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Abstract

Agricultural intensification increased crop productivity but simplified production with lower diversity of cropping sys-
tems, higher genetic uniformity, and a higher uniformity of agricultural landscapes. Associated detrimental effects on the
environment and biodiversity as well as the resilience and adaptability of cropping systems to climate change are of
growing concern. Crop diversification may stabilize productivity of cropping systems and reduce negative environmental
impacts and loss of biodiversity, but a shared understanding of crop diversification including approaches towards a more
systematic research is lacking. Here, we review the use of ‘crop diversification’ measures in agricultural research. We (i)
analyse changes in crop diversification studies over time; (ii) identify diversification practices based on empirical studies;
(iii) differentiate their use by country, crop species and experimental setup and (iv) identify target parameters to assess the
success of diversification. Our main findings are that (1) less than 5% of the selected studies on crop diversification refer to
our search term ‘diversification’; (2) more than half of the studies focused on rice, corn or wheat; (3) 76% of the
experiments were conducted in India, USA, Canada, Brazil or China; (4) almost any arable crop was tested on its
suitability for diversification; (5) in 72% of the studies on crop diversification, at least one additional agronomic measure
was tested and (6) only 45% of the studies analysed agronomic, economic and ecological target variables. Our findings
show the high variability of approaches to crop diversification and the lack of a consistent theoretical concept. For better
comparability and ability to generalise the results of the different primary studies, we suggest a novel conceptual frame-
work. It consists of five elements, (i) definition of the problem of existing farming practices and the potential need for
diversification, (ii) characterisation of the baseline system to be diversified, (iii) definition of the scale and target area, (iv)
description of the experimental design and target variables and (v) definition of the expected impacts. Applying this
framework will contribute to utilizing the benefits of crop diversification more efficiently.
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1 Introduction

Agriculture has developed towards intensive but simplified
production systems over the last decades, especially in the
northern Hemisphere. While this trend significantly increased
agricultural productivity, it also had detrimental effects on the
cropping systems themselves and on the environment (Tilman
et al. 2002). A multitude of driving forces led to lower diver-
sity of cropping systems like, e.g. easy availability of mineral
fertilisers and pesticides, concentration of breeding efforts on
the economically most important crops and changes in agri-
cultural policies that allow producers to respond more freely to
market signals, incentives and technology change (Fausti
2015). These processes supported a higher genetic uniformity
within crop species (Kahiluoto et al. 2019), less crop species
in rotations (Stein and Steinmann 2018; Barbieri et al. 2017)
and higher uniformity within agricultural landscapes (Fig. 1)
with large field sizes (Bianchi et al. 2006; Rusch et al. 2016).
This development also caused environmental problems such
as nitrate pollution of water, eutrophication of ecosystems,
climate-relevant emissions of greenhouse gases (Bommarco
et al. 2013; Therond et al. 2017; Bowles et al. 2018; Stoate
et al. 2009) and an overall loss of habitats and biodiversity
(Tscharntke et al. 2012; Kleijn et al. 2012; Buhk et al. 2017;
Frison et al. 2011; Therond et al. 2017; Bommarco et al.
2013).

Simplification of farming systems and growing environ-
mental problems led to concerns about the future functionality
of today’s cropping systems with regard to resilience, adapt-
ability to climate change, multifunctionality of agricultural
landscapes, provisioning of ecosystem services and biodiver-
sity (Lichtenberg et al. 2017; Rusch et al. 2016).

Fig. 1 Aspect of a large field of
winter rye in a simplified
cropping system in Northern
Brandenburg, Germany.
Copyright Johannes Hufnagel

Crop diversification can be considered as an attempt to
increase the diversity of crops through, e.g. crop rotation,
multiple cropping or intercropping (Fig. 2), compared to spe-
cialized farming with the aim to improve the productivity,
stability and delivery of ecosystem services (Kremen et al.
2012; Garbach et al. 2017; Wezel et al. 2014). It can be one
measure to develop more sustainable production systems,
develop value-chains for minor crops (Meynard et al. 2018)
and contribute to socio-economic benefits (Feliciano 2019).
Crop diversification practices can include higher crop diver-
sity (Renard and Tilman 2019), more diverse crop rotations
(Reckling et al. 2016), mixed cropping (Bedoussac et al.
2015; Malézieux et al. 2009), cultivation of grain legumes
in otherwise cereal dominated systems (Watson et al. 2017),
perennial leys or grassland (Haughey etal. 2018; Phelan etal.
2015; WeiBhuhn et al. 2017) and regionally adapted varieties
or variety mixtures (Yang et al. 2019; Vijaya et al. 2019).
Crop diversification and/or additional diversification mea-
sures like variation of seeding time or changing cropping
patterns have the potential to lead to higher and more stable
yields, increase profitability and lead to greater resilience of
agro-ecosystems in the long term (Rosa-Schleich etal. 2019;
Meynard et al. 2018; Liu et al. 2019; Raseduzzaman and
Jensen 2017; Renard and Tilman 2019; Urruty et al. 2016).
These practices have the potential to make cropping systems
more divers in space, time and genetics. Consequences of
diversification are temporal shifts and ranges of phenologi-
cal stages (relevant for biodiversity and adaptation to climate
change), more frequent or continuous soil cover and more
diverse management strategies, i.c. ‘tillage’, ‘sowing dates’,
“fertilization’, ‘irrigation’, ‘harvesting’ and also reducing la-
bour peaks and economic risk.
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Fig. 2 Intercropping maize with
climbing beans diversifies current
crop rotations in Northern
Germany. Here, maize serves as a
pole for the red-flowering scarlet
runner bean (Phaseolus coccineus
L. cv Preisgewinner) before both
crops are harvested for silage
(Fischer et al. 2020). Copyright:
Jenny Fischer/Thiinen Institute of
Organic Farming

Davis et al. (2012) showed that diverse cropping systems
provided similar or even higher yields than simplified sys-
tems whilst environmental impacts were lower. Renard and
Tilman (2019) found that arable crop species diversity at
national level is correlated with greater year-to-year stability
of the total national harvest of all edible crops. Nevertheless,
measures of diversification are rarely implemented because of
lack of required investments in machinery, infrastructures and
expertise and research evidence (Meynard et al. 2018;
Roesch-McNally et al. 2018; Ponisio and Ehrlich 2016;
Geels 2011).

A closer look on ‘diversification’ reveals that the term lacks
a clear definition and from this reason, it is used in very dif-
ferent meanings. Some authors only use the term to describe
diversification by crops, e.g. mixed cropping; others restrict it
to diversification by management strategies, e.g. varying
seeding time. Some use it for a combination of cropping and
management approaches. The same applies for the scale
analysed: Investigations are done from on field, farm and
landscape level.

The very complex diversification approach of ‘diversified
farming systems’ as described, e.g. by Kremen et al. (2012)
and Rosa-Schleich et al. (2019), rely on diversification con-
cepts that apply individual steps of crop diversification, e.g.
cover crops, and diversification by management strategies,
e.g. reduced tillage at the field level, production systems at
the farm level (e.g. ‘organic farming’, ‘conservation agricul-
ture’) and selected measures at the landscape level (e.g. “struc-
tural elements’). In the diversified farming approach, it is not
obvious which diversification measures are chosen under
what conditions. The choice of the combination of measures
seems to rely on diversity concepts and depends on, inter alia,
which ecosystem services (ES) are in focus.

As diversification is a relatively new as a concept, many
authors may not use the term diversification at all although
their main focus is on diversification. An extensive meta-
study at global scale analysed the effects of crop diversifica-
tion on numerous parameters (Beillouin et al. 2019a), and
many of the articles evaluated do not use the term diversifica-
tion. Although the term has recently been shown more fre-
quently in agronomic studies (Hatt et al. 2018; Haro et al.
2018; Kumar et al. 2017; Hondrade et al. 2017), many publi-
cations still mention only the tested diversification measure,
e.g. intercropping.

In many different contexts, there is no clear separation be-
tween the concepts of diversification and ‘diversity’.
Although research on crop diversity has increased, it mainly
refers to natural and semi-natural systems. In most cases, ecol-
ogists analysed the simultaneous occurrence of system diver-
sity with biodiversity (Cardinale et al. 2007; Gross et al.
2014). As a consequence, authors suggest to apply (agro)
ecological principles of diversity to agricultural systems to
make these more resilient (Wezel et al. 2014; Landis 2017,
Altieri et al. 2015; Barot et al. 2017; Therond et al. 2017;
Isbell et al. 2017). In many cases, the concept of diversity is
seen as equal to the concept of diversification. From an agro-
nomic point of view, that is not the case: while the former
deals with biological principles such as genetic diversity, the
latter deals with agronomic principles such as crop rotation or
mixed cropping that subsequently might lead to higher biodi-
versity and associated ecosystem services. Diversification is
the process that leads to the state of diversity. Depending on
the initial situation, the same measure of crop diversification
might lead to completely different states of biodiversity or
ecosystem services. Although diversification is claimed to
be a fundamental solution for many problems of today’s
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agricultural systems (Renard and Tilman 2019), sufficient
quantitative evidence is lacking from long-term studies
(Reckling et al. 2019).

In this review, we focus on crop diversification and
define it as ‘a process that makes a simplified cropping
systems more divers in time and space by adding addi-
tional crops’. Crop diversification can lead to greater
genetic and/or structural diversity in time and/or space.
Common examples for crop diversification are crop ro-
tations, double cropping or intercropping, bee crops,
nurse crops or variety mixtures. Diversification by agro-
nomic measures, e.g. tillage, shall not be considered
unless it is tested in combination with crop diversifica-
tion. Our analysis was restricted to crop diversification
at the field level. In contrast to many studies, we have
taken an agronomic perspective on crop diversification
as a basis for this review.

This review aims to elucidate the current use of crop
diversification in research and support a common ap-
proach to utilize its full potential. We argue that a com-
mon understanding of the diversification concept in the
context of crop production is needed for enabling the
comparison of results and to enhance the empirical ev-
idence of the effects of diversification as a measure to
make cropping systems more resilient and to reduce
negative impacts on the environment. Generally spoken,
our main questions were: Is there a common under-
standing of crop diversification as a concept within the
scientific community of agronomist regarding topic,
scope and ‘successful’ application? And do we agree
on the methods to test crop diversification in field ex-
periments in order to achieve scientifically sound and
transferable results? The objectives of this paper were
to (i) review the use of crop ‘diversification measures’
in agricultural research; (ii) describe changes in using
the term diversification over the last 40 years; (iii) iden-
tify the most common temporal and spatial practices of
crop diversification like crop rotation or intercropping
based on empirical studies; (iv) differentiate their use
by country, crop species and experimental setup and
(v) identify target parameters that were analysed.

2 Methodology
2.1 Search term strategy

Since we did not find a classification system of crop
diversification, we defined a list of crop diversification
measures that consider the most important steps of crop
diversification. The search terms used were based on
different references (Connor et al. 2011; Wezel et al.
2014; Malézieux et al. 2009; Hole et al. 2005) and
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focused exclusively on crop diversification (e.g. expan-
sion of crop rotation, implementation of flower strips) at
the field scale. The search terms were not exhaustive
and overlaps between categories were unavoidable.

The material for the review was selected by searching
the Scopus database (www.scopus.com). The relevant
search terms were applied to ‘article title’, ‘abstract’
and ‘keywords’. The search was restricted to Source
type ‘journals’; to Document types ‘article’, ‘review’
and ‘articles in press’ and to Language ‘English’. The
decisive search was done the 18th of June 2018 and
included all references available in the Scopus
database to this date.

The selection of the literature analysed followed a
three-step procedure: (i) searching for publications
tagged with different target terms for ‘measures of crop
diversification’ using specific terms for each measure
and related terms differentiated by temporal and spatial
crop diversification (Table 1), (ii) filtering the publica-
tions from step 1 that were tagged with diversification
or related search terms (Table 2) and (iii) selecting the
publications from the remaining sample that documented
results from field experiments in arable farming. If the
main focus of the experiment was on arable farming
publications of adjacent fields like ‘field vegetables’,
‘pastures’ or ‘alley cropping’ were selected too.

The search terms we used for selecting publications on crop
diversification (Table 1) are the iterative outcome of more than
30 provisional searches done with the objective to explore and
understand the topic area and find the most suitable search
terms.

The search for measures of crop diversification resulted in
43,680 hits (step 1), 19,305 for ‘temporal’ and 24,375 for
‘spatial crop diversification’. Selecting those publications that
were tagged with diversification (step 2) led to 680 hits, there-
of 16 were totally out of focus, 417 treated the topic with a
non-experimental view such as meta-analysis, reviews,
models, farmer surveys or reported about diversification in
adjacent subject areas like aquaculture, pure agroforestry,
fruits or forests. The remaining 247 publications reported
about field experiments in arable farming. Some of them re-
ported about two or three different measures of crop diversi-
fication thus been selected twice or three times by the selection
procedure described. For this reason, in the end, the review is
based on 193 primary studies.

2.2 Analysed information

The subsequent analysis of the selected literature was
performed manually extracting information from article
titles, keywords and abstracts available in Scopus. When
information was lacking or too vague, ‘material and
methods’ of the full article was consulted.
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Table1 Measures of crop diversification, its characterisation, list of search terms applied and number of hits by measure of crop diversification (17th of
June 2018)

Measure of crop Characterisation Search terms applied (connected with ‘or”) Number of
diversification Hits
Temporal crop diversification 19,305
Crop rotation Growing of two or more different crops in  ‘crop® rotation’, ‘crop” sequence’, ‘sequential crop™, 12,693
consecutive growing seasons ‘successive crop”’, ‘ley farming’, ‘sequence of
plant species’, ‘sequence of crops’
Double to multiple cropping Growing of two or more different crops in - ‘double crop®, ‘multiple crop®, ‘phased planting’ 2421
one growing season
Catch crops Minor crops planted before, between or  catch crop®, “stubble crop®, “live mulch’, 4020
after a major crop ‘green manure’
Relay cropping® The seeding of one crop into another ‘relay crop® 171

standing crop and thus growing two
crops simultaneously for a certain time
Spatial crop diversification 24,375

Alley cropping The simultaneous growing of arable “alley crop™ 717
and perennial crops in different
broader strips

Intercropping Simultaneous growing of at least 2 crops ~ ‘intercrop®, “strip crop® 7659
in different yet proximate rows

Mixed cropping Simultaneous growing of at least two ‘mixed crop®, ‘mixed plant, ‘biculture’, 5531
crops “triculture’, ‘multiple crop®, “polyculture’,
in the same field but not in rows ‘species mixture’, ‘plant teams’

Companion crops Special form of mixed cropping. ‘companion crop™, ‘cover crop®’, ‘cover plant”, 6756
Simultaneous sowing of at least two ‘nurse crop”’, ‘underplanting’, ‘undersowing’

crops. One of it is used in the year(s)
after sowing

Variety mixtures Growing of two or more varieties ‘variety mixture®, ‘mixture of varieties’, ‘cultivar 294
of one species mixture®,
mixed cultivar®, ‘genetic mixture®
Bee plants Mixture of commercial and non- “flower plant®, “flower crop®’, ‘bee plant®, ‘bee crop®’, 2803
commercial crops on the same “flower strip®”, “buffer strip®’, ‘micro-segregation’
field (to support insects, etc.)
Trap crops Mixture of commercial and non- ‘trap cropb’, ‘barrier cropb’ 615

commercial crops on the same
field to control pests or diseases

? Initially spatial than temporal cropping

® Wildcard, it represents 0 or more characters

Based on the extracted information, the following ques-  (7) Which target variables were analysed to evaluate
tions were to be answered: the impact of crop diversification?

1) How did the number of articles about ‘crop diversification’
develop over time, are there differences between tempo-
ral and spatial diversification?

(2) How did experiments on crop diversification develop over

time?

(3) What was the experimental baseline (‘control’) against
which crop diversification was compared to?

(4) Where (which countries) were experiments on crop diver
sification executed and what were the main baselines in
these countries?

(5) What measures of crop diversification were analysed
experimentally?

(6) Was crop diversification combined with additional

agronomic measures and if so, by which?

3 Global analysis of crop diversification
studies

3.1 Historical development and scope of the term
crop diversification

The number of publications with the focus on crop diversifi-
cation that use the term diversification increased slowly from
far below 10 per year in the 1980s to about 25 in the 2010s and
tripled to almost 100 in 2017 (Fig. 3). The share of publica-
tions on temporal vs. spatial diversification was similar over
the years with an average of 47% and 53%, respectively. Only
in years with very few publications (e.g. 1985, 1995), the
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Table 2 Target term ‘Diversification” and list of search terms applied
Target term Search terms applied (connected with ‘or’)
Diversification ‘diversification’, ‘diversified farming’, ‘diversified crop®’, ‘diversified production’, ‘diversified agro™, ‘diversified agri®’

#Wildcard, it represents 0 or more characters

share varied significantly between 0 and 100% (Fig. 3). The
number of experiments on diversification developed more or
less parallel to the number of studies on crop diversification in
general. There were only 8 years without any studies reporting
experiments that tested measures of diversification and refer-
ring to the concept of diversification, between 1981 and 1995
(Fig. 3). The share of publications reporting about experi-
ments in years with 10 and more publications varies between
9 and 69% with an average of 44%. Over the whole period, on
average, 51% of the experiments focussed on temporal and
49% on spatial diversification. The absolute number of 193
primary studies was surprisingly low compared to the high
number of publications selected by our search terms on mea-
sures of crop diversification (43,680 hits) and the fact that
diversification seems to be a very popular concept (Meynard
et al. 2018; Rosa-Schleich et al. 2019; Beillouin et al. 2019a;
Renard and Tilman 2019). Beillouin et al. (2019a) found al-
most 20-fold more primary studies on crop diversification
measures with a focus on meta-analysis and different search
equations. Even though Beillouin et al. (2019a) analysed ad-
ditional strategies of diversification such as agroforestry and

Fig. 3 Number of publications on
temporal and spatial crop
diversification per year between
1978 and 17th of June 2018 (total
n=664) and number of
publications that are based on
experimental data (n =247): 80
black dots: based on experiments

100 —

60 —

40

20

1980
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landscape heterogeneity in many articles, they extracted
analysed rotations, intercropping, cover crops etc. without
mentioning the concept of diversification explicitly.

In our analysis, we found that on average, only 1.6% of the
publications on common measures of crop diversification we
selected in step 1 were tagged with the term diversification
with only small differences (0.4-5.1%) between the different
categories of crop diversification (Fig. 4). Among the selected
categories on crop diversification (Table 1), the most common
measures were ‘crop rotation’ (12,693 in total and 240 asso-
ciated with diversification), ‘intercropping’ (7659 and 141),
‘companion crops’ (6756 and 63), ‘mixed cropping’ (5531
and 106), ‘catch crops’ (4020 and 33), ‘bee plants’ (2803
and 11) and ‘double crops’ (2421 and 32). Less common were
the measures ‘alley crops’ (717 and 7), ‘trap crops’ (615 and
9), ‘variety mixtures’ (294 and 15) and ‘relay crops’ (171 and
7). The small number of publications tagged with diversifica-
tion could be an indication that the concept of diversification
is still relatively new in the scientific agricultural community.

In sum, only 193 of the 664 selected publications refer to
experiments. The proportion of experiments varies

No of publications

temporal diversification—

L]
l I| i i I
L]
spatial diversification
\ | ol . i

bl ol !!-I.I 5 . .

1985 1990 1995 2000 2005 2010

Year of publication
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Fig. 4 Number of publications
based (n=247) and not based
(n=417) on experiments broken
down by ‘measures of crop
diversification’. Column of
figures on the right: number of
publications by search term x
1000 (total n =43.6 x 1000); in
brackets: percentage of
publications that are tagged with
the term ‘diversification’

Crop Rotation
Double Crops
Relay Crops

Catch Crops

Alley Crops
InterCropping
Companion Crops
Variety Mixtures
Mixed Cropping
Bee Plants

Trap Crops

Measure of crop diversification

12.7 (1.9)
based on experiments 2.4 (1.3)
0.2 (4.1)
4.0(0.8)
not based on experiments 0.7 (1.0)
7.7(1.8)
6.8 (0.9)
0.3(5.1)
5.5(1.9)
2.8(0.4)

0.6 (1.5)

considerably between the different crop diversification strate-
gies and is usually well below 50% (Fig. 4).

3.2 Baselines of crop diversification

Here, we define ‘baseline’ as the current cropping practice for
a given region that is to be diversified in order to improve the
performance of an existing system. In most cases, the baseline
is part of an experiment and usually regarded as control treat-
ment. In most publications, the baseline of an experiment is
explicitly mentioned (control), but in some cases, we had to
deduce the baseline by checking further information provided
by an article. In many cases, baseline is a simplification of a
complex cropping system. Based on our analysis, we identi-
fied three simplified types of baselines (Table 3) which com-
prise approximately the same proportion of publications: pure
stands of single crops (7 =59), continuous cropping of a sin-
gle crop (n = 58) and simple crop rotations with 2 or maximal-
ly 3 crops (n=76).

Pure stands of arable crops (n=35) and field vegetables
(n=24) account for the largest types of baselines (Fig. 5).
Publications on continuous cropping of a single crop are

Table 3 Type of baselines and their characterisation

T T T T T T T T T T T 1
20 40 60 80 100 120 140 160 180 200 220 240

No of publications

mainly restricted to wheat, corn or rice while publications on
continuous cropping of crops like cotton, soybean or millet
play a minor role (Fig. 5). Rotations with two crops are widely
represented by rice-wheat (n = 34) or corn—soybean or wheat
(n=21) while ‘wheat and a second crop’ is tested less fre-
quently (n=6). The group of ‘other simple crop rotations’
(n=15) is very heterogeneous with various sequences of
two to three crops. In experiments with pure stands as base-
line, the starting point for experiments is on genetic homoge-
neity of one field in a single year. In these experiments, most-
ly, the focus is on spatial diversification and not on crop rota-
tion. The main crops tested in pure stands are arable crops like
pulses including soy (n=19), corn (n=12) and field vegeta-
bles like cabbages (n=15) in particular broccoli (n=9)
(Table 4). The results show that the starting point for crop
diversification experiments is globally restricted to very few
crops. In more than 54% of the primary studies, the main focus
is on rice, corn or wheat, which, although economically very
important, only represent part of the manifold global cropping
situations.

Type of baseline

Characterisation and focus of experiments

Pure stands
on spatial (crop) diversification

Continuous cropping

Simple crop rotations

Both arable crops and field vegetables; genetically homogenous crop stands; most experiments are focussed

Mostly arable crops; cropping of one single crop over many years or seasons on the same field; most experiments
are focussed on temporal diversification

Repeated rotation of 2, seldom 3 crops on the same field; most experiments are focussed on temporal diversification
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Fig. 5 Number of publications on
crop diversification experiments
broken down by ‘baselines’ (total
n=193)

Baseline
simple rotation rice-wheat

simple rotation corn-soybean, corn-wheat

simple rotation wheat-millet, wheat-cotton
wheat-sorgum, wheat-soybean

other simple rotations

continuous corn
continuous wheat
continuous rice

continuous cotton, millet, soybean or others

pure stands - field vegetables

pure stands - arable crops

3.3 Countries of crop diversification experiments

Most publications (7= 144) on crop diversification experi-
ments were found in Asia (n=81) and North America (n=
63) (Table 5), followed by Europe (n =20), South America
(n=18) and Africa (n=11). Countries with most studies are
India (n=61), the USA (n=47), Canada (n = 16), Brazil (n =
13) and China (n = 10). Each of the remaining 25 countries
alone plays a minor role—at least as far as the number of

Table 4 Number of main crops tested in pure stands of crop
diversification experiments broken down for field vegetables and arable
crops (Total number exceeds number of publication on pure stands, since
in some experiments, more than one main crop is tested)

Pure stands Main crops Number

Field vegetables  Broccoli 9
Other cabbages 6
Tomato, eggplant 4
Cucumber 3
Others (e.g. squash, salad, carrot) 7
Total 29
Comn 12

Rice

Arable crops

Other cereals (e.g. wheat, oats, sorghum)
Soybean

2
7
7
Other pulses (e.g. chickpea, groundnut) 12
Potato 5
Sugarcane 4
Others (e.g. cotton, alfalfa, pasture) 6

Total 55
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publications is concerned (n =46, all remaining countries
together).

According to the analysed literature, experiments with pure
stands of arable crops as baselines were mainly carried out in
USA, Brazil, India, Finland and China, while those with pure
stands of field vegetables were found mainly in the USA,
followed by Australia, China and Brazil. Experiments on con-
tinuous wheat concentrate in the USA and Canada; very few
were carried out in Kazakhstan, China and Australia. In India,
71% of the experiments were dedicated to diversify continu-
ous rice and rice-wheat rotations while crop rotations with
corn and soybean or wheat were mainly tested in the USA,
some in India, Argentina and China. Most of the diversifica-
tion experiments on ‘simple crop rotations’ were located in
Europe and Canada. It seems that the number and kind of
baselines that were to be diversified in experiments reflects
very much the simplified cropping situation that is widespread
in the respective country or region. It was a surprising result of
the review that a relevant number of experiments on crop
diversification were conducted only in a few countries and
thus agroecological situations. This fact limits the ability to
generalise the results of the primary studies.

3.4 Types of crop diversification

The vast majority of analysed experiments (90%) were diver-
sified through introducing a ‘new’ crop into the baseline
cropping system: either by temporal diversification (n =

102)—expanding continuous cropping of a single crop or a
simple crop rotation—or by spatial diversification (n=71) of
a pure stand on a single field through, e.g. intercropping,
mixed cropping or companion cropping. The groups of crops
used for diversification include the whole range of crop plants
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Table 5
baselines (numbers in brackets refer to the respective countries)

Number of publications on crop diversification in North and South America, Europe, Africa and Asia with Australia broken down by different

Baselines North America (USA) South America (Brazil) Europe Africa Asia® (India)
Simple crop rotations  Others 3 1 8 2 1
Wheat—millet, cotton, sorghum or soybean 1 1(1) 44
Rice-wheat 34 (34)
Corn—soybean or wheat 14 (13) 2 5@3)
Continuous cropping  Cotton, millet, Soybean, others 44) 1(1) 1 2(2)
Wheat 18 (9) 4
Rice 13(9)
Comn 6 (5) 2(2) 1 2 44
Pure stands Field vegetables 10 (9) 303 2 2 6 (1)
Arable crops 7(7) 8 (6) 8 4 8 (4)
Total 63 (47) 18 (13) 20 11 81 (61)

?Including Australia (n =3)

like cereals, pulses, fodder legumes, grasses, field vegetables
and flowers or a combination of 2 or 3 groups of the latter
(Fig. 6).

Crop diversification by non-legumes was widespread in ex-
periments of pure stands of field vegetables and arable crops and
was still relevant both in continuous corn and wheat and in
simple crop rotations (Fig. 6). Both, legumes and non-legumes,
were tested to diversify baselines—either alone or both; diver-
sification by pulses and/or fodder legumes alone plays a minor
role in crop diversification. The introduction of both non-
legumes and pulses is a central diversification step in rice—

Baseline non-legumes

simple rotation rice-wheat

simple rotation corn-soybean, corn-wheat

simple rotation wheat-millet, wheat-cotton
wheat-sorghum, wheat-soybean

other simple rotations
pulses
continuous corn
continuous wheat
continuous rice

continuous cotton, millet, soybean or others

wheat rotations, in continuous wheat, continuous rice and con-
tinuous corn, in simple crop rotations and in pure stands of
arable crop. The introduction of both non-legumes and fodder
legumes is tested in corn—soybean or wheat rotations, rice—
wheat and pure stands of field vegetables, while the introduction
of pulses, fodder legumes and non-legumes is widespread in
rice—wheat rotations and is of certain importance in continuous
corn and continuous wheat and in simple crop rotations (Fig. 6).

Crop diversification by flowers is mainly applied in exper-
iments of field vegetables in pure stands and only sometimes
in pure stands of arable crops.

non-legumes & pulses non-legumes & fodder legumes

|
non-legumes & legumes

- — others than crop diversification

|
fodder legumes

pure stands - field vegetables

pure stands - arable crops

o
w

No of publications

Fig. 6 Number of publications on crop diversification experiments broken down by baselines and groups of crops used for diversification (total = 193)
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Diversification that was not explicitly based on the intro-
duction of a new crop occurred only in 10% of the experi-
ments, almost exclusively in pure stands of arable crops, some
in other simple crop rotations. In these cases, the diversifica-
tion measures comprise two approaches: replacement of the
genetically homogeneous baseline crop by variety mixtures of
this crop or mixtures of pure stands of widespread baseline
crops of a region on the same field.

3.5 Agronomic measures accompanying crop
diversification

In the publications analysed, we found the following groups
of agronomic measures (Table 6) that were tested additionally
to crop diversification or—in some cases—exclusively.

In 22% of the experiments, the introduction of new crops or
variety mixtures (Fig. 7a) was not accompanied by diversify-
ing agronomic measures (Fig. 7a). In 71% of the experiments,
crop diversification went along with at least one additional
agronomic measure like variation of cropping patterns;
seeding or harvesting time; weed, pest or fertilizer treatment;
soil tillage; irrigation or integration fodder production or ani-
mals into arable farming (Fig. 7b). In 58% of these, experi-
ments were tested one, in 33% two and in 9% three diversify-
ing agronomic measures.

The introduction of only a new crop was most important in
rice—wheat, corn—soybean or wheat and continuous wheat and
continuous rice, variety mixtures only as single diversification
measure were tested in pure stands of arable crops, as addi-
tional measure in combination with others in continuous rice
and in rice-wheat experiments.

In all baselines, the variation of growing patterns was an
agronomic measure to obtain spatial diversification within a
field, more importantly in pure stands of arable crops and field
vegetables, and to a lower extent in continuous corn and rice.
Variation of cropping patterns was implemented by

intercropping, e.g. pulses, fodder legumes or vegetables or
by establishing spots or borders with flowering plants or herbs
(Fig. 7b). Especially in experiments with corn—soybean or
wheat and to a lesser extent in experiments with continuous
wheat, continuous corn and with pure stands of vegetables,
different levels of inputs were tested. The variation of tillage
systems was an important issue in continuous wheat, in other
simple crop rotations and in rice-wheat. Irrigation was tested
in some experiments of rice—wheat, in continuous rice and
wheat—millet, cotton etc., but in total irrigation played a minor
role as additional measure of diversification. The testing of
green manure was an important measure in experiments with
rice—wheat, other simple crop rotations, corn—soybean or
wheat, continuous corn and in pure stands of vegetables.
Only in rice-wheat rotations the introduction of fodder pro-
duction for animals was an additional and important measure
of diversification.

In many publications, it was hard to know if the term di-
versification is restricted to the introduction of a new crop or if
additional agronomic measures are also regarded as part of the
diversification approach. Some articles used the term diversi-
fication exclusively for the introduction of a new crop (crop
diversification); in others, the term diversification also was
applied to diversification by additional agronomic measures
(“diversification by measure’).

In fact, in 7% of the experiments, diversification was ob-
tained by only introducing new agronomic measures. This
diversification approach was chosen especially for pure stands
of arable crops and to a small extent for other simple crop
rotations. Especially one diversification measure without crop
diversification was tested: the variation of growing patterns,
where a new spacing of ‘old’ crops was subject to analysis.
Other measures like variation of tillage or cultivation period,
irrigation or input management played a minor role in exper-
iments restricted to diversification by agronomic measures.

Table 6 Accompanying agronomic measures to crop diversification (groups) or alone

Groups of agronomic measures accompanying crop diversification and their characterisation

Variety mixture(s)
Pattern

Cropping of different varieties on a single field in mixture or in strips
Variation of cropping patterns of the baseline crop (e.g. row spacing)

or introducing a new crop (e.g. mixed or intercropping, as border)

Cultivation period
Input management

Variation of seeding and/or harvesting time
Variation of fertilization, pest or weed management in time, kind and

amount including ecological or conventional variants

Soil tillage
Irrigation

Green manure

Tillage system(s) (e.g. no till, conserving, plough, conventional)
Variation of irrigation in time, kind and amount

Additional utilisation of ‘old” and/ or new crops (e.g. soil cover,

fodder, incorporation of organic matter)

Fodder production Utilisation of old and/or new crops as fodder for livestock
Livestock Integration of animals in arable farming (e.g. pastures in rotations or grazing of catch crops)
25 INRA@
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Baseline

simple rotation rice-wheat

simple rotation corn-soybean, corn-wheat

) ) . |
simple rotation wheat-millet, wheat-cotton |only new crops

wheat-sorghum, wheat-soybean

other simple rotations

continuous corn

continuous wheat

continuous rice

continuous cotton, millet, soybean or others

Only variety

pure stands - field vegetables mixtures

pure stands - arable crops

Fig. 7 Number of crops and variety mixtures tested without additional
measures (a, n=43) or in combination with at least one additional
measure (b, n=136) broken down by baselines and groups of measures
(n=179). Many publications (n = 136) refer to experiments with at least

Table 7
(examples)

Groups of target variables and their characterization

Group of target Characterisation: examples

variables

‘Agronomic’ Agricultural production: yield, ingredients,
phenological data

‘Economic’ Economic performance: income, net returns, costs

‘Nutrients’ Nutrient cycling, nutrient balance, N-fixation, water

‘Pests’ Pests, diseases, weeds, weed seeds

‘Soils’ Biotic and abiotic soil parameters like mycorrhiza or
organic matter

‘Risk’ Production risk and resilience of cropping systems

‘Food webs’ Population dynamics of pests and/ or predators;
birds

‘Others’ Energy input, greenhouse gases, ground water

‘Whole system’ Variables describe a wide range of parameters:

agronomic, economic, performance, soil
parameters, environmental impact, labour, risk

change of . .
platterns 1|IIa}ge |||'rigal|on greerln manure fodlder

|
Input management

cultivation period

=3

l

o
w
Y
o
-
w
N
o
W
o
W
w

25
No of crops/ measures tested

one accompanying measure to crop diversification. Thus, the number of
cases (n =245) shown in the figure exceeds the number of publications.
Experiments with measures ‘others than crop diversification’ are not
presented in Fig. 7 (n=14)

3.6 Target variables of the crop diversification
experiments

It was one goal of our review to compile target variables that
were used in the analysed primary studies to assess the impact
of crop diversification, whereas we did not quantify the impact
itself. We found the following groups of target variables listed
in Table 7.

About 10% of the experiments concentrated only on agro-
nomic and or economic target variables, only half of them
raising both. Forty-five per cent analysed mainly biotic and
abiotic target variables without integrating agronomic or eco-
nomic aspects (Fig. 8). The remaining 45% of the experiments
analysed the impact of crop diversification measures both on
agronomic and/or economic target variables and on abiotic
and/or biotic variables describing the impact on the production
site, e.g. soil and/or the environment, e.g. ground water or
food webs (Fig. 9). There was no obvious preference for cer-
tain variables as a function of the different baselines—with
two exceptions: first, experiments in pure stands of both field
vegetables and arable crops focussed very much on food webs
(mostly insects), in arable crops additionally on pests, diseases
and weeds (Fig. 8); and second, a small share of experiments
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Baseline

PCX

[ XA

simple rotation rice-wheat

simple rotation corn-soybean, corn-wheat

simple rotation wheat-millet, wheat-cotton r|1umen|s

wheat-sorghum, wheat-soybean

other simple rotations

continuous corn
continuous wheat
continuous rice

continuous cotton, millet, soybean or others

pure stands - field vegetables

pure stands - arable crops

sc»lils t\nl\ro and more groups of variables

T T T 1 1
10 15 20 25 30

No of publications

Fig.8 Number of publications on crop diversification experiments analysing only non-agronomic/non-economic groups of target variables broken down

by baselines and groups of target parameters

analysed two or more groups of target variables beside agro-
nomic and economic parameters or even tried to characterize
the ‘whole system’ (Fig. 9). This applies both to continuous
corn and corn—soybean or wheat baselines and to experiments
with ‘continuous rice’ or rice—wheat rotations (Fig. 9); the first

Baseline others

nutrients soils

|
simple rotation rice-wheat

simple rotation corn-soybean, corn-wheat

simple rotation wheat-millet, wheat-cotton
wheat-sorghum, wheat-soybean

other simple rotations

continuous corn
continuous wheat
continuous rice

continuous cotton, millet, soybean or others

pure stands - field vegetables

pure stands - arable crops

ones are mostly located in North America and the second ones
in India.

In any other cases, experiments only focussed on one group
of target variables while neglecting others (Figs. 8 and 9). It is
difficult to get an idea about the reasons why which

whole system
|

groups of variables

n =87

Fig. 9 Number of publications on crop diversification experiments
analysing both agronomic/economic and non-agronomic/economic

INRAZ

@ Springer

1 1 I I |
10 15 20 25 30

No of publications

groups of target variables broken down by ‘baselines’ and groups of
target parameters
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parameters in which experiment have been selected. We sup-
pose that the selection of the respective target variables de-
pends very much on the professional focus of the experi-
menters and the common agreement of a particular scientific
school.

4 The lack of a concept of crop diversification

Though we found thousands of scientific papers on crop di-
versification like crop rotation or intercropping in the field of
agronomy (Table 1), only a fraction of these publications re-
late to diversification as a concept. Despite our global assess-
ment on the use of crop diversification in the literature, we did
not find a theoretical and overarching concept of crop diver-
sification. Hence, the implementation of diversification exper-
iments is not concise concerning the problems to be solved,
the baseline situation to allow comparisons, the kind and num-
ber of crop diversification measures applied and the target
variables analysed.

In many of the analysed publications, authors did not ex-
plain explicitly under which circumstances and prerequisites
which measures of crop diversification would be most effi-
cient to solve a given problem (problem definition). Our anal-
ysis also showed that most articles do not describe explicitly
the current farming practice of specialized or non-diversified
farming (baseline definition). This information is relevant to
allow comparisons with the novel diversified systems. Only a
few studies have been repeated at more than one site or even in
different agroecological zones which limits the applicability
(definition of scale). The design of the experiments is often
insufficiently explained to understand why certain measures
are tested and why not others (experimental design). Not all of
the studies have a clear definition of the target parameters to
be analysed (define impact), and only 50% of them raised both
agronomic/economic and ecological parameters; it is neces-
sary to evaluate crop diversification both from an agronomic
and ecological point of view and to compare it to the baseline.
In most cases, the implementation of experiments seems very
much driven by practical problems in agriculture of a given
country or region We suspect that in these cases, the tested
diversification steps were selected by local experts to answer
applied problems. In other cases studied, diversification steps
are selected by researchers who have set up the experiments
for a pressing research question. Hence, such experiments are
highly context-specific and based on a broad base of regional
experience. They surely may help to solve specific local or
regional problems, but it is difficult to compare the different
studies and generalise from the results of these studies on
diversification. This would be necessary to contribute effi-
ciently to the development of scientifically based and more
importantly transferable approaches to crop diversification. In
addition, generalisation also is made difficult by the fact that

76% of the experiments were executed in five countries and
56% in only two (USA and India). Furthermore, most of the
experiments within a country are restricted to one agroecolog-
ical zone.

From the range of problems to be addressed by crop diver-
sification studies, we can identify three types of perspectives
that motivated the respective studies:

The first one is based on an explicit theoretical concept: e.g.
diversification is useful to improve biological pest control
(Hooks and Johnson 2001; Haro et al. 2018). This perspective
applies for most of the experiments that analyse the possibil-
ities to influence and understand interactions in food webs by
crop diversification (‘agroecological perspective’). The sec-
ond one tries to find alternative or additional agricultural prod-
ucts (Kachroo et al. 2014; Jacob et al. 2016) that might rise
and stabilize farmer’s income (e.g. many of the diversification
experiments in India—rice—wheat) (‘agro-economic perspec-
tive’). The third perspective is driven by the fact that current
cropping practices go along with stagnating yields, deteriora-
tion of soils, increase of environmental problems, rise of pests,
diseases or weed problems following an ‘agronomic-ecologi-
cal’ perspective (Liebman and Davis 2000; Hati et al. 2013;
Sharma et al. 2017). Perspective 1 mostly focusses on further-
ing the understanding of agroecological principles; most of
these studies are made in diversified pure stands and do not
consider the effect of preliminary crops. The focus of perspec-
tives 2 and 3 is mostly on stabilizing income, developing new
cropping methods and/or to reduce environmental problems.

A well-defined concept of crop diversification is a prereg-
uisite to make results among studies comparable and to avoid
arbitrary use of the term diversification. Likewise, Beillouin
et al. (2019b) state that ‘most of the meta-analyses studied
cannot be considered fully transparent and reproducible’. A
defined concept should clarify what is understood by diversi-
fication, what types of measures are regarded as diversifica-
tion, which target parameters are useful to assess the impact of
diversification and what the relevant scales of investigation
are. The concept of crop diversification should be framed
along five elements, following the limitations identified in
the analysed literature:

1. Problem definition: Describe the reason for diversification
and the diversification target

2. Baseline definition: Characterise the baseline system to be
diversified.

3. Scale definition: Describe the target area of diversifica-
tion: field, farm or landscape and expected interactions,
define the system boundary.

4. Experimental design: Explain the decisions on diversifi-
cation treatments, crop choice, mixtures, rotations etc. and
the target variables. Ensure comparison with the baseline.

5. Define impact: Systematically compare the baseline with
diversified systems in absolute and relative terms for
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defined impact variables to evaluate the effects of the
diversification measures. To do that, a minimum set of
agronomic, economic and ecological target variables is
necessary.

This framework can be a starting point for a guideline
which supports experimentalists to answer the main question
on diversification. Some studies such as Plaza-Bonilla et al.
(2017) provide most of the aspects in our framework in more
or less detail. They described the problem of current farming
in southwestern France, as the high environmental degrada-
tion due to the uncoupling of carbon and N cycles in special-
ized cropping systems (problem definition). Current farming
is represented by a cereal-sunflower rotation without legumes
(baseline definition); the analysis is conducted at the rotational
level (scale definition) and the experiment explores the diver-
sification effect of grain legumes with and without cover crops
(experimental design). To describe the system and its impact
sufficiently, both agronomic, e.g. yield, grain protein concen-
tration and ecological variables, e.g. soil water, mineral N-
content (Plaza-Bonilla et al. 2018) were quantified and com-
pared with the baseline system (define impact).

5 Methodological considerations

In contrast to many other studies, we have taken an
agronomic perspective on crop diversification as a basis
for this review. Our focus was on diversification and
not on diversity. That means our scientific question dif-
fered considerably to that in diversity studies, e.g. Haro
et al. (2018), Buhk et al. (2017) and Wezel et al.
(2014). Diversity studies analyse diversity of cropping
or natural systems concerning flora and fauna and ask
for the main characteristics of these systems. That
means most studies on diversity compare different levels
of diversity as a result of diversification. They do not
analyse the initial situation, the necessary steps and the
importance of time to achieve the level of diversity they
found. Implicitly, they assume that it is sufficient to
establish cropping systems that show the found charac-
teristics of diversity to be sustainable, environmentally
friendly or biodiversity supporting though some authors
emphasise that the performance of diversification prac-
tices is highly context-specific (Rosa-Schleich et al.
2019; Kremen and Miles 2012).

We are well aware that our review shows some important
limits; some of them can be explained by the topic itself: since
there is no consensus on what crop diversification comprises,
it was not possible to compile a complete list of adequate
search terms. Hence, we may not have found some measures
of crop diversification that have been addressed in other anal-
ysis, e.g. Beillouin et al. (2019a). Furthermore, we excluded
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arbitrarily some diversification measures like ‘agroforestry’ or
‘intergraded crop-livestock systems’. Also, because our anal-
ysis is based mainly on information in title, abstract and key-
words, considering information of the whole articles might
have led to other results at least with regard to quantity.
Furthermore, the low percentage of found publications on
the topic suggests that probably many agronomic experiments
are carried out with ‘diversification in mind’ without labelling
them with diversification, e.g. Reckling et al. (2016) and
Stein-Bachinger et al. (2015). It is therefore not surprising that
other review studies on crop diversification found more ex-
periments, e.g. the almost 20-fold higher number of primary
studies in the meta-analysis by Beillouin et al. (2019a). And
last but not least, our review is restricted to crop diversification
at field level.

6 Conclusion

Our analysis reveals that so far, there is no theoretically
well-founded concept of crop diversification. The cur-
rent use of the term diversification depends very much
on the country, regional current problems caused by
agriculture, the focus of the scientific discipline, the
particular scientific school and local expert knowledge,
and it is restricted to relatively few baselines and agro-
ecological situations.

If crop diversification is to be developed as a tool for im-
proving cropping systems, developing novel value-chains and
providing other socio-economic benefits, it is necessary to
develop a shared conceptual understanding. Without such
concept, the numerous results of the different scientific com-
munities on the topic (diversification) will use different terms
for the same thing or same terms for different things (e.g.
diversification, diversity, crop rotation, mixed cropping).
This will prevent synergetic effects and generalisation of
results.

We suggest first steps towards a conceptual framework on
crop diversification expletively distinguishing and providing
information on (i) problem definition, (ii) baseline definition,
(ii1) scale definition, (iv) characterisation of the experimental
design including a minimum set of target variables and (v)
defining the impact systematically to assess and report the
effects of the diversification measures.
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