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Foreword

This publication is based on work of doctoral students from the different NOVA Univer-
sities participating the NOVA Crop Science -course held in Finland in 2015. The course 
was planned to provide information on yield limitation and reflect ways to solve the 
problem of yield limitation in Nordic countries as part of the sustainable intensification 
of crop production as an answer to rising issues of food security. During the course, 
topics such as agricultural scales of yield limitations, production in cold climates, be-
low- and above-ground resource capture, and cultivar development were covered, 
emphasizing their interaction within the environmental and management limitations 
in the field. Since the written assignments were very interesting and thoroughly pre-
pared, they deserved the attention of a wider audience, and therefore the decision 
was made to compile an official course publication. 

Pirjo Mäkelä
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The current environmental situation of the world, the continuously growing population and the need to feed a larg-
er population by using fewer resources is a critical challenge for agriculture worldwide. For Nordic countries, the 
situation is even more challenging due to the environmental limitation such as low temperatures and short grow-
ing seasons. Undoubtedly, there is an urgent need to embrace further ecological agricultural systems to fulfill the 
demand food and feed in the region. In order to stablish a simplistic approach, this paper reviews two sustainable 
cropping systems in Finland, focusing on the benefits and disadvantages of under-sowing, crop rotation and winter 
cover crops, to establish a competitive crop and to control weeds. 
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Introduction

The unappropriated weed control leads to major loses in yields worldwide, opening even more the gap yield in 
agriculture. Weeds compete against the crop for nutrients, water and, in developed stages, for light interception. 
In Nordic conditions, the intense cropping system with fertilizers and agrichemical products has changed the weed 
population drastically during the last 50 years, promoting the reappearance of common weeds due to constant 
fertilization (Andreasen and Streibig 2011).  

Nowadays, herbicides are the dominant tool for the control of weeds. They are highly effective and relatively 
cheap in most parts of the world. Herbicides with different modes of action are available on the market, however 
no new modes of action have been introduced in recent years (Duke 2012). The increasing use of the same types 
of herbicides has led to a number of undesired environmental and agronomic concerns. According to the Inter-
national Survey of Herbicide Resistant Weeds a total of 458 cases of unique resistant weeds throughout 22 sites 
of action have been reported until 2015 (Heap 2015). Due to the extensive growing of herbicide tolerant crops in 
some parts of the world, also more and more cases of resistance to glyphosate, the worldwide most widely used 
herbicide have been documented. In 2015, 32 species were registered to bear this resistance. A rapid increase in 
new reported cases has occurred especially in the last decade. This raises concerns on how to curb this situation 
and how to minimise the risk of resistance.  

In order to reduce agriculture’s impact on the environment, European agriculture aims to reduce the use of ag-
richemicals in crop production and promote more ecological programs centred on integrated pest management 
(IPM) (Melander et al. 2013). The overall goal of IPM is to increase a cropping system’s sustainability. In order to 
achieve this goal, weed populations in the field ought to be reduced to a manageable level and the environmen-
tal impact of individual weed management practices to be minimised (Harker and O’Donovan 2013). IPM includes 
practices of these four categories: (1) chemical, (2) physical, (3) biological, and (4) cultural. Ideally an efficient 
weed control strategies consists of a combination of practices of all four categories. To live up to IPM standards, 
methods of categories (2) – (4) such as crop rotation, delayed drilling, increased seed rates or ploughing, should 
be used as alternatives and/or supplement to chemicals. 

A sustainable method to control weed is by exploiting the ability of plants to compete with each other under field 
condition. Competition among plants can be defined in two ways: (1) tolerance of competitor, i.e. a competitive 
crop is a crop that manages to maintain it yield in the presence of weeds (Goldberg 1990), (2) suppression of com-
petitors i.e. a competitive crop more a one that is about to reduce weed growth (Tilman 1990). In general sup-
pression can be defined as a plant’s ability to reduce the fitness of a competing plant/weed. As a consequence 
the seed return of the suppressed weed is reduced and fewer individuals are expected in the following years. 
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One of the most important features of a competitive crop is having a rapid development. If the sown crop emerg-
es faster than most weeds, weed plants already have problems from the beginning. But also several other growth 
traits contribute to the competiveness of a crop. Those can be divided into aboveground and belowground plant 
traits (Andrew et al. 2015). Aboveground traits are primarily plant height, early vigour, tilling, and canopy archi-
tecture. As direct advantage of these features is shading. If the crop succeeds in overgrowing the weed, the weed 
has less chance to develop and compete with the crop. Thus, increasing light interception is the major contribu-
tor of a crops competitive ability and weed suppression weeds (Holt 1995). In many cases, plant height has been 
linked to the ability of the plant to incept photosynthetically active radiation (PAR) (Lemerle et al. 1996).

To achieve weed suppression a competitive crop is able to release secondary metabolites (allelochemicals) by root 
exudation or decomposition of senescent leaves. Once these compounds are available in the soil, they will inhibit 
or disturb the physiological development of weeds, acting as natural weed control. Their suggested mode of ac-
tion will target photosynthetic system, hormone unbalance and high production of reactive oxygen species (ROS) 
(Weir et al. 2004) Despite numerous examples of allelopathic crops has been reported by literature e.g. wheat, 
barley, faba beans, etc., yet these allelopathic properties are not fully exploited.

Notwithstanding the constant competition between weeds and crop, the yield crop in Finland, as in the rest of 
Nordic countries, is strongly influenced by the crop systems and weather conditions. For Finland, climate is a de-
terminant factor for achieving proper yield and the country needs a specific approach towards a better weed con-
trol that adapts to local conditions and reduces synthetic herbicide uses. 

Finland´s geographical position between 60th and 70th northern parallels is the main influence on the weather 
conditions of the country (FMI 2015). The country´s weather is characterized by drastic differences between the 
low temperatures and radiation during winters and high radiation accompanied by droughts during summer. Win-
ter is the longest season of the country, it last approximately 100 days in southwestern Finland and 200 days in 
northern regions like Lapland (FMI 2015). The growing seasons vary widely due to the versatile geography of the 
country, in the southwestern archipelago the growing season is 180 days, the southern and central areas is 140 
to 175 and 100 to 140 days in Lapland (FMI 2015). These factors and short growing seasons are significantly chal-
lenging for agriculture. In general, the factors that limit production in Finland are low solar angle, low temperature 
and a short, but intensive, growing season (Mela 1996). The main constraints for crop production the country are 
long winters with thick snow cover and frosts in the beginning of the growing season.

Finland´s agriculture land is 2.3 million hectares (VYR and mmm, 2013) and almost all its arable land are above 
60⁰N, making the country the northernmost agricultural nation among the region (Peltonen-Sainio et al. 2015). 
The main product from Finnish agriculture are cereals. Cereal production solely account for 500 metric tons an-
nually (VYR and mmm, 2013), and by 2012, spring cereals covered 50-55% of arable land, the most important be-
ing:  barley, oats, wheat and rye. (VYR and mmm, 2013). 

Sustainable weed management without compromising yield is a challenge, especially for Finland, bearing in mind 
the country´s climate conditions, its main agriculture products and its crop systems. Ecological practices has been 
proposed that adjust to Nordic conditions and that can be implemented locally. In the following chapters special 
focus will be given to sustainable crop production, including weed management in Finland, by using specific ex-
amples of crops produced in the country and their benefits to promote sustainable and local agriculture.

Under-sowing 

Under-sowing system has many benefits, including: nutrient management, improvement of soil structure, maximi-
zation of land use during short growing seasons and weed control. This system is significantly potential for spring 
crops in Nordic countries, where the catch crop exploits its physiological development after the main crop is har-
vested (Valkama et al. 2015). Undersowing is a viable tool for Finnish agriculture to reduce the input of nitrogen 
and phosphorus into the Baltic Sea. By 2010 the load of nitrogen and phosphorus into the Baltic Sea was 802,000 
and 32,200 tonnes respectively (HELCOM 2015). 

One of the keys to reduce nutrients leaching is the efficient use of these nutrients remnant in the soil (Anders-
en et al. 2014). In Finland, the use of catching crops and optimization of under-sowing system is a viable solu-
tion to reduce not only the nitrogen excess in the soil but also to moderate monoculture of cereal production.  
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Undersowing had been tested successfully in the country, combining spring cereal with many other species. A good 
example is the mixture of Italian ryegrass under-sown in spring barley, which had reduced the nitrogen leaching 
in a range of 27-68% during a four years experiment at Jokionen, Finland (Lemola et al. 2000)

However, to improve the productivity of this system, it is needed to use crops adapted to the tough climate con-
ditions of the country. Therefore, winter turnip rape (Brassica rapa L. ssp. oleifera [DC.] Metzg.) is proposed, not 
only as a catch crop, but also as more environmental solution to control weeds. According to Tuulos et al. (2014), 
in under-sowing systems combining barley and winter turnip rape as a catching crop, the nitrate-N allocated in the 
subsoil was reduced by 83%, this is translated into 74 kg N ha-1. Interestingly, the cold resistance of winter turnip 
rape allows it to accumulate nitrogen in the leaf tissues during the autumn, overwinter successfully, and use the 
nitrogen accumulated during the growing season in spring. 

Under-sowing can reduce the soil erosion and improve the soil quality, especially if a crop with a big root tap is 
establish during autumn season (September - October), when the precipitations increase. The main purpose of 
under-sowing to prevent soil erosion is to avoid total exposure to runoff, by increasing the stability of the topsoil, 
this will increase the water infiltration and soil porosity (Scopel et al. 2012). 

This system is also a viable practice to reduce weed infestation in a more sustainable manner. In Finland, the com-
parison of the last surveys from 1999 and 2009 revealed increases of weed biomass due to increase organic agri-
culture, reduced tools for weed control and low crop competition (Salonen et al. 2012) According to Ringselle et 
al. (2015) the combination of under-sowing a spring cereal with red clover and mowing twice after the harvest 
reduced 66% of shoot biomass of E. repens. This is an ecological method that combine mechanical weed control 
and crop competition without disturbing the soil structure neither relying on synthetic herbicides. For the case of 
winter turnip rape, supported evidence shown that the presence of isothiocyanates (ITC) such as n-Butyl-ITC and 
2-phenylethyl-ITC, in almost all the structures of the plant, had inhibit the germination of spiny sowthistle (Son-
chus asper [L.] Hill), scentless mayweed (Matricaria inodora L.), smooth pigweed (Amaranthus hybridus L.), barn-
yardgrass (Echinochloa crusgalli [L.] Beauv.) and blackgrass (Alopecurus myosuroides Huds.) (Petersen et al. 2001).

Despite all the benefits that undersowing system has, this system has also the major risk of reducing the yield of 
the catch crop, making the system less attractive to farmers. The most common reason for yield reduction is early 
competition for water and nitrogen, afterwards when the canopy had been stablished, the competition of light 
and the interference on the photosynthetic activity will reduce the partitioning, therefore reducing the yield of 
both or one of the crops. Economically this is an undesirable situation, not only because yield is reduced but also 
the quality of the grain can be compromised. In cereals, the quality of the protein and the starch is crucial to re-
trieve an adequate price for the product, because depending on the quality of the grain the purpose of it will be 
stablished, e.g. beer production, bread, other fermented products. For that reason, under-sowing system needs 
to be carefully assessed before stablished.

Tuulos et al. (2015) had addressed this aspect by growing spring cereals e.g. two row barley, six row barley, oat 
and wheat mixed with sparse and dense winter turnip rape during three consecutive years. From the sparse ex-
periment, the leaf area index (LAI) was significantly higher than the dense experiment.  Evidently, the LAI depend 
on the interaction of the crop ontogeny with the plant population density, therefore there is a positive correla-
tion between the space and the LAI (Hay and Porter, 2006). From this outcomes, interaction between the cere-
als and the brassica were observed in the nitrogen flux and water balances which had promoted the cereal yield 
(Merker et al. 2010. Tuulos et al. 2015). 

Under-sowing did not reduce the yields nor the quality of the grain in cereals and brassica, such as protein con-
centration and seed oil content of both crops respectively. However, the most suitable combination for high yield 
performance of winter turnip rape tested was six row barley, despite the unfavorable weather conditions (Tuulos 
2015). Additional evidence had demonstrated that under-sowing did not have statistically interference in grain 
yields of spring barley nor in westerwold ryegrass. Proving furthermore that under-sowing systems improve the 
yield in comparison with conventional systems (Känkänen et al. 2001)

Optimized under-sowing system for Nordic countries, especially considering spring cereals and brassicas, could be 
a viable solution to utilize more efficiently the soil and the short and intensive growing season of these latitudes. 
Additionally, it is an environmentally method to reduce the nitrogen and other nutrients leaching and to control 
weeds infestation, maintaining the soil quality and health. 
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Winter cover crops 

Weeds compete directly with crop for nitrogen, and this could be consider as a limiting factor when the yield gap 
is calculated (van Ittersum et al. 2013). Reducing the amount of weed plants in a field will increase availability of 
water and nutrients for the actual crop and consequently increase its yield. Wheat (Triticum aestivum L.) is cho-
sen as a good example how a plant’s morphological features and optimising of growing conditions can help con-
trolling weeds. 

Winter wheat is an overwintering crop, which means that it is sown in autumn the previous year and harvested 
the following year. As a consequence, the crop is in the field for a longer period and has time to establish itself al-
ready the year before. As a result, the crop is already established and can outcompete most weed species when 
most weed species peak. 

Secondly, it is possible to adjust several parameters in wheat growing if problems with weed occur. In trials with 
winter wheat it was found that row spacing and weed emergence time affected growth of both weed and wheat 
grain yields significantly (Fahad et al. 2015). When winter wheat was sown narrow, weed growth and weed seed 
production was reduced. At the same time wheat grain yield increased. Furthermore, in other field trials total weed 
density was negatively correlated with number of winter wheat stem m-2, mature winter wheat height, and lodging. 
Weed density after harvest was positively correlated with delay in winter wheat seeding date (Wicks et al. 2004)

A third advantage of winter wheat, when it comes to controlling weed by weed suppression with crops, is that 
there is a wide genetic diversity of wheat cultivars that can be exploited. It was shown that there are great differ-
ence among wheat cultivars competing with weeds (Travlos 2012). Currently wheat breeding programmes aiming 
at specific weed competitive wheat traits such as early vigour are established to exploit their potential of geno-
types even more (Hashem et al. 2013, Andrew et al. 2015). 

Additionally, efforts are put to detect wheat accessions with high production of allelochemicals and to identify 
genetic markers responsible for allelochemicals biosynthesis (Wu et al. 2008). The advance of molecular biology 
will make possible to transfer these desirable genes to commercial accessions, therefore weed resistant cultivars 
will be available in the marker. It is hoped that those cultivars will be introduced as a non-chemical tool of IWM 
to suppress weeds and reduce pressure on herbicides. 

Conclusions 

The use of different crop systems to control weeds and target a more sustainable agriculture in Nordic climatic 
conditions has been demonstrated to be feasible. However, the fully adaptation of these systems is a slow pro-
cess that involves the participation of farmers, scientists and new policies. Nonetheless the solutions are limited 
due to specific climate conditions in the area, short growing season and the differences in cropping systems in 
comparison with southern Europe. A future perspective is how to tackle the upcoming challenges and opportu-
nities linked with climate changes. 

In the scope of climate change, the Nordic countries will face new challenges but also opportunities. According to 
the European Environment Agency the thermal growing season has lengthened by 11.4 days in the period from 
1992 to 2008 (EEA 2012) With an earlier onset of growth in spring and a later end of the growing season in au-
tumn, crops craving higher temperatures and a longer ripening phase that were not previously suitable for the 
Nordic climate, might be introduced in the future. The expansion of warm-season crops to the North might open 
up to new possibilities to improve the current cropping system by increase the variety of crops used with regard 
to weed control and sustainability.
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Temperature is one of the key factors that influence crop production. This paper reviewed the effects of air tem-
perature on crop growth and development. Moreover, the tendency of climate change and its impacts on crop pro-
duction was also discussed. 

Key words: climate Change, crop production, temperature

Introduction

There are many factors that affect crop production; the key factors being solar radiation, air temperature, humid-
ity and precipitation (Hollinger and Angel 2009, Lobell and Gourdji 2012).

Crop growth and development is mainly a function of temperature if water is available to the optimum satisfaction 
(Rasul et al. 2002). The temperature at which most physiological processes go on normally in plants range from 
approximately 0°C to 40°C (Went 1953). Therefore, the question on why do only certain crops or plants grow in a 
certain region. Global temperature have increased by 0.3 to 0.6 °C since the late 19th century and by 0.2-0.3 °C  
over the last 40 years (Rasul et al. 2002). Thus it is recognized that the effect of temperature on individual life and 
growth process must be known in order to understand the effect of temperature on plants as a whole (Went 1953).

When we are talking about temperature, there is a great relation with climatic zones. Most of the times climate is 
referred as tropical or temperate, as related with warm or cooler respectively. According to Rosenzweig and Liver-
man (1992) tropics are characterized by high temperature all year around and weather is controlled by equatorial 
and tropical air masses, while in the temperate zone weather is controlled by both tropical and polar air masses. 
In the temperate zone, agriculture is characterized by predominantly limited by seasonally cooler temperature.  
For example abiotic stress, such as extreme temperature and low water availability frequently limit the growth 
and productivity of major crop species including cereals (Barnabás et al. 2008). Therefore the changes in ambient 
temperature are sensed by plants with a complicated set of sensors in various cellular compartments, such that 
the increased fluidity of membrane leads to activation of lipid-based signaling cascade and to an increase Ca+2 in-
flux and cytoskeletal reorganization (Bita and Gerats 2013).

According to Gardener et al. n.d. temperature factors that figure in plant growth potentials include the following:

• Maximum daily temperature

• Minimum daily temperature

• Difference between day and night temperature

• Average daytime temperature

• Average night time temperature

Therefore temperature affects the growth of the plant depending on if the plant is warm or cool season crop. Thus 
this affects photosynthesis and growth mainly.
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Growth and temperature

Other than planting, temperature is the main variable that determines when a crop will grow (Hollinger and Angel 
2009). Seeds of cool season crops germinate at 4 to 26.7 °C, while warm crops seeds germinate at 10 to 32.2 °C 
(Gardener et al. n.d.). Same author referred that in the spring cool soil temperature are limiting factors for crop 
growth in position to mid-summer, hot temperature may prohibit seed germination.

Thus temperature influences differently in crops during the flowering stage, for example (Gardener et al. n.d.):

Tomatoes

• Pollen does not develop if night temperatures are below 12.7 °C; 

• Blossoms drop if daytime temperature rise above 35°C;

• Tomato grown in cool climate will have softer fruit with bland flavors.

Spinach flowers in warm weather with long days;

In general (Gardener et al. n.d.) states that:

• High temperatures increase respiration rates, reducing sugar content of produce, crop yield reduces and  
flower colours fade in hot weather.

Temperature affects at different levels of organization: biochemical, physiological, morphological and agronomic 
(FAO, http://www.fao.org/docrep/w5183e/w5183e08.htm). For crops, both changes in mean and variability of 
temperature can affect crop processes, but not necessary the same processes (Porter and Semenov 2005). There-
fore crop growth and yields are affected by climatic variability via linear and nonlinear response to weather vari-
ability and the exceedance of well-defined crop thresholds, particularly, temperature (Porter and Semenov 2005). 
Figure 1 shows how the relation between temperature and photosynthesis and respiration.

Thus Figure 1 shows that photosynthetic activities increases until a certain level then decline when temperature 
continues to rises (Harding et al. 1990, Porter and Semenov 2005). The same happens with respiration process 
where it increases respiration them when a temperature continue to increase the respiration decreases too. There-
fore this process varies for different crops. Crops can be classified as warm and cold weather crops, based on the 
ability to grow under different climate conditions.

Fig.1. Changes in the rate of C3 photosynthesis and respiration as a function of temperature (Porter 
and Semenov 2005)
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Warm weather crops
Warm-season crops are those plants that may be injured by frost and should be planted well after the danger of 
frost has passed. Many members of the Cucurbitaceous family are not frost tolerant. These include cantaloupe, 
cucumber, pumpkin, squash, and watermelon. Members of the Solanaceae family that are warm-season crops in-
clude eggplant, pepper and tomato. Beans, sweet corn, and sweet potato all grow similarly as those listed above.

According to Bita and Gerats (2013), very high temperature are predicted to have a general negative effect on plant 
growth and development, leading to catastrophic loss of crop productivity. Of the major forms of biotic stress, 
heat stress has an independent mode of action on the physiology and metabolism of plant cells (Bita and Gerats 
2013). The specific effect of high temperature on photosynthetic membranes includes swelling of grana stacks 
and an aberrant stacking (Bita and Gerats 2013).

Cold weather crops
Cool-season crops that may be injured by a light frost yet grow best in lower temperatures. This group compose 
the Apiaceous family: carrots, celery, and parsnip. Endive and lettuce of the Asteraceae family and beet and Swiss 
chard of Chenopodiaceous also grow best in cool temperatures, as do cauliflower and potato. Therefore injury 
due to low temperature (chilling and freezing) can occur in plants (FAO 2005). Frost damage occurs when ice forms 
inside the plant tissue and injures the plant cells. When air temperature fall below 0°C, sensitive crops can be in-
jured, with significant effects on production (FAO 2005). Therefore frost is the occurrence of an air temperature 
of 0°C or lower, measured at a height of between 1.25 and 2.0 m above soil level, inside an appropriate weather 
shelter (FAO 2005).

According to FAO (2005) radiation frost are common occurrences, which are characterized by a clear sky, calm or 
very little wind, temperature inversion, low dew point temperature and air temperature that typically fall below 
0°C. One clear characteristic of air temperature on radiation frost nights is that most of the temperature drop oc-
curs in a few hours around sunset, when the net radiation on the surface rapidly changes from positive to nega-
tive, such that this rapid change in net radiation occur because solar radiation decreases from its highest value at 
midday to zero at sunset, and the net long wave radiation is always negative (FAO, 2005).

Temperature and crop development
This chapter describes how temperature affects some important crops in the world, such as wheat, barley and 
cereal in general. First this discusses the wheat (winter and spring) then barley and cereals in general under cli-
mate change.

Temperature for wheat growth

There are two types of wheat crop, the winter and spring wheat. The difference between the two types is that the 
winter wheat need some cold period to initiate the reproduction stage, while the spring not.

Source: (Gardener et al. n.d.)

Table 1. Temperature difference in warm season and cool season crops

Temperature for Cool Season 
(broccoli, cabbage, cauliflower)

Warm Season 
(tomatoes, peppers, squash, and melons)

Germination 4.5 °C to 32 °C, 26.7 °C Optimum –6.7 °C °C to 35, 12.8 °C Optimum

Growth Daytime
0 °C to 34 °C preferred
4.5 °C minimum
Night time
>0 °C, Tender plants
> mid –6.7 °C, established plants

Daytime
30 °C optimum
15.6 °C minimum
A week below 12.8 °C will stunt plant, reducing 
yields
Night time >0 °C

Flowering Extreme temperature lead to bolting and 
buttoning

Night time < 12.8 °C, nonviable pollen (use 
blossom set hormones) daytime>35 °C by 10 a.m 
blossom aborts
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The winter wheat needs some cold temperature between 0 to 10°C to trigger the switch from vegetative to repro-
duction phase. This cold requirement is known as vernalization. Vernalization is important when choosing a vari-
ety to be sown, and can be used for grazing or grain (White and Edwards 2007). The ideal temperature for wheat 
to germinate is between 12 °C and 25 °C, but still it will germinate between 4 and 37°C.

The speed of germination is driven by degrees days. Thus wheat requires 35 degree days to germinate.

Temperature for Barley growth

Barley is a crop that is cultivated in different countries of the world. According to Edwards (2010), the ideal tem-
perature for germination is between 12 to 25°C, but normally it will occur at temperature between 4°C to 37°C. 
Therefore the speed is driven by accumulated total degree days and barley base temperature of 0°C during veg-
etative stage and 3°C for reproduction stage (Edwards 2010). Hence high temperature on establishments reduces 
the number of plants (Edwards 2010). Table 3 shows how temperature affects the number of days required to 
germinate.

Example of temperature and crop production of some crops in Latvia

Winter wheat is the most common crop in Latvia. It is also the most productive cereal if compared with spring 
cereals. The largest area sown by winter wheat is in central part, but farmers in western and eastern part also 
are growing winter wheat. Grain quality mainly depends on the genotype, varieties, crop management, and me-
teorological conditions (Dzene et al. 2012). The global average surface temperature will increase by between 1.4 
and 5.8 °C, which could potentially have negative impacts on important agronomic crops (Tacarindua et al. 2013). 

In 2013 harvested production of grain comprised 1.9 million tons (Table 1), and it is 175.7 thousand tons or 8.3% 
less than in 2012. It must be mentioned that in 2012 for the first time in Latvia’s history there was the largest har-
vested production of grain – 2.1 million tons. Data compiled by the Central Statistical Bureau show that due to 
unfavourable climatic conditions average yield of cereals last year reduced from 37 quintals per hectare in 2012 
to 33.4 quintals per hectare in 2013.

Source: White and Edwards (2007)

Table 2. How different temperature affects germination of wheat

Temperature Number of days to Germination

3.5 10

5 7

7 5

10 3.5

Table 3. How different temperature affects germination of barley

Temperature (°C) Number of days for 
germination

3.5 10

5 7

7 5

10 3.5
Source: Edwards (2010)
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Generally, last years in Latvia the mean temperature are considerably above the long-term averages. In State Stende 
Cereals Breeding Institute analysed oats data during 1993 – 2009, results showed that the increase in mean tem-
perature above normal in May have a negative impact on oat grain volume weight.

Highly close relationships were established between husk content in yield and mean daily temperature in May. 
Most stable oats varieties in Stende was Stmara and Laima (Latvian varieties) (Zute, Vīcupe, Gruntiņa 2010). Also 
in Lithuania A. Kulikauskas with colleagues concluded that meteorological conditions during the crops growing 
period have a significant effect on the yield of oat varieties. Longer drought period around the time of heading 
reduce grain plumpness. In Lithuania investigation was carried out during 1999 – 2003. Yields was higher in years 
which were most favourable for oat development. Results show positive correlation between oat yield and air 
temperature in the first decade of May. 

In 2009 air temperature in May I decade was only 6.7 oC, if compare with other years it was much higher (11.5, 
15.2, 16.3 and 12.1 accordingly). Lower correlation was between oat yield and air temperature in the second dec-
ade of May. Positive correlation showed good influence on seed germination. Also positive correlation was ob-
served in second and third decade of July – ripening stage of oats. Negative correlation was identified on booting 
and heading stage (Kulikauska, Sprainaite, 2005).

Effect of climate change on cereals
High temperature and cereals growth

The temperature at which (Went 1953) most physiological processes go on normally in plants range from approx-
imately 0 to 40°C. In this regard, we can distinguish between direct temperature effects on physiological partial 
processes, which allow us to draw conclusions about physio-chemical processes involved, and the different ef-
fects of temperature on the organism as a whole. According to (Went 1953) the effect of temperature on a plant 
are largely mediated by their effects on chemical reactions.

According to (Harding et al. 1990) photosynthetic capacity decreases rapidly when temperature species are ex-
posed to heat stress during reproductive development. Therefore high temperature occurs frequently during re-
productive growth of temperate species and strongly influences many plant processes. It was see that (Barnabás 
et al. 2008) losses in cereals yields can be attributed to heat stress induced metabolic changes, to a decrease in the 
duration of te developmental phases of plants and consequent reduction in light perception over the shortened 
life cycle and to perturbation of processes related to carbon assimilation (transpiration, photosynthesis and res-

Table 4. Sown area, harvested production and average yield of agricultural crops 2012–2013

Sown area, 1000 ha Harvested production, 1000 t Average yield per 1 ha, quintals

2012 2013 2012 2013 2012 2013

winter cereals 311 300 1406.1 1187.6 45.2 39.6

wheat 258 253.6 1221.4 1065.1 47.3 42

Spring cereals 263.6 283.9 718.4 761.1 27.3 26.8

wheat 96.7 118.2 318.4 369.9 32.9 31.3

barley 85.2 82.3 236.9 222.3 27.8 27

Table 5. Correlative relationships between quantitative indices characterizing oat.Productivity and indices characterizing 
monthly mean daily temperature

Month Grain yield Volume weight Husk content Crude protein

April –0.211 –0.190 –0.016 –0.015

May 0.252 –0.600* 0.330 0.216

June –0.098 0.008 0.269 0.159

July –0.046 0.032 –0.006 –0.026

August 0.373 0.248 –0.004 0.177
* Significance at 5% level respectively
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piration). Therefore, according to (Barnabás et al. 2008) grain filling is the final stage of growth in cereals, where 
fertilized ovaries develop in to caryopses. Its duration and rate determines the final grain weight, a key compo-
nent of the total yield. High temperature and drought are major stress factors during maturation and ripening of 
cereals in many production areas. 

Climate change
For that reason (Berg et al. 2013) states that one of the most direct impacts of global climate change may have on 
human societies is the potential consequence on global crop production. Thus climate change impacts on agricul-
ture could be most critical for developing countries in tropical regions, because their population rely importantly 
on agriculture and climate dependent resources (Berg et al. 2013).

In the past 50 years, the global average temperature increased about 0.6 °C (IPCC Fourth Assessment Report 
2007). Many reports showed that the climate system is warming (Hartmann et al. 2013). Temperature increase 
may shorten the length of the growing period for these crops and, in the absence of compensatory management 
responses, reduce yields (Porter and Semenov 2005). Moreover, changes in temperature may result in changes of 
suitable growth area for the crops. Lane and Jarvis (2007) used the Ecocrop model to predict the impact of climate 
change on selected crops and areas that are currently suitable for growing those crops. Europe was projected to 
experience the largest gain in suitable areas for cultivation (3.7%). Olesen and Grevsen (1993) also predict that, 
for field-grown vegetable crops in Europe; increasing temperature will generally be beneficial, permitting an ex-
pansion of production beyond the presently cultivated areas. Antarctica and North America will also gain suitable 
area (3.2% and 2.2%) while for Africa the benefit of will be the opposite from Europe.

Europe has experienced a statistically significant warming during the crop-growing season since the early 1990s, 
which could be expected to negatively affect yields, especially in Southern Europe (Lobell et al. 2011; Moore et 
al. 2014). Moore and Lobell (2015) studied the fingerprint of climate trends on European crop yields. They found 
that long-term temperature and precipitation trends since 1989 have reduced continent-wide wheat and barley 
yields by 2.5% and 3.8%, respectively, but have slightly increased maize and sugar beet yields. Interestingly, ac-
cording to their model (Moore and Lobell 2015), seriously deduction of yield was expected, but Europe has ex-
perienced a stagnation of some crop yields since early 1990s and the observed yield increased in some places. 
They showed that climate trends could account for ∼10% of the stagnation in European wheat and barley yields. 
Whereas, there were many factors that influence the crop yields, like cultivars, fertilizers, policies and so on. Fur-
ther study should be conducted to figure out the effects of temperature on crop yields in different region and to 
predict future crop yields.

Fig. 2. Average changes in suitability based on the HADCM3 model. Blue indicates increase in suitability, 
and red indicates reduction in suitability: Source (Lane and Jarvis, 2007).
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Conclusions

The paper addressed the temperature and crop production mainly for wheat and barley. 

The division between cold and warm season crops is related to the fact that they mature when it’s cold (cold season 
crops) or when it’s warm (warm season crops). For the papers presented, there is a clear understanding that tem-
perature will impact more to the colder season crops by shortening their growth stage and thus impacting the yield. 

Modelling approaches are being used now a day to access what will be the impact of climate change, mainly tem-
perature and precipitation on crop yields. The agreement from one model to another is diverging. But it is agreed 
that due to global climate change there will be a shift of crop production “zones”, such that zones that use to pro-
duce wheat can be potential for maize or vice versa. By the example given can be seen that in Latvia this is already 
an issue to take in to account, the yield trends are changing.
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Intercropping which involves simultaneous cultivation of two or more species is an efficient strategy to provide 
higher yield while maintaining or reducing natural resource use (nutrient, water and land). A summary of the re-
search on this field shows an overyielding of approximately 9% in intercropping compared to monocropping. The 
over-yielding that is achieved by intercropping is associated with above or below- ground resources being used in 
a complementary or facilitative manner. The facilitation involves mechanisms with which the species provide re-
sources i.e. nutrients and microorganisms for their co-species or increase their survival chance by weed or pest 
suppression. The niche differentiation of species in time or space in a mixed cropping system provides efficient uti-
lization of nutrient and land. Greater adoption of intercropping by farmers could be achieved by better guidance 
on species selection, sowing regimes, modified fertilizer plans relevant for intercropping, and greater availability of 
specialized harvest and post-harvest machinery.

Key words: biodiversity, competition, multi-species, nutrient acquisition, over-yielding 

Introduction

The world is now facing a monumental challenge to provide food for a growing world population while reducing 
simultaneously the environmental impact of increased food production. Specifically, more food needs to be pro-
duced with efficient use of fertilizers and minimal use of chemicals. Intercropping, which involves the simultane-
ous cultivation of two or more species within the same land area, has proven itself to be one strategy which can 
improve yields and input use efficiency, and reduce the need for herbicides. The main purpose of intercropping 
is to produce a greater relative yield on a given piece of land by designing a plating regime that makes more effi-
cient use of available resources e. g. solar radiation, water, and plant nutrients. 

Intercropping is not a widespread practice in European agriculture and most of the results refer to scientific stud-
ies conducted on the topic. An important term to understand in this field is “overyielding”, which is defined as 
“The amount species yields, when grown with other species compared to yield in a monoculture” (Wiktionary, 
2015). Another term which helps to compare intercropping with monocropping is Land Equivalent Ratio (LER). 
Land Equivalent Ratio (LER) is defined as the relative land area required by a monocrop producing the equivalent 
yield achieved under an intercropped system. A LER>1 = «overyielding» i. e. intercropping yields relatively more 
than monocropping and LER<1 = intercropping yields relatively less than monocropping.

In this review we use the term “Intercropping” as a broad term for a wider group of planting strategies which in-
volve more than one crop growing in the one field. This includes:

Mixed cropping – the simultaneous growing of different cultivars or species in blended seed mixtures which are 
sown in the same rows

Row cropping/under sowing – growing of different species in separated rows in the field either. These can be 
sown at the same time or on staggered sowing dates to take advantage of the different phonology of species

Strip cropping – growing of different species in larger interspaced strips which takes account of the width of har-
vesting equipment when designing field planting regimes

Alley cropping – growing of annual crops with small perennial trees which are strategically chosen to provide 
benefits for the annual crop e. g. erosion protection on slopes, shade in hot climates, leaf material for mulch and 
soil amendment, nitrogen (N) fixation

Agroforestry – the combination of annual crops or pastures with taller trees 
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Several scientific reviews have confirmed the yield and input efficiency benefit effects of intercropping in Europe 
(Lüscher et al. 2014; Valkama et al. 2015), lower quantities of harmful emissions to the environment (greenhouse 
gases and nitrate) but also under certain circumstances there can also be decreases due to plant competition for 
available resources. 

This paper aims to summarize existing research regarding intercropping and its effect on plant productivity, discuss 
the mechanisms behind observed effects and provide a perspective on how intercropping systems can overcome 
some of the challenges which are currently limiting its wider adoption.

Results and discussion

Only recently have a sufficient number of studies been conducted to warrant a meta-analysis on intercropping 
in Scandinavia. Valkama et al. (2015) analysed 35 undersown catch crop studies conducted in Denmark, Sweden, 
Finland and Norway since 1975 and found that non-legume catch crops reduced grain yield on average by 3% and 
legumes and mixed catch crops increased grain yield by 6%. 

We present our own review of published studies on intercropping, though not limited to Scandinavia in Table 1. 
Table 1. Review of intercropping effects on yield compared to monocropping 

Climate zone Intercropping 
method Main crop 2nd crop Ratio LER %Yield 

+ / - Source

Boreal/Artic row intercropping Pea (Karita) Oat (Roope) 92:8 1.02 (Kontturi et al. 2011)

Boreal/Artic row intercropping Pea (Karita) Oat (Roope) 85:15 0.92 (Kontturi et al. 2011)

Boreal/Artic row intercropping  Pea (Perttu) Oat (Roope) 92:8 1.09 (Kontturi et al. 2011)

Boreal/Artic row intercropping  Pea (Perttu) Oat (Roope) 85:15 1.07 (Kontturi et al. 2011)

Boreal/Artic row intercropping Pea (Hulda) Oat (Roope) 92:8 0.98 (Kontturi et al. 2011)

Boreal/Artic row intercropping Pea (Hulda) Oat (Roope) 85:15 0.97 (Kontturi et al. 2011)

Boreal/Artic mixed pasture 2 x Grass 2x Legume 26 (Sturludóttir et al. 2014)

Cont. Europe row intercropping Lentil Barley 3:1 1.51 (Wang et al. 2012)

Cont. Europe row intercropping Lentil Wheat 3:1 1.46 (Wang et al. 2012)

Cont. Europe row intercropping Lentil Oat 3:1 1.18 (Wang et al. 2012)

Cont. Europe row intercropping Lentil Linseed 3:1 0.98 (Wang et al. 2012)

Cont. Europe row intercropping Lentil Buckwheat 3:1 1.17 (Wang et al. 2012)

Humid 
Continental 
(Beijing)

row intercropping Maize Faba 3:2 21 (Wang et al. 2014)

Humid 
Continental 
(Beijing)

row intercropping Maize Soybean 3:2 21 (Wang et al. 2014)

Humid 
Continental 
(Beijing)

row intercropping Maize chickpea 3:2 28 (Wang et al. 2014)

Humid 
Continental 
(Beijing)

row intercropping Maize turnip 3:2 36 (Wang et al. 2014)

Semi Arid row intercropping Maize Pea 1:1 1.33 31,3 (Chen et al. 2015)

Boreal/Artic Undersown crop Barley White 
clover

undersown -1 (Känkänen and Eriksson 
2007)

Boreal/Artic Undersown crop Barley Red clover undersown -5 (Känkänen and Eriksson 
2007)

Boreal/Artic Undersown crop Barley Black medic undersown -4 (Känkänen and Eriksson 
2007)

Boreal/Artic Undersown crop Barley Westerwold 
ryegrass

undersown -4 (Känkänen and Eriksson 
2007)

Boreal/Artic Undersown crop Barley Timothy undersown - (Känkänen and Eriksson 
2007)

Boreal/Artic Undersown crop Barley Winter 
wheat

undersown -12 (Känkänen and Eriksson 
2007)

Boreal/Artic Undersown crop Barley Italian 
ryegrass

undersown -5 (Känkänen and Eriksson 
2007)

Average across studies 1.18 8.86
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Our summary (Table 1) shows that intercropping results in a Land Equivalent Ratio of 1.18. This means that one 
would need 18% less land area to grow this food in a polyculture than if the two crops were grown separately as 
a monoculture. Alternatively some studies report comparisons as a yield % of the main crop grown in a polycul-
ture compared to the same grown in a monoculture. Here we find an overall average increase of 8.86% in a poly-
culture compared to a monoculture. We also see that both increases and decreases in yield can be encountered 
from intercropping and therefore it is necessary to understand the mechanisms and processes that result in a 
complementary or competitive polyculture scenario.

Mechanisms for observed overyielding in intercropping systems 
Intercropping can lead to a situation whereby different plants either a) compete for the same available resources 
e.g. soil N supply, b) facilitate the growth of each other e.g. where one species attracts pollinators that benefits 
both or c) complement the growth of each other e.g. by exploiting different environmental resources such as dif-
ferent root zone depths.

Obviously where intercropping results in a situation of overyielding we can assume that the different plants have 
facilitated or complemented one another in the rhizosphere and/or phyllosphere. Here we describe some of the 
mechanisms which take may take place in an overyielding situation.

Facilitating mechanisms below ground

Chemically mobilizing species:
Synergistic benefits can appear when one plant species is able to mobilize nutrients such as P or Fe which may be 
not otherwise available to the other species if it were cropped alone (Li et al. 2014). Such positive interactions are 
valuable especially under limited resource availability in low input agriculture. Increased availability of phospho-
rous and Iron due to intercropping with chemically mobilizing species is explained in more details below:

Phosphorous
The facilitation of legumes on P acquisition of cereals is well reviewed by Hinsinger et al. (2011). Here they re-
view the well know phenomena of root exudation which mobilizes and makes P more available to plant roots. In-
creased availability of P when grown with P-mobilizing species have been reported in many studies: wheat/Lupin 
(Horst and Waschkies 1987); sorghum/pigeon pea (Ae et al. 1990); wheat/chickpea (Li et al. 2003). Li et al. (1999) 
showed that the root growth and N and P uptake by maize and faba bean increased when they were grown in 
intercropping system. Faba bean when intercropped with Maize is known to mobilize and increase P uptake by 
maize. Moreover, N availability for maize was higher when grown with faba bean due to the N fixation ability of 
faba bean (Li et al. 2003). Increased P mobility can include acquisition from organic and inorganic P forms (Horst 
and Waschkies 1987).

Iron
In most of the soil types, Fe exists in oxidized Fe (III) form which is not soluble and not available for the plants. Di-
cotyledonous and non-geraminaceous monocotyledonous species, however, have the ability to absorb and pro-
mote the release of Fe from minerals and organic complexes into the rhizosphere (Kraemer et al. 2006). Howev-
er, geraminaceous monocotyledonous are resistant to Fe deficiency. They release phytosiderophores, which al-
lows Fe (III) to defuse towards the root surface. Therefore, when Dicotyledonous and geraminaceous species are 
grown together in a high Fe (III) condition, the graminaceous species enhance the mobility of Fe (III) and Zn, thus 
increase the availability of Fe for Dicotyledonous (Li et al. 2014).

N dynamics in intercropping systems
The N2 fixing ability of legumes facilitates sharing of N resources between intercropped plants. The intercropping of 
Leguminosae with Gramineae is one of the most common methods to increase the productivity of organic and low 
input farming systems. According to some studies on intercropping of Leguminosae and Gramineae, the biological 
N fixation by legumes provides 70 to 85% of N that will be uptaken by cereals. Studies on the effects of faba bean 
on N uptake by barley (Danso et al. 1987), alfalfa on timothy (Ta et al. 1989) and field peas on barley (Jensen 1996) 
have shown a positive N uptake as well and biomass accumulation in Geramineae when grown with Legumineae. 

Nitrogen fixation by Leguminous crops seems also to be enhanced by intercropping. In a 4 country European exper-
iment with pea-barley intercropping, it was found that the high uptake of N by barley forces the Pea to rely more 
on N-fixation to supply its own needs. A 30-40% increase in N use efficiency was thus found in the intercropped 
barley and pea compared to a monoculture of either pea or barley (Hauggaard-Nielsen et al. 2009)
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Under-sown legumes in cereal field which can stay in the field after the cereal harvest, limits the risk of N leaching 
in late autumn (Askegaard and Eriksen 2008); because legumes can also take up inorganic soil N (Thorup-Kristensen 
et al. 2003). Legumes are not as effecting as grass species in N uptake and therefore if N leaching reduction is the 
goal, species such as timothy (Phleum pratense L.) have been found to bring moderate reduction in NO3 while not 
reducing barley yields (Känkänen and Eriksson 2007). In the same study Italian ryegrass was effective in reducing 
NO3 levels in soil but also reduced heavily the yield of the barley main crop (Table 1).

Microbial biomass in intercropping system:
Microorganisms hold an important role in making nutrients available to plant roots. They do this by solubilizing 
inorganic nutrients or via enzymatic hydrolysis of organic nutrient pools.

On the other hand, microorganisms act as both source and sink for the resources such as N and P, as they also re-
quire those nutrients for their own growth (Irshad et al. 2012). Thus, the amount of P and N that is held in micro-
organisms constitutes a considerable amount of soil N and P pools and this pool can provide a significant source 
of available N and P for plant growth (Xu et al. 2013). 

A diversity of plant species grown together also leads to a diversity of soil biota, which are associated with specific 
plants. The prevailing explanation behind increases in productivity in intercropping is that of complementarity 
between different plant species or cultivars. Another theory suggests that diversity in soil biota is also important 
in providing the benefits that are seen in intercropping. To prove this Hendriks et al. (2013) conducted a pot ex-
periment where a polyculture or monoculture were grown in soil where either a monoculture or polyculture had 
previously been grown. The monoculture grew better when it was grown in the polyculture soil which had a more 
diverse soil microbial community. The experiment was repeated and all soils were gamma radiated, which removed 
and differences in soil biodiversity. After correcting for soil nutrient differences, which result from a flush of decay-
ing microbial biomass, they found that there was no difference in plant growth in the monoculture or polyculture 
when grown in the gamma radiated soil. They concluded that the reduced yield found in monocultures from the 
first pot experiment was due to reductions in soil biodiversity, which impacts directly on biogeochemical process-
es and indirectly on plant growth and yield.  

Aboveground facilitating mechanisms

Radiation interception in intercropping system
By using different plant geometries, intercropping can facilitate greater interception of radiation than when only 
one species is sown. When combining a tall and short growing species, the shorter species can make use of radi-
ation that is not intercepted by the taller species and thus total canopy radiation interception is increased. Many 
studies have been conducted in order to investigate the radiation interception and utilization of sole and inter-
cropping systems. Several studies have shown that radiation use efficiency under intercropping condition has been 
significantly increased compared to the sole cropping system: peanut and pearl millet (Marshall and Willey 1983); 
sorghum and peanut (Harris and Natarajan 1987); maize and peanut (Awal et al. 2006). Zhang et al. (2008), how-
ever, did not find significant differences in radiation use efficiency of sole cropping of winter wheat and cotton 
compared to intercropping of those crops.

The distribution of PAR from the top to the bottom of the canopy affects transpiration and photosynthesis (Vesala 
et al. 2000). Thus, including crops with different functional traits, leaf distribution and height would lead to higher 
radiation use efficiency, which is an important criteria for species considerations. 

Weed suppression
Intercropping is an ecological alternative to chemical use, utilizing competition and natural regulation mechanisms 
to manage the weed control. Crops with a low early growth rate, such as legumes, benefit when intercropped 
with fast growing species, which can outcompete weeds for light and space (Liebman and Dyck 1993a). Reduced 
weed growth by intercropping can be achieved by using resources from the weeds and allelophatic suppression 
(Liebman and Dyck 1993b). 
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Pest management
In many countries, mixed or inter cropping is a common practice to affect the population dynamics of pests and 
minimize the crop damage. It is shown that when crops are grown in sole cropping system, they sustain more pest 
and diseases damages compared to the crops grown in inter or mixed-cropping and variety mixtures. This is es-
pecially more serious when the attaching organisms have a narrow host range. A general reduction of damage of 
pests and diseases by intercropping has been reported in many studies: (Schuster 1980) and (Bugg 1987) in cot-
ton in sole cropping compared to mixed cropping.

An experiment by Zeller et al. (2012) found that by adding a small amount of genetically modified (GM) wheat 
(which was resistant to powdery mildew) into a population of non-GM wheat (of the same cultivar) they could 
significantly increase the resistance of the whole population to powdery mildew. In such a situation, the intermin-
gling of resistant GM wheat was effective in reducing the spread of infection within the population. The benefit of 
this approach is that one is using the same cultivar of wheat and thus harvesting machinery does not need to be 
altered. Also by mixing GM and non-GM wheat, one can slow down the rate by which pathogens can overcome 
the GM crop’s resistance to disease.

Minimized lodging
In the Scandinavian climate, growing pure peas carries a high risk of lodging since the stem base of pea is inher-
ently weak (Banniza et al. 2005). The sever lodging can also lead to increased susceptibility to foliar diseases and 
makes the harvesting difficult (Wang et al. 2006). In this context, intercropping or mixed cropping of pea with oth-
er crops could lead to a successful pea production system with lower yield loss. Inversely, pea also benefits cereal 
growth by fixing N and making P more available in the soil (Engstrom and Linden 2009). Furthermore, peas disturb 
the life cycle of cereal diseases and lead to reduction of fungicide use (Holm et al. 2006). 

Another clear advantage of mixed cropping is when crops can be grown in mixtures of different varieties. This is 
especially important when old varieties which are susceptible to lodging are grown with modern varieties in mix-
ture. The modern varieties which have stronger stem can prevent the old varieties from lodging. On the other 
hand, old varieties are more resistance to some diseases which can minimize the risk of overall yield reduction 
(Chapin 1980, Aerts and Chapin 2000). 

Complementary mechanisms
The niche differentiation between species either in time or space can provide an efficient system for utilizing avail-
able resources. For instance, species that have different functional traits e. g. rooting or leaf expansion systems 
could provide suitable crops for a multispecies cropping system, because they have niche differentiation in space. 
The niche differentiation in time includes species that have different growth strategies and developmental stag-
es in time. As an example, in a mixed cropping system with a species that has earlier establishment than other, 
the resources and space is available for both species but at different time scales which results in higher land and 
nutrient use efficiency (Li et al. 1999). 

Root functional traits in intercropping system

One of the consequences of increasing the plant species and numbers per area due to the mixed-cropping is a 
reduction in resource availability for the individual plants. The greater the competitive ability of the associated 
crops, the more limited the resource availability for the plant. This competition may result in different allocation 
strategies in the crops grown in a mixed system, resulting in different above and below-ground growth patterns 
in those crops compared to the monocultures. Thus, limited availability of resources due to the mixed cropping 
system might influence the root growth and functional traits.

Water availability in multispecies system

Root distribution in the soil defines the water and N uptake by the plants. Intercropping systems are known to 
be more water use efficient due to differences in rooting systems and depth in species which could have access 
to deeper soil water and nutrient. A greater belowground production which is associated with higher access to 
the resources is facilitated by presence of species with different photosynthetic pathways (C3 and C4) and/or life 
spans (annual and perennial). As an example, there is much evidence that including perennial crops such as rye 
grass and meadow fescue increases the availability of the resources, due to their higher biomass investment to 
the below-ground organs compared to annual crops (Jordan et al. 2007). 
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Other than the effect of root distribution in water access to the crops, the moisture environment below the soil 
surface is also improved by intercropping. The evaporation from the soil surface of the inter-cropping system is 
shown to be lower than the monoculture system, due to more canopy coverage in the mixed environment (Mid-
more 1988, Olasantan 1988). Higher ground cover by intercropping can also reduce runoff and increase the infil-
tration, shown by Olasantan (1988).

Optimizing intercropping systems 
The multi-benefits of intercropping have not yet led to a surge in farmers adopting this cropping practice. Adop-
tion has been limited due to the changes needed for specialized harvesting equipment and higher labor require-
ments. In addition, farmers are not always convinced that yield benefits will accrue, because studies have also 
shown examples of when intercropping encourages interspecies competition for available resources and allelop-
athy leading to reduced yields (Thorsted et al. 2006, Mushagalusa et al. 2008, Mariotti et al. 2009, Khaket et al. 
2014). Such negative effects of intercropping on crop yield were possibly caused by a poor combination of com-
ponent species or /and unfavorable growing conditions for interplanted crops. Therefore, at the farm level, it is 
necessary to define an adequate cultivating planning for each specific condition in order to overcome the chal-
lenges of intercropping. Different farmers may design different plans depending on their interests and available 
resources, especially local natural conditions.

In general farmers have 5 agronomic management tools to optimize their intercropping systems: 1. Proper species 
selection 2. Sowing time 3. Spatial arrangement of crops 4. Adequate fertilizer and water supply and 5. Adapted 
harvesting techniques

Species selection

Species of the same family are usually avoided in the mixtures of intercropping to prevent the risk of overexploit-
ing the same resources. Furthermore, avoiding unfavorable species mixtures where a species restrain the growth 
of the other species such as germination restriction of poplar on wheat due to its allelopathic reaction (Khaket 
et al. 2014).

Morphological concerns for minimizing the above-ground and below-ground competition. When sowing times 
of component crops are approximately at the same time to assure the niche conditions for the development of 
both crops, variations in the morphological characteristics should be necessary. For instance, a short crop and a 
tall crop are usually a proper combination for above-ground resource utilization (i.e. maize/peanut or soybean). 
On the other hand, a deep-rooted crop and a shallow-rooted crop will help for a maximum nutrient acquisition 
from the soil (i.e. onion/tomato).

Phenological concerns - differences in the growth rates. The solution when sowing two or more similar morpho-
logical crops concisely is the growth rates of those crops should be different from each other (i.e. maize/ pigeon 
pea). It will prevent the peak resource demand between the component crops and produce advantages for har-
vesting crops separately.

Physiological concerns - choice of species with complementary effects. When two or more different species are 
planted together, the evidence of the benefical effects of a species on the other  have been recorded such as 
chemical mobilization-based facilitative effect (Li et al. 2003, Hinsinger et al. 2011), N supply of leguminous spe-
cies to the associated species (Thorup-Kristensen et al. 2003), improvement of the favourable microbial activities 
for plant nutrient availability (Irshad et al. 2012), increase of plant pollination, reduce of pest, disease and weed 
population (Holm et al. 2006) and physical support to minimize lodging (Banniza et al. 2005).

Another strategy is planting a mixture of different varieties of the same species. This approach may not contribute 
to the nutrient use efficiency, but promote biological diversity in the field which will help reduce pest and disease 
problems, and thereby potentially increase crop productivity (Lars et al. 2012).

Planting time 

Sowing time is usually a priority factor of the crop development, therefore planting each component crop according 
to its favorable condition is an optimal practice. Many crops have the same growing season, thus they are usually 
planted at the same time in a intercropping system. However, planting the crops at the same time will encounter 
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to the high risks of interspecific competition, especially at their early growing stages. This is a critical period affect-
ing the entire crop development and end grain yield. One of solution for this obstacle is a relayed intercropping 
in which one crop is planted after the other. The relayed intercropping will facilitate a better establishment of the 
main crops before sowing the second crops, and a limited growth of the supplemental crop can also reduce their 
competitive interactions with the main crop during the growing season, thereby reducing yield lost on the main 
crops (Karlsson-Strese at al. 1998). In cereal production, undersown catch crop in cereals is common practice to 
reduce N leaching and supply N for the succeeding crops, especially legume-base catch crops (Karlsson-Strese 
at al. 1998, Thorup-Kristensen et al. 2003, Askegaard & Eriksen 2008). Seeding rates of the support species have 
been shown to be one of the main factors in determining the final yield outcome of the main crop. (Känkänen 
and Eriksson 2007) found that low seeding rates of Timothy and Italian rye grass can be used as a catch crop with 
Barely to reduce NO3 leaching while producing a forage crop and not reducing the barley yield. Higher rates how-
ever led to increases in the catch crop yield but at the expense of the barely yield.

Spacial arrangement

The seed rate of each crop in a polyculture is commonly reduced compared to its population in a monoculture 
(Sullivan 2003). An optimal proportion and distribution of crop components should allow them to have a) a more 
sufficient resource (light, water and nutrients) capture compared to the sole crops, b) facilitate positive effects be-
tween crop components and c) efficient harvesting. The competitive experimentations, for example a proportional 
replacement design test (Andersen 2005), should be tested prior to a precise designing. Such test can compare the 
yielding effectiveness of various ratios of crop components to a total density of the sole crops. As a result, farmers 
are able to chose suitable seed rates and sowing patterns of the crops to achieve their goals.

Adequate fertilizer and water supply

Water and fertilizer supply for intercrops are generally 10-30% higher than for individual crops to fulfill the re-
quirement of both crops (Sullivan 2003). A soil test should be made for each crop to know their resource uptake 
characteristics. Then, a supplemental resource provision planning with adequate amounts at optimal times should 
be proposed. The proper resource supply not only consolidates the growth of both crops but also reduces the in-
terspecies competition. 

Adapted harvesting techniques

Limited availability of harvesting machinery suitable for intercrops is a challenge which limits intercropping adoption 
by farmers. The current strategies to overcome this problem are a) through cultivating approaches such as bigger 
strips in strip-cropping systems, widen row spaces in row crop systems and consider morphological and phono-
logical differences of interplanted crops and b) through technological innovation of specially designed harvesters.

Conclusion

The research to date would suggest that yield gaps could decrease by the wider adoption of intercropping. The 
increases in yield, which are approximately 9% higher in intercropping compared to monocropping, are due to 
multiple factors. These include reduced lodging, complementary above and below ground exploitation of envi-
ronmental resources by the intercropped species, and reductions in pests and diseases which appear when plants 
are grown in diverse arrangements. Realizing the potential of intercropping will require that farmers are keenly 
aware of the right plants to intercrop together, and the specific sowing times and spatial arrangements that should 
be implemented. Innovations in harvesting and post-harvest machinery would help farmers to sort the different 
seeds and grains, which they produce in order to facilitate easier marketing of the products.
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The world population continues to grow creating an increase in the food demand. However, a water resource for 
crop production has declined and the development of drought-tolerant cultivars and water-use-efficient crops is a 
global concern. The purpose of this paper is to provide an overview of the literature on water productivity in crop 
production addressing the effects of crop water stress and what can be done to alleviate it. This review will discuss 
about crop water stress, irrigation, a paradigm shift from blue to green water, climate change and crop water, wa-
ter productivity as well as agroforestry’s mechanism in water balance. As a conclusion, sustainable irrigation sys-
tem application is an important tool to assure food production worldwide. Agroforestry or intercropping systems is 
promising tool that can help farmers to adapt with climate change variations and the use of sustainable practices 
in the cropping system.

Key words: water use efficiency; water resources; cropping system; rain-fed; climate change.

Introduction

The purpose of this paper is to provide an overview of the literature on water productivity in crop production ad-
dressing the effects of crop water stress and what can be done to alleviate it. This paper will review the effects 
of crop water stress, and efforts to increase water availability, as crop production expands to meet the needs of 
a larger global population, and the effects of climate change, in particular, changing patterns of precipitation and 
temperature, and altering water balances in different parts of the world. Furthermore, questions of water pro-
ductivity and methods to increase the efficiency of the use of water in agriculture will be reviewed. The main ar-
gument of this review paper is that, given constraints on expanding irrigation and in order to boost agricultural 
production to meet future food needs, agricultural water management will have to increasingly prioritize the ef-
fective use of “the green water resource” (Rockström et al. 2010) – i.e. soil moisture whose immediate origin is 
rainfall. Put differently, this paper support calls for a paradigm shift towards “rain as the ultimate source of water 
that can be managed” (Molden et al. 2007). Among other things, a shift towards emphasizing rain-fed agriculture 
in agricultural water planning, emphasizes the variable and unreliable nature of water supply for crops, which is 
something that climate change is likely to increase even in areas that may see themselves as climate change “win-
ners” and/or at least in some heavily irrigated areas where increasing over-use and competition for water resources 
strain water supply. A number of strategies and methods for dealing with (unpredictable) crop water deficits will 
be examined in this paper, including the use of agroforestry to improve soil water balances. 

Crop water stress

The world population continues to grow creating an increase in the food demand. In this sense, drought is one 
of the major limitations on food production worldwide. Water resources for crop production has decline and the 
development of drought-tolerant cultivars and water-use-efficient crops is a global concern. Abiotic stress such as 
extreme temperatures and low water availability frequently limit the growth and productivity of the major crop 
species (Barnabás et al. 2008). The effects of these stresses during the cropping season are different, but in all 
cases negative, and their influences always results in a decline in yield quantity (Saini and Westgate 2000; Ma-
hajan and Tuteja 2005).

Plants have special mechanisms to cope with temporary water limitations in order to ensure their survival and 
reproduction. Plant resistance to drought can be subdivided into escape, avoidance and tolerance strategies 
(Chaves et al. 2003). Escape strategies may rely on successful reproduction before the onset of severe stress, by 
means of a short life cycle, a higher rate of growth or the efficient storage and use of reserves for seed production.  
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Dehydration avoidance, that is, the maintenance of a high plant water status during stress, may be the result of 
minimized water loss or maximized water uptake. Finally, tolerance to low water potential, where plants maintain 
their functions under limited water availability and/or recover from water stress, may involve osmotic adjustments. 

Water deficits during the spring and mid-summer can affect the crop yields in the Nordic Europeans countries. 
The main consequences of drought in crop plants are reduced rate of cell division and expansion, leaf size, stem 
elongation and root proliferation, and disturbed stomatal oscillations, plant water and nutrient relations with di-
minished crop productivity, and water use efficiency (Farooq et al. 2009, Li et al. 2009).

Establishment of an early and optimum crop stand is important for harvesting maximum productivity. Spring-sown 
crops can be affected in the emergence process by spring drought due to reduced water uptake during the imbibi-
tion phase of germination, reduced energy supply, and impaired enzyme activities (Okcu et al. 2005). Seeds either 
do not germinate or can result in formation of uneven plants stand, causing both, reduction in crop yield and quality.

Under drought, reduced dry matter accumulation occurs in all plant organs, although different organs manifest 
varying degrees of reduction. Different crops respond to drought differently. However, generally, crop phenology 
is affected by this stress by shortening the crop growth cycle with a few exceptions. Limited water supply triggers 
a signal to cause an early switching of plant development from the vegetative to reproductive phase (Desclaux and 
Roumet 1996). While drought occurs during the vegetative period of crop growth, it may substantially decrease 
economic yield. Limited water availability during flowering is also critical as it can increase pollen sterility resulting 
in hampered grain set. Though, when the stress occurs during reproductive and grain filling phases is more dev-
astating (Reddy et al. 2003, Yadav et al. 2004).

Irrigation

Irrigation, where possible, has traditionally been the first response to dealing with crop water deficits, and irriga-
tion has nearly doubled over the last 50 years. The distribution of irrigation, however, is highly uneven, with China, 
India and the United States accounting for around half of all irrigation in the world (Howell 1999). 

While the growth in irrigated land over the last 50 years is impressive, for a variety of reasons simply increasing 
irrigated land is not the answer to addressing crop water issues. It should be noted in this regards that the growth 
rate of equipping irrigated land has slowed considerably over this 50 year period. Thus, from 1971 to 1980, the 
average annual increase in territory equipped for irrigation was 1.85%, while average annual growth rate in the 
last 10 years of data (2003-2012) is 0.89%, a more than 50% decrease. There are a variety of reasons for this  

Fig. 1. Global Area Equipped for Irrigation. The total amount of land in the world equipped for 
irrigation has doubled over the last 50 years (FAOSTAT 2015). 
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decline, as related by Faures (2007: (1) the areas most appropriate for irrigation have already been developed; (2) 
crop commodity prices have declined, making irrigation investments less profitable, particularly large-scale irriga-
tion works; (3) worries over environmental impacts of irrigation (see also Baldock et al, 2000); (4) and competing 
uses from municipalities and industry (see also Charting our Water Future 2009).

A paradigm shift from blue to green water

Even though irrigated cropland produces a disproportionate amount of agricultural products and will continue 
to do so, most agriculture is and will remain rain-fed. Rain-fed agriculture is of course agriculture whose prima-
ry source of crop water comes from seasonal precipitation, the so-called “green” water resource, as opposed to 
“blue” water which is surface water, aquifers and other ground water sources (Rockström et al. 2007). Thus rain-
fed agriculture is conducted on 80% of the world’s agricultural area (own calculations based on FAOSTAT 2015)1, 
producing 62% of the world’s food (Rockström et al. 2007). Even if irrigated land produces a disproportionate 
amount of world food production, it is still the case that the most farmers in the world get most of their crop wa-
ter from green-water sources. 

Farmers in rain-fed systems suffer from both variability and lack of precipitation, in absolute terms, of enough 
precipitation. However, of the two, it is precipitation variability that is the greater problem. With the exception of 
the most arid areas, most parts of the world receive, on average, enough annual precipitation in absolute terms 
to support most crop production (Rockström et al. 2010) (See Appendix). This reflects the important difference 
between dry-spells during critical crop growing periods caused by a temporary lack of precipitation and meteoro-
logical drought, which occurs once a decade in moist semi-arid areas, and twice a decade in dry semi-arid areas. 
It is hard for a farmer to escape a drought without irrigation, but there are a variety of measures that can be em-
ployed to mitigate and overcome the effects of dry-spells (see below). 

One reason for focused efforts to improve crop yields in rain-fed agriculture is that it redirects focus to low-yield, 
agriculturally, marginal areas, with large and growing populations. In these water-poor, low-yielding areas, even 
slight improvements in water productivity can result in quite substantial yield improvements (Rockström et al. 
2007). Put in another way, Brauman et al. (2013) argue that raising water productivity (holding water consumption 
constant, but raising yield) up to the 20th percentile (i.e. putting the water productivity of different regions of the 
world on a spectrum, and taking the lowest 20% up the level of 20%) would amount to a roughly 30% increase in 
production from current levels, providing food for ca. 110 million people.

The key question of course is how? This question will be taken up, after first discussing the potential impact of 
climate change on agriculture. 

Climate change and crop water

Climate change introduces a large uncertainty factor into efforts to understand future crop water needs and avail-
ability. While, in many cases the direction of change is reasonably well understood – i.e. some regions will expe-
rience increases in temperature and decreases in precipitation thereby negatively affecting regional water bal-
ances – the magnitude of these changes, and how it will specifically affect particular regions are unknown. Also 
contributing to uncertainty is the degree to which weather variability and the incidence of extreme weather will 
increase, including in areas that otherwise might benefit from climate change. The effects of variability and ex-
treme weather on crop production are in fact little understood (Wheeler and van Braun 2013, Bailey et al. 2015). 
Based on what we know though, we can already say that even regions that look like climate change “winners” in 
terms of crop yield – for example Northern Europe – might end up as climate change losers, facing more yield-re-
ducing weather variabilities and extremes. This further then accentuates the importance of emphasizing rain-fall 
as the ultimate source of crop-water, as probably more farmers will have to deal with more variability and more 
extreme weather in the future.   

While there is still a rather large uncertainty factor about what future climate changes portend and how this will 
affect crop water across the world, there is agreement on the broad contours of future change in temperature 
and precipitation patterns. In terms of these broad contours, the following changes are expected: 

1 This was calculated using FAO data on amount of irrigation equipped territory that is actually irrigated in relation to arable land, and 
the result here more or less exactly corresponds with Rockström (2007) who use FAO data from 2005. However, it might be more useful 
to see the ratio of actually irrigated land to total agricultural land, since some permanent crops are certainly irrigated. In terms of total 
agricultural land, 94% is rain-fed today. 
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• An increase in precipitation in the southern hemisphere tropics and sub-tropics (Zhang et al. 2007, 
Dai 2011)

• A decrease in precipitation in the northern hemisphere tropics and sub-tropics (Ibid)

• Increase in rain going north from 50 degrees N in the Northern hemisphere (Ibid). 

• More specifically, in terms of Europe: southern and eastern Europe are projected to experience less 
precipitation and higher temperatures, though starting at around 50 degrees N, precipitation looks 
likely to increase (Falloon and Betts 2010, Dai 2011).

• The increased temperature and precipitation projected for Northern Europe may lead to increased 
crop production (Faloon and Betts 2010). 

In other words, and in general terms, the worst areas likely to be affected by climate change are the arid, semi-
arid and sub-humid areas north of the equator, such as North and East Africa, Southern Europe, South Asia, Cen-
tral America and the southern part of North America. The southern part of Eastern Europe, extending into Russia 
is also expected to become drier. These are areas where water is already a concern.

While this change can look like “good news” for certain parts of the world, for example Scandinavia and Russia 
north of 50 degrees N, there is an important caveat to make. Though it is very hard to study, possible increased 
extreme weather, and in particular, heavy rain, which Falloon and Betts indicate can happen in Northern Europe 
(2010, 5669) increases the amount of run-off, which by itself can lead to increased soil erosion (Ibid, 5678), which 
would naturally have a negative impact on yields. Also, increased surface run-off in combination with projected 
increases in temperature (which is projected to happen in Northern Europe) can actually result in drier soils, de-
spite increased total rainfall (Dai 2011). Importantly increased incidence of heavy rainfall can also of course result 
in increased incidence of floods and/or water logging of soils, which also negatively impact yield.   

The conclusion here is that while projected climate change averages for some regions look positive, increased vari-
ability and increased incidence of weather extremes can result in so-called “winner” regions actually being more 
likely to either get too much water or not enough water with negative consequences for crop yield. The latter case, 
combined with increased demand on water resources for industrial or municipal uses, might mean agriculture in 
areas with ample surface and ground water will look more “rain-fed” in the future, i.e. subject to occasional water 
deficits to unexpected shifts in the weather. Another conclusion, as pointed out in Bailey et al. (2015), is that the 
likelihood of simultaneous extreme weather events (droughts, floods) in two or more major agricultural regions 
of the world increases, which would lead to sudden and unexpected drops in food production.  

Water productivity

There is a growing portfolio of enhanced agricultural practices that farmers can use to make agriculture more 
sustainable, in terms of crop water use, for example those resulting in greater nutrient and water efficiencies, 
and targeted plant protection (see Table 1). As discussed above, the scope for irrigation expansion is now limited 
(though not impossible) and the major opportunities lie in enhanced rain-fed agriculture and/or improvements 
in water use efficiency.

A part of the needed paradigm shift towards green-water sources for crop water is to focus on water at a basin or 
catchment scale, and not the more traditional field scale view (Rockström et al. 2010). Looking at water at a basin 
scale challenges notions of “efficiency”, particularly with respect to an irrigation engineering perspective where 
“efficiency” traditionally refers to the effectiveness of application of water from water source to the field – i.e. 
“conveyance efficiency” or reducing losses in delivery – and not the effectiveness with which the crop takes up 
the water (Perry et al. 2009, Molden et al. 2010). Some of the water, perhaps much of the water “lost” en route 
to a field is not in fact lost (Seckler 1996, Ibid et al. 2012). While some of this water no doubt does flow into non-
renewable sinks, some of this water may recharge ground water and can be used later; some may run-off to an-
other area to be used there. 

Another part of this paradigm is to focus on “water productivity” or crop per drop measures (i.e. the same as “wa-
ter use efficiency” but avoiding the use of the word “efficiency” for the reasons noted above). This means we have 
to make a distinction between (1) practices that simply or only increase water consumption of plants (i.e. result 
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in an increase in transpiration) from practices that either (2) shift water from evaporation (water lost to the at-
mosphere) to transpiration (3) or practices that increase the productivity with which water is used in a plant, i.e. 
more dry matter or more economic yield produced per drop of water (Perry et al. 2009, Rockström et al. 2010). 
The first practice above does not increase water productivity even if it has a high impact on yield, i.e. there is a 
linear relationship between crop biomass and transpiration, so increasing transpiration (water consumption) re-
sults in a higher biomass yield, given a particular cultivar and climate (Steduto 2007, Perry et al. 2009, Molden et 
al. 2010). However, increasing water consumption in an area – in the new coming era of tighter supply – can have 
consequences for users somewhere downstream or elsewhere in the same basin, who had been using that water 
run-off (Molden et al. 2010). This further emphasizes the importance of a basin perspective to determine where 
increases in water consumption are feasible without endangering water use of people down-stream. This is not 
to say that water consumption should not be increased – where it is possible to increase irrigation sustainably, it 
should be done. In this regard, the possibilities of water harvesting (mostly from rainfall or run-off), particularly 
in arid areas, are as yet unexplored in many regions, and using this water for purposes of supplemental irrigation 
can have a large impact, particularly in dry, low-yielding areas (Oweis et al. 1999, Rockström 2007).

The related concept of deficit irrigation may be relevant for heavily irrigated areas today that might find that ei-
ther water supplies are right and/or competition from other users means maximizing crop ET via irrigation is no 
longer a feasible option. Studies show that irrigating not to the max ET need of the crop, but only during critical 
growth period and/or during dry spells can result in greatly improved water use efficiency or water productiv-
ity (Molden et al. 2010), though this might conflict with farmers’ interests which is to maximize land productivity 
(Zwart and Bastiannssen 2004), and scheduling and management of such irrigation can be difficult (Oweis et al. 
1999, Fischer et al. 2014).2

Beyond looking for sources of more water, it is important to begin using the available water better, in terms of 
shifting from evaporation to transpiration and in terms of better resource use efficiency. As Rockström et al. (2007) 
wrote, only 30% of rainfall is transpired through plants, with considerable regional variation. In arid areas, it can 
be as low as 10% of rainfall that is transpired through plants. Importantly, in arid areas, (Fischer et al. 2014), “an 
increase in crop transpiration (and/or ET) will mostly occur at the expense of weed transpiration and soil evapo-
ration before planting”. Generally, in rain-fed agriculture a shift from evaporation to transpiration does not signifi-
cantly affect catchment water balances (Ibid et al. 2012). Different conservation tillage techniques as well as agro-
forestry and intercropping (Table 1) can help reduce the amount of water evaporating into the atmosphere from 
the soil, and instead either transpiring usefully through the plant, which would be increasing water consumption 
without effecting other users in the basin, and /or increasing storage of water in the soil profile (that some of that 
might of course percolate beyond the reach of plants). 

  

2  Supplemental irrigation and deficit irrigation overlap as concepts but are different. Supplemental irrigation is “the 
application of a limited amount of water to the crop when rainfall fails to provide sufficient water for plant growth, 
to increase and stabilize yield” (Oweis et al. 1999), while deficit irrigation refers to the deliberate attempt to supply 
less than the maximum crop water to the crop in the hopes of boosting water productivity.

Table 1. Techniques for better water management in rain-fed agriculture

Technique Variants / Comment Effect

Water harvesting External Catchment and Microcatchment; 1, 2

Conservation tillage Mini-till; no-till; Mulching; possibly in 
combination with fallow

2

Improved weather forecast  Indirect

Precision Agriculture  Indirect

Improve access to fertilizer; modern 
management; pest control

Only where yield far below potential 3

Breeding Stress tolerance  (cold tolerance for earlier 
sowing, drought and heat tolerance, 
salinity tolerance); Larger rooting depth

3

Diversify seeds within a field/crop Diversify for stress tolerance; reduces yield 
in good year, but mitigates yield reduction 
in bad weather year

1

Green Houses  2

Better Early Growth / Higher plant densities  2

Intercropping  2

Agroforestry  2
1 = Increased Water Consumption, 2 = Shift from Evaporation to Transpiration, 3 = Increased Water 
Productivity (more yield per amount water)
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Also management, or management in connection to breeding (see next paragraph) can help through earlier and 
denser sowing, allowing the crop canopy to close earlier thereby ensuring that more water is transpired and less 
is evaporated. Earlier sowing in particular is a drought escape method, since it may, inter alia, aid in avoiding a 
dry-spell during the critical flowering period, where temporary dryness can have a significant negative impact on 
yield (Connor et al. 2011). 

In terms of improved resource efficiency, improved management and access to fertilizer and pesticides in the least 
producing areas would improve the efficiency with which water is used (Zwart and Bastiaanssen 2004, Rockström  
et al. 2007). Since sometimes farmers (in some places) abstain from purchasing inputs because weather variability 
means that they do not know if they will recoup the costs (Rockström et al. 2010), improved weather forecasting 
might help here as well (Fischer et al. 2014). Breeding, having likely exhausted the possibilities of improving har-
vest index, at least in the main stable crops (Molden et al. 2010), also can and must target possibilities to improve 
water productivity through improving tolerance or resistance to drought (particularly during critical growth pe-
riods like flowering or grain-filling), salinity (e.g. for re-used irrigation water), and cold (e.g. for earlier sowing to 
avoid dry-spells in warmer weather), and increasing rooting depth.  

Agroforestry’s and intercropping’s mechanism in water balance

Agroforestry is a system of land management that integrates trees and shrub plantings with crops or livestock 
in order to generate economic, environmental and social benefits (De Baets et al. 2007). The potential of agro-
forestry to reduce the yield gap varies depending on the biophysical and human context. Water regulation in an 
agroecosystem is determined primarily by abiotic factors. Through microclimate regulation, the canopy trees in 
agroforestry systems can help control ecosystem water balance by influencing the radiant energy of the system 
that will affect soil evaporation and leaf transpiration. The interest of investigating agroforestry in a changing cli-
mate comes from the potential of agroforestry practices to produce assets for farmers, combined with opportuni-
ties for climate change mitigation and potential to promote sustainable production that enhances agroecosystem 
diversity and resilience (Mbow et al. 2014).

Agroforestry is known to increase overall system productivity and enhance soil structure, nutrient recycling, and 
sustainability, while producing timber, firewood, fruit, fodder, and green manure in addition to annual food crops 
(Young 1997). However, the potential benefits depend on complex spatial and temporal interactions between the 
biological, physical, hydrological, and climatic components of the system. These include the tree and crop species 
involved, soil type, depth and fertility, quantity and distribution of rainfall, solar radiation, and air temperature 
and atmospheric humidity. 

Water balance represents the balance between inputs from rainfall and/or irrigation and the sum of evapotran-
spiration, stream flow, and losses to groundwater. Contour-planted hedgerows are frequently recommended for 
sloping land in the tropics because they increase infiltration and improve soil conservation (Young 1997). To under-
stand how trees influence the hydrology of individual fields or farms, it is necessary to understand the processes 
involved. To begin it is examined how the introduction of trees may improve on-farm water balance by reducing 
losses. Evidence from analyses of farmers’ fields around the world shows that, on average, only 30% of rainfall 
is used for crop growth and emitted to the atmosphere as transpiration (Rockström et al. 2007); the remainder 
is lost as runoff, evaporation and drainage. In humid zones, rainfall greatly exceeds that required to sustain crop 
transpiration and the main losses are due to runoff and drainage. In arid and semiarid areas, transpiration ranges 
between 5% and 40% of rainfall, suggesting that there is ample scope to increase agricultural productivity because 
water is wasted. Although poor agricultural production is often attributed to low rainfall, other factors such as 
low soil fertility or poor land management are often even more important. In the case of agroforestry, integration 
of trees can theoretically increase productive use of rainfall by reducing runoff, drainage and soil evaporation by 
maintaining partial leaf cover following crop harvest. Perhaps the best example of the effectiveness of this ap-
proach to water management in farming systems is in Southern Australia, where trees are used to manage excess 
water that has accumulated in rising water tables since the native perennial vegetation was cleared. 

Table 2 shows the amount of runoff from various treatments compared to bare ground. While runoff under sole 
maize is 67.6% of bare ground, maize inter-cropped with cow-peas is only 14.3% that of bare ground. This means 
there is 4.73 times more runoff under maize as a mono-crop than under maize inter-cropped with cow-peas. Table 
3 shows that soil loss under sole maize is 35% that of bare ground while under maize inter-cropped with cow-peas 
it is 14% of bare ground which means that soil loss under mono-cropping with maize is 2.5 times higher than soil 
loss under maize inter-cropped with cow-peas. The highest runoff and soil loss from cropped plots were obtained 
from sole maize and the lowest amount from maize intercropped with cow-peas.
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There were no significant difference at p > 0.05 between the runoff and soil loss produced by maize inter-cropped 
with cow-peas, and the multi-crop of maize, beans and cow peas. However, maize inter-cropped with beans had 
a significantly higher runoff and soil loss (p < 0.05) than the other two inter-crops. This indicates that it is not as 
effective in controlling soil and water losses as maize intercropped with cowpeas or the multiple-crop of maize, 
beans and cow-peas. Given that beans and cow-peas had the same spacing and therefore the same plant popu-
lation it shows that cow-peas provide a better protection of the soil against erosion than beans. It appears that 
beans do not provide dense foliage as cow-peas and therefore rows occupied by bean plants leave some open 
space through which raindrops hit the ground and cause runoff and erosion. It should, however, be noted that the 
difference in runoff and soil losses between maize inter-cropped with cow-peas and the multiple-crop of maize, 
beans and cowpeas is not significant (p > 0.05) which means either system is the most sustainable (Figs. 1 and 2).

The low production of runoff and soil loss where maize was inter-cropped with either beans or cow-peas or both 
demonstrate the importance of dense ground cover in reducing soil and water losses. The multi-storey crop cano-
py structure provided by the inter-crop systems was effective in cushioning the rain drop impact. The low growing 
crops of beans and cow-peas were effective in creating a surface roughness that helped in retarding the flow of 
runoff thereby enhancing infiltration and reducing movement of water and soil on the ground surface. The upper 
maize canopy layer served as the first interceptor and absorbed some of the raindrop impact. The bean and cow-
peas layer intercepted the remainder of the raindrops. As the rain water dropped off the bean and cow-peas layer 
it was no longer effective in causing erosion as its terminal velocity had been greatly reduced by the interception.

Soil evaporation data from the micro-lysimeter measurements showed similar patterns to that of the soil moisture 
sensors, with the soil in the High Shade (HS) site losing significantly less water from soil evaporation than the Me-
dium Shade (MS) and Low Shade (LS) sites (Fig. 2a: Repeated Measures p < 0.0001). Data from the daily averaged 
measurements of soil evaporative loss in each of the sites also showed a response to precipitation events, where 
micro-lysimeter weights would rise as the soils absorbed water, and the corresponding loss in weight as water 
evaporated from soil surfaces during periods of no rain. This was especially noticeable in the transition months 
between the wet and the dry season when single rainfall events caused spikes in all sites, with a faster rate of wa-
ter loss in the lysimeters of the LS site. Coffee transpiration demand measurements show that the LS site had a 
significantly higher rate of potential coffee transpiration, when averaged throughout the year, than the two MS 
sites and the HS site (Fig. 2b: Repeated Measures p < 0.001). Looking at the plant evaporative demand and the 
soil evaporative demand rates together, one sees a dramatic effect of potential water loss due to the shade ef-
fect, with the LS site losing significantly more water than the MS site, and the MS site losing significantly more 
water than the HS site (Fig. 2c).

With the potential impact of global climate change on water availability for agroecosystems, more careful consid-
eration should be taken to prevent water loss from agricultural systems. A potentially successful way to reduce 
agricultural water loss is to reduce the amount of water lost through soil evaporation and crop transpiration. The 
results from Lin (2007) shows that the presence of shade trees can dramatically affect the microclimate around 
the crop plant which is affecting the evaporative demand on both soil evaporation (Fig. 2a) and coffee plant tran-
spiration (Fig. 2b). The reduction of potential water loss through these two sources combined can have a large 
effect on overall water loss from the system (Fig. 2c). The HS site proved to be very effective in preventing water 
loss through soil evaporation when compared to the MS and LS sites, and both the HS and MS sites proved to be 

Table 2. Runoff for various treatments

Treatment Runoff (L) Percent of bare fallow (%)

Bare fallow
Sole maize
Maize inter-cropped with beans
Maize inter-cropped with cow-peas
Maize inter-cropped with beans & cow-peas

1226.3
856.6
434.7
180.7a1

222.6a

100
67.6
34.6
14.3
17.6

1LSD Procedure: Values followed by the same letter were not significantly different at p > 0.05 (Kariaga 2004)

Table 3. Soil loss for various treatments

Treatment Soil loss (t ha-1) Percent of bare fallow (%)

Bare fallow
Sole maize
Maize inter-cropped with beans
Maize inter-cropped with cow-peas
Maize inter-cropped with beans & cow-peas

83.0
28.9
16.3
11.6a1

12.5a

100
67.6
34.6
14.3
17.6

1LSD Procedure: Values followed by the same letter were not significantly different at p > 0.05 (Kariaga 2004)
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effective in lowering potential coffee plant transpiration rates when compared to the LS site. Because the coffee 
density is the same in all sites, differences in measurement can be attributed to differences in overstory shade den-
sity. The presence of shade trees buffers plants avoid extreme temperatures and high levels of irradiance leading 
to lowered water loss in the wet and dry season and less risk crop damage due to water stress (DaMatta 2004).

                                                                                       

Conclusions

The use of sustainable irrigation systems are for sure an important tool to assure food production worldwide and 
should be done in areas where it is possible. However, the risk of relay in single tactic approaches can fail, and this 
work provided functional and complementary methods, with long term effects, that can help farmers to manage 
the challenges related to scarcity and seasonal variability of water in agricultural practices.

This paper outlined the needs and the potential that exists in the better use of green water resources in agricul-
tural cropping systems. Our work presents alternative solutions that can help us to manage and increase green 
water efficiency, aiming to meet the demand of food and nutrition security in the world, facing the challenges 
that climate change variability may impose in the future. 

The climate change variations are expect to have different impacts worldwide, where some areas will probably 
face an increased frequency of drought and higher temperatures other will have more precipitations and floods 
events. In this senses, we presented the use of agro-forestry and intercropping systems as promising tools that 
can help farmers to adapt with climate change variations ensuring the crop yields and the use of sustainable prac-
tices in the cropping systems that reflects in the better use of the green water mainly by reducing the losses with 
water evaporation, transpiration and run-off.  
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In sustainable cropping system, nitrogen (N) management is the most important issue for stable ecosystem. N is not 
only one of the demanding nutrients for successful crop production, but also a potent pollutant that may rick hav-
oc to the environment. In both cases, what matters is its proper management. The Nordic Region is characterized 
by excessive application of N fertilizers and consequently pollution. The current N management system faces the 
challenge of producing more food, fiber and fuel without compromising the needs of future generations. There is 
the need for science-based information on best N management practices and how to increase the N use efficiency 
of the system without compromising its sustainability. This paper seeks to identify the current status of N manage-
ment in Nordic cropping systems and come up with useful recommendations for farmers, practitioners and policy 
makers for the sustainable management of Nordic cropping systems.

Key words: N-use efficiency, reactive, excess, best practices

Introduction
Nitrogen is one of the most important major macro nutrients that are required by plants. In the soil, it can be found 
in various forms but what makes it important is that its mobile nature and vulnerability to leaching and volatiliza-
tion. As a result of this and in order to attain the desired crop yield, farmers are forced to apply more N year af-
ter year. However, if its application is not managed well, N is also a potent pollutant of the terrestrial, aquatic and 
aerial environment. Thus, the question here is that how much N is recovered from the previous cropping season? 
How much is required by the given crop in the current season? How should we apply it to satisfy the crop require-
ment without damaging the environment? As a whole, how can we manage N in sustainable cropping system is 
the central question that will be answered in this paper. 

The first question we discuss was the definition of a sustainable cropping system. Google scholar search engine 
reported that there are about 170000 articles related to this subject and more than 3000 of them are published 
in the first 4 months of this year meaning that there is a large number of scientists working on different aspects 
of sustainability of a cropping system worldwide. The simplest definition of sustainability would be taking what 
we need to live now, without jeopardizing the needs of future generations. If an activity is said to be sustainable, 
it should be able to continue forever (http://www.landlearnnsw.org.au/sustainability). Likewise, a cropping sys-
tem can be defined as spatio-temporal arrangement of a community of plants which is managed by a farm unit 
to achieve various human goals. The latter include food, fiber and other raw materials, wealth and satisfaction” 
(Pearson 1995). Cropping systems generally include one or more grain crops in a given year and can vary in com-
plexity. For instance, continuous corn (Zea mays L.) would be one kind, wheat (Triticum aestivum L.) with frost-
seeded red clover (Trifolium pretense L.) another, alfalfa (Medicago sativa L.), oat (Avena sativa L.) plus field pea 
(Pisum sativum L.) mix, followed by a year of alfalfa hay followed by a year of corn would be another more com-
plex one (Posner et al. 2008).

The aim of this paper is to identify the status of N management in Nordic cropping systems and point out recom-
mendations for farmers, practitioners and policy makers for future intervention to ensure the sustainability of the 
cropping system in the region. From this context, this paper reviews the prevailing N management in agriculture, the 
existing gaps in sustainable use of N, and points out good practices and success stories, and provides recommenda-
tions for farmers, agricultural workers and policy makers with especial emphasis to the Nordic agricultural region.
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Discussion
Nitrogen management in agriculture

Demand for food, feed, fiber, and forest products is increasing with the increase of the global population. Accord-
ing to (www.worldometers.info/world-population/), the world population is 7.31 billion, with annual increase of 
nearly 30 million; the population will reach 9.55 billion by 2050. The trend of global economic growth and per 
capita income seemingly increases with the population growth. And hence, with the increase of global per capita 
income, the quality of food requirement and meat consumption has been increasing and predicted to increase (da 
Silva Dias 2015). In order to meet these demands, more food and feed should be produced and in other words the 
current industrialized agriculture demands the use of higher levels of inputs such as fertilizers, pesticides, etc. to 
meet the global demand. In the effort to maximize the grain and livestock products requirement, achieving clean 
and safe environment sustainably is a bigger challenge posed on the 21st century.

N limits production and yield in intensive agricultural systems which are designed to maximize the production of 
protein for human and animal consumption. When N fertilizer is added to the soil, most of the N that is not cap-
tured by plants or microorganisms ends up in streams as NO3

-, or goes to denitrification producing N2O, a power-
ful greenhouse. In both cases, causes a serious pollution problem (Burkart and James 1999, Mulvaney et al. 2009).

Galloway et al. (2004) reported that the amount of biologically active, photochemically reactive, and radiative-
ly active N compounds (reactive N) globally increased from ~15 teragram (Tg) N yr-1 in 1860 to ~156 Tg N yr-1 in 
1990s. Their prediction is that by 2050 reactive N compounds creation in the atmosphere and biosphere of the 
Earth will be ~270 Tg N yr-1. As stated by the authors, the biggest unknown in the N cycle in managed and unman-
aged ecosystems is the rate of denitrification and its relationship to reactive N creation rates and ecosystem char-
acteristics that control reactive N cycling and storage. Ultimate fate and long-term impact of reactive N created 
by human actions remains an important but unanswered scientific question.

Human activities, particularly food production and use of septic systems, have resulted in increases in nitrate levels 
in groundwater (Galloway et al. 2004). In Europe, high levels of nitrate are associated with agriculture and where 
intensive agriculture occurs on areas of highly permeable sandy soils, rates of N accumulation in the groundwater 
can be as high as 200 mg N m-2 yr-1 (Howarth et al. 1996). Therefore, there is a need for scientific based research 
to reduce N pollution.

In Nordic region, the application of N fertilizers or generally N inputs in the cropping system exceeds the agro-
nomic optimum (Vagstad et al. 2004). This is evidenced by the N surplus that is measured in the field crop lands. 
Across the Nordic region, N management is a complex issue as it is largely affected by different factors that vary 
from country to country. In North West Europe, the N supply is in a surplus level, reaching up to 500 kg/ha. As 
the rest of the developed world, the Nordic Region is also characterized by excess application of N and the result-
ing pollution (Palm et al. 2004). Sources of N pollution can be diverse, but the main factors responsible for agri-
cultural N pollution are size of field crops, the farming system and the nutrient management practices within it 
(Jansons et al. 2003). 

On the other hand, there are also success stories in N management in the region under discussion. Denmark (DK) 
is an example of successful balance between environmental policies and agricultural management aim to increase 
the efficiency of N. In DK, more than 60% of the land is dedicated to agricultural production where pollution prob-
lems due to N are to be faced. DK has implemented a series of political action plans that have allowed the country 
to reduce the N surplus from 170 kg N ha-1 in 1985 to below 100 kg ha-1 yr-1 nowadays, after the political action 
plans were implemented (Dalgaard et al. 2014).  Moreover, policies like the 1987 Danish Action Plan on Aquatic 
Environment for the 1992 government Action Plan for Sustainable Development in Agriculture require farmers to 
take considerations on N management of manure. The policies aim to reduce leaching and water pollution while 
increasing Nitrogen Use efficiency (NUE) (Olesen et al. 2004). 

Furthermore, current European regulations require member states to reduce NO-
3 in the ground water. (Petersen 

and Sorensen 2008). Figure 1 shows the excessive loads of nitrogen during 2000, the figure shows exceedance of 
critical nitrogen loads for eutrophication in the western part of France, Belgium the Netherlands, Denmark and 
north Italy. Figure 2 shows that there has been decrease in the critical levels especially in Netherlands and Den-
mark in 2010. Therefore, through legislation it has been possible to reduce the critical N levels but more efficient 
nutrient target legislation is still needed.
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Nitrogen in agricultural systems
Nitrogen use efficiency (NUE)

NUE can be defined in simple terms as the relation between unit of food or feed produced per unit of N fertiliz-
er applied (Dobermann 2005). Agronomic optimum N application rate can be calculated as the maximum yield 
of crop per kg of N applied (Sun et al. 2012). In Nordic region, the application of nitrogen fertilizers or generally 
nitrogen inputs in the cropping system exceeds the agronomic optimum or nitrogen outputs to produce the re-
quired quantity of crop per unit area of land (Vagstad et al. 2004). This is evidenced by the nitrogen surplus that 
is measured in the field crop lands. 

Fig. 1. Exceedance of critical loads of nitrogen in equivalents nitrogen per ha and year during 2000 (European Environmental 
Agency 2009)

Figure 2. Exceedance of critical loads of nitrogen in equivalents nitrogen per ha and year during 2010 (European Environmental 
Agency 2009).
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Across the Nordic region, the issue nitrogen management is a complex one and it is largely affected by differ-
ent factors that vary from country to country. Sources of nitrogen pollution can be diverse, but the main factors  
responsible for agricultural nitrogen pollution are size of field crops, the farming system and the nutrient man-
agement practices within it (Jansons et al. 2003). On the other hand, nitrogen losses are affected by environment 
such as soil type, climate, hydrology, and management practices and land use system; i.e., cereal, pasture/grass-
land, vegetables, mixed cropping (cereal legume) (Jansons et al. 2003, Vagstad et al. 2004, Smith et al. 2013), call-
ing the need for establishing agronomic and environmental references or target values for different production 
systems, geographical areas and elements (Öborn et al. 2003).

Economic optimum on the other hand defined as the balance between the income from increased yield and the 
cost of increased fertilizer used to achieve it (Sun et al. 2012). In the current crop production system, the econom-
ic optimum is more often achieved by compromising the environmental optimum. The main reason is increasing 
the amount of nitrogen fertilizer has not improved productivity of crops equivalent to the quantity of application. 
The response of crops is very low for higher application of nitrogen inputs as a result the surplus nitrogen enter-
ing into the ecosystem is creating havoc in the environment we live (Tilman et al. 2002). As reviewed by Öborn et 
al. (2003) the European agriculture contributes from 40-80% nitrogen loading of surface waters. Consequently, 
the ecological, economic, and social health cost of nitrogen pollution is very high. The cost of nitrogen pollution 
in Europe alone is estimated to be € 70-320 billion (Sprent 2011). 

Best nitrogen management practices for the Nordic region cropping systems

The efficiency of N can be increased by changing the agronomic management and the environment in which the 
crop is grown.  Among the main agronomic practices intended to increase NUE our group has identified the fol-
lowing issues.

Crop rotation and field history

Different histories of fields will produce different NUEs. For instance, Wilhem and Wortmann (2004) reported 
that the rotation of corn after soybean was able to replace a considerable amount of N per year compared with 
a continuous corn rotation. Diverse production where livestock density is well balanced with crop production has 
been a traditional way of maintaining the soil fertility, but there is a trend of specialization into stockless arable or 
livestock farms. Stockless farming is challenged by depletion of soil mineral reserves and soil organic matter, risk 
of large nutrient losses after green manuring, and dependence on nutrient supply from external sources (Hansen 
et al. 2007). The authors suggest that mixed farming is probably the most sustainable kind of production on soils 
with low fertility, especially in organic production. The importance of integration of crop and animal production 
is emphasized by Granstedt (2000) as well.   

Long term studies

One of the best tools for assessing the efficiency of a cropping system is a long term experiment (LTE). An over-
view of Nordic LTEs initiated before 1990 given by Petersen et al. (2008) include 38 different experiments situated 
in Norway, Sweden, Finland, Estonia and Denmark. Most of the experiments use cereal crops to measure treat-
ment responses, but grass and grass/clover are also used, particularly in experiments located at more northern 
latitudes. Cereals were used for most of the experiments, but only six of them included crop rotation.

In ideal situation fertilizing would provide sufficient nutrients for crop and forage growth without the risk of water 
and air pollution due to nutrient surpluses. The results of a LTE Kotkanoja leaching field established in Finland are 
showing that in the years of cereal monoculture, the soil tillage method seemed to affect the correlation between 
N balance and N leaching, while N uptake and N leaching in ploughed plots were higher than in the stubble-cul-
tivated plots (Salo and Turtola 2006). There is also a negative side to slurry application. In the case of winter ap-
plied slurry, 17 kg N ha-1 was leached due to the late application date and any management method that leaves 
inorganic nitrogen or easily mineralized organic N on the soil surface during winter increases N leaching through 
surface runoff (Salo and Turtola 2006). Nevertheless the results obtained from the Broadbalk experimental field 
which is a part of the famous Rothamsted experimental station are showing an increasing yield trend for the first 
wheat in crop rotation when farmyard manure was applied along with synthetic fertilizers (Powlson et al. 2014).

The effects of crop rotation and fertilization systems on yield and soil fertility parameters have been investigated 
in a LTE established in southeast Norway in 1953 (Cuvardic et al. 2004). The results indicate the small differenc-
es between crop rotations and different fertilization systems in yield and soil fertility parameters; the decreasing 
trend in soil organic carbon (SOC) (from 3.8 to 3.7%) and increasing trend of N with time (from 0.32 to 0.36%) and, 
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as a result, the decreasing trend in C/N ratio (from 12 to 10), but the lowest yield of barley (3.52 t ha-1) was ob-
tained in the rotation with all cereals, and the highest (4.00 t ha-1) in the rotation with a higher proportion of ley.

The results of nitrogen mass balances in conventional, integrated and ecological cropping systems and the rela-
tionship between balance calculations and nitrogen runoff in an 8-year field experiment in Norway are showing 
that all of these arable cropping systems have negative N balances, implicating a net ‘soil N mining’ in all systems 
(Korsaeth and Eltun 2000). These results underline the difficulties in maintaining long term crop production in 
ecological rotations with a high proportion of arable crops. The authors suggest that nitrogen balance calculations 
are well suited as simple predictors for N runoff from different cropping systems. They used annual N balances 
(Nfertiliser+Nslurry−Nharvest), annual precipitation and the precipitation from the previous year in a three-pre-
dictor linear regression model, and found that mass N balances were thus found to be a useful tool for predicting 
N runoff, especially in systems with mainly arable crops.

Planting time and variety selection

Different agronomic management strategies can be used to increase NUE.  In recent studies in northern Europe 
changing the sowing date time of wheat has been tried as a strategy to increase NUE and reduce leaching to un-
derground water (Myrbeck et al. 2012, Myrbeck and Stenberg 2014). For instance, changing the planting time to 
an earlier time to take advantage of higher temperatures in late summer with potential to mineralize faster and ac-
cumulate more N on biomass (Myrbeck and Stenberg 2014) and by selection of varieties with higher harvest index.

Conservational tillage

Tilth is an important characteristic in soil and refers to how easily a soil can be cultivated.  It can determine the 
final usage of the land.  For instance, a soil with high clay content and poor tilth can form hard clods that are dif-
ficult to break even with machinery (Troeh et al. 2004).  Intensive tillage (sometimes called conventional manage-
ment) is characterized by a disturbance of soil surface which leaves less than 15% plant residue cover after plant-
ing.  Intensive tillage involves one or many of the following activities: plowing to bury residues, disking to break 
clods and dragging, harrowing or disking and is carried out mainly to prepare the seed and root bed, control weeds 
and establish surface conditions that favor root development.  

Conservation tillage, on the other hand, involves a series of practices that are intended to minimize the residue 
incorporation with the intention of reducing soil erosion. In order to be within this category more than 30% of 
residue should be present on the soil surface immediately after planting (Conservation Technology Information 
Center 2010).  

Changing the tillage strategies from moldboard plough to conservational tillage can have great impact into N man-
agement. Researchers have found a consistent difference between no-tillage and conventional tillage (moldboard 
plow + disking) where that total C and N in no-till soil tends to increase compared with till soils (Blevins et al. 1983, 
Utomo et al. 1990). By increasing soil C and N the overall soil fertility can be increased or preserved.

Splitting nitrogen application

Split applications during spring or split the applications in autumn and spring. Applying most of the N in autumn 
causes higher leaching below root zone and it is of little benefit for the economic crop. Therefore, spring applica-
tions and incorporation of the fertilizer has been proven to increase its efficiency (Christensen 2004).

Addition of catch crops and legumes in the system

It is important to take into account the N balances in agricultural systems. For instance, in a system where no leg-
umes are included, the combination of N losses and lack of fertilization ensures a short supply of N that renders 
this system dependent upon N fertilization (Vitousek et al. 2002). For cropping systems to remain productive, and 
to be sustainable, it will be necessary to replenish the reserves of nutrients which are removed or lost from the 
soil. In the case of nitrogen, inputs into agricultural systems may be in the form of N-fertilizer, or be derived from 
atmospheric N via biological N fixation (BNF). BNF is possible as an intercropping, cover cropping, or by using le-
gumes as part of crop rotation system.
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Many different symbiotic associations can increase BNF in almost all agricultural ecosystems. Although the short-
term recovery of N from these biological sources may not always match fertilizer in temperate environments, 
there are consistent rotational benefits to subsequent cereal crops and evidence of significant transfers of fixed 
N to associated grasses in pastures (Peoples et al. 1995).

The N balance for a legume-cereal sequence will be more positive than for a cereal-cereal sequence in the same 
soil. As reviewed by Smil (1999) rhizobium associated with seed legumes (e.g. peas and beans) can fix N at rates 
ranging from 3x102 to 3x104 mg N m-2. Rhizobium associated with leguminous forages (e.g. alfalfa, clover) have high 
average N fixing rates than non-Rhizobium N-fixing organisms associated with some crops (e.g. cereals) (Smil 1999).

The amount of N accumulated in soil under pasture-ley systems, or where perennial legume cover-crops and tree 
legume leaf mulch are used, may be sufficient to satisfy subsequent crop requirements, so it could be possible to 
manage BNF to provide a renewable source of N to supplement or replace fertilizer N, and redress the deteriora-
tion of agriculture’s resource base (Peoples et al. 1995).

Manure as a valuable N source

Animal manure can be a valuable source of nutrients especially.  Even though synthetic N fertilizers like urea, am-
monium nitrate contain higher N content than manure, its sustainability is questionable.  Synthetic fertilizers require 
a lot of energy for its production which is related with the availability and prices of natural gas. Most synthetic N is 
used using the Haber-Bosch cycle which reacts N2 from the atmosphere under high temperature and pressure in 
the presence of an iron catalyst to break the N2 triple bond and obtain NH3 (Foth and Ellis 1997). However, most of 
the synthetic fertilizer applied to soil is lost either via volatilization, leaching, immobilization (Havlin et al. 1999). 

Crop models

Simulation modeling can be a useful tool for estimating yields and cropping system environmental effects.  Con-
structing a crop model requires a deep knowledge of the literature, while the most important assets needed to 
build a simulation model are clarity of thought, an ability to synthesize a simple but not simplistic framework for 
the system of interest, as well as the essential engagement of the modeler in the experimental work (Hay and Por-
ter 2006). For example, it is possible to calculate nitrogen concentrations and fluxes with a one-dimensional finite 
difference model for transient simulation of vertical transport, plant uptake, and transformations of nitrogen in 
the root zone called NITROSIM. In this model plant residues are partitioned into rapidly and slowly decomposing 
litter pool with different decay rates. These residues can be partitioned in several manners. Borgen et al. 2011 
suggest that the partitioning could be estimated with reasonable results by regression models using more easily 
measureable variables such as near infrared analyses (NIR) or a truncated stepwise chemical digestion scheme 
(total N and Neutral Detergent Soluble -C). While it would take only a week for a quantity of rapidly decomposing 
pool to fall to half its value as measured at the beginning, it would take more than 9 months for slowly decom-
posing litter to do the same. A simulation model can help us develop more efficient crop rotation patterns that 
would be able to mitigate the influence of future climate change.

Borgen et al. (2012) investigated the N dynamics in organic arable agriculture relying exclusively on annual green 
manures and winter cover crop leys as a way of management improvement. They calibrated the mechanistic 
soil plant nitrogen (SPN) ecosystem model to data collected on an organic farm from two fields that differed in 
clover– grass ley management, meaning that they simulated soil mineral N, crop N uptake, nitrate leaching and 
denitrified N losses (2000–2009). Their results illustrate the challenges associated with simultaneously pursuing 
short- and long-term productivity as well as environmental goals. Continuous cereal cropping under-sown with 
clover–grass as a winter cover crop plowed in the spring gave the highest simulated whole-rotation grain yield 
and best N use efficiency, but also the largest reductions in soil organic matter compared to rotations including 
annual green manure. They found that management options reducing nitrate leaching will become especially im-
portant in organic rotations as N synchronization appears to worsen with the wetter and warmer winters that are 
expected in Nordic region. Authors Frøseth et al. (2014) suggest an alternative green manure herbage manage-
ment. Mulched herbage contains substantial amounts of N, but it may only slightly contribute to the following 
crops’ nutrient demand. The N in green manure is mineralized rather quickly, so there is a great risk of N leaching 
to water recipients. If green manure herbage is digested anaerobically in biogas plant, easily degradable organic 
matter is digested. After the release of methane, residues contain nutrients that may be applied as fertilizer. The 
authors concluded that for spring barley production after green manure lays, the digestate strategy increased N 
recovery and reduced the risk of N losses.
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Conclusions

The amount of N supply rates depends on the wealth of the society, land ownership and size (as this affects farm-
ers’ management objectives and as land rent encourages high N application for quicker return and payback pe-
riod), scale of production (small vs large), price of fertilizers and status of subsidy, existing knowledge on agricul-
tural practices (knowledge of agronomic, economic, and environmental optimum), the effectiveness of available 
regional, national, and local policies on N management and environmental issues (support to intensive agricul-
tural practice vs multifunctional aspects of agriculture like environment, food quality and safety issues). In order 
to come up with sustainable and viable solution, it is important to identify the status, challenges, potentials of the 
N management system in the Nordic cropping system together with the identification of driving forces behind the 
system and perception and practices of the society on the issue under discussion.

All the time society needs to fulfill its basic needs at an affordable price with better security and quality (Palm et 
al. 2004). The N management system must be developed to result adequate and sustainable food, feed, and fib-
er, and forest production that contributes for the development of the economy while minimizing environmental 
burdens. On top of this agriculture should provide ecosystem services including clean air, water and ensure pres-
ervation of biodiversity and landscapes.

In view of this, the following recommendations are worth to be noted. Working on improving NUE or integrating 
the use both inorganic and organic N sources to maximize NUE; application of crop management practices such 
as improved use of animal manure, reduced use of inorganic N fertilizer, targeted application of fertilizers and ma-
nures, and adjustments of the crop rotation in order to increase both NUE at the system level and NCE at the crop 
level, which will have intern an important impact on the amount of the Nr that escapes from the production sys-
tem; improving research and development targeting the development of efficient and innovative N-management 
system that ensure higher production, low environmental damage and hence sustainable production system; re-
duction or removal of fertilizer subsidies that encourages excessive application of inorganic fertilizers and plac-
ing system of incentive package to encourage application of N in the form of manure and crop residue, BNF plant 
crop rotation systems; incorporate a cycle of legumes or mixture of grass and legume after a cycle of a cash crop 
as wheat or corn. Legumes have proven useful N credits and can replace significant amounts of synthetic ferti-
lizer in the order of 60 to 80 kg ha-1 (Varvel and Wilhem 2003); avoiding or reduction of tillage and N applications 
in fall. These practices have proven to cause N leaching and reduce the sustainability of the system (Christensen 
2004); incorporation of conservational practices like reduce tillage that can reduce N leaching and can increase 
SOM. Primary benefits of conservation tillage include: reduced fuel consumption, reduced labor cost, improved 
soil tilth, increased SOM, enhanced moisture conservation, reduced erosion and improved of water quality (Con-
servation Technology Information Center 2010); combining strategies including (e.g., diversified crop rotations and 
organic N sources) or single‐process strategies (e.g. reduced N rates, nitrification inhibitors, and changing chemical 
forms of fertilizer) can reduce N losses while integrated systems may be an alternative approach to reduce leach-
ing (http://www.ipcc.ch/ipccreports/sres/emission/index.php?idp=94); penultimate, financial regulations such as 
pollution charges, taxes on emission, taxes on inputs, and subsidies can have an influence on the management of 
a cropping system. An analysis of the tax on the nitrogen content of synthetic fertilizers in Sweden after abolish-
ing of the tax in 2010 indicated that direct N2O emissions from agricultural soils would have been on average 160 
tons or 2% higher if it would have remained without the tax (Mohlin 2013).
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The impact of climate change on agriculture remains one of the challenges in the twenty-first century. Agriculture is 
very dependent on specific climatic conditions and thus very vulnerable. Climate change affects crop growth and qual-
ity, livestock health, and pests but the overall effects differ and thus difficult to predict. Nevertheless, in high latitude 
regions, increases in temperature and carbon dioxide (CO2) coupled with nutrient and water availability may be ben-
eficial for some crops. On the contrary, changes in the frequency and severity of droughts and floods may pose chal-
lenges for low-input production systems resulting in large yield gaps. In order to explore the yield gap and the causes 
in high latitude regions, three high latitude regions, i.e., Luleå, Helsinki and Malmö had been selected as the test areas. 
The agriculture model-Powersim was used to simulate the potential yield with sufficient water and fertilizer supply.   
 

Key words: high latitude, yield gap, potential yield, climate change, agriculture

Introduction

Food production has increased significantly in the last 3 decades in order to meet the nutritional needs of an 
increasing global population. However, sustainable food production faces great challenges and constraints due 
to decreasing land per capita and urbanization (Foley et al. 2011, Peltonen-Sainio and Niemi 2012). In addition, 
changes in the climate may also have both beneficial and negative effects on agricultural production (Peltonen-
Sainio 2012). In Northern Europe, climate change is projected to have positive impact on crop production while 
in other regions, unpredictable climatic conditions poses substantial risks to food and nutritional security.  How-
ever, increasing crop production on existing lands will also have negative consequences for the ecosystem and 
hence, the need to close yield gaps and also increase cropping efficiency in less productive land (Foley et al. 2011). 

The yield gap is defined as the difference between crop yield potential (Yp) or water limited yield potential (Yw) 
and actual farm yields. For irrigated cropping systems, yield potential (Yp) is defined as the yield of crop cultivar 
when grown without limitations from water, nutrients, pests and diseases; in rainfed cropping system, water-limited 
yield potential (Yw) is also determined by water supply and distribution during the cropping season (van Ittersum 
et al. 2013). The potential yield is determined by the growth-defining factors, i.e. incoming solar radiation, tem-
perature and characteristics of the crop when the crop is optimally supplied with water and nutrients and is com-
pletely protected against growth-reducing factors (Evans 1993). The water-limited potential yield is determined by 
genotype, solar radiation, temperature, plant density, and degree of water deficit. The actual yield is determined 
by the water/nutrient deficiencies or imbalances, poor soil quality, root and/or shoot diseases, insect pests, weed 
competition, water logging, and lodging. In order to minimize yield gap, different management strategies such 
as integrated plant nutrient management practices are being implemented (Mondal 2011). Furthermore, these 
strategies also reduce the environmental impact on agriculture by eliminating nutrient overuse, which still could 
increase maize, wheat and rice yield by approximately 30 % (Mueller et al. 2012).    

Decision making and design in agriculture practice increasingly utilize various model-based decision support ap-
proaches, especially involving climate change issues. The input-yield crop models are generally applied to reveal 
the trend of variables under different treatments, the relationship between parameters and simulated variables, 
and the mechanism of the described processes (Porter and Semenov 2005, Confalioneri et al. 2009). In this re-
view, we use agricultural model to analyze the potential yield of three regions of high latitude and the yield gap. 
Strategies have been investigated to increase crop production and close yield gaps according the local climate 
and crop management.
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Scandinavian cropping systems

Finland is Europe’s northernmost and forested country at latitude 62.4302° N, and longitude 24.7271° E. Arable 
area in Finland is 2.2 million ha with cereal harvest averages about 3.8 million tonnes. Average temperature ranges 
from –15 °C to –3 °C (in winter), and from 13–20 °C in the summer. Average annual precipitation (including both 
rain and snow) ranges from 400 mm (16 in) in northern Finland to 700 mm (28 in) in southern Finland.

Sweden is a heavily forested (69 %) country in Northern Europe located at latitude 62.00° N, and longitude 15.00° 
E. The cultivated area is some 2.7 million hectares (6.5 % of Sweden’s total land area. Swedish crop production is 
dominated by cereals, mostly barley, oats and wheat (south plains). Average temperature ranges from –14°C to 
–3° C (in winter), and from 13–25 °C in the summer. Average annual precipitation ranges between 500 and 800 
mm in northern Sweden to 1000 and 1200 mm in south-western part.

Denmark is a Nordic country with several islands located latitude 56.00° N, and longitude 10.00° E. The agricultural 
land is rich and well suited for cultivation (2.7 million ha or 62% of the total area). The main crops are wheat and 
barley, covering more than half of the agricultural area. Average temperature ranges from 7 °C to 0 °C (in winter), 
and from 17 –25 °C in the summer. Average annual precipitation is over 900 mm in some parts of Jutland and be-
low 500 mm over the Great Belt between Jutland and Seeland.  

Scandinavian climate

Three regions with different climatic conditions in Scandinavian were compared in this study. Luleå, Sweden (65o 
north; Northern Scandinavia), Helsinki Finland (60o north; Middle Scandinavia) and Malmö, Sweden (55o north; 
southern Scandinavia) (Fig.1). These locations differed distinctly in climatic and environmental conditions. Luleå 
belongs to the boreal environmental zone, while Helsinki is located on the border between the boreal and the 
nemoral zone and Malmö is classified as the continental zone (Metzger et al. 2005). Luleå, due to its northern lo-
cation, has cold and dark winters with no sun in December and January. The nearby Baltic lake freezes each win-
ter intensifying the harsh conditions. Spring arrives late, but during May and June conditions change fast due to 
increasing long day lengths. Summer is short but sunny and warm. Helsinki has quit similar conditions as Luleå, 
but winters are more variable due to its more southern locations having a higher radiation. In some winters when 
winds are westerly, the climate is mild and moist and the nearby Baltic lake does not freeze. Arrival of spring is 
extremely variable, but summers are often warm and sunny due to long day lengths and low cloud cover. In some 
years, winter arrives early and can be extremely cold since no large lakes and oceans protect Helsinki from the cold 
artic burst from northern and eastern directions. Malmö has typically Atlantic conditions during winters which are 
usually mild with plenty of rainfall. Large water masses (the Northern sea and the Baltic Sea) located on the east 
and west of Malmö function as a heat source. The Baltic lake only freezes in extremely harsh winters. Due to its 
more southern latitude, sun starts warming up early and high day temperatures in March can give an early start 
of the thermal growing season. Summer is a bit cooler and less sunny than in Helsinki and Luleå, but longer. Fall 
and winter arrives late compared to Luleå and Helsinki.

Fig. 1. Mean daily temperature based on 30 years weather data (1980-2010) and mean daily solar radiation based on 5 years 
satellite observations (1995-2000) in Luleå, Helsinki and Malmø
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Potential yield modeling

A simple crop development model was used to compare the potential yields at the three locations. The model is 
based on sowing date, temperature, and solar radiation. We assumed, in the model, that plants were well fertilized 
with nutrients and water was non-limiting. The aim of the model is to calculate the maximum potential yields as-
suming that biomass accumulation is constant with a fixed leaf area index (LAI) and radiation use efficiency (RUE) 
in each environment. Biomass accumulation starts at sowing using the local radiation data as the source for bio-
mass production. Biomass accumulation ends when the thermal daily mean reaches below zero in the fall and 
early winter. Sowing time in each region is defined as the day when 100 degree days have occurred (sum of daily 
mean temperature exceeds 100 oCd, Tbase > 0 oC.) (Fig. 2).

Total biomass was calculated based on following model.

 Biomass =   (Radiation x PAR x RUE x LAI) 

We assume that 50 % of the incoming solar radiation is photosynthetic active (PAR=0.5), Leaf area index is fixed to 
1 during the growing season (LAI=1), Radiation use efficiency is set to 1.1 (RUE=1.1). Finally biomass is converted 
to potential yield assuming a harvest index of 0.4 (HI=0.4)

 Potential Yield =   (Biomass x HI)

The model is completely dependent on mean day temperature and daily solar radiation as input. The Solar radi-
ation from each location is acquired from the European Solar Database and is based on an average daily solar ra-
diation based on 5 years of satellite observations of cloud cover (1995–2000) using a clear sky model to estimate 
solar radiation (Rigollier et al. 2000). Daily mean temperature was acquired from the National Center for Envi-
ronmental Information (NCEI 2015, https://www.ncei.noaa.gov/about).  Mean daily temperatures was calculated 
based on 30 years of climate data from 1980–2010. Data processing of the imported weather (calculation of dai-
ly averages) was performed with R statistical model. Modeling of the potential yield was performed in Powersim 
studio 10 (Davidsen 1994) (Fig. 3).

Actual yield data

To compare actual yield with the modeled potential yields, data was obtained from local yield database. Regional 
yield data from Luleå and Malmö were obtained from the Swedish agricultural statistical year book of 2014. While 
the yield of Denmark and Finland were analyzed based o 

Fig. 2. Optimal sowing date estimated by 100 ocd cut off. Malmø=24/3; 
Helsinki=26/4; Luleå=13/5
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The data (Fig. 4) shows the average yield potentials and actual yields for spring barley at Luleå (4.92 and 2.91 t 
ha−1), Helsinki (6.36 and 3.85 t ha−1) and Malmö (7.04 and 6.24 t ha−1) respectively. The average spring barley yield 
potentials in Malmö were approximately 2 t ha−1 greater than the estimated yield potential of Luleå and less than 
1 t ha−1 of the yield potential in Helsinki. There were significant differences in the actual yields in Malmö (6.24 t 
ha−1), Helsinki (3.85 t ha−1) and Luleå (2.91 t ha−1). The yield gaps were 0.8 t ha−1 (89 % of the potential yield) for 
Malmö, 2.51 t ha−1 (61 % of the potential yield) for Helsinki and 2.01 t ha−1 (59 % of the potential yield) for Luleå.  
At the regional level (Sweden), the yield gaps were greater 2.01 t ha−1 for Luleå than Malmö (0.8 t ha−1). The yield 
gaps were generally larger in northern Sweden, where crops growth is mainly constrained by temperature, water 
and nutrient availability. 

 

Similarly, considerable annual fluctuations in actual yields and yield gaps were also been observed for Malmö and 
Helsinki between 1960 and 2010 (Fig. 5). These differences have been attributed to the high interannual tempera-
ture volatility (Figs. 1 and 2), soil fertility and precipitation in these regions. Precipitation and the number of days 
per year when water stress limits plant growth affect the spring barley yields, especially in high latitude regions. 
In addition, water stress can also limit crop in these regions. The actual yields were considerably more stable for 
Malmö (≥ 5 t ha-1) between 2000 and 2010 in Malmö than in Helsinki (≤ 4 t ha-1) (Fig. 5). This may be attributed 
to the differences in sowing dates and photothermal periods (Table 1), precipitation patterns, soil fertility and 
crop management practices in these regions. Studies show that climate change may likely prolong the growing 
season in northern latitudes which will result in higher future yield potentials (Peltonen-Sainio and Niemi 2012). 
In Finland, the cold winters are expected to get milder and the growing season prolonged by 40–50 days which 
provides new opportunities for the cultivation of autumn-sown overwintering crops (Peltonen-Sainio et al. 2009). 

Fig. 3. Biomass production model in Powersim. Mean daily Solar radiation and 
temperature functions as model engine

Fig. 4. Yield gaps for spring barley at three high altitude 
locations in Scandinavia in the 2013 cropping season
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Unfortunately, our crop model was simplified and did not include crop varieties and crop rotations in the simula-
tions. To improve our work, a more complex model taking into account other factors such as germination period, 
root development and the differences in leaf development over time has to be used. Furthermore, the model has 
to be calibrated to the different regions and crop development of locally adapted plant varieties due to differen-
ces in day lengths and growing seasons.   

Conclusion

In order to close the yield gaps, various location-specific sustainable strategies such as the development and cul-
tivation of robust crop varieties, improved crop rotations and integrated pest management using agro-chemicals 
and/or biological controls must be implemented to maintain or increase crop production and farm profitability. 
The yield gap may be reduced through proper agronomic management (planting dates, spacing, cultivars, early 
weeding, etc.) even when fertilisers are not applied. Essentially sound agronomic management is a prerequisite 
for efficient use of fertilisers and other inputs. 
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