very abundant plant species we extrapolated the number
of flowering units from an area of 112 m2 homogeneously distributed across the transect area on each plot. Total blossom cover of
each species was calculated by multiplying the number of flowering units by the area of a single flowering unit. We obtained data on
sizes of flowering units from the literature. In case of very variably sized flowering units (e.g. in some Apiaceae) we estimated the
area of each flowering unit individually. The total blossom cover of each plot was calculated as the sum of the individual blossom
cover of all plant species.

Pollination was estimated on a transect of 200 x 3 m along the plot edge where all individual flower visitors were recorded and
identified during three transect walks (total 6 h) on a single day. The total number of individuals of the orders Diptera, Hymenoptera,
Lepidoptera and Coleoptera (excluding Nitidulidae) defined the total abundance used here.

Natural enemy abundance was estimated using four wooden poles placed 4-m apart on each plot and two trap nests and mounted
1.5 m high on each pole. Trap nests were constructed using PVC tubes 10.5 cm in diameter, filled with reed internodes of Phragmites
australis. To sample the entire community of cavity-nesting species, we used reed of internodes differing in diameter (0.2-1.2 cm).
Trap nests were installed between the middle of April and the middle of May 2008 and were collected at the end of September and
beginning of October 2008. The traps were stored until hatching and the wasps emerging were counted and identified to species.
Here we include only those wasps feeding on pest insects. This was the total number of wasp individuals belonging to the families
Crabonidae (excluding Trypoxylon species, which feed on spiders) and Vespidae.

Pathogen infection was estimated on four transects of 25 x 1 m per plot all plant species were scanned for pathogens infection,
including rust, powdery mildew, downy mildew and smut fungi. The percentage of infected plants was multiplied with the severity
per pathogen species (divided by 1000 to get a number between 0 and 1). The infection of all pathogens per plant species was
combined, because one plant species can be infected by various pathogens at the same time. The infection severity per plant species
was multiplied with the according plant species cover on each plot separately. For each plot, we then calculated the lack of pathogen
infection as 1 - the total cover of foliar fungal pathogens.
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Herbivory was estimated by collecting leaf material of the 10 most abundant plant species at the margins of each 50 m x 50 m plot to
reduce impact on other experiments. Plant material was collected before the first mowing event. For each plant, we visually
estimated the area damaged by invertebrate herbivores on 12 to 200 leaves (depending on leaf size) and measured total leaf area
using a leaf area meter. The deduced herbivory rates (% damaged area) per plant species were then summarised to community-level
herbivory rates based on the respective plant cover values in vegetation records of the sampling year (2017 or 2018). For each plot,
we then calculated the lack of herbivory as 1 - the herbivory rate.

Dung decomposition was estimated by installing five dung piles (cow, sheep, horse, wild boar, red deer) on each 150 plots and
collected the remaining dung after 48 hours. The average percentage of scaled (per dung type) dung dry mass removed (mostly by
tunneling dung beetles) was used as indicator of dung removal rates.

Shoot biomass was estimated between mid-May and mid-June each year. Peak-standing aboveground biomass was harvested by
clipping the vegetation 2 - 3 cm above ground in four randomly placed quadrates of 0.5 m x 0.5 m in each subplot. Dead standing
biomass was removed as far as possible form the samples. Plant biomass was dried at 80°C for 48 hours and weighed. Temporary
fences prevented biomass removal by livestock or cutting before sampling.

Forage quality was estimated as the mean of scaled crude protein concentration and scaled relative forage value. Total nitrogen
concentrations in ground samples of aboveground biomass were determined using an elemental auto-analyzer (NA1500, CarloErba,
Milan, Italy). Neutral detergent fibre (NDF) and acid detergent fibre (ADF) contents were measured gravimetrically.

Soil aggregation was estimated as the proportion of water stable soil aggregates. Five perforated plastic cups filled with crushed
sterile soil and wrapped with 35 um mesh were buried in each plot from April to October 2011. After collection, one combined soil
sample for each site was prepared by combining the contents of all recovered cups from each site. A subsample of this soil was
passed through a 250 um sieve under water to determine the percentage of water stable macroaggregates.

Phosphorus (P) retention index was calculated as the ratio between the sum of P in aboveground vascular plants and microbes
related to the sum of plant-available P in soil, P in vascular plants and P in microbes as follow: PRI = (Pb + Pm) / (Pb + Pm + Ps), where
Pb = P in plants x Plant biomass, Pm = P in microbes x Bulk density, and Ps = Olsen Pi x Bulk density. Plant samples were digested with
concentrated HNO3 in a microwave oven. In the extracts, Pi concentrations were determined with a continuous flow analyzer (Bran
+Luebbe, Norderstedt, Germany) using the molybdenum blue method. To determine the microbial biomass P, we used a
combination of methods. We used hexanol instead of chloroform as fumigation agent. Plant-available P concentrations in soil were
determined using a slightly modified NaHCO3 method. 0.5 g of air-dried soil was extracted with 0.2 | of a 0.5 M NaHCO3 solution
(adjusted to pH 8.5 with 1M NaOH).

Nitrogen (N) retention index was calculated as the ratio between N in aboveground vascular plants and microbes related to the sum
of N in soil, N in vascular plants and N in microbes as follow: NRI = (Nb + Nm) / (Nb + Nm + Ns), where Nb = N in plants x Plant
biomass, Nm = N in microbes x Bulk density, and Ns = (NH4 + NO3) x Bulk density. .Plant samples were dried at 80 C for 48 h,
weighed and pulverized using a cyclone mill. Samples of 2-3 g were analyzed with a NIR spectrometer. The reflectance spectrum of
each pulverized biomass sample was recorded between 1250 and 2350 nm at 1 nm intervals; with each scan consisting of 24 single
measurements averaged to one spectrum. Calibration models that were used to predict N, P and K concentrations were derived from
previously established calibration models; accuracy of model prediction was checked by applying an external validation process.
Chloroform-fumigation-extraction method was used to determine microbial biomass nitrogen. N was extracted from each fumigated
and non-fumigated replicate (5 g) with 40 ml 0.5 M M K2SO4. The suspension was horizontally shaken (30 Min, 150 rpm) and
centrifuged (30 Min, 4400 x g). Fumigated sample replicates were incubated with CHCI3 for 24 hours. N concentrations in dissolved
(1:4, extract:deion. H20) extracts were measured with a TOC/TN analyzer (Multi N/C 2100S, Analytik Jena AG, Jena, Germany).
Ammonium (NH4) and nitrate (NO3) analyzed in the 2011 soil campaign (see Methods) were used to estimate N in soil. After
extraction of soil samples with 0.01 M CaCl2 at a soil-to-liquid ratio of 1:3, ammonium and nitrate concentrations were determined
by continuous flow analysis with a photometric autoanalyzer (CFA-SAN Plus; Skalar Analytik, Germany).

Soil carbon stocks were estimated using composite soil samples weighed, air-dried, sieved (<2 mm), homogenized and ground with a
ball mill (RETSCH MM200, Retsch, Haan, Germany). Total carbon (TC) contents were analyzed on ground subsamples by dry
combustion in a CN analyzer “Vario Max” (Elementar Analysensysteme GmbH, Hanau, Germany). Inorganic carbon (IC) was
determined after combustion of organic carbon in a muffle furnace (450°C for 16 h). The soil organic carbon (SOC) equals the
difference between TC and IC. The total soil mass was calculated based on the weight of the dry fine-soil (105°C) and its volume.
Organic carbon stocks were determined by multiplying SOC concentrations with the total soil mass (<2 mm, 0-10 cm) per m2 for each
plot.

Potential nitrification was estimated as potential nitrification rates. 10 mM ammonium sulphate solution was supplied as substrate to
2.5g of soil composite samples, from the 2011 soil sampling campaign (see Methods). 1.5M sodium chlorate was added to prevent
the turnover of nitrite to nitrate. After incubation for 5h at 25°C, 2M potassium chloride was used to stop the reaction, followed by
20 min incubation and a centrifugation step. After addition of ammonium chloride buffer and a reagent for nitrite determination to
the supernatant, the colour reaction was spectrometrically detected. Potential nitrification rates were calculated as the production of
nitrite per g of dry soil per hour.

Groundwater recharge was calculated as annual net downward water fluxes to below 0.15 m soil depth, i.e. downward minus
upward water fluxes by capillary rise. We used a soil water balance model, developed to calculate vertical soil water fluxes (in mm)
from the 0-0.15 m soil layer in grassland. The model is based on the soil water balance equation: P + UF = DF + ETa + AS; where P is
precipitation, UF is upward flux (via capillary rise), DF is downward flux, ETa is actual evapotranspiration, and AS is the change in soil
water storage between two subsequent observation dates (AS = St2 - St1). As input data for the model, we used biweekly
precipitation, and climate data (soil moisture, air temperature, relative humidity) per plot. The model output comprised biweekly
actual evapotranspiration, downward water flux and upward water flux. The net flux from the 0—0.15 m soil layer to deeper soil was
calculated as the difference between downward water flux and upward water flux in 14-day resolution and then aggregated to
annual resolution for the years 2010 to 2016. Then, we used the average values of the net flux per plot; i.e. the net flux between the
0-0.15 m soil layer and deeper soil in mm as an estimate of the water flux to deeper soil layers and finally into groundwater.
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Timing and spatial scale

Data exclusions

Reproducibility

Randomization

Blinding

Soil thickness was measured as the combined thickness of all topsoil and subsoil horizons. We determined soil depth by sampling a
soil core in the center of the study plots. We used a motor driven soil column cylinder with a diameter of 8.3 cm for the soil sampling
(Eijkelkamp, Giesbeek, The Netherlands). For soil pH, a composite sample representing the soil of the whole plot was prepared by
mixing 14 mineral topsoil samples (0-10 cm, using a manual soil corer with 5.3 cm diameter) from the same plot. Soil samples were
air dried and sieved (< 2 mm), and we then measured the soil pH in the supernatant of a 1:2.5 mixture of soil and 0.01 M CaCl2.

Samples were operated in the field and sorted in the lab by trained technicians. All identification was done by expert taxonomists. All
people involved in data collection are listed in the acknowledgments section.

Within the Biodiversity Exploratories project, some ecosystem services are sampled regularly by ‘core’ projects (e.g. biomass
production), while the sampling and data gathering on other services depend on the funding of more temporary ‘contributing’
projects. Therefore, all services have not been sampled annually.

The timing of the sampling was selected to coincide with the annual peak of biological activity:

- Plants were sampled annually from mid-May to mid-June, from 2008 to 2018.

- Acoustic diversity was recorded in April and May, in 2016.

- Birds were observed annually from March to June, from 2008 to 2012.

- Total flower cover was estimated between May and September, in 2009.

- Pollination was estimated between April and August, in 2008.

- Natural enemy abundance was estimated between April and October, in 2008.

- Pathogen infection was estimated between May and June, in 2011.

- Herbivory was estimated in May 2017 or 2018.

- Dung decomposition was estimated between May and July, in 2014 or 2015.

- Shoot plant biomass was estimated between mid-May and mid-June, each year from 2009 to 2017.
- Forage quality was estimated between May and June, each year from 2009 to 2013.

- Soil aggregation was estimated using soil samples collected from April to October, in 2011.

- Phosphorus and Nitrogen retention indices were estimated using samples collected in 2014.

- Soil carbon stocks were estimated using soil samples collected from April to October, in 2011.

- Potential nitrification was estimated using soil samples collected from April to October, in 2011.
- Groundwater recharge was estimated between 2010 and 2016.

All these data were collected within a 50 m x 50 m area, in 150 grassland plots. These grassland plots were chosen to cover a wide
gradient of land-use intensity.

To assess the surrounding plant diversity of each grassland plot, we have also surveyed the vegetation within the major surrounding
homogeneous vegetation zones in a 75-m radius of each plot from May to July (during the growing season) in 2017 and 2018. These
zones were mostly situated within the same grassland-field as the focal plot but we occasionally surveyed other habitat types (c. 20%
were situated in hedgerows, margins or forests).

No data was excluded from the analyses.

There are no experiments in the study. Our data were collected as part of a monitoring over several years and which cannot be
repeated.

Study plots were selected from 3000 candidate plots. Surveys of initial vegetation and land use were conducted on candidate plots
by stratified random sampling to ensured that the selected plots covered the whole range of land-use intensity in each region, and to
minimize confounding effects of spatial position or soil type.

Investigators were not aware of the land-use intensity of the plot were they worked, but they could not otherwise be blinded during
data collection and analyses for example with respect to the year a sample came from.

Did the study involve field work? X ves [Ino

Field work, collection and transport

Field conditions

Location

Access & import/export

For ecosystem services relying on observation on arthropods (i.e. pollination, natural enemy abundance), the sampling was carried
out during the day, when the vegetation was dry (no rainfall) and wind speed was low.

For birds, the sampling was carried out during the morning chorus (sunrise-11:00h) when the wind speed was low. In exceptional
cases, observations were made during the evening chorus (last 3 hours before sunset).

For all other measures, the sampling was operated at all weather conditions.

Our data were collected in three German regions: (1) Schwabische Alb in south-western Germany (420 km?, 460-860 m above
sea level (a.s.l.), Latitude: 48.413, Longitude: 9.4912); (2) Hainich-Diin in central Germany (1560 km?, 285-550 m a.s.l., Latitude:
51.1186, Longitude: 10.5056); and (3) Schorfheide-Chorin in northeastern Germany (1300 km?, 3—140 m a.s.l., Latitude: 53.0178,
Longitude: 14.0042). Exact plot locations cannot be disclosed due to a legal agreement with landowners.

Fieldwork permits were issued from 2008 to 2021 by the responsible state environmental offices of Baden-Wirttemberg
(Regierungsprasidium Tibingen), Thiringen (Thuringer Landesverwaltungsamt) and Brandenburg (Landesumweltamt Brandenburg).
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Disturbance Activity of investigators was spatially limited to the 50 m x 50 m grassland plots. We used small paths to access the plots and carefully
ensure to avoid any damage to the habitat. Destructive sampling was minimized by using protocols described in the Methods section.

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.
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Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study

X|[ ] Antibodies [] chip-seq

IXI|[ ] Eukaryotic cell lines [] Flow cytometry

|:| Palaeontology and archaeology |:| MRI-based neuroimaging
[] Animals and other organisms

XI|[ ] Clinical data

IXI|[ ] Dual use research of concern

Palaeontology and Archaeology

Specimen provenance Geological samples were collected in three German regions: (1) Schwiabische Alb in south-western Germany (420 km?, 460-860 m
above sea level (a.s.l.), Latitude: 48.413, Longitude: 9.4912); (2) Hainich-Diin in central Germany (1560 km?, 285-550 m a.s.l.,
Latitude: 51.1186, Longitude: 10.5056); and (3) Schorfheide-Chorin in northeastern Germany (1300 km?, 3—140 m a.s.l., Latitude:
53.0178, Longitude: 14.0042). Exact plot locations cannot be disclosed due to a legal agreement with landowners. Soil samples were
collected and exported in a responsible manner and in accordance with relevant permits and local laws. Fieldwork permits were
issued from 2008 to 2021 by the responsible state environmental offices of Baden-Wrttemberg (Regierungsprasidium Tibingen),
Thuringen (Thuringer Landesverwaltungsamt) and Brandenburg (Landesumweltamt Brandenburg).

Specimen deposition Geological samples were collected by original data providers from different institutions in Germany, who are listed as co-authors on
our manuscript. Geological samples are deposited in the respective institution of data providers, and data provider names are listed
in Supplementary Data Table 1.

Dating methods No new dates are provided.

Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight The responsible state environmental offices of Baden-Wrttemberg (Regierungsprasidium Tubingen), Thiringen (Thuringer
Landesverwaltungsamt) and Brandenburg (Landesumweltamt Brandenburg) approved the study protocol.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals No laboratory animals were involved in the study.

Wild animals Arthropods were collected in the field and killed using ethanol. Identification of arthropods requires killing and transport to the lab
were microscopes can be used. Bird species were assessed by remote observation only (see Methods section for details).

Reporting on sex Sex was not considered in the study design as it was not relevant to our research questions.

Field-collected samples  Aboveground arthropod samples were stored in 93% ethanol at 7°C except for short time periods during transport, sorting and
identification.

Ethics oversight It could not be ruled out that threatened or protected species would be collected and killed. Thus, permission was required from the
authorities which was granted for scientific reasons. These permits were issued by the responsible state environmental offices of
Baden-Wirttemberg (Regierungsprasidium Tubingen), Thiringen (Thuringer Landesverwaltungsamt) and Brandenburg
(Landesumweltamt Brandenburg).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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