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Increased crop diversity in cereal-dominated rotations can enhance

crop protection, nutrient use efficiency and climate change adaptation.
Nevertheless, it is argued that replacing cereals in rotations diminishes
food production, threatening food security. Here we compared outputs
of calories and macronutrients (carbohydrates, proteins, fats) for human
consumption from cereal monocultures, cereal-only rotations and
rotations including two or three functionally distinct crop types (cereals
plusroot and oil crops, legumes or ley) in 16 long-term experiments across
Europe. Rotations with three functional types produced more calories
and macronutrients than cereal monocultures and cereal-only rotations
with forage crops used to produce milk. Carbohydrate gains depended
on growing conditions and crop choice. Advantages increased over time
but were lost with forage crops used for beef or biofuel. Functionally rich
rotations provided macronutrient proportions closer torecommended
human diets. Our analysis shows no trade-off between functionally rich
rotations and food production or agricultural land expansion.

Inindustrial agriculture, diverse cropping systems have been replaced
by monocultures and short crop rotations' . These simplified rotations
rely heavily on synthetic inputs of mineral fertilizers and pesticides,
causing negative effects on soil quality, climate and the environment®.
Alternative approaches are needed to provide sufficient and nutritious
food, and to reduce the environmental impacts of crop production”®.

Evidenceis mounting that diverse crop rotations can maintain or
increaseyields of staple cereals with reduced negative environmental
effects and vulnerability to climate change’ % Nevertheless, food
security is oftenbroughtin as acounterargument to diverse rotations,

because other, purportedly less productive, crops would replace the
cereals. Producing enough food for a growing populationis a corner-
stone argument for establishing specialized input-intensive cereal
croppingacross vast regions”. Furthermore, comparative advantages
inthe transnational food trade are assumed to be achieved by concen-
trating production of a specific cereal to the part of the world where
it grows particularly well, such as maize in the US Midwest or wheat in
central and northern Europe. These ‘feed the world’ arguments focus
on caloric sufficiency and the role of cereals in producing abundant
carbohydrates. Four staple crops, which include three cereals, were
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claimed to produce more calories, oil and protein per unit cultivated
land than many other crops, from which it was concluded that diver-
sified rotations would require expanded agricultural land to satisfy
growing food demands'. However, the feasibility of more diverse crop
rotations needs to be evaluated based on the output of macronutrients
fromall of the cropsin the rotation.

Functional richness (FR) indicates the diversity in crop typesina
rotation, such as cereals, annual legumes, broadleaves and ley. Leys
are generally mixtures of, or monocrops of, perennial grasses and/
or legumes for feed. Functional crop types have distinct calorie and
macronutrient contents and ecological niches, thereby complement-
ing eachother for pest regulationand resource use. Long-term experi-
ments show that cereal yields and nitrogen use efficiency were higher
andincreased over time when the cereal was part of afunctionally rich
rotation’ ™. However, the output from the entire rotation has rarely
been considered” " and it remains unclear whether functionally rich
rotations provide more or fewer calories and macronutrients compared
with a mono-sequence of one cereal species, or a cereal-only rota-
tion. In a North American long-term experiment spanning 26 years,
whole-rotation calorie output was 23-30% lower in diverse rotations
compared with maize monoculture'®. However, analysing only calories
hides the potential of diverse rotations to provide carbohydrates, pro-
teinsand fats, and to dosoin proportions closer to those required for
healthy human diets compared with crops dominated by cereals'®. Com-
paring calorie and macronutrient outputs between cereal-dominated
and functionally rich rotations would allow for amore comprehensive
assessment of whether crop diversity can promote food security and
nutritionally balanced diets.

The rotational output for human nutrition depends heavily on
whether the crops are consumed directly as human food or not. Some
crops, suchasley, cannot be eaten directly by humans and are used to
produce dairy, meat or biofuel. Even crops that are suitable for direct
human consumption are often used to produce animal products or
biofuel?°. The conversion efficiency into human food depends on the
final product and is generally low for feed"* and none for biofuel. It
remains to be examined how FR affects calorie or macronutrient out-
puts depending onthe use of crops that cannot be consumed directly
by humans.

We combined crop yield data from 16 representative long-term
(11-53 years) experiments across Europe, with a total of >34,500 yield
observations (Extended Data Fig. 1 and Supplementary Table 1), and
nutritional values of commonly used retail products obtained from
each crop (Supplementary Information Table 2). We explored the effect
of FR on both calorie and macronutrient (carbohydrate, protein and
fat) outputs of entire rotations. The functional crop typesincluded in
our analyses were cereals, annual legumes, broadleaves (that s, oil and
root crops) and ley. We also considered multiple end uses for cereals,
broadleaves, legumes and ley not directly usable for human consump-
tion (hereafter, forage crops). Among the cereal-dominated rotations,
we separated monocultures, which grew the same cereal species year
after year (FR 1M), from cereal-only rotations, which rotated differ-
ent cereal species (FR 1C). We hypothesized that (1) calorie outputs
decrease at higher FR; (2) carbohydrate outputs diminish, and protein
andfatoutputsincrease, withincreasing FR; and (3) FR enhances both
calorie and macronutrient outputs over time. We further hypothesized
that carbohydrate outputs decrease more with FRif forage crops were
used to produce beef and biofuel instead of milk.

Results

Outputs with forage crops used for milk production
Functionally diverse rotations with three crop types (FR 3) increased
calorie and macronutrient outputs compared with cereal monocul-
tures (FR1M), when assuming that forage crops were used for milk
production (Table1andFig. 1: contrastsindicated by + symbols). These
effects were already present 5 years after the start of the long-term

experiments. Compared with the benchmark of cereal monoculture
(FR1M) at year O, FR 3 5 years after implementation produced 85%
more calories, thatis, 23.6 Gcal ha™ yr™ (5-95% confidence interval (CI)
[20.2,27.2]) instead of 12.7 Gecal ha yr™ (5-95% CI[10.2,15.4]). Using
the same benchmark, protein output was more than doubled, that is,
1,041kgha™yr?(95% C1[897,1,196]) instead of 416 kg ha™ yr™ (5-95%
CI[327,520]) and fats were tenfold higher, thatis, 959 kg ha™ yr™ (95%
CI[796,1,137]) compared with 91 kg ha™ yr? (5-95% CI [46, 151]). Car-
bohydrate outputs of FR 3 5 years after implementation were 5% higher
than those of FR 1M at year O, that is, 2,803 kg ha™ yr™ (95% C1[2,348,
3,298]) instead of 2,663 kg ha™ yr™ (5-95% C1[2,218, 3,158]). However,
using the same term of comparison, carbohydrate outputs of FR 3
were 9% lower when not considering the data from one site—Padova
(Supplementary Fig. 3)—pointing to the importance of pedoclimatic
conditions and rotated crops to define whether carbohydrates benefit
from diverse rotations.

Functional diversity also increased the outputs over time
(Table 1 and Fig. 1; contrasts indicated by ~ symbols). Specifically,
over the 15 years spanning 5-20 years after implementation, calo-
rie output increased in FR 3 by 11% to 26.2 Gcal ha™ yr™ (5-95% ClI
[22.6,30.0]). Over the same period, carbohydrate outputs of FR 3
increasedby 4%t02,922 kg ha™ yr(5-95% Cl[2,458, 3,427]), proteins
by 14% to 1,184 kg ha™ yr™ (5-95% CI[1,030, 1,348]) and fats by 18% to
1,128 kg ha™ yr™ (5-95% C1[951,1,320]). Theincreases in carbohydrate
outputsat FR3and declinein FR1IM with time led to abenefitin carbo-
hydrates from FR 3 of 36% 20 years after implementation compared
with FR 1M at the same time. However, carbohydrate outputs did not
change in time in both FR 1M and FR 3 when the Padova site was not
considered (Supplementary Fig. 3).

Rotationsincludingasingle functional type beyond cereals (FR 2)
produced 28% fewer calories, 46% fewer carbohydrates and 13% fewer
proteins 5 years afterimplementation, compared withFRIM at the same
time (Table 1 and Fig. 1; contrasts indicated by + symbols). However,
FR 2 led to 139% and 115% higher fat outputs compared with 1M after
5years and 10 years since implementation, respectively. Fat outputs
of FR 2 decreased over time (Fig. 1; contrasts indicated by ~ symbols).

Having multiple cerealsinarotation (FR1C) gave lower outputs of
allkinds except for fats after 5 years since implementation, compared
with FR1M at the same time (Fig. 1; contrasts indicated by + symbols),
except carbohydrates if removing long-term experiment Broadbalk
(Supplementary Fig. 2). Calories and carbohydrates increased over
time for FR1C, whereas all outputs decreased over time for FR1M (Fig. 1;
contrastsindicated by “symbols). However, removing the Padovasite
led to no change in time at FR 1M, except for proteins.

Outputs depending on the use of forage crops

Convertingforage crops to beef or biofuel, instead of milk, negated the
benefits of FR 3, resultingin lower calorie, carbohydrate and protein out-
putscompared with FR1IM at time O (Fig. 2 and Extended Data Tables 1
and 2). Only fats were higher when forage crops were used for beef
productionin FR 3 (Fig. 2). For FR 2, calorie and macronutrient out-
puts were less dependent on the end use of forage crops (Fig. 2 and
Extended Data Tables 1and 2) probably because fewer forage crops
were included in rotations at this FR (Extended Data Fig. 2b).

Discussion

We found that functionally rich crop rotations can increase the pro-
duction of calories. This contradicted both our first hypothesis and
widespread arguments against diverse cropping systems assumed to
weaken food security or require increased agricultural land. Instead,
rotating three functional types produced more calories within just
5years following adoption compared with cereal monocultures,
assuming that forage crops were used to produce milk. This result
can be partially explained by 64% of the observations from rotations
with three functional types pertaining to rotations including oil crops
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Table 1| Effect of functional richness (FR) and time from rotation implementation on calorie and macronutrient outputs,
when forage is used for milk production

Coefficients— Predictors  Units (1) Calorie (Gcalha™yr™) (2) Carbohydrate (3) Protein (kgha™'yr™) (4) Fat (kgha'yr™)
forage for milk (kgha™'yr™)
tion (3,

(equation (3)) Estimate s.e. P Estimate s.e. P Estimate s.e. P Estimate s.e. P

Bo Intercept Gealha™yr” 3.3 0.19 <0.001 478 226 <0.001 189 1.2 <0.001 8.8 14 <0.001
orkgha™yr”?

B: Time Gcalha™yr? -8.2 2.38 <0.001 -156.0 320 <0.001 -43.0 14.2 0.003 19.9 12.9 0.125
orkgha™yr?

Be Time? Gealha™yr? 10.7 240 <0.001 125.0 327 <0.001 673 14.2 <0.001 64.8 13.3 <0.001
orkgha™yr?®

BFRm FR1C Gcalha™yr -0.29 0.02 <0.001 -4.92 0.27 <0.001 -23 0.10 <0.001 0.45 on <0.001
orkgha™yr™

BFR2 FR2 Gealha™yr” -0.49 0.02 <0.001 -12.3 0.30 <0.001 -1.4 on <0.001 44 0.12 <0.001
orkgha™yr”

[3FR3 FR3 Gcealhayr” 17 0.03 <0.001 5.36 035 <0.001 145 014 <0.001 23.6 0.15 <0.001
orkgha™yr”

BFRmt Time:FR1C  Gcalha™yr? 15.0 2.31 <0.001 282.0 32.4 <0.001 89.8 13.0 <0.001 -0.07 13.9 0.996
orkgha™yr?

BFRWCrZ Time*:FR1C Gcalha™yr? -14.5 244 <0.001 -2270 34.2 <0.001 -65.3 137 <0.001 -271 14.7 0.064
orkgha™yr?®

BFth Time:FR 2 Gcalha™yr? 2.68 2.27 0.238 126.0 320 <0.001 -201 12.8 0.116 -67.8 13.7 <0.001
orkgha™yr?

BFR2 2 Time*FR 2 Gealha™yr? -0.31 240 0.897 16.1 33.7 0.634 =53 13.6 0.259 -22.3 14.4 0121
or kgha™yr?

BFRgt Time:FR 3 Gealha™yr? 16.8 269 <0.001 136.0 376 <0.001 125.0 15.3 <0.001 973 15.9 <0.001
orkgha™yr?

BFRB 2 Time*FR 3 Gcalha™yr® -23.5 2.61 <0.001 -231.0 36.5 <0.001 -161.0 14.9 <0.001 -164.0 15.4 <0.001
orkgha™yr®

Marginal R? 0.28 013 0.4 0.56

Conditional R? 0.72 0.61 0.80 0.84

Fitted model parameters for the square-rooted annual outputs (equation (3)): (1) calories (Gcalha™yr™), (2) carbohydrates (kgha™yr™), (3) proteins (kgha™yr™) and (4) fats (kghayr™). The

intercept is the output of cereal monocultures at time O (FR 1M). The two-sided P values were determined using Satterthwaite’s approximation to calculate the degrees of freedom. The
marginal R? is the variation explained by the fixed factors alone, while the conditional R? is the variation explained by the entire model including fixed and random factors.
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Fig.1|Model-predicted effects of functional richness (FR) on annual crop
rotation outputs when forage crops are used for milk production. a-d,
Calories (a) and macronutrients (carbohydrates (b), proteins (c) and fats (d))
produced per year by all the crops in the rotation, when they cover 1 ha. FRis the
number of functional types included in the rotation, with FR 1M referring toa
cerealmonoculture and FR1C to a cereal-only rotation. The statistical models
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were obtained by fitting the 12,517 whole-rotation outputs relative to the 16 long-

term experiments (see Supplementary Table 1 for details). Horizontal dashed
lines are model predictions relative to FR1M at time O. Filled symbols refer to

model predictions after 5 years (orange squares), 10 years (green circles) and
20 years (blue triangles) following the implementation of the rotation—times
arbitrarily chosen to show changes over time. Whiskers extend over the 5-95%
confidence intervals. Symbols indicating significances refer to contrasts across
levels of FR within each time, using FR 1M at the same time as the baseline (+,
P<0.05;++,P<0.01; +++,P<0.001), and across time within each FR with time
Oatthatsame FRas the baseline (*, P< 0.05;**, P< 0.01; ***, P< 0.001). Post hoc
two-sided tests were adjusted for multiplicity using multivariate ¢-distribution.
Note the difference in the y axis scale among plots.
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afterimplementation for calorie (a), carbohydrate (b), protein (c) and fat (d)
outputs. Symbols are model predictions when forage is used to produce milk
(filled triangles), beef (open triangles) and biofuel (stars; Table 1 and Extended
Data Tables1and 2). FRis the number of functional types included in the rotation,
with FR 1M referring to a cereal monoculture and FR1C a cereal-only rotation.
The statistical models were obtained by fitting the 12,517 whole-rotation outputs
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relative to the 16 long-term experiments (Supplementary Table 1). Whiskers
extend over the 5-95% confidence intervals. Horizontal dashed lines mark model-
predicted outputs for the cereal monoculture (FR1M) at year 0. Output changes
across forage crop use of cereal monocultures and cereal-only rotations are
notreported, asthey do not include any forage crops (Supplementary Table 1).
Significances refer to contrasts between each FR and forage crop use with FRIM
and time 0 as baseline (*P < 0.05; **P < 0.01; ***P < 0.001). Post hoc two-sided tests
were adjusted for multiplicity using multivariate ¢-distribution.

(Supplementary Table 1). Oilseeds have high caloric content per unit
mass (Supplementary Table 2). Rotations including two functional
typesbeyond cereals can thus provide more calories than cereal mono-
cultures and cereal-only rotations without requiring additional agricul-
turalland in pedoclimatic zones similar to our long-term experiments.
However, rotating multiple cereal species resulted in lower calorie
output compared with a cereal monoculture. The benefits of a higher
cereal speciesrichness were probably counteracted by combiningless
productive species in the rotations, such as replacing a winter-sown
cereal withlower-yielding spring-sown cereals, or replacing maize with
asmall-grain cereal. This mechanism could also explain the decreased
calorie output from rotating cereals together with a single additional
functional type, which partially confirmed our first hypothesis that
functional crop diversity reduces calorie outputs. A comparison
between maize monoculture and rotations with two functional types
inalong-term experiment in North America showed a similar result'.

In line with our second hypothesis, rotations including cereals
together with two additional functional types produced more proteins
and fats when forage was used for milk, compared with cereal mono-
cultures and rotations with only cereals. Carbohydrate outputs were
also higher than those of a cereal monoculture, but this advantage
was lost when removing the data from the long-term experiment in
Padova. Thiswas ahighly productive site (Extended Data Fig.1), where
the diverse rotation included 2 years of maize and one of sugar beet
(Supplementary Table 1). Partially in contrast with our second hypoth-
esis, we conclude that carbohydrate outputs candecrease or increase
with diversity, depending on pedoclimatic conditions and choice of
rotated crops. The carbohydrate gains occurred despite the function-
ally rich rotations having fewer carbohydrate- and more protein- and
fat-rich crops, such aslegumes and oilseed crops (Extended DataFig.2b
and Supplementary Table 2). Conversely, having a single functional
type beyond cereals enhanced only fats, while lowering calorie and
other macronutrient outputs. Increased macronutrient outputs with
crop diversity is in line with results from a global analysis?, which,
however, did not explore the role of functional richness. Our study
provides a comparison of macronutrient outputs of rotations with
contrasting functional richness under the same management and pedo-
climatic conditions. Given that increased functional richness brings
gains to both calorie and macronutrient outputs, our results support

the growing of crops in diverse rotations to safeguard food security
without a need to expand agricultural land'®*, At the same time, we
showed that the benefits occur onlyin functionally rich rotations and,
inthe case of carbohydrates, can be ascribed to monocultures yielding
less and less, while functionally rich rotations provide unchanged or
increasing outputs.

Several mechanisms canexplain the enhanced calorie and macro-
nutrient outputs at higher diversity. Functional richness canincrease
cereal cropyields as found in32long-term experiments across Europe
and North America', of which 15 were included here. Crop rotational
diversity reduced cereal yield vulnerability to suboptimal growing
conditions in several long-term experiments in Europe and North
America™***%, Crop diversity also increased yields for non-cereal
crops such as soybean®*, These crops are more sensitive than cere-
als to the build-up of pests and pathogens when in monoculture, for
example, rootrotinlegumes, clubrootinoilseed rape and nematodes
in potatoes”?°. Moreover, biodiversity, soil fertility, pollination and
pest control are enhanced by diverse rotations, which are likely to
benefitall crops****.

Thedifferencein output betweenrotating two or three functional
typeswas probably an effect of species and functional diversity, but not
necessarily of the presence of ley. Ley is a perennial crop that strength-
ens multiple ecosystem functions such as soil quality and fertility, pest
and weed regulation, and nitrogen use efficiency beyond crop diversity
perse®* >, Nevertheless, rotations with two functional types including
ley did not produce more calories and macronutrients than rotations
with two functional types not including ley (Extended Data Fig. 3). In
otherwords, ley did not appear to enhance outputs to agreater extent
thanthe addition of another functional type to cereal rotations. Beyond
strengthening ecosystem functions, ley contributes to rotation crude
protein and metabolizable energy outputs®. However, these contribu-
tions alone did not compensate for the comparatively lower outputs
fromaley crop in terms of calories and macronutrients per unit area,
even when converted to milk (Supplementary Table 2).

Calorie and macronutrient outputs increased over time in rota-
tions with three functional crop types, assuming that forage was
used for milk production. This was in line with our third hypothesis
and underlines the long-term benefits of diverse rotations. Interest-
ingly, calorie and carbohydrate outputs also increased over time in
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cereal-only rotations, whereas outputs declined over time in cereal
monocultures and in rotations with two functional types. Some of
these trends were lost when removing data from the Padova site
(Supplementary Fig. 3). Yield trends over time result from the com-
bination of technological and variety improvements, changes in
environmental conditions and crop rotational diversity. While some
non-cereal crops, for example, legumes, are in social-technological
lock-in*, staple cereals have been targeted for substantial genetic
and agronomic improvements®. The decline in output over time for
cereal monocultures suggests that crop variety and technological
improvement do not compensate for detrimental effects from chang-
ing climatic conditions, soil degradation, and pest and weed build-up®.
Rotating diverse cereals probably balanced some of these long-term
effects, explaining the increase over time of the calorie and carbohy-
drate outputs of cereal-only rotations, despite their low functional
richness. Differences in output trends between rotations with two or
three functional types were probably an effect of species diversity,
and their differing agronomic improvements***, responses to cli-
mate trends and susceptibility to pest build-up” %, but they were not
explained by the presence of ley (Extended Data Fig. 3). In summary,
maximizing calorie and macronutrient outputs from diverse rotations
requires careful consideration not only of functional richness, but also
of the characteristics of each crop included in the rotation and their
combined effects.

Calorie and macronutrient outputs for human consumption
depended on the assumption of how forage crops were used. When
converted into beef or biofuel, all outputs of functionally rich rota-
tions were lower than those of cereal monocultures even after 20 years,
exceptfatsifforage was used for beef (Fig. 2 and Extended Data Tables 1
and 2). In other words, using arable crops to produce meat or biofuel
causes large losses of human-available calories and macronutrients,
whereas multiple benefits are achievedif forageis used for milk produc-
tion. Note, however, that we did not account for the use of residues of
food production for feed. This simplification penalized in particular
carbohydrate and protein outputs of rotations that included oilseed
crops. Moreover, the conversion coefficients fromyield to calories and
macronutrients (Supplementary Table 2) were assumed to be inde-
pendent oflocation, rotational composition, positioninrotation, time
and other experimental treatments. This probably underestimated
protein outputs at high functional richness, because cereal protein
content has beenshowntoincrease with legumes and oilseed cropsin
therotation as their residues supply nitrogen to the following crop®*.
Cereal protein has also been shown to increase with water and heat
stress*®"*, and decrease with reduced soil nitrogen*®* and enhanced
atmospheric CO, concentration*.

Functionally rich rotations could support healthier diets and
provide local availability of these diets. Crop rotations including three
functional types produced a distribution of macronutrients that is
betteraligned with current dietary recommendations, compared with
cereal-only rotations. Guidelines for the USA recommend that the aver-
age adult obtains 45%-65% of calories from carbohydrates, 10%-35%
from proteins and 20%-35% from fats*’. Carbohydrates and proteins
provide approximately 4 kcal kg™ and fats 9 kcal kg™ (ref. 44). On the
basis of our results, the calories of a rotation including three func-
tional types and with forage crops used to produce milk were 45% from
carbohydrates, 18% from proteins and 39% from fats 20 years after
implementation. By contrast, the calories from a cereal monoculture
were 85% from carbohydrates, 11% from proteins and 8% from fats.
A cereal-only rotation produced a similar balance of macronutrients.
The macronutrient distribution of the diverse rotation using forage for
milk was thus close to the reccommended intake, whereas cereal-only
rotations provided more carbohydrates and fewer fats than recom-
mended. This dietary balance persisted also when outputs from the
Padovaexperiment werenotincluded. Hence, diverse rotations provide
macronutrient proportions closer to arecommended humandiet also

when carbohydrate outputs are lower in the diverse rotation. If forage
was used for beef or biofuel production, the diverse rotation produced
an excess of carbohydrate and a shortage of fats, compared with the
recommended intake, owingto the different nutritional composition
and crop-to-retail ratio of milk and beef (Supplementary Table 2). Func-
tionally rich rotations can thus support healthier diets than cereal-only
cropping® ¥, but the dietary advantage is lost if forage crops are used
to produce meat or biofuel and non-food products. Diverse crop rota-
tions have additional advantages, such as reducing synthetic fertilizer
needs”' and the risk of yield losses through crop diversity insurance
effects*®, while improving farm economic performance®.

With an effective use of forage crops and crop residues, a higher
crop diversity could support local access to more food and healthier
diets compared with grain cropping systems. However, to increase
the uptake of diverse rotations, changes are needed beyond the crop-
ping system. Not all edible crops are currently used for direct human
consumption, and the final use of many cropsis affected by consumer
preferences, including dietary choices, whichareinturninfluenced by
public policies and food industry marketing. Moreover, the limited
infrastructure for storage and transport, and the currently low market
demands for alternative crops, create social-technological lock-ins
that limit the adoption of diversified cropping systems**', Uptake of
ley cropping would be facilitated by increased integration of grain and
livestock farming in the landscape, which requires public and private
policy to be redirected. Policies that support diversified cropping
systems are needed to compensate for initial costs of investments and
promoteresearch and development of production, storage, processing
and distribution®®. Increasing crop diversity has potential to enhance
food security and nutrition without agricultural land expansion.

Methods

Dataset

We assembled data from long-term field experiments across Europe,
aiming at broad coverage of representative pedoclimatic conditions.
We identified candidate long-term experiments via literature and
referral from colleagues and contacted the reference person for each
experiment for further information and access to data. A long-term
experiment was retained based on five criteria. First, the experiments
had toinclude aminimumof 10 years of yield data, although not neces-
sarily consecutive. Second, the experiments had to comprise at least
two rotations with contrasting numbers of crop species and/or rota-
tion lengths, but not necessarily different FRs, each including at least
a cereal. Consequently, if present, the continuous monoculture, that
is, a single crop species cultivated every growing season, had to be a
cereal. Moreover, all crops grownin the rotation had to be present every
growing season and yield data had to be available for all crops. Last,
any other treatment, such as tillage and fertilization, had to be fully
crossed with the rotations or similar among the rotations, for exam-
ple, pesticides applied asneeded. Among the rotations established in
each experiment, we retained only those including at least 1 year with
a cereal crop in line with the selection criteria. When rotations were
altered during the experiment, we restricted the analyses to the longest
period with consistent management practice. In onesite (Saby_LTE), we
discarded the rotations with burned residues, considering only those
withresidues that were ploughed down.

Thedatasetresultedin16 long-termexperimentsacross Europe, dif-
feringin potential productivity (Extended DataFig.1), with497 site-year
combinations, 34,578 yield observations and 61 rotation-site combina-
tions. Information on experiment location, duration, crop diversity and
climatic conditions is summarized in Supplementary Table 1. The rota-
tionsestablished in each experiment had been deemed worth investi-
gating by the local researchers and agricultural practitioners at each
site. They can thereby be considered applicable in practical farming
given the local pedoclimatic conditions, as well as societally relevant
atleast at the establishment of the experiment. Mono-sequences with
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the same cereal species represented 19% of the rotations. Leys, which
are single or mixed plantings of perennial or biennial grasses and/or
legumes, wereincludedin31% of therotations. Ten per cent of the rota-
tions comprised1 year of fallow, providing no yield but allowing for the
sowing of the following crop early. Mixtures of species occurred only in
leys. Norotation had cover crops. Inone of the long-term experiments,
Tulloch, partof theley was sheep grazed and neglected here, while the
restwasused as silage and included inthe analyses. The experimental
design differed among sites, with some experiments including, for
example, differentlevels of fertilizers, tillage and residue treatments.
We combined these treatments with replicates into a grouping variable
(hereafter ‘group’) to simultaneously account for the variation relative
toreplicate and treatment effects (Statistical Analyses). For example,
two treatments (A and B) eachreplicated three times (1,2 and 3) gener-
ated six groups: Al,A2,A3,B1,B2and B3.

There were 2.28% missing yield data, and 0.92% of yields were
reported as zero without any explanation. Explained zeroes include,
for instance, fallow or annotated frost damage in winter crops. For
each site and crop combination, the yield values that were below the
firstquartile defined for the crop and site minus twice theinterquartile
range or above the third quartile plus twice the interquartile range
were checked for plausibility. Ultimately, based on expert opinion, we
deemed 41 observations as unrealistically high, probably the result of
incorrect reporting. Low but non-zero yields were kept because they
probably reflect poor growing conditions. Missing and implausible
values, as well as unexplained zeros, were gap filled by the average
yield for the same crop, site, year, rotation and other treatments. The
gapfillingwasimpossible for12 records, leading to the exclusion of the
corresponding combination of site, rotation, year and other treatments
from the output aggregation. Keeping the unmotivated zeros or not
performing the gap filling did not alter the conclusions.

Characterization of crop diversity

We quantified crop diversity based on functional richness (FR), that is,
the number of functionally different crop typesin the rotation. Ecologi-
cal theories predict that functionally diverse plant communities have
enhanced biomass production because plant functional types occupy
different niches, thereby responding to abiotic variation differently,
and drawing resources and suppressing the build-up of antagonists
more efficiently*”. We binned functionally similar crop species into four
types: annual cereal, annual legume, annual broadleaf and ley, that is,
biennial or perennial grass and/or legume in single or mixed plantings
(Extended DataFig.2). This functional grouping, albeit coarse, has been
showntobetter explain variation in crop production compared with spe-
cies richness'*. Based on this, an FR of 1 corresponds to cereal-based
systems, either as cereal monocultures (FR1M, 57% of the rotations) or
rotations with only cereal species (FR 1C). We considered FRIM and FR
1C separately, because the greater diversity in a rotation with different
cereal species could give higher outputs than a monoculture, or lower
outputifless productive cereals are combined. The maximum FRin our
dataset was 3, with all rotations of this complexity including also ley
(Extended DataFig. 2). We categorized both root and oil crops as broad-
leaves, because only onerotation (Bdlin Brody) included them both.

Nutritional output of the entire rotation

We considered the nutritional output provided each year by all crops
in each rotation, site, replicate and other treatments. To this aim, we
summed all crop nutritional outputs produced in asingle year to obtain
total calorieand macronutrient (carbohydrate, protein and fat) outputs
per cultivated area produced by the rotation in that growing season,
thereby avoiding the confounding effects of interannual variabil-
ity of growing conditions. We could do this because all experiments
included all crops in the rotation each year. To make the outputs of
rotations of different lengths comparable, we weighed them by the
length of the rotation (as, for example, inrefs. 15,16). This is equivalent

to considering a 1-ha farm where a longer and more diverse rotation
would entail smaller areas devoted to each crop during each year
(Supplementary Fig. 4).

The nutritional value of each crop was obtained by converting the
observedyieldinto total human-accessible calories and the macronu-
trient outputs of carbohydrates, proteins and fats for commonly used
retail products. These were flour for cereals, raw beans for legumes, raw
potatoes, swede or beets for root crops, seed oil for oil crops and sugar
forsugar beet (Supplementary Table 2). The calories (Gcal ha™ yr™) or
macronutrient (kg ha yr™) nprovided by crop cinyear y from experi-
ment, relative to the combination k of rotation and group, M,, ;. is
given by

-1
Mn,CJJ,k = yc,y,/',k(l _fHZO,c) acfref,cyn,c' (1)

HereY, ;isthedryyield of crop cperunitarea(kgha™yr™). fy o,
isthe fraction of water in the retail product obtained from crop c. a. is
the crop-to-retail conversion factor, representing the amount of har-
vested yield necessary to obtain a unit mass of retail product (kg prod-
uct per kg yield). f.. is the refuse factor of the retail product, that s,
the weight of the non-edible component per unit mass of retail product.
Y..isthenutrientconversionrate, accounting for the calories or macro-
nutrient n contained in one unit mass of retail product of crop ¢ (Gcal
per kg product or kg per kg product, respectively;
Supplementary Table 2). The water fraction, conversion and refuse
factorsarerelative to the chosen product. Allyields were transformed
into dry weight based on their reported water content, if not already
provided as dry weight.

Thetotal output of calories or macronutrient nfor year yin experi-
mentjis the sum of the output contributions of all cropsin the rotation
weighed by the fraction of area under the cthcrop, F, . ;:

Ony,/',k = Z Mn,cyj,kFA,c,k~ 2)
c

F,.riscalculated as 1/(rotation length).

We considered the calorie and macronutrient for direct human
consumption when the harvested part of the crop was edible. How-
ever, ley, rye grass and forage rape crops serve only for forage. Other
crops, such as maize, were grown for forage in some rotations and
for direct human consumption in others (Supplementary Table 1).
Forage crops can be used to produce dairy, meat, or biofuel and other
non-food products. We compared three alternative conversion fac-
tors and their respective nutritional value for human consumption:
forage for producing cow milk, boneless beef meat, and biofuel or
other industrial products, that is, with no output for human nutri-
tion. We assumed that 1.05 | of whole milk or 0.047 kg of boneless
beef meat was produced per kg of dry matter intake of any forage
crop (Supplementary Table 2), based on results from farms across the
Netherlands® and US Department of Agriculture® respectively. These
values areinline with several other estimates (Supplementary Table 2).
Inthe Tullochlong-term experiment, we considered the outputs from
the part ofley for silage, but not the sheep-grazed part, which was not
quantified. Thisresulted inunderestimated calorie and macronutrient
outputs of these rotations.

The dataset comprised 12,517 whole-rotation outputs of calories or
each macronutrient n. Of these, 35% referred to cereal mono-sequences
with the same crop species (FR1M); 18% were from rotationsincluding
ley, that is, single or mixed plantings of perennial or biennial grasses
and/or legumes; and 6% were from rotations with 1 year of fallow
(Extended DataFig. 2).

Statistical analyses

After aggregation, the whole-rotation outputs per hectare and year
were analysed in four separate mixed-effects models, one for calories
and one for each macronutrient. All models included FR and time

Nature Food | Volume 7 | February 2026 | 185-193

190


http://www.nature.com/natfood

Article

https://doi.org/10.1038/s43016-026-01293-5

as explanatory variables. A quadratic dependence on time since the
implementation of the rotation was considered, to account for pos-
sible nonlinear changes in yields and hence calorie and macronu-
trient outputs over time, including stagnation or decline'. We also
considered the interaction between time and FR, to account for the
effects of crop diversity onyields over time (Supplementary Methods).
Site was considered a random factor because the local pedoclimatic
conditions affect yields (Extended Data Fig. 1) and sites can be inter-
preted asasample fromalarger population. We also had asarandom
factor the variable ‘group’ nested within site, to account for variation
relative to experimental design, including replication and any treat-
ment unrelated to functional richness. As a further random factor,
we incorporated calendar year, to take into account local anomalous
climatic conditions. Having calendar year asarandom effect while also
modelling time as a fixed effect allows us to consider both the likely
trend in time, caused by technological improvements and changing
climates, and the intrinsic year-to-year difference in growing condi-
tions, which affect all rotations and crops in that site and year. In line
with this reasoning, calendar year is a categorical variable and time is
a continuous one. The dependent variable was root transformed to
meet the assumption of normality of residuals. The fixed part of the
model s as follows:

\/ On = Bo + Bit + Br 2+ ZﬂFRiFRi + ZﬂFR,zFR,z + ZﬁFR,ﬂ FR22  (3)
7 7 7

where O, isthetotal output of calories, carbohydrates, proteins or fats
(subscriptn), and tis time since the beginning of the experiment. 3, is
theintercept, thatis, the output of FRIM when the rotations were first
implemented. B, and B. are the linear and quadratic effects of time.
The summations extend over all the FR levels beyond monoculture so
that the coefficients B, withi=1C, 2, 3, are the contributions from FR
1C,2and 3 tothe total output. e . and B - aretheinteraction effects
between tand each FR, and between £ and each FR,, respectively.

The mixed-effects models were fitted using the ‘Imer’ function
within the ‘Ime4’ and ‘ImerTest’ packages (versions 1.1-37 and 3.1-3
respectively; refs. 54,55) in R, version 4.4.1. The assumptions of the
models were checked by visual inspection of the residual plots using
the ‘DHARMa’ package version 0.4.7 (ref. 56). Some minor deviations
in tests emerged, as expected given the large sample size. However,
residuals versus predicted values raised no concern; hence, no further
action was taken. Predicted calorie and macronutrient outputs were
calculatedincluding the random component viathe ‘ggeffects’ package
version 1.7.0 (ref. 57). The contrasts were obtained via the ‘emmeans’,
‘contrast’ and ‘Ismeans’ functions of the ‘emmeans’ package version
1.11.1 (ref. 58) using the multivariate ¢-distribution. The R statements
arereported in Supplementary Methods.

To assess the robustness of the results to the choice of long-term
experiments, we removed one long-term experiment at a time and
repeated the analyses, checking that the results would not be substan-
tially affected by single experiments. The exclusion of long-term experi-
ments Bologna or Broadbalk affected the significance of some factors
and contrasts, although leading to similar conclusions (see details in
Supplementary Results and Supplementary Figs. 1and 2). Excluding
the long-term experiment Padova cancelled the benefits of FR 3 to
carbohydrates and some temporal trends (Supplementary Fig. 3), as
discussed above. We also tested simpler random factor structures,
specifically site alone, year nested in site and group nested in site, as
well as their combinations, and found no appreciable changes in the
conclusions but higher Akaike information criterion values compared
with the structure described above.

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

Data availability

Whole-rotation calorie and macronutrient outputs and metadata
are available via the Swedish National Data Service, Researchdata.se
(https://researchdata.se/en), at https://doi.org/10.5878/5q25-8572.
Cropyield data are already available online for Broadbalk and can be
made available upon reasonable request for the remaining sites.

Code availability
The R statements relative to the model fitting, diagnostics and con-
trasts are reported in Supplementary Methods. The R code for the
dataanalyses and metadata are available via the Swedish National Data
Service, Researchdata.se (https://researchdata.se/en), at https://doi.
org/10.5878/5q25-8572.
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Extended Data Fig. 1| Location of the long-term agricultural experiments. extracted from the GAEZv4 database (Fischer, G. Global Agro-Ecological Zones
See Supplementary Table 1for the clarification of site codes and additional site v4 - Model Documentation. FAO, 2021), available at https://gaez.fao.org/pages/
information. The background map is the agro-climatic potential yield of wheat data-viewer (sourced in June 2025).
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Extended Data Fig. 2| Number of observations of whole rotation
macronutrient outputs, grouped according to functional richness FR, that
is, the number of functional types included in the rotation. Colours represent
observations from rotations that include combinations of (a) the functional
types considered, separating cereal monocultures (FR 1M) from cereal-only

rotations (FR1C) and (b) five distinct dietary types. Inb), cereal, legume, oil crop
and root crop include all cereals, legumes, oil crops, and root crops intended for
direct human consumption, respectively. Forage include ley, cereals, legumes,
oiland root cropsintended for feed. The rotations were selected so that all
monocultures (FR1M) are of cereals.
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Extended Data Fig. 3| Model predicted effects of functional richness (FR) diamonds), and twenty (blue triangles) years following the implementation
on annual crop rotation outputs when forage is used for milk (as Fig. 1in the of therotation. Whiskers extend over the 5-95% confidence intervals. Symbols
main text), but separating rotations with FR 2 into those including and not indicating significances refer to contrasts across levels of FR within each time,
including ley (2L and 2nL respectively). Panels refer to calorie (a), carbohydrate using FR1M at the same time as baseline (+ indicates P< 0.05; ++ P < 0.01; +++
(b), protein (c) and fat (d). All rotations with FR 3 include ley and are thus P<0.001) and across time within each FR level with time O at the same FR as
indicated as 3L. Forage crops are assumed to be used for milk production. The baseline (~indicates P< 0.05; ** P< 0.01; *** P< 0.001). Post-hoc tests were two-
statistical models were obtained by fitting the 12,517 whole rotation outputs sided and adjusted for multiplicity using multivariate t-distribution. Note the
relative to the 16 long-term experiments (see Supplementary Table 1 for details). difference in the y axis scale among plots.

Filled symbols are model predictions for five (orange squares), ten (green
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Extended Data Table 1| Effects of functional richness (FR) and time from implementation on annual crop rotation outputs
(as Table 1in the main text), but assuming forage crops are converted to beef

Coefficients
forage to
beef Predictors Units (1) Calories (Geal ha'! yr') @) g(ar}?:?yﬂf; tes (3) Proteins (kg ha'! yr') (4) Fats (kg ha! yr'!)
(equation g Y
(3)
Esti- s.e. P Esti- s.e. P Esti- s.e. P Esti- s.e. P
mate mate mate mate
IS
Bo Intercept Gclféii_,yyrr_lor 3.38 015  <0.001 | 482 232 <0001 | 198 0675 <0.001 | 10.1  0.647  <0.001
. Geal ha'! yr? or
Be Time 2 9.7 225 <0001 | -176  33.1  <0.001 | -61.7 119 <0001 | 806  9.68 0405
kg ha'l yr
Geal ha! yr or
B2 Time? 7 8.01 23 <0001 | 113 341 <0.001 [ 30.1 119 0012 | 276 975  0.005
kg ha! yr?
Geal ha! yr'! or
Brr,, FRIC kg hat gt 0.384 00189 <0001 | -6.06 0292 <0001 | -295 0.0904 <0.001 | -0.295 0.0744  <0.001
Geal ha! yr'!
Brr, FR2 Ck thrJor .01 00199 <0001 | -158 0308 <0001 | -5.73 00952 <0001 | -128 00787 <0.001
gha' yr
Geal ha'! yr!
Brr, FR3 CE ha,]yr,lor 0548 0025 <0001 | -105 0387 <0001 | -3.07 0119 <0001 | 1.86 00987 <0.001
gha'yr
. Geal ha! yr? or
Brryct Time:FR1C 208 231 <0.001 | 363 356 <0.001 [ 119 1.1 <0001 | 272 916  0.003

kg ha'! yr?

o Geal ha! yr or
BFRlCtZ Time*FRI1C -15.1 2.44 <0.001 =232 37.6 <0.001 -67.4 11.7 <0.001 -27.7 9.69 0.004

kg ha! yr3

. Geal ha'! yr? or
Brryt Time:FR2 e 129 228 <0001 | 212 351 <0001 | 60.8 109  <0.001 | 227  9.04  0.012
gha” yr=

Gecal ha! yr or

2 Time?:FR2 -0.81 2.4 0.736 5.08 36.9 0.891 -2.13 11.6 0.854 -16.8 9.58 0.080
FRyt 3
kg ha! yr-
) Geal ha! yr? or
ime: . . . -6. . . . X -7. . .
Brrat Time:FR3 b 2 0161 267 0952 | -696 408 0865 | 282 13 0030 | -7.65 107 0475
gha” yr=
. Gecal ha! yr or
ime?: -9. . X - . X - . X 31, . X
ﬁFR 2 Time?:FR3 9.8 2.59 <0.001 135 39.5 <0.001 40 12.7 0.002 31.8 10.4 0.002
3 kg ha! yr3
Marginal R? 0.12 0.13 0.15 0.05
Conditional R? 0.58 0.57 0.63 0.56

Fitted model parameters for the square-rooted annual outputs (equation (3)): (1) calories (Geal ha™ yr™), (2) carbohydrates (kg ha™ yr™), (3) proteins (kg ha™ yr™), and (4) fats (kg ha™ yr™).
The intercept is the output of a cereal monocultures, that is, the lowest level of FR (FR 1M), at time O. The two-sided P values were determined using the Satterthwaite’s approximation to
calculate the degrees of freedom. The marginal R? is the variation explained by the fixed factors alone, and the conditional R? is the variation explained by the entire model including fixed
and random factors.
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Extended Data Table 2 | Effects of functional richness (FR) and time from implementation on annual crop rotation outputs
(as Table 1in the main text), but assuming forage crops are converted to biofuels

Coefficients
forage to
biofuels Predictors Units (1) Calories (Gcal ha'! yr') @ Carbojlyd_fates (3) Proteins (kg ha! yr') (4) Fats (kg ha! yr!)
(equation (kg ha” yr)
3)
Esti- s.e. P Esti- s.e. P Esti- s.e. P Esti- s.e. P
mate mate mate mate
T o1
Bo Intercept | GCABE YT Or | 550 0156 <0001 | 482 232 <0001 | 20 0739 <0001 | 103 072 <000l
kg ha'! yr
. Gecal ha! yr? or
Be Time s -10.5 2.3 <0.001 -176 33.1  <0.001 -68.6 12.4 <0.001 10.7 10.2 0.295
kgha' yr
. Geal ha! yr? or
ﬁtz Time? 7.78 2.36 0.001 113 34.1 0.001 232 12.6 0.066 253 10.4 0.015
kg ha! yr3
Geal ha! yr'! or
Brr FR1C -0.414  0.0199  <0.001 -6.06 0.292  <0.001 -3.24 0.101 <0.001 | -0.512  0.0802 <0.001
1c kg ha'! yr!
Gecal ha! yr'! or
Brr, FR2 b 2105 0021 <0001 | -158 0308 <0.001 | -652  0.107 <0.001 | -2.07 0.0849  <0.001
gha” yr
Geal ha! yr'! or
ﬁFR3 FR3 ke ha! vr -0.737  0.0264 <0.001 -10.5 0.387 <0.001 -6.39 0.134  <0.001 -1.71 0.106 <0.001
gha yr
. Geal ha! yr? or
ﬂFRlct Time:FR1C 23.2 243 <0.001 363 35.6  <0.001 140 12.4 <0.001 43.3 9.87 <0.001

kg ha! yr?

o, Gecal ha! yr or
ﬁFRlctz Time*:FRI1C -15.1 2.57 <0.001 -232 37.6  <0.001 -68.3 13.1 <0.001 -28.3 10.4 0.007

kg ha! yr3

Gcal ha'! yr? or

Brr,t Time:FR2 bt 145 24 <0001 | 212 351 <0001 | 794 122 <0001 | 341 974  <0.00l
gha'lyr
Geal ha' yr°
Brr,e? Time%FR2 Clj ha_lyr_xor 0918 252 0716 | 508 369 0891 | -117 129 0928 | -233 103  0.024
gha'! yr’
Geal hal yr?
Brr.¢ Time:FR3 cana YU Ol 128 28 0647 | 696 408 0865 | 247 144 0864 | 442 115 <0001
3 kg ha! yr?
Geal hal yr°
B2 Time®FR3 Clj haflyrrsor 842 271 0002 | -135 395 <0001 | -118 14 0399 | 7.67 112 0494
gha'lyr
Marginal K* 0.13 0.13 020 0.04
Conditional R? 0.57 0.57 0.62 0.55

Fitted model parameters for the square-rooted annual outputs (equation (3)): (1) calories (Geal ha™ yr™), (2) carbohydrates (kg ha™ yr™), (3) proteins (kg ha™ yr™), and (4) fats (kg ha™ yr™).
The intercept is the output of a cereal monocultures (FR 1M) at year O. The two-sided P values were determined using the Satterthwaite’s approximation to calculate the degrees of freedom.
The marginal R? is the variation explained by the fixed factors alone, and the conditional R? is the variation explained by the entire model including fixed and random factors.
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