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Mixed cropping, including intercropping, is the oldest form of systemized agricultural

production and involves the growing of two or more species or cultivars of the same

species simultaneously in the same field. However, mixed cropping has been little by

little replaced by sole crop systems, especially in developed countries. Some of the

advantages of mixed cropping are, for example, resource use efficiency and yield stability,

but there are also several challenges, such as weed management and competition.

The boreal-nemoral region lies within the region 55 to 70◦N. In this area, for example

in Finland, the length of the thermal growing season varies from >105 to over 185 days.

Typically, variation between locations and years is marked. However, during the year,

there can be a wide range of temperature extremes between −70 and +30◦C. The

majority of cropping systems in this region are usually monocultures, except for forage

grass mixtures. The possibility of having several crops in a mixture is very challenging in

the region due to the short growing season and extreme cold temperatures, meaning that

crop earliness and overwintering capacity are a considerable restriction for year-round

mixed cropping. A further restriction is the quality requirements set by the industry. Our

review will explore a range of mixed cropping possibilities for the boreal-nemoral region,

including different possible combinations of spring, winter, perennial, biennial, catch, and

cover crops. The reviewed mixed cropping systems could considerably improve the

sustainability and efficiency of crop production.

Keywords: catch crops, cover crops, double cropping, intercropping, nitrogen management, relay cropping

INTRODUCTION

The oldest form of systemized agricultural production was based on mixed cropping (Plucknett
and Smith, 1986). In mixed cropping and intercropping, growing of two or more crop species or
cultivars takes place simultaneously in the same field with the aim of improving the resource use
efficiency and yield stability, and decreasing losses due to possible pathogen and pest infestation.
The main difference is the definite pattern of the crops in intercropping. Relay cropping as well
as catch and cover cropping can also be considered as mixed cropping. The specific feature of
relay cropping is that the second crop is seeded after the first crop; thus the first crop is harvested
well before the second crop, even in the following growing season. In catch cropping, nutrient
scavenging crop species are used between the main crops cultivated for yield. Nutrients are fixed
into living plant tissues, which minimizes nutrient leaching into the environment (Dabney, 1998;
Dinnes et al., 2002). Catch cropping can also improve sustainability, since after incorporation into
soil, the nutrients are available for the following main crop (Thorup-Kristensen and Nielsen, 1998).
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Cover cropping is sometimes associated with catch cropping,
even though the term refers mainly to a crop covering the soil
and thus reducing water and wind erosion (Dabney, 1998).

The advantage of mixed cropping is the higher number
of plants per unit area and differences in pest and pathogen
resistance as well as stress tolerance of different plant species
and cultivars. Due to a dense plant stand, the foliage and roots
cover a larger area, thus increasing the radiation (Keating and
Carberry, 1993), water (Morris and Garrity, 1993a), and nutrient
(Midmore, 1993; Morris and Garrity, 1993b) capture. Mixed
cropping could result also in further benefits, such as a lower
number of weeds in dense plant stands and a lower number of
pests and diseases due to difficulties in detecting hosts and an
increased number of natural enemies (Altieri and Liebman, 1986;
Trenbath, 1993). However, the plant stand architecture, growth,
and dry matter partitioning of species in the mixture can vary
due to competition for available resources and species interaction
(Silvertown, 1982).

The boreal-nemoral region lies between 55 and 70◦N. The
land in this zone experienced heavy glaciation and, as a result,
features such as moraines and eskers are common surface
features in the region (Metzger et al., 2012). Arable land is
limited and agricultural production challenging because of the
short length of the growing season (few frost-free days and a
small sum of growing degree days or heat units) and the striking
changes in day length through the year. In summer, the sun
does not set and day length may range from 17 to 19 h at 55 to
60◦N, respectively [Baldocchi et al., 2000; Tveito et al., 2001; FMI
(Finnish Meteorological Institute), 2020]. Conversely, in winter,
above the arctic circle the sun does not rise above the horizon,
causing a period known as “polar night” when very short days
are common and can be as short as 7 h at 60◦N, for example in
Southern Finland [Baldocchi et al., 2000; Anonymous, 2020; FMI
(Finnish Meteorological Institute), 2020]. Large variations in day
length mean that the region also experiences large variations in
temperature range during the year, and thus crop production is
restricted to the southern edge of the region, while grasslands are
cultivated further north (Heikkilä and Seppä, 2003;Metzger et al.,
2012).

For the present review, we will define the boreal-nemoral
region in Europe as including Denmark, Estonia, Finland, Latvia,
Lithuania, Norway, and Sweden, all countries that lie above
55◦N. Strict or constant limits for the southern fringe of the
boreal-nemoral region are elusive; for example, in some reports
the southern edge of Norway and the whole of Denmark
are outside the nemoral zone (Metzger et al., 2012), while
in others they are part of the boreal-nemoral region (Hagen
et al., 2013). In addition to cases from the above countries,
we also include examples from Canada, where the provinces
of Alberta, Manitoba, Nova Scotia, and Saskatchewan are all
above 49◦N and where there are valuable examples of mixed
cropping systems that, thanks to their similar climate and land
features, could be implemented in the boreal-nemoral region
in Europe.

In the boreal-nemoral region, most commonmixtures include
legumes because of their symbiosis with atmospheric nitrogen
(N2) fixing Rhizobium species, for which reason the requirement
for fertilizer application is either decreased or excluded (e.g.,

Andersen et al., 2005). In mixtures, legumes are mainly grown
with forage grasses but in some cases also with cereals and
rapeseed. Typical examples are oat (Avena sativa L.)-vetches
(Lauk and Lauk, 2009), ley mixtures, and small grain cereals-
pea (Pisum sativum L.) (Harper, 1983) as well as leys undersown
with small grain cereal (Känkänen et al., 2001; Känkänen and
Eriksson, 2007).

In this review, we will discuss different mixed cropping
possibilities, including also intercropping and relay, catch,
and cover cropping, for the boreal-nemoral region. The main
emphasis is on ways to improve the sustainability and efficiency
of crop production.

MIXED CROPPING

In mixed cropping, two to several different plant species or
cultivars are grown at the same time in a plant stand. Therefore,
the individual plants have complex interactions with each other,
which might result in an altered assimilate partitioning and
thus growth and senescence both in above- and belowground
plant parts (Silvertown, 1982). Furthermore, competition for
resources also changes throughout the growing season. Early
in the season, plants compete mainly for water and nutrients,
whereas competition for light takes over later in the season
as the foliage expands. At the end of the season, the original
plant stand density affects the severity of competition and thus
the final number of remaining plant individuals. Environmental
conditions, such as temperature and precipitation, may be more
favorable to one over another species. Finally, the properties
of species in the mixture and their ability to utilize available
resources will determine the dominance. For example, deep-
rooted and tap-rooted species restrict the growth of shallow-
rooted ones due to better access to deep soil moisture and
nutrients (Harper, 1983; Vandermeer, 1989). A further challenge
is caused by weeds (Vandermeer, 1981).

When planning mixed plant stands, it is important to take
into account the different characteristics and features of the
component species of the mixture and the mixture itself,
especially the growth habit to avoid competition (Vandermeer,
1989); for example, root systems of different species often
avoid each other (Silvertown, 1982), the nutritional requirement
and timing of nutrients as well as other resources differ
between species, not to mention the synthesis and tolerance
of allelochemicals (Zimdahl, 2004). Solutions to alleviate the
competition include adjusted seeding times and densities of the
component species to maximize the plant stand productivity
(Davies et al., 1986). Growth advantage for inferior species
of the mixture can be achieved for example by seeding the
dominant species later than the other species (Andersen et al.,
2007).

Properly planned mixed cropping can improve the
sustainability, productivity, as well as yield (Vandermeer,
1989; Fukai and Trenbath, 1993). Mixed stands remove higher
amounts of nutrients with yield in comparison with sole crops,
resulting in higher nutrient use efficiency (Midmore, 1993;
Morris and Garrity, 1993a). This should be taken into account
especially in environments with limited nutrient availability
(Midmore, 1993). Radiation use efficiency is usually also
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improved in mixed crops due to increased leaf area index
(Keating and Carberry, 1993), restricting also the existence of
weeds. However, in a dense canopy, shading increases and can
result in a situation where assimilation is exceeded by respiration
(Black, 1963). Bigger leaf cover also leads to improved water use
efficiency because of lower evaporation and soil temperature
(Morris and Garrity, 1993b). Even though mixed crops usually
consist of species reaching maturity at the same time, most yield
advantage is obtained from crops reaching maturity at different
times. As an extreme, in relay cropping, the second component
of the two-crop mixture is seeded markedly later than the first
one, although well before harvest of the first crop (Francis,
1986). This allows the later seeded crop to utilize the resources
without marked competition (Fukai and Trenbath, 1993) as
well as consecutive growing of two crops in a limited growing
season (Tuulos et al., 2015b). Examples of relay cropping in the
boreal-nemoral region include mixed spring and winter crops,
such as oilseeds and cereals, which can potentially be used for
forage in the vegetative stage (Davidson et al., 1990; Tuulos et al.,
2015a) and harvested for seed yield in the later stage (Tuulos
et al., 2015a).

Perennial Forage Mixtures
The best-known and most utilized crop mixtures around the
world are most likely forage. Also in the boreal-nemoral region,
forage is commonly grown in perennial mixtures, either in binary
or more complex mixtures, typically including both grasses and
legumes. For example, in Finland most of the forage produced
for cattle, both for silage and grazing, consists at least of a few
grass species and one forage legume species. The most commonly
used species include timothy (Phleum pretense L.), meadow
fescue (Festuca pratensis Huds.), tall fescue (Festuca arundinacea
Schreb.), perennial ryegrass (Lolium perenne L.), × Festulolium,
red clover (Trifolium pratense L.), and white clover (Trifolium
repens L.). In pastures, Kentucky bluegrass (Poa pratensis L.) is
also commonly used. The same species combinations are used
at the same latitudes also, for example, in Sweden, Norway, and
Canada, with some variation depending on the local climatic
factors. Winter tolerance is one of the most important features
when selecting perennial crops for forage production at high
latitudes; thus species and cultivars must be carefully selected.
However, recently more winter tolerant cultivars, for example for
perennial ryegrass, have been introduced, and the cultivation area
has expanded to more harsh winter climates in the continental
regions (Helgadóttir et al., 2018a). Alfalfa (Medicago sativa L.) is
not yet cultivated extensively, but there might be more possibility
for this in the future due to the warming climate and breeding of
new cultivars (Annicchiarico et al., 2019).

A higher yield in perennial forage mixtures is mainly due
to higher biodiversity and different functional plant groups. In
perennial forage mixtures, plants are typically divided into three
groups: grasses, N fixing legumes, and other herbaceous species.
Although species belonging to different functional groups are
supposed to be more complementary, even mixtures containing
only two different grass species have been shown to produce
higher dry matter yield than sole one species stands (van
Ruijven and Berendse, 2003; Ergon et al., 2016; Helgadóttir

et al., 2018b). Moreover, a stable yield increase was seen when
more grass species were added to a mixture of 2, 4, 6, or 8
species (van Ruijven and Berendse, 2003). Although van Ruijven
and Berendse (2003) included also grass species with non-
agronomic importance in their study, valuable information on
the biodiversity effect of mixtures containing only grasses was
gained. However, in a study where legumes, red and white
clover, and alfalfa were grown in sole stands and mixtures
without grasses, the over-yielding effect was not observed
(Dhamala et al., 2017).

Different physiological characteristics and growth habits of
grasses benefit biodiversity; for example, timothy has shallower
(Bertrand et al., 2008) and Festuca deeper root systems
(Humphreys et al., 2013; Mäkinen et al., 2018) and thus resources
can be allocated more evenly among species. In the spring,
timothy has quite fast growth but the regrowth ability in the
following cuts is slower and dry matter yield lower (Seppänen
et al., 2010; Virkajärvi et al., 2012) compared with perennial
ryegrass and Festuca, which can produce higher dry matter
yields in the following cuts (Frame and Laidlaw, 2011). These
differences between species benefit forage growth and thus enable
larger yields.

The main advantage of using legumes in the perennial grass
mixtures is the improvement of N supply through biological N
fixation for non-legume species (Dahlin and Stenberg, 2010).
Legumes are able to fixate the atmospheric N into the soil, and
grasses and other species growing in the same mixture can use
N for their growth. Plant diversity in the perennial mixtures
increases the N2 fixation mainly as a result of the non-legume
species competition for N from soil (Carlsson and Huss-Danell,
2003; Rasmussen et al., 2012). For example, Li et al. (2019)
showed that an unfertilized timothy–red clover mixture had
higher dry matter yield than N fertilized sole stands in Finland
because through biological N fixation plants were able to utilize
resources more efficiently. Dhamala et al. (2017) concluded
that perennial mixtures need to have non-legume species to
maximally benefit from theN2 fixation. However, under northern
growing conditions it should be taken into account that symbiotic
N2 fixation is very dependent on temperature and is possible only
during the most favorable summer months.

Grass–legume mixed swards produce higher dry matter yields
in comparison with grass swards, possibly due to biological N
fixation. For example, dry matter yield was 33–65% higher in
grass–clover mixtures compared with sole stands of perennial
ryegrass, cocksfoot (Dactylis glomerata L.), and white or red
clover canopies in a 3-year field trial in southern Sweden
(Frankow-Lindberg et al., 2009) and 21–32% higher in grass–
clover mixtures compared with sole stands of timothy, Kentucky
bluegrass, and white or red clover canopies in a 3-year field trial
in northern Europe and Canada (Sturludóttir et al., 2013). In
Iceland, Helgadóttir et al. (2018b) reported as high as 71% yield
advantage in mixtures compared with sole stands of timothy,
meadow fescue, and red and white clover across a 5-year
field trial. Large differences between separate studies are partly
explained by the differences in the experimental locations as well
as the species used and their ability to use resources efficiently.
Research conducted at 31 different sites, including Finland,
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Sweden, Norway, and Iceland, reported that mixtures containing
both grasses (timothy, perennial ryegrass, cocksfoot, Kentucky
bluegrass) and legumes (red and white clover, alfalfa) produce
on average 32% higher yield compared with monocultures (Finn
et al., 2013). Interestingly, adding alfalfa to the mixture increased
drymatter yield only by 7% (Finn et al., 2013), 8% (Bélanger et al.,
2014), and 12% (Thompson, 2013) over the best monoculture.

Including several species in the perennial forage production
generally also improves feed security. In the boreal-nemoral
growing conditions, winter hardiness is still one of the key issues
for forage production, and some species and cultivars are better
adapted. Generally, grasses have better winter hardiness than
legumes; thus the former must be included in the mixtures.

Legumes in perennial swards typically improve the nutritional
quality of the yield. According to Mela (2003), grass and red
clover mixtures produce higher protein and crude fiber content
compared with sole grass swards in Finland. Sturludóttir et al.
(2013) reported better digestibility and high crude protein
content in grass–clover mixed swards compared with grass
monocultures in northern Europe and Canada. Adding alfalfa
to a grass mixture improved neutral detergent fiber (NDF)
concentration and digestibility in a Canadian study (Bélanger
et al., 2014). Moreover, adding red clover to a mixture has
shown to increase the milk production and quality in dairy cows
(Heikkilä et al., 1992). It can be concluded that adding legumes
to mixtures has a positive effect on the nutritive value of the yield
without a negative effect on the dry matter yield.

Mixtures also reduce the invasion of weeds and other
unwanted species. In sole stands of grasses and legumes even
10–60% of the dry matter yield can be weeds, whereas in
mixtures the proportion can be <2–5% of the dry matter yield as
shown in several studies conducted in the boreal-nemoral region
(Frankow-Lindberg et al., 2009; Finn et al., 2013; Sturludóttir
et al., 2013; Bélanger et al., 2014; Helgadóttir et al., 2018b).
Mixtures are able to use resources more efficiently compared with
sole stands, and therefore weeds are not able to invade the plant
stand. Furthermore, mixtures produce higher dry matter yields
which partly suppress weeds and other unwanted species.

Perennial Forage Mixtures With Forage Herbs
Recently, even more exotic species, i.e., non-leguminous
dicotyledon forage herbs (forbs), such as ribwort plantain
(Plantago lanceolata L.), chicory (Cichorium intybus L.), and salad
burnet (Sanguisorba minor L.) have been tested for perennial
forage mixtures. Reasons to introduce these species include
the potential to increase plant diversity, competitiveness, and
tolerance to different weather conditions (Eriksen et al., 2012;
Pirhofer-Walzl et al., 2012), and improvement in the nutritional
quality (Pirhofer-Walzl et al., 2011).

In several Danish experiments, forage herbs, including ribwort
plantain and chicory, have been studied to reveal the potential
for forage production. Dhamala et al. (2018) showed that forbs
can be used in perennial mixtures without a negative effect
on the yield or amount of biological N2 fixation, but the
amount of forbs in the mixture needs to be low. Typically,
forbs are rich in minerals and thus could possibly serve as
balancing supplements in mixtures. Plantain and chicory had

higher concentrations of some macro- and micronutrients, such
as phosphorus, magnesium, potassium, boron, sulfur, and zinc,
compared with grasses and legumes (Pirhofer-Walzl et al., 2011).
Using a multispecies grass–forage–forb mixture as the main feed
source for milking cows reduced the need for artificial mineral
supplements and simultaneously increased some ecosystem
services, for example, foraging sites for pollinators (Pirhofer-
Walzl et al., 2011). In multispecies mixtures, grasses took a higher
amount of N fixed by clover, whereas forbs used soil N for growth
(Dhamala et al., 2017). It seems that forbs could balance perennial
forage mixtures in a sustainable way and use resources differently
compared with grasses and legumes.

Forbs are not commonly used in the boreal-nemoral region in
grasslands and thus notmany extensive field trials with forbs have
been conducted. In Finnish advisory groups, chicory has been
tested inmultispecies mixtures for silage production. Preliminary
results have indicated that chicory has potential also in Finnish
growing conditions, especially in fields facing drought problems
and for plots intended for fast rotation grazing (Proagria, 2017).

Mixed Cropping by Combining Spring
Crops
Traditionally the most typical spring crop combinations in
the boreal-nemoral region have been the grain legume–cereal
mixtures grown for whole crop forage, mainly pea (Pisum
sativum L.) mixed with oat (Avena sativa L.), barley (Hordeum
vulgare L.), and wheat (Triticum aestivum L. em. Thell.). Due
to their usage as forage, the majority of studies have focused
on the nutritive value and ensiling of mixed spring crops. In
grain legume–cereal mixed crops the forage quality is higher
in comparison with sole cereal forage. Grain legume–cereal
mixed crop forage has higher crude protein content, higher
protein yield, and higher relative feed value, and it can provide
alternatives to more traditional forage (Strydhorst et al., 2008).
However, less focus has been paid to environmental, ecological,
and physiological traits of the grain legume–cereal, cereal species,
and cereal cultivar mixtures. The major obstacle for species and
cultivar mixtures for grain has most likely been the problems
in marketing the yield, since the industry has so far been
interested in sole crop grains. Separating the seeds of different
cultivars and species for industrial processes is time-consuming
and expensive. A further challenge has been harvesting mixed
grain crops, since the components have to reach maturity at
the same time. However, in low-input cropping systems there
can be both ecological and economic advantages of cultivating
spring crop mixtures not only in tropical regions but also in the
boreal-nemoral region.

Due to its suitability to boreal-nemoral growing conditions
and the long tradition of including it inmixed crops, pea has been
the most studied grain legume as a component crop. Pea–barley
mixtures have been extensively studied for example in Denmark,
and pea in combination with other spring cereals, for example
triticale (× Triticosecale Wittm. ex A. Camus), wheat, and oat in
Estonia, Finland, and Lithuania. Other grain legumes studied for
mixed crops with cereals include narrow-leafed lupin (Lupinus
angustifolius L.), faba bean (Vicia faba L.), and oilseed rape
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(Brassica napus L. ssp. oleifera (Moench.) Metzg.). In Denmark
and Canada, studies have also involved tri-crop combinations,
i.e., oilseed rape and pea with either wheat or barley. A less
traditional faba bean–maize (Zea mays L.) mixture for forage
production has gained interest in Sweden (Stoltz et al., 2018).

In general, the pea–cereal mixtures (Table 1) have been higher
yielding than the sole crops, especially when grown without
N fertilizer on soils with low fertility (Ghaley et al., 2005;
Lauk and Lauk, 2008). According to Knudsen et al. (2004),
the dominant species in grain legume–barley mixtures were
legumes on sandy loam and barley on sandy soil. In Estonia,
pea–cereal mixtures with oat, wheat, and barley grown on sandy-
clayey soil without fertilizers produced higher grain yield and
protein yield than sole crops. The highest yielding combination
was a pea–oat mixture, in which case the yield of oat was
higher than the yield of the sole oat crop, especially when
the seeding rate of pea ranged from 20 to 80 seeds m−2,
when the optimum for pea as a sole crop is from 100 to
120 seeds m−2 (Lauk and Lauk, 2008). Increased plant stand
density favors pea over barley, which is seen in decreased
yield and yield stability of the barley component and increased
yield stability of the pea component (Jensen, 1996). Similarly,
the lupin component is suppressed in a mixed crop with
barley when the plant stand density increases (Hauggaard-
Nielsen et al., 2008). Furthermore, competition by pea in
mixed crops decreased both the grain size and the protein
content of cereals (Lauk and Lauk, 2008), indicating that the
increase in protein yield of the mixed crop was due to the
pea component. In Denmark, a pea–wheat mixture grown
on sandy loam soil was most productive without fertilizers
(Ghaley et al., 2005). Increasing the rate of N fertilizer gave a
competitive advantage to wheat, thus suppressing the growth
of pea, although without a decrease in intercrop grain yield.
Without N fertilizer, pea as a component of a pea–wheat mixed
crop fixed more N than a sole crop (Ghaley et al., 2005),
although faba bean and lupin are even more efficient in N
fixation as component crops in grain legume–cereal mixtures
(Hauggaard-Nielsen et al., 2008).

In pea–barley mixed crops, barley has proven to be a
strong competitor for N and thus seems to have a negative
effect on N fixation when dominant (Jensen, 1996; Hauggaard-
Nielsen and Jensen, 2001). Hauggaard-Nielsen et al. (2001)
observed that N fixation of pea decreased from 120 kg ha−1

in sole pea crops to 30 kg ha−1 in a pea–barley mixed
crop. According to Jensen (1996), N fixation decreases with
increased N fertilization, because it gives further competitive
advantage to barley over the grain legume. Barley seedling
emergence and the growth of its root system in time and
space are faster than those of pea, thus allowing barley
to explore a larger soil volume earlier in the growing
season as well as shade the pea foliage (Hauggaard-Nielsen
et al., 2006). However, the competition between the grain
legume and the cereal depends on the cultivar traits of the
component crops, such as the emergence and growth rates,
determinate/indeterminate growth type, height, leaf area, and
tiller formation. For example, Hauggaard-Nielsen et al. (2001)
reported that unlike determinate pea, indeterminate pea in

the mixture decreased both the N uptake and the grain
yield of barley. For a list of the traits of an optimal pea
cultivar for mixed crops with cereals, see the review by
Hauggaard-Nielsen et al., 2003.

When pea–barley and pea–oilseed rape mixtures were
compared with their sole crop counterparts in Saskatchewan,
Canada, it was found that both oilseed rape and barley grown in a
mixture together with pea yielded better than sole crops without
N fertilizer, resulting in land equivalent ratio values up to 1.56
(Malhi, 2012). However, the yield of individual components in
a mixture decreased. In mixtures, the protein content of both
barley and oilseed rape was higher, but the oil content of oilseed
rape was lower than in the sole crops (Malhi, 2012). Similarly, in
Finland, a mixed crop of faba bean and oat produced higher grain
yield than their sole components but only under poor growing
conditions. This was related to better growth of faba bean in a
mixture with wheat, mainly resulting in heavier grains of faba
bean but also an increased number of panicles of oat (Helenius
and Ronni, 1989). However, oat benefited more than faba bean
from the mixture (Helenius, 1990).

Helenius and Ronni (1989) observed in Finland that mixed
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cherry-oat aphids (Rhopalosiphum padi L.) on the oat component
but decreased the number of black bean aphids (Aphis fabae
Scopoli) and weevils (Sitona spp.) on the faba bean component.
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Denmark (Hauggaard-Nielsen et al., 2008). Stoltz et al. (2018)
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the macro- and micronutrient uptake and thus nutrient use
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the macronutrient content of oat increased in the faba bean–
oat mixed crop (Helenius, 1990). A further advantage of the
mixed crops was observed in Lithuania in the rate of weed
infestation, which was up to 1.6-fold less in pea–cereal mixtures
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mixed cropping tends to increase the reliability and stability of
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organic systems, and protein production is expected to increase
as knowledge increases.
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mixture in Canada (Szumigalski and Van Acker, 2006).
Szumigalski and Van Acker (2006) explained the increased
grain yield through N use complementarity of the three crops
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