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Human land use threatens global biodiversity and compromises multiple ecosystem functions critical to
food production. Whether crop yield–related ecosystem services can be maintained by a few dominant
species or rely on high richness remains unclear. Using a global database from 89 studies (with 1475 loca-
tions), we partition the relative importance of species richness, abundance, and dominance for pollination;
biological pest control; and final yields in the context of ongoing land-use change. Pollinator and enemy
richness directly supported ecosystem services in addition to and independent of abundance and domi-
nance. Up to 50% of the negative effects of landscape simplification on ecosystem services was due to
richness losses of service-providing organisms, with negative consequences for crop yields. Maintaining
the biodiversity of ecosystem service providers is therefore vital to sustain the flow of key agroecosystem
benefits to society.
INTRODUCTION
Natural and modified ecosystems contribute a multitude of functions
and services that support human well-being (1, 2). It has long been re-
cognized that biodiversity plays an important role in the functioning of
ecosystems (3, 4), but the dependence of ecosystem services on bio-
diversity is under debate.An early synthesis revealed inconsistent results
(5), whereas subsequent studies suggest that a few dominant species
may supply the majority of ecosystem services (6, 7). It thus remains
unclear whether a few dominant or many complementary species are
needed to supply ecosystem services.

The interpretation of earlier studies has been controversial because
multiplemechanisms underlying changes in ecosystem service response
to biodiversity can operate in combination (8, 9). On one hand, com-
munities with many species are likely to include species responsible for
large community-wide effects due to statistical selection. On the other
hand, such diverse communities may contain a particular combination
of species that complement each other in service provisioning. While
these mechanisms imply positive effects of species richness on eco-
system service supply, total organism abundance or dominance of cer-
tain species may also drive the number of interactions benefiting
ecosystem service supply. Depending on the relative importance of spe-
cies complementarity, community abundance, and the role of dominant
species, different relationships between species richness and ecosystem
services can be expected (10).

In real-world ecosystems, natural communities consist of a fewhigh-
ly abundant (dominant species) andmany rare ones. The importance of
richness, abundance, and dominance is likely to be influenced by the
extent to which relative abundance changes with species richness (11)
and by differences in the effectiveness and degree of specialization of
service-providing communities. However, these three aspects of diver-
sity have typically been tested in isolation and mainly in small-scale ex-
perimental settings (12, 13), while a synthetic study contrasting their
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relative importance in real-world ecosystems is still lacking. A major
limitation to resolving these relationships is a lack of evidence from
real-world human-driven biodiversity changes (14, 15), particularly
for ecosystem services in agroecosystems. For instance, changes in rich-
ness and total or relative abundance of service-providing organisms in
response to land-clearing for agriculture (16, 17) could alter the flow of
benefits to people in different ways compared to experimental random
loss of biodiversity.

Over the past half-century, the need to feed a growing world popu-
lation has led to markedly expanded and intensified agricultural pro-
duction, transforming many regions into simplified landscapes (18).
This transformation not only has contributed to enhanced agricultural
production but also has led to the degradation of the global
environment. The loss of biodiversity can disrupt key intermediate
services to agriculture, such as crop pollination (19) and biological pest
control (20), which underpin the final provisioning service of crop
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production (21). The recent stagnation or even decline of crop yields
with ongoing intensification (22) indicates that alternative pathways
are necessary tomaintain future stable and sustainable crop production
(23–25). An improved understanding of global biodiversity-driven eco-
system services in agroecosystems and their cascading effects on crop
production is urgently needed to forecast future supplies of ecosystem
services and to pursue strategies for sustainable management (15).

We compiled an extensive database comprising 89 studies that
measured richness and abundance of pollinators, pest natural enemies,
and associated ecosystem services at 1475 sampling locations around
theworld (Fig. 1A).We focused on the ecosystem services of pollination
andbiological pest control because these services are essential to croppro-
duction and have been the focus ofmuch research in recent decades (26).
We quantified pollinator and pest natural enemy richness as the number
of unique taxa sampled fromeach location (field), abundance as thenum-
ber of observed individuals, and evenness (or the complementary term,
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dominance) as the Evar index (27) that reflects the relative abundance
of those taxa. We derived a standardized index of pollination services
using measures of pollination success (fruit set or seed set) and plant
reproduction (pollen limitation) and of pest control services using
measures of natural enemy activity (predation or parasitism rates)
and crop damage (pest activity) (see Materials and Methods). We
z-transformed each measure separately to remove the effect of differ-
ences in measurement scale between indices and inverted values for
those measures where low values indicate positive contribution to eco-
system service (i.e., pest activity).We also characterized the 1-km-radius
landscape surrounding each field by measuring the percentage of
cropland from high-resolution land-use maps. This landscape metric
has been used as a relevant proxy for characterizing landscape simpli-
fication (28, 29) and is often correlated with other indicators of land-
scape complexity (30, 31).

Using a Bayesian multilevel modeling approach, we addressed three
fundamental yet unresolved questions in the biodiversity-ecosystem
function framework: (i) Do richness, abundance, and dominance sus-
tain ecosystem services in real-world ecosystems? (ii) Does landscape
simplification indirectly affect ecosystem services mediated by a loss
Dainese et al., Sci. Adv. 2019;5 : eaax0121 16 October 2019
of local community diversity? (iii) How strong are the cascading effects
of landscape simplification on final crop production?
RESULTS AND DISCUSSION
We found clear evidence that richness of service-providing organisms
positively influenced ecosystem service delivery. This was detected for
both pollination (Fig. 1B and table S2) and pest control (Fig. 1C and
table S2) and in almost all studies (figs. S1 and S2). As differentmethods
were used in different studies to quantify richness and ecosystem
services, we tested the sensitivity of our results tomethodological differ-
ences. The bivariate relationships between richness and ecosystem
services were robust to the taxonomic resolution to which each orga-
nism was identified, the sampling methods used to collect pollinators
and natural enemies, and the pollination and pest control service mea-
sures used (see Materials and Methods).

The positive contribution of richness to service supply was also
confirmed in a series of path analyses where we partitioned the relative
importance of richness, total abundance, and evenness in driving bio-
diversity–ecosystem services relationships (Fig. 2). Although richness
Fig. 1. Distribution of analyzed studies and effects of richness on ecosystem services provisioning. (A) Map showing the size (number of crop fields sampled) and
location of the 89 studies (further details of studies are given in table S1). (B) Global effect of pollinator richness on pollination (n = 821 fields of 52 studies). (C) Global
effect of natural enemy richness on pest control (n = 654 fields of 37 studies). The thick line in each plot represents the median of the posterior distribution of the
model. Light gray lines represent 1000 random draws from the posterior. The lines are included to depict uncertainty of the modeled relationship.
3 of 13
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showed the larger contribution in both models, we also found a direct
effect of total abundance (Fig. 2, A andB) and evenness (Fig. 2, C andD)
on ecosystem service delivery.While both richness and total abundance
showed a positive effect, evenness had a negative effect, suggesting that
dominant species contribute more strongly to service supply. This inte-
grative assessment of different aspects of community structure revealed
a more multilayered relationship between biodiversity and ecosystem
services than has been previously acknowledged. Our results
complement previous findings for pollination (7, 21, 32) and pest con-
trol (33) and indicate that richness and total and relative abundance are
notmutually exclusive but concurrently contribute to support these two
key ecosystem services to agriculture. Hence, we find strong support for
the role of species-rich communities in supporting pollination and pest
control services.
Dainese et al., Sci. Adv. 2019;5 : eaax0121 16 October 2019
Furthermore, we found that landscape simplification indirectly af-
fected ecosystem services by reducing the richness of service-providing
organisms. Roughly a third of the negative effects of landscape simpli-
fication on pollination were due to a loss in pollinator richness (Fig. 3A
and table S5). This effect was even greater for pest control where natural
enemy richnessmediated about 50%of the total effect of landscape sim-
plification (Fig. 3B and table S5). A similar pattern was also found
considering abundance in addition to richness. In this case, landscape
simplification indirectly affected ecosystem services by reducing both
richness and abundance of service-providing organisms (fig. S4, A
andB, and table S6). A consistent richness-mediated effectwas also con-
firmed when we tested the direct and indirect effects of landscape sim-
plification on ecosystem services via changes in both richness and
evenness (fig. S4, C and D, and table S7). However, contrary to our ex-
Fig. 2. Direct and indirect effects of richness, total abundance, and evenness on ecosystem services. (A) Path model of pollinator richness as a predictor of pollination,
mediated by pollinator abundance. (B) Pathmodel of natural enemy richness as a predictor of pest control, mediated by natural enemy abundance. (C) Path model of pollinator
richness as a predictor of pollination, mediated by pollinator evenness. (D) Path model of natural enemy richness as a predictor of pest control, mediated by natural enemy
evenness. Pollination model, n = 821 fields of 52 studies; pest control model, n = 654 fields of 37 studies. Path coefficients are effect sizes estimated from the median of the
posterior distribution of the model. Black and red arrows represent positive or negative effects, respectively. Arrow widths are proportional to highest density intervals (HDIs).
4 of 13
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pectation, landscape simplification led to higher pollinator evenness. It
is likely that landscape simplification has stronger effects on more
specialized, rare species and shifts assemblages toward more evenly
abundant,mobile, generalist specieswith a higher ability to use scattered
resources in the landscape (34, 35). These findings, combined with the
larger contribution of richness when tested in combination with even-
ness, suggest that not only dominant species but also relatively rare spe-
Dainese et al., Sci. Adv. 2019;5 : eaax0121 16 October 2019
cies contributed to pollination services (32, 36). The effect of landscape
simplification on ecosystem services was minimized when not consid-
ering the mediated effect of richness, especially for pest control. We did
not find a direct landscape simplification effect on pest control [all high-
est density intervals (HDIs) overlapped zero; Fig. 3B and table S5].
Together, these results demonstrate strong negative indirect effects of
landscape simplification on biodiversity-driven ecosystem services in
agroecosystems and the importance of the richness and abundance of
service-providing organisms in mediating these effects.

Last, for a subset of the data that had crop production information
(674 fields of 42 studies), we found that the cascading effects of land-
scape simplification, mediated through richness and associated eco-
system services, led to lower crop production. This was detected for
both pollination (Fig. 4A and table S8) and pest control (Fig. 4B
and table S8). Specifically, landscape simplification reduced both pol-
linator and natural enemy richness, which had indirect consequences
for pollination and pest control and, in turn, decreased crop produc-
tion. For pest control, a positive link with crop production was detected
in fields where the study area was not sprayed with insecticides during
the course of the experiment (Fig. 4B) but not when considering all
sites combined (with and without insecticide use; fig. S4). In sprayed
areas, we did not find a pest control effect (all HDIs overlapped zero),
probably because effects were masked by insecticide use (37, 38), in-
dicating that insecticide use undermines the full potential of natural
pest control. A positive link with crop production was detected, al-
though measures used to estimate pest control (natural enemy and
pest activity) were not direct components of crop production, as
was the case of pollination measures (fruit or seed set). We also found
an indirect influence of dominance (Fig. 4 and table S8) but not of
abundance (fig. S4 and table S9) on crop production. However, the
indirect dominance pathway was weaker than that via richness. An
abundance effect may not have been detectable because of the lower
sample size in these submodels with crop production. Although only
available from a subset of the data, this result supports the hypothesis
that the effects of landscape simplification can cascade up to reducing
the final provisioning service of crop production.

Our findings suggest that some previously inconsistent responses of
natural enemy abundance and activity to surrounding landscape
composition (39) can be reconciled by considering richness in addition
to abundance. Although richness and abundance are often correlated,
their response to environmental variation can differ. This was evident in
the path analysis showing a strong effect of landscape simplification on
richness but only a marginal effect on abundance (fig. S3B). Moreover,
effect sizes for natural enemy abundances in individual studies (fig. S5)
showed similarly inconsistent responses to the previous synthesis (39).
Likewise, results for natural enemy activity showed inconsistent re-
sponses to surrounding landscape composition in both syntheses
[Fig. 3B and (39)].

Using an integrative model to assess key ecological theory, we dem-
onstrate that the negative effects of landscape simplification on service
supply and final crop production are primarily mediated by loss of spe-
cies. We found strong evidence for positive biodiversity–ecosystem ser-
vice relationships, highlighting that managing landscapes to enhance
the richness of service-providing organisms (40, 41) is a promising
pathway toward a more sustainable food production globally. In an
era of rapid environmental changes, preserving biodiversity-driven
services will consistently confer greater resilience to agroecosystems,
such that we could expect improved crop production under a broader
range of potential future conditions.
Fig. 3. Direct and indirect effects of landscape simplification on richness of
service-providing organisms and associated ecosystem services. (A) Path
model of landscape simplification as a predictor of pollination, mediated by pollina-
tor richness (n = 821 fields of 52 studies). (B) Path model of landscape simplification
as a predictor of pest control, mediated by natural enemy richness (n = 654 fields of
37 studies). Path coefficients are effect sizes estimated from the median of the pos-
terior distribution of the model. Black and red arrows represent positive and negative
effects, respectively. Arrow widths are proportional to HDIs. Gray arrows represent
nonsignificant effects (HDIs overlapped zero).
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http://advances.sciencemag.org/


SC I ENCE ADVANCES | R E S EARCH ART I C L E

 on June 12, 2020
http://advances.sciencem

ag.org/
D

ow
nloaded from

 

MATERIALS AND METHODS
Database compilation
We compiled data from crop studies where measures of richness and
abundance of service-providing organisms (pollinators or natural
enemies) and associated ecosystem services (pollination and biological
Dainese et al., Sci. Adv. 2019;5 : eaax0121 16 October 2019
pest control) were available for the same sites. If available, we also in-
cluded information on yield. Studies were identified by first searching
the reference lists of recent meta-analyses (7, 21, 39, 42, 43) and then
directly contacting researchers. For pest control, data were mostly
provided from a recent pest control database (39). Of 191 researchers
Fig. 4. Direct and cascading effects of landscape simplification on final crop production via changes in richness, evenness, and ecosystem services. (A) Path model
representing direct and indirect effects of landscape simplification on final crop production through changes in pollinator richness, evenness, and pollination (n = 438 fields of
27 studies). (B) Pathmodel representing direct and indirect effects of landscape simplification on final crop production through changes in natural enemy richness, evenness,
and pest control [only insecticide-free areas were considered in the model (n = 185 fields of 14 studies)]. Path coefficients are effect sizes estimated from the median of the
posterior distribution of the model. Black and red arrows represent positive and negative effects, respectively. Arrow widths are proportional to HDIs. Gray arrows represent
nonsignificant effects (HDIs overlapped zero).
6 of 13

http://advances.sciencemag.org/


SC I ENCE ADVANCES | R E S EARCH ART I C L E

 on June 12, 2020
http://advances.sciencem

ag.org/
D

ow
nloaded from

 

initially contacted, 86 provided data that met our criteria. As similar
studies were frequently performed in the same area, occasionally in
the same year, and studies with multiple years usually used different
sites each year, we did not nest year within study. Likewise, some studies
collected data in different crops. Thus, we considered each year ofmulti-
year studies (that is, 10 studies) and each crop ofmulticrop studies (that
is, 5 studies) to be an independent dataset and used study-crop-year
combinations as the highest hierarchical unit. Overall, we analyzed data
from 89 studies and 1475 fields in 27 countries around the world (table
S1). Twenty-nine crops were considered, including a wide array of an-
nual and perennial fruit, seed, nut, stimulant, pulse, cereal, and oilseed
crops. Studies represented the spectrum of management practices, in-
cluding conventional, low-input conventional, integrated pest manage-
ment, and organic farming. Few studies compared differentmanagement
practices in similar landscapes, crop types, or sampled year. In 76% of
fields, pest control experiments were performed in insecticide-free areas.
In some fields, this information was not available (7%) or insecticides
were applied (17%).

Pollinator and pest natural enemy richness and abundance
Studies used a broad range of methods, which we categorized as active
or passive (44), to sample pollinators or natural enemies. Active
sampling methods included netting pollinators seen on crop flowers,
hand-collecting individuals on plants, observational counting, sweep-
netting, and vacuum sampling. Passive samplingmethods weremalaise
traps, pan traps, pitfall traps, and sticky cards. Active sampling was per-
formed in 85% of pollinator sampling fields and in 50% of natural en-
emy sampling fields.

Pollinators included representatives from the orders Hymenoptera,
Diptera, Lepidoptera, and Coleoptera. Bees (Hymenoptera: Apoidea)
were the most commonly observed pollinators and included Apis bees
(Apidae:Apis mellifera,Apis cerana,Apis dorsata, andApis florea), sting-
less bees (Apidae: Meliponini), bumblebees (Apidae: Bombus spp.),
carpenter bees (Apidae: Xylocopini), small carpenter bees (Apidae:
Ceratinini), sweat bees (Halictidae), long-horned bees (Apidae: Eucerini),
plasterer bees (Colletidae), mining bees (Andrenidae), and mason bees
(Megachilidae). Non-bee taxa included syrphid flies (Diptera: Syrphidae),
other flies (Diptera: Calliphoridae, Tachinidae, and Muscidae), but-
terflies and moths (Lepidoptera), various beetle families (Coleoptera),
and hymenopterans including ants (Formicidae) and the paraphyletic
group of non-bee aculeate wasps. Natural enemies included ground
beetles (Coleoptera), flies (Diptera), spiders (Aranea), hymenopterans
including ants (Formicidae) and wasps, bugs (Hemiptera), thrips
(Thysanoptera), net-winged insects (Neuroptera), bats, and birds.

We calculated pollinator and natural enemy richness as the number
of unique taxa sampled per study, method, and field. A taxon was
defined as a single biological type (that is, species, morphospecies, ge-
nus, and family) determined at the finest taxonomic resolution towhich
each organism was identified. In almost 70% of cases, taxonomic reso-
lution was to species level (averaged proportion among all studies), but
sometimes, it was based onmorphospecies (15%), genus (8%), or family
levels (7%). Taxon richness per field varied between 1 and 49 for polli-
nators and between 1 and 40 for natural enemies. Abundance reflected
the sum of individuals sampled per study, method, and field. Pollina-
tor richness was calculated either including or excluding honey bees
(A. mellifera). A. mellifera was considered as the only species within
the honey bee group for consistency across all datasets (43). Other
Apis bees (that is,A. cerana,A. dorsata, andA. florea) were not pooled
into the honey bee category as the large majority of observed individ-
Dainese et al., Sci. Adv. 2019;5 : eaax0121 16 October 2019
ualswere derived from feral populations. Feral andmanagedhoney bees
were analyzed as a single group because they cannot be distinguished
during field observations. Feral honey bees were uncommon in most
studies except for those in Africa and South America (A. mellifera is
native in Africa, while it was introduced to the Americas). In studies
with subsamples within a field (that is, plots within fields or multiple
sampling rounds within fields), we calculated the total number of indi-
viduals and unique taxa across these subsamples.

We also calculated evenness using the Evar index (27). This index is
based on the variance of log abundances (centered on the mean of log
abundances) and then appropriately scaled to cover 0 to 1 (0,maximally
uneven and 1, perfectly even).

Pollination and pest control services
As different methods were used to quantify pollination or pest control
services across studies, standardization was necessary to put all the in-
dices on equivalent terms. Therefore, we transformed each index y in
each field i in each study jusing z scores.We preferred the use of z scores
over other transformations (for example, division by themaximum) be-
cause z scores do not constrain the variability found in the raw data, as
do other indices that are bounded between 0 and 1. We used the pro-
portion of flowers that set fruit (that is, fruit set), the average number of
seeds per fruits (that is, seed set), or the estimatedmeasures of pollinator
contribution to plant reproduction (that is, differences in fruit weight
between plants with and without insect pollination, hereafter D fruit
weight) as measures of pollination services. We then converted these
measures into the pollination index. The pest control index was
calculated using measures of natural enemy activity or pest activity.
Natural enemy activity was measured by sentinel pest experiments
where pests were placed in crop fields and predation or parasitism rates
were monitored or by field exclosure experiments where cages were
used to exclude natural enemies to quantify differences in pest abun-
dance or crop damage between plants with and without natural
enemies. Pest activity was measured as the fraction or amount of each
crop consumed, infested, or damaged.We inverted standardized values
of pest activity bymultiplying by−1, as low values indicate positive con-
tributions to the ecosystem service.

Crop production
Depending on the crop type, marketable crop yield is valued by farmers
not only in terms of area-based yield but also in terms of fruit or seed
weight [for example, in coffee, sunflower, or strawberry fields; (45, 46)]
or seed production per plant [for example, in seed production fields;
(36)]. Moreover, area-based yield and within-plant yield are often
correlated (35, 36). Thus, we used both area-based yield and within-
plant yield as measures of final crop production. Within-plant yield
was measured by the total number (or mass) of seeds or fruits per plant
or by fruit or seed weight. In addition, in this case, we standardized
variables (z scores) to put all the indices on equivalent terms.

Landscape simplification
Landscapes were characterized by calculating the percentage of
cropland (annual and perennial) within a radius of 1 km around the
center of each crop field. This landscape metric has been used as a re-
levant proxy for characterizing landscape simplification (28, 29) and is
often correlated with other indicators of landscape complexity (30, 31).
Moreover, we used this metric because cropland data are readily acces-
sible from publicly available land cover data and aremore accurate than
other land use types such as forests and grasslands (47), especially when
7 of 13
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detailed maps are not available. The 1-km spatial extent was chosen to
reflect the typical flight and foraging distances ofmany insects including
pollinators (48, 49) and natural enemies (50, 51). For studies where this
information was not supplied by the authors, land uses were digitized
using GlobeLand30 (52), a high-resolution map of Earth’s land cover.
The derived land cover maps were verified and, if necessary, corrected
using a visual inspection of satellite images (Google Earth). We then
calculated the percentage of cropland within the radius using Quan-
tum GIS 2.18 (Open Source Geospatial Foundation Project; http://
qgis.osgeo.org). The average percentage of cropland was 67.5% for
pollination studies and 41.5% for natural enemy studies.

Data analysis
Data standardization
Before performing the analyses, we standardized the predictors
(abundance, richness, and landscape simplification) using z scores
within each study. This standardization was necessary to allow
comparisons between studies with differences in methodology
and landscape ranges (53). Moreover, this allows the separation
of within-study effects from between-study effects. This separation
is important because it prevents the risk of misinterpreting the
results based on studies differing in methodology and landscape
gradients, by erroneously extrapolating from between-study effects
to within-study effects or vice versa (54, 55).
Relationship between richness and ecosystem services
The relationship between richness of service-providing organisms and
related ecosystemservices (Fig. 1, B andC)was estimated fromaBayesian
multilevel (partial pooling)model that allowed the intercept and the slope
to vary among studies (also commonly referred to as random intercepts
and slopes), following the equation

ESi
e

Nðaj½i� þ bj½i�RICi; sjÞ
aj
e

Nðma; saÞ

bj
e

Nðmb; sbÞ

where ESi is the ecosystem service index (pollination or pest control de-
pending on the model), RICi is richness of service-providing organisms
(pollinator or natural enemy richness depending on the model), and j[i]
represents observation i of study j. This partial-poolingmodel estimated
both study-level responses [yielding an estimate for each study (bj)] and
the distribution from which the study-level estimates were drawn,
yielding a higher-level estimate of the overall response across crop
systems (mb). In addition, it accounted for variation in variance and
sample size across observations (for example, studies). The intercepts
aj and slopes bj varied between studies according to a normal
distribution with mean m and SD s. Independent within-study errors
also followed a normal distribution ei ~ N(0,s). We used weakly in-
formative priors: normal (0, 10) for the population-level parameters
(a, b) and half–Student t (3, 0, 5) for the group-level SD and residual SD.
Direct and indirect effects of richness, abundance,
and evenness on service provisioning
As natural communities vary not only in number of species but also in
relative abundance of each species (evenness) and the total number of
individuals (abundance), it is important to incorporate these attributes
when assessing or modeling biodiversity effects (12, 56). In a Bayesian
multivariate response model, a form of path analysis, we partitioned
Dainese et al., Sci. Adv. 2019;5 : eaax0121 16 October 2019
the relative importance of richness and total and relative abundance in
driving biodiversity-ecosystem relationships. We hypothesized that
richness drives both abundance and evenness according to a revised ver-
sion of the “more individuals hypothesis” (57) that proposes that more
species can exploit more diverse resources and may therefore maintain
more individuals than species-poor communities. Specifically, we tested
(i) whether richness per se directly influences ecosystem services or is in-
stead mediated by abundance (Eq. 1, 3; Fig. 2, A and B) and (ii) whether
richness per se directly influences ecosystem services or is instead
mediated by evenness (Eq. 2, 4; Fig. 2, C andD). Before analysis, we also
checked for data collinearity among abundance, evenness, and richness
by calculating the variance inflation factor (VIF). No signal of collinear-
ity was detected in eithermodel (VIFs were below 1.8). In a preliminary
analysis, we also tested a possible interaction between richness and
evenness. No significant interaction was found in both pollination
and pest control models. To illustrate, we first show the univariate mul-
tilevel (partial pooling) models following these equations

RICi
e

Nðaj½i� þ bj½i�ABUi; sjÞ ð1Þ

RICi
e

Nðaj½i� þ bj½i�EVEi; sjÞ ð2Þ

ESi
e

Nðaj½i� þ bj½i�RICi þ bj½i�ABUi; sjÞ ð3Þ

ESi
e

Nðaj½i� þ bj½i�RICi þ bj½i�EVEi; sjÞ ð4Þ

where RICi is richness of service-providing organisms, ABUi is abun-
dance, EVEi is evenness, ESi is the ecosystem service index, and the
index j[i] represents observation i of study j.We then specified bothmul-
tivariate multilevel models in a matrix-vector notion (53), as follows

Yi
e

NðXiBr½i�;SjÞ
Br

e

NðMB;SBÞ

where Yi is the matrix of response variables with observations i as rows
and variables r as columns,Xi is thematrix of all predictors for response
r, Br are the regression parameters (a and b) for response r,MB repre-
sents themeanof the distribution of the regression parameters, and∑B is
the covariance matrix representing the variation of the regression pa-
rameters in the population groups. We used weakly informative priors:
normal (0, 10) for the population-level parameters (a, b) and half–Student
t (3, 0, 5) for the group-level SD and residual SD. In building themodel,
we ensured that no residual correlation betweenESi andRICi, betweenESi
and EVEi, or between ESi and ABUi was estimated [see the “set_rescor”
function in the package brms; (58)].
Direct and indirect effects of landscape simplification on
ecosystem services
To estimate the direct and indirect effects of landscape simplification on
richness and associated ecosystem services, we used two models. In a
Bayesian multivariate response model with causal mediation effects
(hereafter, mediation model), we tested whether landscape simplifica-
tion directly influences ecosystem services or is mediated by richness.
Mediation analysis is a statistical procedure to test whether the effect
of an independent variable X on a dependent variable Y (X → Y)
is at least partly explained via the inclusion of a third hypothetical
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variable, themediator variableM (X→M→ Y) (59). The three causal
paths a, b, and c′ correspond toX’s effect onM,M’s effect onY, andX’s
effect on Y accounting forM, respectively. The three causal paths cor-
respond to parameters from two regressionmodels, one in whichM is
the outcome and X is the predictor and one in which Y is the outcome
and X and M are the simultaneous predictors (fig. S6). From these
parameters, we can compute themediation effect (the product ab, also
known as the indirect effect) and the total effect of X on Y

c ¼ c′þ ab

Thus, the total causal effect ofX, which is captured by the parameter
c, can be decomposed precisely into two components, a direct effect c′
and an indirect (mediation) effect ab (the product of paths a and b). The
model included the ecosystem service index as response, landscape sim-
plification as predictor, and richness as mediator (Fig. 3). The separate
regression models that made up the Bayesian multivariate multilevel
model followed these equations

RICi
e

Nðaj½i� þ bj½i�LANDi; sjÞ

ESi
e

Nðaj½i� þ bj½i�RICi þ bj½i�LANDi; sjÞ

We then compiled a multilevel path analysis testing the direct and
indirect effects of landscape simplification on ecosystem services via
changes in both richness and abundance (Eq. 5, 6, 8; fig. S4, A and B)
or richness and evenness (Eq. 5, 7, 9; fig. S4, C and D). The separate
regression models that made up the model followed these equations

RICi
e

Nðaj½i� þ bj½i�LANDi; sjÞ ð5Þ

ABUi
e

Nðaj½i� þ bj½i�LANDi; sjÞ ð6Þ

EVEi
e

Nðaj½i� þ bj½i�LANDi; sjÞ ð7Þ

ESi
e

Nðaj½i� þ bj½i�RICi þ bj½i�ABUi þ bj½i�LANDi; sjÞ ð8Þ

ESi
e

Nðaj½i� þ bj½i�RICi þ bj½i�EVEi þ bj½i�LANDi; sjÞ ð9Þ

where RICi is richness of service-providing organisms, LANDi is land-
scape simplification measured as the percentage of arable land
surrounding each study site, ABUi is abundance, EVEi is evenness,
ESi is the ecosystem service index, and the index j[i] represents observa-
tion i of study j. We then specified multivariate multilevel models in a
matrix-vector notion, as explained above. The mediation analysis was
implemented using the R package sjstats [v. 0.15.0; (60)].
Cascading effects of landscape simplification on final
crop production
For 42 studies and 675 fields (pollination model, n = 438 fields of
27 studies; pest control model, n = 236 fields of 15 studies; table
S1), the data allowed us to use a multilevel path analysis to examine
cascading effects of landscape simplification on final crop produc-
Dainese et al., Sci. Adv. 2019;5 : eaax0121 16 October 2019
tion via changes in richness, abundance, evenness, and ecosystem
services. We expected that (i) landscape simplification would have
a direct effect on richness, abundance, and dominance of service-
providing organisms and (ii) richness and abundance dominance
would relate positively to intermediate services, which, in turn,
(iii) would increase final crop production (Fig. 4 and fig. S4). The in-
direct effects of richness and abundance (Eq. 10, 11, 13, 15; Fig. 4) or
richness and evenness (Eq. 10, 12, 14, 15; fig. S4) were tested separately

RICi
e

Nðaj½i� þ bj½i�LANDi; sjÞ ð10Þ

ABUi
e

Nðaj½i� þ bj½i�LANDi; sjÞ ð11Þ

EVEi
e

Nðaj½i� þ bj½i�LANDi; sjÞ ð12Þ

ESi
e

Nðaj½i� þ bj½i�RICi þ bj½i�ABUi; sjÞ ð13Þ

ESi
e

Nðaj½i� þ bj½i�RICi þ bj½i�EVEi; sjÞ ð14Þ

PRODi
e

Nðaj½i� þ bj½i�ESi; sjÞ ð15Þ

where RICi is richness of service-providing organisms, LANDi is land-
scape simplification measured as the percentage of arable land
surrounding each study site, ABUi is abundance, EVEi is evenness,
ESi is the ecosystem service index, PRODi is crop production, and the
index j[i] represents observation i of study j. We specified a multivariate
multilevel model in a matrix-vector notion, as explained above.
Parameter estimation
All analyses were conducted in the programming language Stan through
R (v. 3.4.3) using the package brms [v. 2.2.0; (58)]. Stan implements
Hamiltonian Monte Carlo and its extension, the No-U-Turn Sampler.
These algorithms convergemuchmore quickly than otherMarkov chain
Monte Carlo algorithms especially for high-dimensional models (61).
Eachmodel was runwith four independentMarkov chains of 5000 itera-
tions, discarding the first 2500 iterations per chain as warm-up and re-
sulting in 10,000 posterior samples overall. Convergence of the four
chains and sufficient sampling of posterior distributions were confirmed
by (i) the visual inspection of parameter traces, (ii) ensuring a scale reduc-
tion factorð~RÞ below 1.01, and (iii) an effective size (neff) of at least 10%of
the number of iterations. For each model, posterior samples were sum-
marized on the basis of theBayesian point estimate (median), SE (median
absolute deviation), and posterior uncertainty intervals byHDIs, a type of
credible interval that contains the requiredmass such that all points with-
in the interval have a higher probability density than points outside the
interval (62). The advantage of the Bayesian approach is the possibility to
estimate not only expected values for each parameter but also the uncer-
tainty associatedwith these estimates (63). Thus,we calculated 80, 90, and
95% HDIs for parameter estimates.
Sensitivity analyses
Given that different methods were used in different studies to quantify
richness, ecosystem services, and final crop production, we measured
the sensitivity of our results to methodological differences.

(1)We verified whether treating each annual dataset frommultiyear
studies separately could incorrectly account for the dependence of the
9 of 13
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data. We refitted the model testing the relationship between richness
and ecosystem services including year nestedwithin study (that is, study
defined as study-crop combination). Then, we comparedmodels (year-
independent model versus year-nested model) using leave-one-out
(LOO) cross-validation, a fully Bayesian model selection procedure
for estimating pointwise out-of-sample prediction accuracy (64).We
calculated the expected log pointwise predictive density ðelpdlooÞ^ ,
using the log-likelihood evaluated at the posterior simulations of
the parameter values. Model comparison was implemented using
R package loo [v. 2.0.0; (65)]. We found that the year-nested model
had a lower average predictive accuracy than the year-independent
model for both pollination^ðDelpdloo ¼ �1:79Þ and pest control
^ðDelpdloo ¼ �1:09Þ and therefore retained the year-independent
model in our analysis.

(2) We verified whether taxonomic resolution influenced the inter-
pretation of results. We recalculated richness considering only orga-
nisms classified at the fine taxonomy level (species or morphospecies
levels) and refitted the model testing the effect of richness on ecosystem
services. We found no evidence that taxonomic resolution influenced
our results. With a fine taxonomic resolution, the effects of richness
on ecosystem services (bpollinators = 0.1535, 90% HDIs = 0.0967 to
0.2141; benemies = 0.2264, 90% HDIs = 0.1475 to 0.3065; table S2) were
nearly identical to the estimates presented in the main text (bpollinators =
0.1532, 90% HDIs = 0.0892 to 0.2058; benemies = 0.2093, 90% HDIs =
0.1451 to 0.2779; table S2).

(3) We verified whether the sampling methods used to collect polli-
nators (active versus passive sampling techniques) influenced the rela-
tionship between pollinator richness and pollination using Bayesian
hypothesis testing (58). Passive methods do not directly capture flower
visitors and may introduce some bias (for example, they may
underestimate flower visitors). However, our estimate was not influ-
enced by samplingmethod (the one-sided 90% credibility interval over-
lapped zero; table S11). In accordance with this finding, the evidence
ratio showed that the hypothesis tested (that is, estimates of studies with
active sampling > estimates of studies with passive sampling) was only
0.78 times more likely than the alternative hypothesis.

(4) We verified whether methodological differences in measuring
pollination and pest control services influenced the relationship be-
tween richness and ecosystem services. Using Bayesian hypothesis
testing, we tested whether the estimates differed among methods.
The two-sided 95% credibility interval overlapped zero in all compar-
isons (estimates did not differ significantly; table S12), indicating
that our estimate was not influenced by methodological differences
in measuring ecosystem services. Furthermore, we tested effects in-
cluding only inverted pest activity as a reflection of pest control.
We found positive effects of natural enemy richness on inverted
pest activity (b = 0.1307, 90% HDIs = 0.0102 to 0.2456), indicating
that results were robust to the type of pest control measure considered.

(5) As honey bees are the most important and abundant flower visi-
tors in some locations, we verified the potential influence of honey bees
on our results by refitting the path models testing direct and indirect
effects of richness, abundance, and evenness onpollination serviceswith
honey bees. A positive direct contribution of richness to pollination was
confirmed even after including honey bees (fig. S7). In these models,
both abundance and evenness showed a larger effect compared to
models without honey bees (Fig. 2).

(6) Insecticide application during the course of the experiment could
mask the effect of pest control on crop production (37, 38). We verified
the potential influence of insecticide application on our results by refit-
Dainese et al., Sci. Adv. 2019;5 : eaax0121 16 October 2019
ting the model considering only fields where the study area was not
sprayed with insecticide during the course of the experiment (n = 85
fields of 14 studies).We found a pest control effect that wasmaskedwhen
considering all sites combined (with and without insecticide; fig. S4). We
therefore show the insecticide-free model in the main text (Fig. 4).

(7)We verified the consistency of our results considering only studies
that measured area-based yield (submodel). Only the cascading effects of
landscape simplification on final crop production via changes in richness
were tested in a simplified model. We found no evident differences be-
tween the submodel (fig. S8) and the fullmodel presented in themain text
(Fig. 4).
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Fig. S1. Forest plot of the effect of pollinator richness on pollination for individual studies.
Fig. S2. Forest plot of the effect of natural enemy richness on pest control for individual studies.
Fig. S3. Direct and indirect landscape simplification effects on ecosystem services via changes
in richness and abundance or richness and evenness.
Fig. S4. Direct and cascading landscape simplification effects on final crop production via
changes in natural enemy richness, abundance evenness, and pest control (all sites together,
with and without insecticide application).
Fig. S5. Forest plot of the effect of landscape simplification on natural enemy abundance for
individual studies.
Fig. S6. Mediation model.
Fig. S7. Direct and indirect effects of pollinator richness, abundance, and evenness (with honey
bees) on pollination.
Fig. S8. Direct and cascading landscape simplification effects on area-based yield via changes
in richness, and ecosystem services.
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simplification effects on ecosystem services via changes in richness and abundance.
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simplification effects on ecosystem services via changes in richness and evenness.
Table S8. Model output for path models testing the direct and cascading landscape
simplification effects on final crop production via changes in richness, evenness, and
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Table S9. Model output for path models testing the direct and cascading landscape
simplification effects on final crop production via changes in richness, abundance, and
ecosystem services.
Table S10. Model output for path models testing direct and indirect effects of pollinator
richness, abundance, and evenness (with honey bees) on pollination.
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according to the methods used to sample pollinators and natural enemies.
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Fig. S1. Forest plot of the effect of pollinator richness on pollination for individual studies. 
Each posterior distribution represents medians (symbol centres) and 90% density intervals (black 
lines). 
  



 
 

 
 
Fig. S2. Forest plot of the effect of natural enemy richness on pest control for individual 
studies. Each posterior distribution represents medians (symbol centres) and 90% density 
intervals (black lines). 
  



 
 

 
Fig. S3. Direct and indirect landscape simplification effects on ecosystem services via 
changes in richness and abundance or richness and evenness. (A) Path model representing 
direct and indirect effects of landscape simplification on pollination through changes in 
pollinator richness and abundance. (B) Path model representing direct and indirect effects of 
landscape simplification on pest control services through changes in natural enemy richness and 
abundance. (C) Path model representing direct and indirect effects of landscape simplification on 
pollination through changes in pollinator richness and evenness. (D) Path model representing 
direct and indirect effects of landscape simplification on pest control services through changes in 
natural enemy richness and evenness. Pollination models: n = 821 fields of 52 studies. Pest 
control models: n = 654 fields of 37 studies. Path coefficients are effect sizes estimated from the 
median of the posterior distribution of the model. Black and red arrows represent positive or 
negative effects, respectively. Arrow widths are proportional to highest density intervals (HDIs). 
Grey arrows represent non-evident effects (HDIs overlapped zero). 
  



 
 

 
 
Fig. S4. Direct and cascading landscape simplification effects on final crop production via 
changes in natural enemy richness, abundance evenness, and pest control (all sites together, 
with and without insecticide application). (A) Path model representing direct and indirect 
effects of landscape simplification on final crop production through changes in natural enemy 
richness, abundance and pest control. (B) Path model representing direct and indirect effects of 
landscape simplification on final crop production through changes in natural enemy richness, 
evenness and pest control. Path coefficients are effect sizes estimated from the median of the 
posterior distribution of the model (n = 236 fields of 15 studies). Black and red arrows represent 
positive or negative effects, respectively. Arrow widths are proportional to highest density 
intervals (HDIs). Grey arrows represent non-significant effects (HDIs overlapped zero). 
  



 
 

 
 
Fig. S5. Forest plot of the effect of landscape simplification on natural enemy abundance 
for individual studies. Each posterior distribution represents medians (symbol centres) and 90% 
density intervals (black lines). 
  



 
 

 
 
Fig. S6. Mediation model. Mediation analysis is a statistical procedure to test whether the effect 
of an independent variable X on a dependent variable Y (X → Y) is at least partly explained via 
the inclusion of a third hypothetical variable, the mediator variable M (X → M → Y). The three 
causal paths a, b, and c’ represent X’s effect on M, M’s effect on Y, and X’s effect on Y while 
accounting for M, respectively. The three causal paths correspond to parameters from two 
regression models, one in which M is the outcome and X the predictor, and one in which Y is the 
outcome and X and M the simultaneous predictors. 
  



 
 

 
 
Fig. S7. Direct and indirect effects of pollinator richness, abundance, and evenness (with 
honey bees) on pollination. (A) Path model of pollinator richness as a predictor of pollination, 
mediated by pollinator abundance. (B) Path model of pollinator richness as a predictor of 
pollination, mediated by pollinator evenness. n = 821 fields of 52 studies. Coefficients of the 
three causal paths (a, b, c’) correspond to the median of the posterior distribution of the model. 
The proportion mediated is the mediated effect (a × b) divided by the total effect (c).  
  



 
 

 
 
Fig. S8. Direct and cascading landscape simplification effects on area-based yield via 
changes in richness and ecosystem services. (A) Path model representing direct and indirect 
effects of landscape simplification on final area-based yield through changes in pollinator 
richness and pollination (n = 203 fields of 13 studies). (B) Path model representing direct and 
indirect effects of landscape simplification on final area-based yield through changes in natural 
enemy richness and pest control (n = 93 fields of 7 studies). Path coefficients are effect sizes 
estimated from the median of the posterior distribution of the model. Black and red arrows 
represent positive or negative effects, respectively. Arrow widths are proportional to highest 
density intervals (HDIs). Grey arrows represent non-significant effects (HDIs overlapped zero).  



 
 

 

Table S1. List of 89 studies considered in our analyses. 
 

Study code Reference and (or) data holder 
contact Crop species Country, region Study year 

Sites 
(with 
yield) 

Sampling 
methods Taxa Functions Production 

Pollination 
studies          

acerola (43) Freitas,  
freitas@ufc.br Malpighia emarginata Brazil, Ceará 2011 8 active bees fruit set - 

apple (A) (65) Boreux,  
virginie.boreux@nature.uni-freiburg.de Malus domestica Germany, Lake 

Constance 2015 25 active bees fruit set - 

apple (B) (66) Garratt, 
m.p.garratt@reading.ac.uk Malus domestica UK, Kent  2011 8 active, 

passive bees fruit set - 

apple (C1) (67) de Groot,  
g.a.degroot@wur.nl Malus domestica Netherlands, Betuwe 2013 8 (4) active bees, 

hoverflies fruit set  crop yield 

apple (C2) (67) de Groot,  
g.a.degroot@wur.nl Malus domestica Netherlands, Betuwe 2014 10 (9) active bees, 

hoverflies fruit set  crop yield 

apple (D1) (68) Mallinger, 
rachel.mallinger@ars.usda.gov Malus domestica USA, Wisconsin 2012 17 passive bees fruit set - 

apple (D2) (68) Mallinger, 
rachel.mallinger@ars.usda.gov Malus domestica USA, Wisconsin 2013 19 passive bees fruit set - 

bean (A) Ekroos,  
johan.ekroos@cec.lu.se Vicia faba Sweden, Scania 2016 16 (16) active bees seed set  plant yield 

bean (B) (69) Garratt, 
m.p.garratt@reading.ac.uk Vicia faba UK, Berkshire 2011 8 active, 

passive bees seed set  - 

bean (C) 
(70) Ramos, Silva  
davilramos91@gmail.com 
felipe.silva@bag.ifmt.edu.br 

Phaseolus vulgaris Brazil, Goias/DF 2015/2016 22 (22) active bees seed set  crop yield 

blueberry (A) Cavigliasso,  
pablo.cavigliaso@gmail.com Vaccinium corymbosum Argentina, Espinal-

Ñandubay 2016 13 active 
bees, 
wasps, 
hoverflies 

fruit set - 

blueberry (B1) (67) de Groot,  
g.a.degroot@wur.nl Vaccinium corymbosum Netherlands, 

Limburg/Overijssel 2013 10 (9) active bees fruit set crop yield 

blueberry (B2) (67) de Groot,  
g.a.degroot@wur.nl Vaccinium corymbosum Netherlands, 

Limburg/Overijssel 2014 15 (13) active bees fruit set crop yield 

buckwheat (A1) (71, 72) Taki,  
htaki@affrc.go.jp Fagopyrum esculentum Japan, Ibaraki 2007 15 active 

bees, 
butterflies
, flies, 
wasps 

seed set  - 

buckwheat (A2) (71, 72) Taki,  
htaki@affrc.go.jp Fagopyrum esculentum Japan, Ibaraki 2008 17 active 

bees, 
butterflies
, flies, 
wasps 

seed set  - 

cashew (21) Freitas,  
freitas@ufc.br Anacardium occidentale  Brazil, Ceará 2012 10 (10) active bees fruit set crop yield 

cherry (73) Holzschuh,  
andrea.holzschuh@uni-wuerzburg.de Prunus avium Germany, Hesse 2008 7 active bees fruit set - 

coffee (A) (46, 74, 75) Boreux,  Coffea canephora India, Kodagu 2008 53 (51) active bees fruit set plant yield 



 
 

 

virginie.boreux@nature.uni-freiburg.de 

coffee (B) (76) Classen,  
alice.classen@uni-wuerzburg.de Coffea arabica Tanzania, Kilimanjaro 2011/2012 11 (6) active, 

passive bees fruit set plant yield 

coffee (C) (77) Hipólito,  
jhdsousa@yahoo.com Coffea arabica Brazil, Chapada 

Diamantina 2013 30 (28) active 

bee, flies, 
butterflies
, beetles, 
wasps 

fruit set crop yield 

coffee (D1) (74, 78, 79) Krishnan,  
smithakrishnan@gmail.com Coffea canephora India, Kodagu 2007 35 active bees fruit set - 

coffee (D2) (74, 78, 79) Krishnan,  
smithakrishnan@gmail.com Coffea canephora India, Kodagu 2008 37 active bees fruit set  

coffee (E) 
(80) Krishnan, Nesper, 
smithakrishnan@gmail.com 
maike.nesper@gmail.com 

Coffea canephora India, Kodagu 2014 49 (49) active bees fruit set crop yield 

cotton (81) Cusser, 
sarah.cusser@gmail.com Gossypium hirsutum USA, Gulf Coast 

Texas 2014 11 active 

bee, 
hoverflies, 
butterflies
, beetles 

fruit set - 

grapefruit (82, 83) Chacoff,  
nchacoff@gmail.com Citrus paradisi Argentina, Yungas 2000 6 active 

bee, flies, 
butterflies
, wasps 

fruit set  

leek (A) (36) Fijen,  
thijs.fijen@wur.nl Allium porrum France, Loire 2016 18 (18) active 

bees, 
wasps, 
hoverflies 

seed set  plant yield 

leek (B) (36) Fijen,  
thijs.fijen@wur.nl Allium porrum Italy, South Italy 2016 18 (18) active 

bees, 
wasps, 
hoverflies 

seed set  plant yield 

lemon Chacoff,  
nchacoff@gmail.com Citrus limon Argentina, Yungas 2015 9 active 

bee, flies, 
butterflies
, wasps 

fruit set - 

mango (A) (84) Carvalheiro,  
lgcarvalheiro@gmail.com Mangifera indica South Africa, 

Limpopo 2008 8 active 

bee, flies, 
butterflies
, beetles, 
wasps 

fruit set - 

mango (B) (85) Carvalheiro,  
lgcarvalheiro@gmail.com Mangifera indica South Africa, 

Limpopo 2009 14 (10) active 

bee, flies, 
butterflies
, beetles, 
wasps 

fruit set plant yield 

mango (C) Rader,  
rrader@une.edu.au Mangifera indica Australia, Queensland 2014 10 active 

bees, flies, 
hoverflies, 
beetles, 
moths, 
butterflies 

fruit set  - 

mango (D) Willcox,  
bwillcox@myune.edu.au Mangifera indica Australia, Queensland 2016 7 active 

bees, flies, 
hoverflies, 
beetles, 
moths, 
butterflies 

fruit set - 

osr (A) Andersson,  Brassica napus Sweden, Scania 2010 6 active bees, seed set  - 



 
 

 

gandersson@unrn.edu.ar hoverflies 

osr (B) 
(86) Bartomeus, Gagic, 
nacho.bartomeus@gmail.com 
vesna.gagic@bio.bg.ac.rs 

Brassica napus Swede����t����and 2013 12 (9) active bees, 
butterflies seed set crop yield 

osr (C) (69) Garratt, 
m.p.garratt@reading.ac.uk Brassica napus UK, Yorkshire 2012 8  active, 

passive bees seed set  - 

osr (D) (87, 88) Stanley,  
dara.stanley@ucd.ie Brassica napus Ireland, South-East 2010 3 active bees, 

hoverflies seed set  - 

osr (E) Sutter,  
louis.sutter@agroscope.admin.ch Brassica napus Switzerland, Zurich 2014 18 (18) active bees, 

hoverflies seed set  crop yield 

osr (F) (89) Zou Yi,  
yi.zou.1@hotmail.com Brassica napus China, Jiangxi 2015 18 passive 

bees, 
hoverflies, 
butterflies 

fruit set - 

raspberry (42) Saez,  
agustinsaez@live.com.ar Rubus idaeus Argentina, Comarca 

Andina 2014 16 (16) active bees fruit set crop yield 

red clover Rundlöf,  
maj.rundlof@biol.lu.se Trifolium pratense Sweden, Scania 2013 6 (6) active bees seed set  crop yield 

strawberry (A) Andersson,  
gandersson@unrn.edu.ar Fragaria × ananassa Sweden, Scania 2009 11 passive bees, 

hoverflies fruit set - 

strawberry (B) 
Baensch, Tscharntke, Westphal, 
svenja.baensch@agr.uni-goettingen.de 
cwestph@gwdg.de ttschar@gwdg.de 

Fragaria × ananassa Germany, Lower 
Saxony,  2015 8 (8) active bees Δ fruit weight plant yield 

strawberry (C1) (90) Grab,  
hlc66@cornell.edu Fragaria × ananassa USA, New York 2012 11 (10) active, 

passive bees Δ fruit weight plant yield 

strawberry (C2) Grab,  
hlc66@cornell.edu Fragaria × ananassa USA, New York 2014 27 (27) active bees seed set plant yield 

strawberry (C3) (91) Grab,  
hlc66@cornell.edu Fragaria × ananassa USA, New York 2015 14 (14) active bees seed set plant yield 

strawberry (D) Garratt, 
m.p.garratt@reading.ac.uk Fragaria × ananassa UK, Yorkshire 2011 7 (7) active, 

passive bees Δ fruit weight plant yield 

strawberry (E) Klatt,  
klattbk@googlemail.com Fragaria × ananassa Germany, Lower 

Saxony 2010 8 (8) active bees fruit set plant yield 

strawberry (F) 
Krewenka,  
kristin.marie.krewenka@uni-
hamburg.de 

Fragaria × ananassa Germany, Lower 
Saxony 2005 10 (10) active bees fruit set crop yield 

strawberry (G) Sciligo,  
amber.sciligo@berkeley.edu Fragaria × ananassa USA, California 2012 15 (15) active, 

passive bees Δ fruit weight plant yield 

strawberry (H) (92) Stewart,  
rebecca.stewart@cec.lu.se Fragaria × ananassa Sweden, Scania 2014 27 (27) active hoverflies fruit set plant yield 

sunflower (A) (45) Carvalheiro,  
lgcarvalheiro@gmail.com Helianthus annuus South Africa, 

Limpopo 2009 28 active 

bee, flies, 
butterflies
, beetles, 
wasps 

seed set  - 

sunflower (B) Scheper,  
jeroen.scheper@wur.nl Helianthus annuus France, Poitou-

Charentes 2015 24 active bees, 
hoverflies seed set  - 

Pest control 
studies          

apple (A1) (93, 94) Lavigne,  
claire.lavigne@inra.fr Malus domestica France, Provence-

Alpes-Côte d'Azur 2006 9 active parasitoid
s 

sentinel exp. 
(enemy - 



 
 

 

activity) 

apple (A2) (93, 94) Lavigne,  
claire.lavigne@inra.fr Malus domestica France, Provence-

Alpes-Côte d'Azur 2007 6 active parasitoid
s 

sentinel exp. 
(enemy 
activity) 

- 

apple (A3) (93, 94) Lavigne,  
claire.lavigne@inra.fr Malus domestica France, Provence-

Alpes-Côte d'Azur 2008 17 active parasitoid
s 

sentinel exp. 
(enemy 
activity) 

- 

apple (A4) (93, 94) Lavigne,  
claire.lavigne@inra.fr Malus domestica France, Provence-

Alpes-Côte d'Azur 2009 12 active parasitoid
s 

sentinel exp. 
(enemy 
activity) 

- 

apple (A5) (93, 94) Lavigne,  
claire.lavigne@inra.fr Malus domestica France, Provence-

Alpes-Côte d'Azur 2010 14 active parasitoid
s 

sentinel exp. 
(enemy 
activity) 

- 

barley (A) (95) Caballero-Lopez, 
bcaballerolo@bcn.cat Hordeum vulgare Sweden, Scania 2007 20 active, 

passive 

carabids, 
ladybugs, 
parasitoid
s 

sentinel exp. 
(enemy 
activity) 

- 

barley (B) (96–98) Tamburini, 
giovanni.tamburini@slu.se Hordeum vulgare Italy, Friuli Venezia-

Giulia 2014 5 (5) passive carabids cage exp. 
(infestation) crop yield 

buckwheat (99) Taki,  
htaki@affrc.go.jp Fagopyrum esculentum Japan, Ibaraki 2008 15 passive ladybugs, 

lacewings 

sentinel exp. 
(enemy 
activity) 

- 

cabbage (100) Letourneau,  
dletour@ucsc.edu Brassica oleracea USA, Monterey Bay 

Area 2006 33 passive parasitoid
s 

sentinel exp. 
(enemy 
activity) 

- 

cacao  (101) Maas,  
beamaas@gmx.at Theobroma cacao Indonesia, Sulawesi 2010 15 (15) active spiders cage exp. (crop 

damage) plant yield 

coffee (A) 
Schleuning, Schmack, 
Matthias.Schleuning@senckenberg.de 
juliaschmack@gmx.de 

Coffea arabica Tanzania, Kilimanjaro 2011/2012 11 (6) passive bats, birds cage exp. (crop 
damage) plant yield 

coffee (B) Iverson,  
iverson@umich.edu Coffea arabica Mexico, Soconusco  2012 37 (35) passive parasitoid

s 

sentinel exp. 
(enemy 
activity) 

crop yield 

coffee (C) Iverson,  
iverson@umich.edu Coffea arabica Puerto Rico, Utuado 2013 36 passive parasitoid

s, wasps 
cage exp. (crop 
damage) - 

coffee (D) Martinez-Salinas,  
amartinez@catie.ac.cr Coffea arabica Costa Rica, Turrialba 2013 10 passive birds cage exp. (crop 

damage) - 

maize (102) O’Rourke,  
megorust@vt.edu Zea mays USA, New York 2006 26 passive ladybugs pest damage - 

osr (A) (103) Jonsson,  
mattias.jonsson@slu.se Brassica napus New Zealand, 

Canterbury 2007 26 active 
hoverflies, 
ladybugs, 
lacewings 

pest damage - 

osr (B) Sutter,  
louis.sutter@agroscope.admin.ch Brassica napus Switzerland, Zurich 2014 18 (18) passive carabids 

sentinel exp. 
(enemy 
activity) 

crop yield 

pomegranate (104) Keasar,  
tkeasar@research.haifa.ac.il Punica granatum Israel, Hefer Valley 2014 10 active 

spiders, 
parasitoid
s 

pest damage - 

potato (A) (105) Martin,  Solanum tuberosum South Korea, Haean 2009 6 (2) active, birds, pest damage plant yield 



 
 

 

emily.martin@uni-wuerzburg.de passive carabids, 
hoverflies, 
parasitoid
s, rove 
beetles, 
wasps 

potato (B) (106) Poveda,  
kap235@cornell.edu Solanum tuberosum Colombia, 

Cundinamarca 2007 11 (11) active, 
passive 

carabids, 
hoverflies, 
ladybugs, 
lacewings, 
parasitoid
s 

pest damage crop yield 

radish  (105)  Martin,  
emily.martin@uni-wuerzburg.de 

Raphanus raphanistrum 
subsp. sativus South Korea, Haean 2009 8 (5) active, 

passive 

birds, 
carabids, 
hoverflies, 
parasitoid
s, rove 
beetles, 
wasps 

pest damage plant yield 

rice (107) Takada,  
mayura@isas.a.u-tokyo.ac.jp Oryza sativa Japan, Miyagi 2008 44 active spiders pest damage - 

soybean (A) (37) Kim,  
tkim@glbrc.wisc.edu Glycine max USA, Upper Midwest 2012 35 (33) passive 

flower 
bugs, 
ladybugs 

cage exp. 
(infestation) plant yield 

soybean (B1) (108) Mitchell,  
matthew.mitchell@ubc.ca Glycine max Canada, Montérégie 2010 15 (15) active 

hoverflies, 
ladybugs, 
lacewings, 
true bugs 

pest damage crop yield 

soybean (B2) (108) Mitchell,  
matthew.mitchell@ubc.ca Glycine max Canada, Montérégie 2011 19 (19) active 

hoverflies, 
ladybugs, 
lacewings, 
true bugs 

pest damage crop yield 

soybean (C1) Molina,  
gonzalormolina@agro.uba.ar Glycine max Argentina, North 

Buenos Aires 2011 20 active parasitoid
s 

sentinel exp. 
(enemy 
activity) 

- 

soybean (C2) Molina,  
gonzalormolina@agro.uba.ar Glycine max Argentina, North 

Buenos Aires 2012 20 active parasitoid
s 

sentinel exp. 
(enemy 
activity) 

- 

soybean (D) (105) Martin,  
emily.martin@uni-wuerzburg.de Glycine max South Korea, Haean 2009 8 (6) active, 

passive 

birds, 
carabids, 
hoverflies, 
parasitoid
s, rove 
beetles, 
wasps 

pest damage plant yield 

wheat (A) (109) Bommarco, 
riccardo.bommarco@slu.se Triticum aestivum Sweden, Scania 2007 31 (31) passive carabids 

sentinel exp. 
(enemy 
activity) 

crop yield 

wheat (B) (95) Caballero-Lopez, 
bcaballerolo@bcn.cat Triticum aestivum Sweden, Scania 2007 4 active, 

passive 
carabids, 
ladybugs, 

sentinel exp. 
(enemy - 



 
 

 

parasitoid
s 

activity) 

wheat (C) Kim,  
tkim@glbrc.wisc.edu Triticum aestivum USA, Upper Midwest 2012 24 (24) active, 

passive 

flower 
bugs, 
ladybugs 

cage exp. 
(infestation) plant yield 

wheat (D1) (110) Plećaš,  
mplecas@bio.bg.ac.rs Triticum aestivum Serbia, Pacevacki Rit 2008 18 active parasitoid

s 

sentinel exp. 
(enemy 
activity) 

- 

wheat (D2) (110) Plećaš,  
mplecas@bio.bg.ac.rs Triticum aestivum Serbia, Pacevacki Rit 2009 17 active parasitoid

s 

sentinel exp. 
(enemy 
activity) 

- 

wheat (D3) (110) Plećaš,  
mplecas@bio.bg.ac.rs Triticum aestivum Serbia, Pacevacki Rit 2010 8 active parasitoid

s 

sentinel exp. 
(enemy 
activity) 

- 

wheat (D4) (110) Plećaš,  
mplecas@bio.bg.ac.rs Triticum aestivum Serbia, Pacevacki Rit 2011 10 active parasitoid

s 

sentinel exp. 
(enemy 
activity) 

- 

wheat (E) (96–98) Tamburini, 
giovanni.tamburini@slu.se Triticum aestivum Italy, Friuli Venezia-

Giulia 2014 11 (11) passive carabids cage exp. 
(infestation) crop yield 

wheat (F) (111) Tschumi, 
matthias.tschumi@vogelwarte.ch Triticum aestivum Switzerland, Central 

Plateau 2012 25 active, 
passive 

carabids, 
ladybugs, 
true bugs  

pest damage - 



 
 

 

Table S2. Model output for richness–ecosystem service relationships. (A) Richness was 
calculated as the number of unique taxa sampled per study. (B) Richness was calculated 
considering only organisms classified at the fine taxonomy level (i.e. species- or morphospecies-
levels). Posterior samples were summarized based on the Bayesian point estimate (median), 
standard error (median absolute deviation), and 80%, 90% and 95% highest density intervals 
(HDIs). HDIs that do not include zero are reported in bold. 
 
(A) 

Parameter Estimate SE HDI (80%) HDI (90%) HDI (95%) 
Pollination  
 Intercept 0.0004 0.0311 [-0.0419, 0.0411] [-0.0531, 0.0544] [-0.0670, 0.0622] 
 Pollinator richness 0.1532 0.0353 [0.1062, 0.1962] [0.0951, 0.2110] [0.0865, 0.2266] 
       
Pest control  
 Intercept -0.0003 0.0353 [-0.0434, 0.0485] [-0.0579, 0.0589] [-0.0724, 0.0657] 
 Natural enemy richness 0.2093 0.0417 [0.1551, 0.2618] [0.1415, 0.2779] [0.1283, 0.2932] 

 

(B) 

Parameter Estimate SE HDI (80%) HDI (90%) HDI (95%) 
Pollination  
 Intercept 0.0010 0.0333 [-0.0409, 0.0421] [-0.0536, 0.0537] [-0.0662, 0.0617] 
 Pollinator richness 0.1535 0.0356 [0.1096, 0.2006] [0.0967, 0.2141] [0.0848, 0.2256] 
       
Pest control  
 Intercept 0.0001 0.0401 [-0.0536, 0.0514] [-0.0712, 0.0646] [-0.0834, 0.0775] 
 Natural enemy richness 0.2264 0.0484 [0.1638, 0.2861] [0.1475, 0.3065] [0.1254, 0.3199] 

  



 
 

 

Table S3. Model output for path models testing direct and indirect effects (mediated by 
changes in abundance) of richness on ecosystem services. Posterior samples were summarized 
based on the Bayesian point estimate (median), standard error (median absolute deviation), and 
80%, 90% and 95% highest density intervals (HDIs). HDIs that do not include zero are reported 
in bold. 
 
Effect Estimate SE HDI (80%) HDI (90%) HDI (95%) 

Pollination 

 Richness → Pollination 0.1058 0.0428 [0.0511, 0.1635] [0.0326, 0.1779] [0.0199, 0.1933] 

 Richness → Abundance 0.5701 0.0379 [0.5222, 0.6212] [0.5044, 0.6319] [0.4900, 0.6449] 

 Abundance → Pollination 0.0804     0.0460 [0.0232, 0.1401] [0.0057, 0.1564] [-0.0140, 0.1665] 

       

Pest control 

 Richness → Pest control 0.1413 0.0434 [0.0832, 0.1951] [0.0684, 0.2105] [0.0564, 0.2275] 

 Richness → Abundance 0.4447 0.0494 [0.3782, 0.5070] [0.3646, 0.5315] [0.3467, 0.5452] 

 Abundance → Pest control 0.1481 0.0553 [0.0772, 0.2170] [0.0612, 0.2406] [0.0467, 0.2619] 

 
 
Table S4. Model output for path models testing direct and indirect effects (mediated by 
changes in evenness) of richness on ecosystem services. Posterior samples were summarized 
based on the Bayesian point estimate (median), standard error (median absolute deviation), and 
80%, 90% and 95% highest density intervals (HDIs). HDIs that do not include zero are reported 
in bold. 
 

Effect Estimate SE HDI (80%) HDI (90%) HDI (95%) 

Pollination 

 Richness → Pollination 0.1580 0.0361 [0.1105, 0.2033] [0.0978, 0.2175] [0.0863, 0.2287] 

 Richness → Evenness 0.0900 0.0578 [0.0171, 0.1653] [-0.0095, 0.1804] [-0.0269, 0.1991] 

 Evenness → Pollination -0.0719     0.0390 [-0.1238, -0.0240] [-0.1419, -0.0127] [-0.1525, 0.0006] 

       

Pest control 

 Richness → Pest control 0.2298 0.0415 [0.1748, 0.2832] [0.1619, 0.3041] [0.1444, 0.3153] 

 Richness → Evenness 0.2358 0.0767 [0.1345, 0.3313] [0.1011, 0.3560] [0.0804, 0.3854] 

 Evenness → Pest control -0.0844     0.0430 [-0.1393, -0.0302] [-0.1587, -0.0165] [-0.1683, 0.0027] 

 
  



 
 

 

Table S5. Model output for path models testing direct and indirect effects (mediated by 
changes in richness) of landscape simplification on ecosystem services. Posterior samples 
were summarized based on the Bayesian point estimate (median), standard error (median 
absolute deviation), and 80%, 90% and 95% highest density intervals (HDIs). HDIs that do not 
include zero are reported in bold. 
 

Effect Estimate SE HDI (80%) HDI (90%) HDI (95%) 

Pollination 

 Landscape → Pollination -0.0573     0.0409 [-0.1083, -0.0041] [-0.1203, 0.0147] [-0.1374, 0.0229]   

 Landscape → Richness -0.1984     0.0453 [-0.2593, -0.1430] [-0.2750, -0.1263] [-0.2909, -0.1119] 

 Richness → Pollination 0.1543     0.0362 [0.1060, 0.1992] [0.0937, 0.2148] [0.0815, 0.2278] 

 

Causal mediation analysis 

 Direct effect -0. 0573      [-0.1083, -0.0041] [-0.1203, 0.0147] [-0.1374, 0.0229]   

 Indirect effect -0.0293  [-0.0425, -0.0168] [-0.0465, -0.0136] [-0.0515, -0.0117] 

 Total effect -0.0859  [-0.1391, -0.0361] [-0.1560, -0.0239] [-0.1642, -0.0074] 

 Proportion mediated 34.0%     

      - 

Pest control 

 Landscape → Pest control -0.0285 0.0442 [-0.0864, -0.0289] [-0.1043, 0.0461] [-0.1248, 0.0570] 

 Landscape → Richness -0.1510 0.0479 [-0.2123, -0.0886] [-0.2299, -0.0706] [-0.2491, -0.0581] 

 Richness → Pest control 0.2114 0.0418 [0.1609, 0.2682] [0.1429, 0.2810] [0.1315, 0.2962] 

Causal mediation analysis 

 Direct effect -0.0285  [-0.0864, -0.0289] [-0.1043, 0.0461] [-0.1248, 0.0570] 

 Indirect effect -0.0311  [-0.0460 -0.0149] [-0.0523, -0.0118] [-0.0578, -0.0083] 

 Total effect -0.0610  [-0.1214, -0.0060] [-0.1378, 0.0120] [-0.1511, 0.0301] 

 Proportion mediated 50.9%     

 
  



 
 

 

Table S6. Model output for path models testing the direct and cascading landscape 
simplification effects on ecosystem services via changes in richness and abundance. 
Posterior samples were summarized based on the Bayesian point estimate (median), standard 
error (median absolute deviation), and 80%, 90% and 95% highest density intervals (HDIs). 
HDIs that do not include zero are reported in bold. 
 

Effect Estimate SE HDI (80%) HDI (90%) HDI (95%) 

Pollination 

 Landscape → Richness -0.1991     0.0458 [-0.2593, -0.1431] [-0.2779, -0.1269] [-0.2918, -0.1109] 

 Landscape → Abundance -0.1914     0.0462 [-0.2503, -0.1302] [-0.2721, -0.1167] [-0.2812, -0.0955] 

 Landscape → Pollination -0.0559 0.0390 [-0.1043, -0.0035] [-0.1223, 0.0078] [-0.1351, 0.0215] 

 Richness → Pollination 0.1082 0.0430 [ 0.0517,  0.1629] [ 0.0366  0.1810] [ 0.0197,  0.1924] 

 Abundance → Pollination 0.0721     0.0444 [0.0155, 0.1313] [-0.0017, 0.1479] [-0.0229, 0.1558] 

 

Pest control 

 Landscape → Richness -0.1515     0.0471 [-0.2160, -0.0939] [-0.2322, -0.0730] [-0.2430, -0.0471] 

 Landscape → Abundance -0.0880     0.0511 [-0.1617, -0.0240] [-0.1727, 0.0044] [-0.1968, 0.0148] 

 Landscape → Pest control -0.0250     0.0436 [-0.0785, 0.0316] [-0.0971, 0.0451] [-0.1128, 0.0559]  

 Richness → Pest control 0.1524     0.0436 [0.0928, 0.2049] [0.0822, 0.2272] [0.0642, 0.2385] 

 Abundance → Pest control 0.1282 0.0540 [0.0597, 0.1967] [0.0398, 0.2146] [0.0323, 0.2403]   

 
  



 
 

 

Table S7. Model output for path models testing the direct and cascading landscape 
simplification effects on ecosystem services via changes in richness and evenness. Posterior 
samples were summarized based on the Bayesian point estimate (median), standard error 
(median absolute deviation), and 80%, 90% and 95% highest density intervals (HDIs). HDIs that 
do not include zero are reported in bold. 
 

Effect Estimate SE HDI (80%) HDI (90%) HDI (95%) 

Pollination 

 Landscape → Richness -0.1973     0.0461 [-0.2527, -0.1345] [-0.2739, -0.1220] [-0.2894, -0.1091] 

 Landscape → Evenness 0.1006     0.0447 [0.0433, 0.1571] [0.0268, 0.1723] [0.0159, 0.1906] 

 Landscape → Pollination -0.0554 0.0404 [-0.1074, -0.0024] [-0.1227, 0.0118] [-0.1352, 0.0258] 

 Richness → Pollination 0.1591 0.0373 [ 0.1117,  0.2061] [ 0.0997,  0.2203] [ 0.0879,  0.2316] 

 Evenness → Pollination -0.0583     0.0388 [-0.1069, -0.0091] [-0.1198, 0.0073] [-0.1346, 0.0161] 

 

Pest control 

 Landscape → Richness -0.1480     0.0487 [-0.2056, -0.0819] [-0.2269, -0.0659] [-0.2465, -0.0540] 

 Landscape → Evenness -0.0538     0.0554 [-0.1221, 0.0204] [-0.1510, 0.0334] [-0.1599, 0.0617] 

 Landscape → Pest control -0.0319     0.0443 [-0.0869, 0.0273] [-0.1054, 0.0416] [-0.1182, 0.0594]  

 Richness → Pest control 0.2260     0.0431 [0.1704, 0.2803] [0.1563, 0.2979] [0.1440, 0.3135] 

 Evenness → Pest control -0.0717 0.0433 [-0.1299, -0.0196] [-0.1419, 0.0009] [-0.1537, 0.0152]   

 
  



 
 

 

Table S8. Model output for path models testing the direct and cascading landscape 
simplification effects on final crop production via changes in richness, evenness, and 
ecosystem services. Posterior samples were summarized based on the Bayesian point estimate 
(median), standard error (median absolute deviation), and 80%, 90% and 95% highest density 
intervals (HDIs). HDIs that do not include zero are reported in bold. 
 

Effect Estimate SE HDI (80%) HDI (90%) HDI (95%) 

Pollination 

 Landscape → Richness -0.1709     0.0589 [-0.2431, -0.892] [-0.2697, -0.0696] [-0.2984, -0.0494] 

 Landscape → Evenness 0.0837     0.0549 [0.0117, 0.1540] [-0.0163, 0.1710] [-0.0306, 0.1956] 

 Richness → Pollination 0.1829        0.0504 [0.1205, 0.2495] [0.1011, 0.2665] [0.0818, 0.2799] 

 Evenness → Pollination -0.0714     0.0515 [-0.1415, -0.0075] [-0.1607, 0.0116] [-0.1744, 0.0326] 

 Pollination → Production 0.3344     0.0862 [0.2279, 0.4536] [0.2012, 0.4901] [0.1707, 0.5178] 

 

Pest control 

 Landscape → Richness -0.2225    0.0881 [-0.3406, -0.1075] [-0.3771, -0.0697] [-0.4019, -0.0223] 

 Landscape → Evenness -0.0287    0.0992 [-0.1680, 0.0950] [-0.2045, 0.1477] [-0.2484, 0.1874] 

 Richness → Pest control 0.2145     0.0797 [0.1123, 0.3174] [0.0790, 0.3447] [0.0614, 0.3798] 

 Evenness → Pest control -0.1251     0.0808 [-0.2346, -0.0248] [-0.258, 0.0134] [-0.2959, 0.0341] 

 Pest control → Production 0.1483   0.0823 [0.0377, 0.2488] [0.0133, 0.2877] [-0.0094, 0.3213] 

  



 
 

 

Table S9. Model output for path models testing the direct and cascading landscape 
simplification effects on final crop production via changes in richness, abundance, and 
ecosystem services. Posterior samples were summarized based on the Bayesian point estimate 
(median), standard error (median absolute deviation), and 80%, 90% and 95% highest density 
intervals (HDIs). HDIs that do not include zero are reported in bold. 
 

Effect Estimate SE HDI (80%) HDI (90%) HDI (95%) 

Pollination 

 Landscape → Richness -0.1870     0.0571 [-0.2631, -0.1128] [-0.2876, -0.0926] [-0.3067, -0.0722] 

 Landscape → Abundance -0.1988     0.0542 [-0.2680, -0.1270] [-0.2915, -0.1069] [-0.3103, -0.0884] 

 Richness → Pollination 0.1477        0.0638 [0.0645, 0.2281] [0.0485, 0.2568] [0.0212, 0.2712] 

 Abundance → Pollination 0.0104     0.0667 [-0.0742, 0.0961] [-0.0951, 0.1243] [-0.1250, 0.1373] 

 Pollination → Production 0.3388     0.0868 [0.2268, 0.4509] [0.1910, 0.4813] [0.1549, 0.5070] 

 

Pest control 

 Landscape → Richness -0.2073    0.0840 [-0.3197, -0.0977] [-0.3502, -0.0554] [-0.3915, -0.0216] 

 Landscape → Abundance -0.0304    0.1060 [-0.1759, 0.1106] [-0.2242, 0.1587] [-0.2745, 0.1938] 

 Richness → Pest control 0.2255     0.0786 [0.1201, 0.3236] [0.0932, 0.3573] [0.0730, 0.3905] 

 Abundance → Pest control 0.0040     0.0793 [-0.1016, 0.1064] [-0.1331, 0.1413] [-0.1572, 0.1769] 

 Pest control → Production 0.1395     0.0786 [0.0404, 0.2451] [0.0151 0.2822] [-0.0257, 0.3011] 

 
 
Table S10. Model output for path models testing direct and indirect effects of pollinator 
richness, abundance, and evenness (with honey bees) on pollination. Posterior samples were 
summarized based on the Bayesian point estimate (median), standard error (median absolute 
deviation), and 80%, 90% and 95% highest density intervals (HDIs). HDIs that do not include 
zero are reported in bold. 
 

Effect Estimate SE HDI (80%) HDI (90%) HDI (95%) 

Model 1 

 Richness → Pollination 0. 1043 0.0419 [0.0524, 0.1588]  [0.0356, 0.1715]  [0.0250, 0.1878] 

 Richness → Abundance 0.5160 0.0377 [0.4682, 0.5659]  [0.4511, 0.5784]  [0.4328, 0.5882] 

 Abundance → Pollination 0.1183 0.0452 [0.0617, 0.1768]  [0.0430, 0.1903]  [0.0278, 0.2038] 

       

Model 2 

 Richness → Pollination 0.1722 0.0370 [0.1272, 0.2199] [0.1110, 0.2294]  [0.1009, 0.2420] 

 Richness → Evenness 0.0027 0.0551 [-0.0633, 0.0788]  [-0.0941, 0.0886]  [-0.1067, 0.1101] 

 Evenness → Pollination -0.1148 0.0365 [-0.1598, -0.0647]  [-0.1759, -0.0544]  [-0.1890, -0.0438] 

 
  



 
 

 

Table S11. Results of pairwise comparison of richness–ecosystem service relationships 
according to the methods used to sample pollinators and natural enemies. A Bayesian 
hypothesis testing was used to assess the relative statistical evidence in favor of the null 
hypothesis versus the alternative hypothesis. 
 

Hypothesis Estimate 
difference 

Estimate 
Error 

CI 
lower 

CI 
upper 

Evidence 
Ratio 

Pollination  
 Active > Passive -0.02 0.10 -0.18 Inf 0.78 
       
Pest control  
 Active > Passive 0.04 0.08 -0.01 Inf 2.17 

 
 
 
Table S12. Results of pairwise comparison of richness–ecosystem service relationships 
according to the methods used to quantify pollination and pest control services. A Bayesian 
hypothesis testing was used to assess the relative statistical evidence in favor of the null 
hypothesis versus the alternative hypothesis. 

Hypothesis Estimate 
difference 

Estimate 
Error 

CI 
lower 

CI 
upper 

Pollination 
 Fruit set = Δ Fruit weight 0.11 0.13 -0.15 0.37 
 Fruit set = Seed set  -0.10 0.08 -0.26 0.06 
 Δ Fruit weight = Seed set 0.22 0.15 -0.07 0.50 
      
Pest control 
 Cage (damage) = Cage (infestation) 0.09 0.18 -0.26 0.44 
 Cage (damage) = Pest damage 0.17 0.15 -0.12 0.47 
 Cage (damage) = Sentinel experiments 0.05 0.15 -0.24 0.34 
 Cage (infestation) = Pest damage 0.08 0.14 -0.19 0.36 
 Cage (infestation) = Sentinel experiments -0.04 0.13 -0.30 0.22 
 Pest damage = Sentinel experiments -0.12 0.10 -0.32 0.07 
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