Articles
https://doi.org/10.1038/s43016-020-00210-8

Crop cover is more important than rotational
diversity for soil multifunctionality and cereal
yields in European cropping systems
Gina Garland1, Anna Edlinger1,2, Samiran Banerjee1, Florine Degrune3,4, Pablo García-Palacios 5,6,
David S. Pescador5, Chantal Herzog1,2, Sana Romdhane7, Aurélien Saghai 8, Ayme Spor 7,
Cameron Wagg9, Sara Hallin 8, Fernando T. Maestre 10,11, Laurent Philippot 7, Matthias C. Rillig
and Marcel G. A. van der Heijden 1,2 ✉

3,4

In natural ecosystems, positive effects of plant diversity on ecosystem functioning have been widely observed, yet whether
this is true in cropping systems remains unclear. Here we assessed the impact of crop diversification on soil microbial diversity,
soil multifunctionality (SMF) and crop yields in 155 cereal fields across a 3,000 km north–south European gradient. Overall,
crop diversity showed a relatively minor effect on soil microbial diversity, SMF and yields. In contrast, the proportion of time
with crop cover (including cash crops, cover crops or forage leys) during the past ten-year crop rotation had a much stronger
impact. This suggests that increasing crop cover can enhance both yields and soil functioning, while also providing habitat for
soil microorganisms. We found that SMF did not positively contribute to crop yields, highlighting that care must be taken to
balance the provision of food with environmentally beneficial functions and services, since they do not always go hand in hand.

T

he environmental costs of intensive agronomic practices such
as tillage, fertilization and use of pesticides, in addition to
the expansion of cropping areas1, necessitate more sustainable practices that increase crop production on existing arable land
while maintaining its capacity to provide a range of functions and
services2–6. Such sustainable cropping systems can optimize both
crop yields and soil multifunctionality (SMF), that is, the capacity
of soils to simultaneously provide multiple ecosystem functions and
services. A promising approach to accomplish these goals simultaneously is to promote above- and below-ground biodiversity7,8.
A large part of the Earth’s biodiversity is below ground9, a significant portion of which consists of soil microbial communities10. Soil
microbial diversity plays an integral role in soil processes such as
nutrient cycling, carbon storage and the development of soil structure11. Recent evidence from natural ecosystems suggests that soil
microbial diversity promotes ecosystem functioning and SMF12,13.
In agricultural systems, microbial diversity can promote crop yields
and quality14,15. It is, however, still unclear whether increasing
microbial diversity can promote yields through positive effects on
soil functioning.
A potential approach to promote microbial diversity centres on
modifying the associated plant community. For example, it has been
shown that increasing taxonomic and functional plant diversity can
increase soil microbial diversity in both natural ecosystems10,16 and
cropping systems17–19. This is due primarily to differences in biochemical composition of plant tissues, and therefore input into the

rhizosphere via root and leaf litter, all of which vary in their ability to
support specific microbial communities20. Moreover, beside positive
effects on microbial communities, studies have shown that increasing taxonomic and functional diversity in agricultural systems can
promote plant yield, although most of them compare cover crops
versus bare soils19,21,22 or diverse cash-crop rotations versus monocropping18,23 (Fig. 1), and usually at a single location or multiple sites
within a given climatic region. This constrained approach does not
capture the diversity of practices utilized by farmers in European
cropping systems, which typically include a variety of cash crops,
cover crops and occasionally forage leys (that is, pastures) within a
given rotation24 (Fig. 1).
In addition, agricultural management practices such as tillage
and fertilization can have significant effects on soil microbial community structure, diversity and overall ecosystem functioning25.
However, most studies examining the effects of soil biodiversity on
cropping systems have done so without explicitly considering the
interwoven relationships between crop diversity, management practices and environmental factors such as climatic conditions and soil
properties. This lack of system-level analysis limits our understanding of the linkages between biodiversity, climate and agricultural
management, and thus impedes our ability to improve both yield
and soil functioning through targeted management practices.
Here we investigated the effects of crop and soil microbial diversity on SMF and yield across conventionally managed European
agricultural fields encompassing a broad gradient in soil and climate
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Crop types
Cash crop: An agricultural crop grown to provide revenue from an off-farm source.
Cover crop: A crop grown between periods of regular production of the main crop for the purposes of protecting the soil from erosion and
improving soil productivity, health and quality.
Forage ley: A field planted with vegetation consumed by domestic grazing animals. In forage ley farming, a given field is alternately used for cash
crops and cover crops for a number of years, and then subsequently used to grow forage species for another number of years. After that period
it is again ploughed and used for cash and cover crops.
Example of crop rotation incorporating a cover crop (a), cash crop (b) and forage ley (c) over a two-year crop rotation.
(a)

(b)

Year 1

(c)

Year 2

Time

Crop diversity types (that is, each of the above crop types can consist of one of the following):
Monocropping: The cultivation of a single plant species in a
given field. Continuous monocropping is the practice of
growing the same crop species in a given field year after year
without rotation with other species.

Intercropping: The cultivation of two or more crop species
simultaneously on the same field in close proximity in a beneficial
manner. There are several types of intercropping, including row
intercropping, strip intercropping and mixed intercropping,
which differ in the planting arrangement of included species.

Diverse species mixtures: The practice of sowing a multitude of
plant species in the field at a given time, generally in a random
distribution. This is predominantly used for cover crop and forage
ley blends.

Growing season

Fig. 1 | Crop covers and diversity types commonly used in temperate cropping systems. Definitions are from the USDA National Agricultural Library24.

conditions. We collected soils as well as detailed crop, management
and climatic information from 155 sites along a 3,000 km north–
south European gradient (from Spain to Sweden, Supplementary
Fig. 1). We also assessed the total crop cover, or the proportion of
time the field was planted with either a cash crop, cover crop or
forage ley during this same period, as crop cover has been shown
to increase the delivery of certain ecosystem services26, and thus
should not be overlooked as a potential contributing factor to SMF
and yield.

Results and discussion

Crop cover time and type affect crop diversity. In many European
cropping systems, a typical crop rotation includes various cash
crops often interspersed with cover crops, forage leys and periods of
bare soil27 (Fig. 1). The average species richness of each crop cover
type (Fig. 2), as well as the total crop cover (Fig. 3), greatly differed
between and within countries, as can be seen from the high scatter
of individual data points for each country. This led to a range in
overall crop diversity and crop cover across our sampling network,
with the highest values in Switzerland and the lowest in Spain and
Sweden (Fig. 4).
A factor clearly contributing to the larger crop diversity in
Switzerland was the reduced proportion of time spent with bare

soil compared to the other countries (Fig. 3). Furthermore, while all
countries had a relatively similar proportion of time with cash crops
(ranging between an average of two and four different cash-crop
species), Switzerland had the largest proportion of time with additional crop cover, including both cover crops and forage leys (Fig.
3). This additional crop cover had a strong capacity to increase overall diversity (Fig. 4), especially when multispecies forage leys were
planted28 (Fig. 2c). However, here we assessed the taxonomic diversity of crop species, as opposed to functional diversity, but recommend future studies to additionally integrate functional differences
(that is, leaf and root traits) between the species used in rotation as
a way to improve understanding of the links between crop diversity
and soil microbial diversity.
The large difference in crop diversity between countries is influenced by a complex interplay of environmental, economic and
social factors29, and thus an in-depth assessment of such drivers
was beyond the scope of this study. However, by comparing overall
crop diversity and cover (Fig. 4) with the long-term mean annual
temperature and precipitation (Supplementary Fig. 1) across these
countries, it is clear that differences in climatic conditions play
an important role in the ability of farmers to extend the cropping
season with cover crops or forage leys. For example, reduced precipitation in Spain is undoubtedly a major limiting factor of crop
Nature Food | www.nature.com/natfood
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Fig. 2 | Crop species richness by country and crop type. a–c, The average
crop species richness of cash crops (brown boxes) (a), cover crops (green
boxes) (b) and forage leys (purple boxes) (c) for each country during the
past ten-year crop rotation period. Crop species richness of each field site
is shown as individual data points, while the boxplots represent the median
and range of crop species richness of each specific crop type per field in
each country.
Nature Food | www.nature.com/natfood
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Drivers of soil microbial diversity depend on environmental factors. Crop diversity had a significant and positive effect on bacterial
diversity (Fig. 5), but did not affect fungal, archaeal or cercozoan
diversity (Supplementary Fig. 2). This indicates that the benefits
obtainable by diversity appear to saturate at between five and ten
crop species in rotation (Supplementary Fig. 3). Certain plant
species may also be more beneficial towards bacterial diversity
than others, and thus adding additional species may no longer be
advantageous.
However, after considering environmental variables and management practices, the effect of crop diversity on microbial diversity
became negligible (Fig. 6 and Supplementary Table 1). Variation
due to individual countries and spatial attributes appeared, therefore, to be a strong driver of soil microbial diversity across the sites
surveyed, as found in other studies18,31. Thus, the effectiveness of
managing crop diversification for promoting soil biodiversity is
clearly dependent on environmental factors. Many studies showing
a positive impact of diverse crop rotations on soil biodiversity are
based in a single climatic zone32,33, and thus environmental drivers
are not considered in such assessments. While clearly of great value
to farmers and land-managers in a given area, this single-location
approach limits our understanding of the extent of how much crop
diversity generally affects soil microbial diversity in comparison to
climatic, edaphic and soil management practices.
The overall weak effect of crop diversity on microbial diversity
may be attributed to the fact that we compared legacy effects of
crop rotational diversity over the previous ten years, while at the
actual time of sampling there was only a single crop species in the
field. Considering this, it may not be surprising that the strength
of this crop diversity–soil biodiversity relationship is not as evident
as that found in studies of grasslands, where multiple plant species
are present at the same time34. This indicates that diversifying cropping systems in space, for example, by intercropping (Fig. 1), may be
more beneficial for promoting soil biodiversity and function than
crop diversification through sequential rotations as done in this
study35,36. Moreover, earlier studies testing the effects of crop rotations on soil microbial communities in long-term agricultural trials37 often compared soils from fields with diverse crop rotations to
monocultures. In our study, only 5.8% of our field sites were monocultures, perhaps explaining why the effects observed were not so
pronounced. Alternatively, here we focus on wheat and small grain
cropping systems, and thus our results must not be extrapolated
to other crop rotations. It is possible that other cash crops besides
wheat are better able to reveal the potential benefits of residual crop
diversity on microbial diversity.
In contrast to the limited effect of diversified crop rotations,
the proportion of time with crop cover had a pronounced, yet
taxa-specific influence, on soil microbial diversity (Fig. 5 and

Supplementary Fig. 2). For example, both bacterial and cercozoan
diversity were positively correlated with a longer duration of crop
cover, while archaeal diversity was negatively correlated. Fungal
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diversity, while in Sweden, reduced temperatures restrict the duration of the growing season as well. Additionally, in contrast to the
EU countries, agriculture in Switzerland is highly regulated through
policies that offer substantial financial incentives for farmers, and
this comes with the need to include particular management practices such as including cover crops and leys in the crop rotation30,
which was likely a factor contributing to higher crop diversity in
Switzerland.
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Fig. 3 | Distribution of crop cover in each country over a ten-year crop
rotation. The average proportion of time either bare (that is, unplanted),
or covered with either cash crops, cover crops or forage leys over the past
ten-year crop rotation for each country.

diversity was not affected by crop cover time. However, the effect
of crop cover time on the diversity of bacterial, archaeal and cercozoan communities was as strong as that of environmental factors (Fig. 6 and Supplementary Table 2). We hypothesize that the
impact of crop cover time on microbial diversity is stronger than
that of crop cover diversity, because having a constant source of carbon and nutrients (that is, through rhizodeposition and root and
leaf residues) is generally more important, and can support a more
diverse community, than having extended periods of reduced or no
inputs. Our findings thus suggest that there is potential to increase
microbial diversity through increasing the duration of crop cover,
for example, by incorporating cover crops and/or temporary grass–
clover forage leys into crop rotations, which has shown a positive
effect on below-ground diversity, soil functioning and ecosystem
service provision38,39.
In areas experiencing climatic extremes (that is, low precipitation in southern Spain and low temperatures in northern Sweden),
the ability to increase the proportion of crop cover via cover crops
and leys is clearly more limited. However, given our results, it is
likely that even small increases in crop duration may be worthwhile. For example, hardier cereal varieties in Sweden could
potentially extend the crop cover time by up to several months,
and give more time for carbon-rich roots to develop that could in
turn contribute to improvements in soil fertility40 and feed more
soil microbes. Additionally, intersowing a cover crop in between
cash-crop rows before the end of the growing season in Spain may
permit a short-lived cover crop following the main cash crop without the need to incorporate irrigation practices, and thus benefit
future crop yields with increased organic matter and—in the case of
leguminous cover crops—an organic nitrogen source41,42. However,
in areas where water is particularly scarce, it is important to consider any potential negative impacts of increased crop cover on
water dynamics, such as a reduction in water availability for the following crop due to reduced water recharge, before beginning such
a practice43.
Proportion of time with crop cover positively impacts SMF.
In addition to understanding the links between above- and
below-ground biodiversity in agricultural systems, a primary goal
of this study was to determine if these factors, and the associations
between them, play a role in driving SMF. To create an overall measure of SMF, we categorized the 25 measured soil functions and
indicators into four categories representative of soil structure, fertil-

ity, activity and soil nitrogen cycling potential, as these are key components of soil quality and are intimately linked with functioning44
(Supplementary Fig. 4).
Similar to studies in natural ecosystems45, we found that mean
annual precipitation and soil clay content had a significant and positive effect on SMF (Fig. 6). We also found an equally strong and
positive impact of crop cover time on SMF, even at the individual
country level, with three out of five countries showing a positive
impact of crop cover on SMF (Supplementary Table 3). Contrary to
results from natural ecosystems, as well as to our initial hypothesis,
we did not see a strong impact of crop diversity on SMF. We tested
through multiple structural equation models not only overall species richness, but also the proportion of different crop cover types
(that is, cash crops, cover crops and forage leys), and whether or
not they included leguminous species (Supplementary Fig. 5). In
all cases the proportion of time with crop cover and environmental
variables were the best predictors of SMF, while diversity did not
play a significant role.
In contrast to our initial hypothesis, we found that SMF was negatively correlated with bacterial diversity (Fig. 6 and Supplementary
Table 2). However, we also found a negative correlation between
clay content and bacterial diversity, lending support to previous
studies showing that soil mineral heterogeneity, such as that found
in sandier soils46, contributes to greater bacterial diversity in microbial community assemblages47, and thus explaining why bacterial diversity had an overall negative effect on SMF in this study.
In contrast, we found a strong, positive relationship between total
microbial biomass and SMF (Supplementary Fig. 6). It is generally
assumed that as soil carbon increases (that is, through particular
management practices or organic matter application), soil microbial biomass will increase as well, which can maximize the ability
of the soil to perform essential ecosystem functions and services
and create a positive feedback loop that further enhances microbial
biomass48. Furthermore, and due to functional redundancy, many
microbial species can perform the same function, so that a decrease
in any particular species or taxa will not necessarily affect overall
functioning since other groups can take over these processes48,49.
Our findings thus indicate that the positive effects of crop cover and
diversification on soil functioning are mediated through increasing
microbial biomass rather than the actual diversity itself49,50.
Management intensity, crop cover and bacterial diversity drive
crop yield. Crop yields were primarily driven by management
intensity, crop cover and bacterial diversity (Fig. 6). The positive
impact of management intensity is not surprising given the clear
benefits of fertilization, tillage and pesticides on crop production.
We found that the duration of crop cover, not crop diversity itself,
had a beneficial impact on yield. We attribute this in part to the
hump-shaped relationship between crop diversity and yield, which
indicates that although crop diversity at lower levels of diversity
increases yields, at higher diversity levels, crop yields are negatively
affected (Fig. 5). When assessing this impact in terms of the number
of different crop species in a crop rotation, we see that similarly to
bacterial diversity, crop yield increases until between five to ten species are reached, at which point increasing diversity has no impact
on yields (Supplementary Fig. 3). Similarly to bacterial diversity, it
is likely that certain crops within the rotation are more beneficial
towards subsequent crop yields than others. For example, including
leguminous cover crop species into the rotation can increase yields,
while on the other hand, cropping systems with a high proportion
of cash crops, despite adequate fertilizer inputs, may not show the
same effect if the nutrient-rich biomass is removed from the fields.
Bacterial diversity was found to be positively correlated with
crop yields (Fig. 6). Further studies are needed to test whether the
positive relationship between bacterial diversity and crop yield
is indirect (that is, the environmental conditions typical for high
Nature Food | www.nature.com/natfood
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Fig. 4 | Relationship between crop diversity and crop cover across our sampling network. a–c, The average crop species diversity (using the Shannon
diversity index) (a), proportion of time with crop cover for each country within the sampling network (b) and Pearson correlation between these two
variables (***P < 0.0001) (c). Spain, n=22; France, n=29; Switzerland, n=38; Germany, n=35; and Sweden, n=31. The boxplots in a and b represent the
median and range in values of crop diversity and proportion of time with crop cover of all sampled fields in each country, respectively.

yields may promote many bacterial taxa and thus contribute to high
bacterial diversity). Alternatively, the presence of a diverse bacterial community may directly promote crop yields, as many different
types of plant growth promoting rhizobacteria found in agricultural
soils are known to promote crop growth. Our results show that
soil nitrogen cycling rates increase as bacterial diversity increases,
potentially leading to more efficient processing of added fertilizers and thus more nitrogen uptake and subsequently higher yields
(Supplementary Fig. 3).
We found no effect of cercozoan and archaeal diversity, and a
negative relationship between fungal diversity and crop yield,
although this effect was weak compared with the other factors such
as management intensity and mean annual temperature (MAT)
(Fig. 6). As the main predator of bacteria, cercozoa are important
regulators of bacterial communities51. However, our results suggest
that the possible effect of trophic interactions between cercozoa and
bacteria were at most marginal, and that other factors were more
important for explaining crop yield. Additionally, although recent
studies have shown that archaea associated with cereal fields are
dominated by ammonia oxidizers52,53, far less is known about the
roles of archaea and cercozoa in agricultural settings from a multitrophic perspective54, thus again calling for more research efforts to
understand their functional interactions.
While many recent studies have shown a positive effect of crop
rotational diversity on yields at the larger scale55,56, they did not
directly compare the duration of crop cover to crop diversity as
we did. Nonetheless, we do not propose that crop diversity is not
beneficial or a worthwhile practice. Indeed, crop diversity has been
shown to contribute to a variety of ecosystem services not assessed
here37,57. We recommend considering practices that, in addition to
striving for increased diversity, extend the growing season as well
(that is, the use of cover crops or forage leys, for example).
No clear link between SMF and yields. Although previous studies have shown a link between increased crop rotational diversity and improved temporal stability of crop yields55, whether this
yield stability is linked to improved soil functioning has not been
Nature Food | www.nature.com/natfood

evaluated. As our SMF index was developed using indicators of
soil functions known to increase crop yields, we hypothesized that
yields and SMF would be strongly and positively linked. However,
our overall structural equation modelling (SEM) indicated that SMF
and yield were negatively, but weakly, associated (Fig. 6). Further
inspection through regression analysis did not confirm this, as no
connection between these two factors was observed (Supplementary
Fig. 7). Thus, we report that no clear link was found between these
two variables. Instead, it appeared that SMF was mainly driven by
environmental factors and crop cover, whereas crop yield was primarily impacted by anthropogenic factors (management intensity
and crop cover) and soil bacterial diversity (Fig. 6). Environmental
effects influenced yield more through indirect mechanisms, particularly through their influence on bacterial diversity, fungal diversity
and SMF (Supplementary Fig. 7).
It has been shown that crop yields can be improved by increasing soil organic matter58,59, which in turn is known to contribute
to many additional ecosystem functions and services. Given the
importance of soil carbon, this soil parameter is included in many
ecosystem and SMF assessments. However, Wood et al.60 found that
not all carbon pools have the same effect on crop yields. For example, they found that soil organic carbon associated with the fine soil
fraction was significantly and negatively correlated with crop yields,
showing that carbon accumulation in cropping systems does not
necessarily have a positive impact on yields. Furthermore, recent
studies have shown the beneficial relationship between soil organic
matter and crop yields is only valid up to ~2% soil organic carbon61,
after which point the relationship is less clear. Although soil carbon
should have both a direct and indirect effect on many of our SMF
indicators, our temperate European sites had an average soil organic
carbon concentration of 2.4%. This could explain why SMF was not
as tightly linked with yields as expected.
Crop yields were positively correlated with management intensity (Fig. 6). This implies that yield increases in sites with increasing tillage events, fertilizer inputs and pesticide applications. Since
both soil structure and activity are key components of our SMF
index, the increased use of both tillage and fertilization practices
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may have contributed to the decoupling between SMF and yield
found in our study.
Just as most studies showing a positive link between SMF and
plant productivity are based on observations of natural systems12,13,
our results in cropping systems suggest that improving SMF as a
means to increase crop yield may be more applicable, or in fact only
applicable, in agricultural systems reliant on ecosystem services,
including low-input and organic systems, where access to chemical
fertilizers is limited, and thus the majority of the crop nutritional
needs must be met through increases in soil biological processes
such as nitrogen fixation, nutrient turnover and accumulation of
organic matter4,62. Our observations also demonstrate that farmers and farm managers in most conventional cropping systems in
Europe must actively work towards a balance between yields and
SMF, as they are not necessarily complementary.

Summary. We found that the proportion of time with crop cover,
regardless of its diversity, had a significantly positive impact on bacterial diversity, SMF and crop yields. Yet given the environmental,
economic and social constraints on farmers regarding the main cash
crops that can be grown in a given country or location, increasing
cash-crop diversity may not be possible or recommended in all
cases. Instead, we found that increasing the proportion of time with
crop cover may be a better approach than trying to increase crop
diversity within the rotation in our investigated land-use gradient
in Europe. This approach can also increase overall crop diversity
without necessarily increasing management intensity, since cover
crops are not fertilized or sprayed with pesticides, and the residues
are left on the field, thus leading to increased soil organic matter48.
We found that SMF did not positively contribute to crop yields,
which shows a disconnect between these two objectives across our
Nature Food | www.nature.com/natfood
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study sites. Given this lack of synergy between these two important
goals of sustainable intensification, care must be taken to balance
the provision of food with environmentally beneficial functions and
services, since they do not always go hand in hand.

Methods

Field sites. During the spring of 2017, we sampled 155 sites encompassing
agricultural sites and experimental farms across a north–south gradient of Europe
including sites in Sweden (n = 31), Germany (n = 35), Switzerland (n = 38), France
(n = 29) and Spain (n = 22) (Fig. 2). To reduce variation between sites as much
as possible, we targeted fields planted with wheat (Triticum aestivum) (n = 121,
78% of sites). When wheat fields were not available, another cereal species was
chosen instead (that is, barley, Hordeum vulgare (n = 26); oat, Avena sativa (n = 6);
rye, Secale cereale (n = 1); or triticale, Triticosecale sp. (n = 1)). Additionally, we
sampled soils primarily from conventionally managed plots that engage in tillage
and inorganic fertilization practices. Our study sites included a high range of
crop diversities, such as monocultures, simple cereal–legume rotations and more
diverse rotations including intercropping. Although 18 field sites in Switzerland
and 8 sites in Germany were technically organically managed (16.7%), they did not
statistically differ from the conventional sites in terms of yield, SMF or microbial
diversity, and thus were included in the dataset. Information regarding grain yield,
crop rotation history, crop management practices and general site characteristics
were obtained by surveying the farmers and farm managers of each site through a
questionnaire. Long-term mean annual precipitation (MAP) and MAT for each site
were downloaded from the WorldClim database (https://www.worldclim.org/).
Soil collection and processing. Soils were sampled during anthesis (that is, the
crop-flowering period), which ranged between May in the southern sites and up
through July in the northern sites. At each site, eight soil samples were taken in a
circular pattern within a 10 m radius using a 5-cm-diameter auger and to a depth of
20 cm. Three of these cores were kept intact and used to measure bulk density and
Nature Food | www.nature.com/natfood

soil aggregation. The remaining soil cores were homogenized and sieved to 2 mm.
Portions of this soil were air dried for further processing of soil physical and chemical
properties as well as enzyme activities, kept refrigerated at 4 °C for microbial biomass
and basal respiration determination and frozen at −18 °C for DNA extraction and
potential nitrogen cycling rates. Subsamples of all samples were then shipped to each
laboratory for specific measurements to reduce analytical errors.
Soil functional measurements. Soil structure was assessed by measuring the
soil aggregation and bulk density of each sample. Briefly, the bulk density was
measured as the mass of dry soil contained in the sample cylinder volume, and
soil aggregation was measured using the wet-sieving method63. In addition to
structure, a variety of soil nutrients indicative of soil fertility were measured, as
well as cation-exchange capacity (CEC) and water-holding capacity (WHC) using
the Swiss standard protocols64.
Soil activity was estimated by measuring basal respiration, as well as by the
potential activity of seven extracellular enzymes related to the carbon, nitrogen and
phosporus cycles: α-1,4-glucosidase (starch degradation), β-1,4-glucosidase (starch
degradation), β-xylosidase (hemicellulose degradation) and β-d-cellobiohydrolase
(cellulose degradation) for the carbon cycle; β-1,4-N-acetylglucosaminidase (chitin
degradation) and l-leucine aminopeptidase (protein degradation) for the nitrogen
cycle; and acid phosphatase (phosphorus mineralization) for the phosphorus
cycle. Soil enzyme activities were assessed fluorometrically following the methods
described in Bell et al.65 (see Supplementary Methods). Basal respiration was
measured as CO2 produced in preincubated soils over 72 h at 50% WHC65.
Soil nitrogen cycling was determined by measuring five rates related to
different aspects of the soil nitrogen cycle (ammonification, nitrification,
depolymerization, mineralization and nitrogen transformation) following a
14 day incubation. Potential denitrification activity was determined with the
acetylene inhibition technique following Pell et al.66. Details are described in the
Supplementary Methods. In addition to the soil functions mentioned above, soil
pH and texture were included as drivers of soil microbial diversity in the SEM, and
were measured on each sample using the Swiss standard protocols64.
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Soil multifunctionality. To create an overall measure of SMF we developed an
index consisting of the average of four variables representative of soil structure,
fertility, activity and soil nitrogen cycling potential (Supplementary Fig. 4).
Soil structure was composed of soil aggregation and bulk density. Soil fertility
was composed of organic carbon, total soil nitrogen, total soil phosphorus,
available calcium, magnesium, potassium, phosphorus, cation exchange capacity
and WHC. Soil activity was composed of basal respiration as well as potential
xylanase, α-glucosidase, β-glucosidase, N-acetylglucosaminadase, cellobiase,
leucine aminopeptidase and phosphatase enzyme activities. Soil nitrogen-cycling
potential was assessed using the rates of potential nitrogen transformation,
depolymerization, ammonification, denitrification, mineralization and
nitrification.
A principal coordinate analysis (PCA) score for each of the four latent variables
making up the composite variable was then calculated (see Meyer et al.34 for a
detailed description). In this approach, each variable was standardized (mean, 0;
s.d., 1) before running a PCA. This generates values for each principal coordinate
axis for each field (number of axes equal to the number of empirical variables used
for input). The eigenvectors of each of the empirical measures were considered
such that larger positive values reflected greater SMF of each of the empirical
measures. However, since our variable for soil structure was defined as the mean
weight diameter of the different aggregate size fractions and bulk density, the
loadings of each of these on each axis should therefore be predominantly positive.
However, since a lower bulk density is associated with better soil structure, the axis
was inverted around 0 by multiplying the axis scores by −1. The scores of each axis
were then averaged after weighting by the proportion of variation each explained
by each eigenvalue. Each latent variable is thus defined as:
meanðdirection ´ ðeigenvector proportionÞ ´ PC axis scoreÞ

ð1Þ

For ease of interpretation, we rescaled the latent variables (soil structure, soil
fertility, soil activity and soil nitrogen cycling) between 0 and 1, where 1 would
indicate the maximum of each category, and 0 would indicate the minimum.
We also ensured that the raw values of each latent variable correlated positively
with the final variable. In contrast to Meyer et al.34, the overall SMF index was
then computed by averaging the four rescaled latent variables. This was done to
ensure that all four soil functional categories were equally accounted for in the
SMF index.
Soil microbial diversity. Soil DNA was extracted from 250 mg of each soil sample
using the DNeasy PowerSoil-htp 96 well DNA isolation kit (Qiagen). Amplicons
of bacterial 16S rRNA genes were generated in two steps according to Berry
et al.67. The fungal internal transcribed spacer (ITS) region was amplified using the
PacBio SMRT Sequencing platform (Pacific Biosciences) with the primers ITS1f
(CTTGGTCATTTAGAGGAAGTAA) and ITS4 (TCCTCCGCTTATTGATATGC)
targeting the entire ITS region (~630 bp)68,69. For measuring archaeal diversity,
archaeal 16S rRNA gene fragments, encompassing the V3–V4 hypervariable
regions, were amplified by a two-step polymerase chain reaction procedure (see
Supplementary Methods). Cercozoa diversity was measured by carrying out a
two-step polymerase chain reaction to amplify a fragment (~350 bp) of the V4
region of the 18S rRNA gene using the primers sets designed by Fiore-Donno
et al.70. For a detailed description of our DNA sequencing methods, see
Supplementary Methods.
Alpha diversity of soil bacterial, fungal, archaeal and cercozoa populations
were assessed individually using the Shannon–Weaver index of diversity. All alpha
diversity indexes were calculated from operational taxonomic unit abundances
rarefied at the lowest number of sequences found in each taxa. Community
analyses were performed with R software71 and the package VEGAN72.
Crop yield, cover and diversity. Since not all sites had the same cereal species,
yields could not be compared directly. Therefore, we calculated a standardized
yield for each site using the grain yield recorded by the farmer or farm manager of
each site divided by the average yield of that crop species across all five countries
for the 2017 growing season based on FAO STAT73.
To assess crop diversity at each site, we calculated the Shannon diversity index
of all plant species planted during the past ten-year crop rotation. The proportion
of crop cover was calculated as the number of months with plant cover (either cash
crop, cover crop or forage ley) divided by the total number of months in the crop
rotation period. We chose this approach, rather than looking at isolated effects
of each crop cover type individually (that is, only cover crops) to standardize
for location specific practices, since not all crop types were present in all fields.
Moreover, crop cover is an especially important indicator used for assessing
below-ground carbon inputs and soil processes74, and thus was also an ideal
indicator for our study.
Management intensity. Considering the diversity of different management
practices performed in each site across the network, we created a single variable
to describe management intensity which could then be compared across sites.
This included data related to fertilizer application, pesticide use and tillage from
the 2017 growing season. The specific management variables included in our

index consisted of the total amount of mineral nitrogen applied (nitrate and
ammonium), the number of tillage events and the maximum tillage depth, and
the number of insecticide, herbicide and fungicide applications (Supplementary
Fig. 8). These values were then used to construct our index using the PCA
approach described above. However, for this index we did not create a composite
variable, as was done for SMF, but included all of the above parameters into a
single management index scaled between 1 and 0, with a score of 1 indicating the
maximum intensity of management practice observed, while 0 would indicate the
minimum.
Data processing and statistical analyses. To analyse direct effects of
environmental (MAP, MAT, soil clay content and soil pH) and anthropogenic
effects (management intensity, crop diversity and proportion of time with crop
cover) on soil microbial diversity, SMF and yield, both linear and non-linear
regressions were made using all sites collectively. To determine the best model for
each relationship, first- and second-order linear models were made using single
dependent and independent variables, and the model with the highest adjusted
R2 value was ultimately chosen. In addition, separate linear mixed-effects models
were used to test country effects of management practices on soil microbial
diversity, SMF and crop yields using individual management variables as the
fixed factors and latitude and longitude nested within country as the random
factor (Supplementary Table 1). We then used SEM to understand the direct and
indirect controls of environmental parameters, management practices and diversity
of microbial taxa (bacteria, fungi, archaea and cercozoa) on standardized crop
yield and SMF (Fig. 6, Supplementary Table 2). All relationships in the SEM were
compared with the bivariate relationships to confirm that the overall conclusions
drawn were valid across multiple approaches.
Because of the strong non-linear relationships between the environmental
factors and several response variables of interest, we used the first PCA axis of the
environmental variables and their square (MAT, MAP, pH and clay content) as
variables in the SEM model to incorporate non-linearity into the model following
Delgado-Baquerizo et al.75. All other variables are included assuming a linear
relationship, and thus this additional step was not conducted. Our initial structural
equation models included latitudinal and longitudinal data to account for
geospatial autocorrelation, either by including these variables in the model directly,
or by building a piecewise structural equation model and correcting for latitude
and longitude as random factors. However, the strong collinearity between latitude
and our environmental variables could not be overcome in these earlier modelling
attempts, regardless of the statistical package used to build the structural equation
model. Thus, we accounted for spatial variation between sites by including both
MAP and MAT into the model, which are strongly and significantly correlated
with latitude (Supplementary Fig. 1) and removed the collinearity issue described
above. Therefore, the final SEM was made using the lavaan package76, and the final
model was determined by selecting the best fit using the chi-squared parameter
(Supplementary Table 2).
Using the results from the SEM, we then calculated the direct and net indirect
effects of environmental and anthropogenic factors on the standardized yield
through effects on soil microbial diversity and SMF (Supplementary Fig. 7).
The direct effect is the standardized path coefficient and the net indirect effect
is the sum of each individual indirect effect (calculated as the product of all
effects in a single path). Indirect effects were calculated in two ways. The first
was by quantifying indirect effects on yield through impacts on soil microbial
diversity and SMF (Supplementary Fig. 7), and the second was to measure the
anthropogenic and environmental factors on yield through changes in SMF driven
by soil microbial diversity (Supplementary Fig. 7). All statistical analyses were done
with R software71.
Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.
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We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data
Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:
- Accession codes, unique identifiers, or web links for publicly available datasets
- A list of figures that have associated raw data
- A description of any restrictions on data availability
October 2018

The data that support the findings of this study (figshare.com/articles/dataset/Garland_et_al_Nat_Food_dataset_figshare_xlsx/10067999) and the R codes are
available in Figshare (figshare.com/articles/online_resource/Garland_et_al_Nat_Food_R_Code_Figshare_docx/12618941).
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Ecological, evolutionary & environmental sciences study design
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Study description

Here we investigated the effects of crop and soil microbial diversity (i.e. alpha diversity of soil bacterial, fungal, archaeal, and protist
(cercozoa) communities) on SMF and yield across conventionally managed European agricultural fields (Spain, France, Switzerland,
Germany, and Sweden) encompassing a broad gradient in soil and climate conditions (Fig. 2). For this endeavor we collected soils as
well as detailed crop, management and climatic information from 155 sites along a 3,000 km North-South European gradient. All
fields had wheat or another closely related annual cereal growing at the time of sampling, but varied in terms of overall crop diversity
(calculated as the number of different plant species sown in the past ten year crop rotation). We also assessed the total crop cover,
or the proportion of time the field was planted with either a cash crop, cover crop, or forage ley during this same period, as crop
cover has been shown to increase the delivery of certain ecosystem services31, and thus should not be overlooked as a potential
contributing factor.
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Microbial diversity was assessed in each soil sample, along with multiple soil functions related to soil structure, fertility, microbial
activity, and nutrient cycling (Supplementary Fig. 1). We then examined if 1) increasing crop diversity is linked to greater soil
microbial diversity, 2) if increased soil microbial diversity will enhance SMF and crop yields, and 3) if crop diversity enhances SMF and
yield directly using a structural equation model. We hypothesized that fields with greater crop diversity would have higher soil
microbial diversity, which would exert a positive influence on SMF, and consequently increase crop yields.

Research sample

All of our research was conducted on soil samples from agricultural fields. Once sampled, the soils were homogenized, and then
divided into smaller sample sizes to measure a variety of physical, chemical, and biological parameters to answer our study question.

Sampling strategy

We aimed to collect at least 150 sites in order to robustly run our structural equation model. This corresponded to 30 field sites per
country, which was at the upper limit of our capacity to sample, process, and analyze within the time frame of the granting agencies.

Data collection

Each country sampled their own agricultural soils (see exact numbers below) during the flowering period of crop growth following a
standardized soil sampling protocol. The soils were then processed identically between sites, and shipped to individual countries to
perform all analyses of the same kind in one location to avoid analytical errors (i.e. DNA extraction performed in France, soil
biogeochemical analyses performed in Switzerland, etc.).

Timing and spatial scale All samples were collected during the crop flowering period in each site (between May and June 2017). The exact date of sampling
was therefore different, due to differences between crop growth across climatic periods.

Data exclusions

No data was excluded.

Reproducibility

All laboratory analyses were performed with two analytical replicates to ensure that data was reproducible. Furthermore, all our
statistical analyses were performed in multiple, similar methods to ensure that our conclusions were sound, regardless of specific
models used. For example, although we chose to use a structural equation model to assess the overall relationship between factors
in our study, we also confirmed a similar relationship using random forest models.

Randomization

During all laboratory analyses, the samples were measured in a completely randomized fashion in order to avoid bias. This was done
by re-naming each sample as a number, so all information regarding individual samples was not known during analysis.

Blinding

As stated above, each sample was re-named by randomly assigning a number. This allowed all laboratory analyses to be conducted in
a completely randomized fashion, without knowledge of which sample was being analyzed.

Did the study involve field work?

Yes

No

Field work, collection and transport
During the spring of 2017, we sampled 155 sites encompassing agricultural sites and experimental farms across a North-South
gradient of Europe including sites in Sweden (n=31), Germany (n=35), Switzerland (n=38), France (n=29), and Spain (n=22). To
reduce variation between sites as much as possible, we targeted fields planted with wheat (Triticum aestivum) (n= 121, 78% of
sites). When wheat fields were not available, another cereal species was chosen instead (i.e. barley, Hordeum vulgare (n=26);
oat, Avena sativa (n=6); rye, Secale cereale (n=1); or triticale, Triticosecale sp. (n=1)). Additionally, we sampled soils primarily
from conventionally managed plots that engage in tillage and inorganic fertilization practices. Our study sites included a high
range of crop diversities, such as monocultures, simple cereal-legume rotations, and more diverse rotations including
intercropping.

Location

Sampling was conducted at 155 individual fields across a 3,000-km North-South gradient, with 31 sites in Sweden, 35 sites in
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Germany, 38 sites in Switzerland, 29 sites in France, and 22 sites in Spain. The exact latitude and longitude of each site is given in
the publicaly available FigShare file.

Access and import/export

Since all soils are located within Europe, we did not require special permits to transfer the soil samples between research groups.

Disturbance

There was minimal disturbance to the farmers' fields during this study, in which we only took 8 soil cores from each site in a 10m radius. Additionally, all farmers were financially compensated at an amount appropriate for each country for allowing us to
sample their fields.

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

Materials & experimental systems

Methods

n/a Involved in the study

n/a Involved in the study

Antibodies

ChIP-seq

Eukaryotic cell lines

Flow cytometry

Palaeontology

MRI-based neuroimaging
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