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Abstract
In Mexico, the national demand for rice exceeds four times the consumption of the grain
produced internally, which has caused growing volumes of imported rice. Long and thintype rice is the one with the highest consumption. Faced with this problem, a strategy was
implemented based on the evaluation, validation, and release of rice materials. Since
Michoacán State is involved in rice production, evaluations have allowed the selection of
materials, which has resulted in the current availability of a number of advanced experimental lines. Also, the technology that has traditionally been used in the cultivation had
changed, so that continuous improvement programs have been developed represented by
the system of cultivation in direct sowing in furrows and continuous irrigation. The new
varieties do not require continuous flooding, which allows for a greater efficiency in the
use of water and soil resources. Studies on rice nutrition in Mexico are still scarce, especially under irrigated conditions. The current has focused on the nitrogen fertilization of
this crop since the exploration of the efficient management of soil nutrition is a vitally
important issue. Other aspects integrated to the rice technology are the use of a low seed
rate and weed management using a new generation of herbicides.
Keywords: elite lines, entire rice, genetic materials, Oryza sativa, rice genotypes,
rice technologies, “Valley of Apatzingan”
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1. Introduction
Of small grain cereals, rice (Oryza sativa L.) is a crop of extreme importance in the world. In
Mexico, this cereal occupies the fourth place among the most cultivated grains for food
purposes, only below corn, beans, and wheat. According to the Ministry of Agriculture,
Livestock, Rural Development, Fisheries and Food (SAGARPA, by its acronyms in Spanish),
it is annually consumed on average 1.3 million tons. This shows that the national demand for
rice exceeds four times the production in the country which has caused increasing volumes of
rice import. It is important to mention that the long and thin type of rice is the most consumed
in Mexico due to its better industrial quality and physical appearance of the grain than other
rice types. Due to this, the country has been mainly dependent on imports, adding up to
800,000 tons of grain per year to satisfy the internal market. This situation has brought about
dismantling of the “chain” rice, an activity that discourages domestic production; additionally,
the said imports tend to grow up to 85% of national consumption [1].
In this situation, the Mexican Rice Council A.C. delivered materials from the Latin American
Irrigation Rice Fund (FLAR) to the National Institute of Forestry, Agriculture and Livestock
Research (INIFAP, by its acronyms in Spanish), which were the support for undertaking
studies oriented toward evaluation, validation, and release of improved rice varieties in Mexico. Both the experimental trials and the validation trials were conducted in the rice-producing
areas of the country under experimental designs and applying the methodology of stability
parameters, evaluating their response to the different environments and conditions of development [2–4]. The process consisted of the selection of genotypes with desired agronomic
characteristics, derived from the crossing of materials in the field. For the last 10 years, INIFAP
has been doing an arduous and constant work, so, to date, there are stable varieties of long
grain and thin rice. Despite the efforts, not enough long grain rice varieties adapted to the
different agroecological conditions are available in the country [5]. However, in some regions,
advanced experimental lines have been selected, including the release of the following two
varieties with long and thin grain properties: FL05392-3P-12-2P-2P-M registered as INIFLAR R
[6] and FL04621-2P-1-3P-3P-M registered as INIFLAR RT [7], which is becoming an alternative
to the Milagro Filipino variety that has been intensively and extensively cultivated, despite
the remarkable loss of its purity [8]. These outstanding genetic materials are superior to the
conventional variety in grain yield, industrial quality, in addition to the characteristics of
the long and thin grain type.
It is worth mentioning that one of the aspects that have defined the preference of the consumer
is the culinary quality of the rice, also by the industrialists, the industrial quality of the grain is
a parameter to be taken into account. Being the state of Michoacán that participates in the
production of rice, the evaluations of these lines have allowed to select materials, which has
currently resulted in y having a number of advanced experimental lines. Also, the technology
that is traditionally used in cultivation has had substantial changes. Therefore, continuous
improvement programs have been developed, represented by the direct sowing system in
“grooves” and irrigations supplementary, taking into account that as in all crops, water is basic
for the rice plant to complete its functions unlike other species; also, water is an essential
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means for rice to develop and reduce competition of weeds and other plants antagonistic to
rice; however, currently, the shortage of water is the main problem for humanity, but the new
varieties do not require continuous flooding, which allows to have a greater efficiency in the
use of water and a better use of the resources. On the other hand, studies on nutrition in rice
cultivation are still scarce, especially under irrigation conditions. These have focused on nitrogen fertilization. Therefore, the exploration of the efficient management of nutrition is a subject
of vital importance. Other aspects integrated to the technological “package” of rice are the use
of less quantity of seed per area and the management of weeds through new-generation
herbicides.
Under these circumstances, it is necessary to promote the production of thin and long grain
rice to reduce dependence on the import in order to maintain the balance of the industry in
Mexico. As already noted, the strategy for reversing this situation has been the release of highyield potential rice varieties with the high milling and culinary qualities which satisfies the
demand of the industry and consumers.

2. Importance of rice cultivation
Rice is sown in the agroclimatic regions of the humid, sub-humid, and dry tropics of the
country, which are differentiated by their temperature, precipitation, and by the sources of

States

Cultivated
area (ha)

Grain yield
(tha 1)

Total production (t)

Average price
(USD t 1)

Total value
(USD)

Campeche

9963.5

4.9

49,479.9

209.2

10,354,885.6

Chiapas

537.0

1.8

1004.8

272.2

273,597.4

Colima

3330.0

5.1

17,252.8

236.6

4,082,699.9

Guerrero

390.8

6.2

2443.8

324.4

792,992.4

Jalisco

2998.4

5.3

15,907.2

246.3

3,917,913.5

Mexico

68.0

5.4

372.6

329.6

122,837.7

Michoacán

3384.0

8.7

29,454.2

240.4

7,082,376.0

Morelos

1323.4

10.1

13,392.8

289.6

3,879,593.4

Nayarit

10,769.5

6.4

69,279.9

239.8

16,614,546.8

Oaxaca

18.0

2.8

50.4

262.5

13,230.0

Tabasco

1621.5

7.1

11,548.8

207.2

2,393,171.2

Tamaulipas

2738.5

6.1

16,886.1

250.0

4,221,530.0

Veracruz

4269.0

6.3

26,969.4

268.4

7,238,917.9

Total

41,411.8

-

254,043.2

-

60,988,324.2

Table 1. The area of cultivation, production, and value of rice in 2016 in selected states of Mexico [9].
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Year

Michoacán State

Mexico

Area cultivated (ha)

Total production (t)

Grain yield (tha 1)

Area cultivated (ha)

2016

3384.0

29,454.2

8.7

41,411.8

2015

3942.0

33,260.5

8.4

40,637.5

2014

4498.5

39,500.6

8.7

40,642.3

2013

2510.9

22,933.9

9.1

33,137.4

2012

3894.0

35,528.2

9.1

31,795.2

2011

2792.5

25,465.1

9.1

34,037.4

2010

3470.0

31,530.3

9.0

41,747.7

2009

5658.0

48,571.2

8.5

54,230.4

2008

4108.5

29,953.3

7.2

50,285.6

2007

3165.5

29,190.0

9.2

70,948.7

2006

4641.7

42,183.1

9.0

70,469.6

2005

5424.7

49,529.0

9.1

57,479.2

2004

4148.5

35,507.6

8.5

62,389.8

2003

4598.0

37,505.0

8.1

60,043.6

2002

2981.8

23,699.2

7.9

50,457.2

2001

3858.0

29,634.9

7.6

53,231.7

2000

4999.0

34,384.0

6.8

84,068.9

Table 2. The trend in rice area of cultivation, production, and grain yield in the state of Michoacán, Mexico from 2000 to
2016 [9].

water supply to satisfy the water needs of the crop; although they are contrasting, the rice plant
adapts to different soil, water, and climate conditions.
In 2016, the total harvested area of rice in Mexico exceeded 41,000 hectares, where 13 states
participate in national production (Table 1); particularly the state of Michoacán is positioned in
the fourth place with 3384 hectares, it is preceded by the states of Nayarit with 10,769 hectares,
Campeche with 9963 hectares, and Veracruz with 4269 hectares [9]; however, in terms grain
yield, Michoacán has the second place with 8.7 tons per hectare, only preceded by the state of
Morelos with 10.1 tons per hectare. In the same year, the total value of the national rice
production was USD 60, 988,324.2 (Table 1).
In a historical record, during the period from the year 2000 to the year 2016, in the state of
Michoacán, the area under rice cultivation has been moderately stable since on average they
have been 4000 hectares. However, during the same period, the trend in the area under rice
cultivation at the national level showed different picture where it witnessed a substantial
decrease from 84,000 ha in the year 2000 to only 41,000 ha in the year 2016 (Table 2). Although
this 50% reduction in the area under rice cultivation was observed in just 16 years at the
national level, the reduction for the state of Michoacán was only 32% (from 4999 to 3384 ha).
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Municipality

Area
cultivated (ha)

Grain yield
(tonha 1)

Total production
(ton)

Average price
(USD t 1)

Value USD

Apatzingán

26.0

8.5

222.3

237.5

52,796.2

Gabriel Zamora

2068.0

8.7

18,052.6

241.1

4,352,831.6

Múgica

7.0

8.6

60.2

240.6

14,502.4

Nuevo Urecho

48.0

8.6

415.2

240.6

99,907.5

Parácuaro

366.0

8.7

3207.0

239.7

768,933.1

Tepalcatepec

869.0

8.6

7496.9

239.2

1,793,403.7

Total

3384.0

-

29,454.2

-

7,082,376.0

Table 3. The area under cultivation, total production, and total value of rice grown in six municipalities in the state of
Michoacán, Mexico [9].

Meanwhile, the municipal structure of the state of Michoacán that participates in the production of rice cultivation is shown in Table 3, all corresponding to the name “Valley of
Apatzingán”, it is a hot climate region. Thus, the municipalities of Gabriel Zamora,
Tepalcatepec, and Parácuaro, devoted large areas under rice cultivation. These large areas
under rice cultivation in these three municipalities also reflected in high production and
economic return.

3. Research on long and thin grain rice in Michoacán State, Mexico
In the state of Michoacán, the Tepalcatepec basin, better known as the “Valley of Apatzingán”
or the “tierra caliente,” is a region full of contrasts, with a biodiversity that gives origin to
different production systems which favors the establishment of different crops, citrus fruits
currently predominate; however, as has happened in other places exploited under agricultural
activity, the region has been affected by the production system of monoculture type and the
indiscriminate use of agrochemicals, which has caused resistance of pests and pathogens,
hence difficult to control by the conventional systems.
For the selection of new varieties of rice, the synergy between INIFAP and FLAR allowed the
consolidation of this end, where the components of the yield included preliminary tests and
national experiments in the different rice regions. It should be noted that the studies focused
on the type of grain that determines the preference of the consumer and that also meets with
milling, culinary, and nutritional qualities [5], as well as the characterization of phenotypic
diversity using agro-morphological traits [10]. Consequently, it is important to follow up on
advanced materials, in order to increase the supply and availability of seed. Particularly, the
rice cultivation in Michoacán is cultivated in two production cycles that are differentiated
mainly by their rainfall regimes and water supply sources to meet their water needs, which
are very high given the physiology of the plant. The sowing dates are based on those
recommended by the SAGARAPA for the spring-summer productive cycles (June 1 to July 31)
and autumn-winter (January 1 to February 15) [11]. The autumn-winter cycle is when there are

7

8

Grasses as Food and Feed

water deficits due to the demand of water resources for other crops like fruit trees and
vegetables; however, in the spring-summer cycle, these problems do not occur due to the rainy
season. According to the climatic classification of Köppen [12], the study area is located in a
climate Bs1 (h’) w (W) corresponding to the group of semi-dry warm climates (the wettest of
the semi-dry warm climates), with rains in summer; the annual average, minimum, and
maximum temperatures are of 28, 20 and 37.7 C, respectively; the annual average, minimum,
and maximum precipitation are of 834, 500 and 972.8 mm, respectively. The type of soil is
grouped in the vertisols “pelic” (clayey) [13, 14]. As for the vegetation, it is represented by the
primary types of low deciduous forest, secondary stages of natural succession (different
degrees of regeneration after elimination) and bearing shrubby from 4 to 8 m, and arboreal
from 8 to 12 m in height [15, 16].
Michoacán State contributes with 11.6% of the national rice production; the advances in the
evaluations of these lines have allowed to select promissory materials in substitution of the
conventional variety. Based on the above information, the overall objective of this work was to
evaluate advanced lines of long and thin grain rice compared with the conventional material
under different production cycles and environmental conditions in Michoacán State in Mexico.
Therefore, through the selection of promising materials obtained from these trials and through
the establishment of validation trials under irrigation conditions, different materials of long
and thin grain rice were evaluated and compared with conventional material for the two
productive cycles [11].
3.1. Methodology used in the different evaluations of rice genotypes
The different evaluations were formed for the genotypes shown in Table 4, where experiments
1 and 2 (E1, E2) were made up of 13 and 14 genotypes [17, 18], respectively, and the validation
trials 1, 2, and 3 (V1, V2, V3) were formed by 3, 7, and 3 genotypes [19–21], respectively.
In general, the soil preparation of the experimental trials consisted of basic mechanized work
of fallow, plow, and level. In addition, small furrows of 0.2 m were marked between one and
another, and the sowing of the seed was done at the seed rate of 80 kgha 1. Other agronomic
practices consisted of irrigation every 5 and 8 days depending on the availability of water,
control of weeds using selective pre- and post-emergent herbicides [22], fertilization in two
stages (at approximately 20 days after the emergence and at the appearance of floral primordium), and application of fungicides. The experimental design used was Randomized Complete Block where the size of each experimental plot was 200 m2, and the experimental unit for
productivity was formed by four blocks of one linear meter each one and 20 plants for the
phenological aspects.
Different sets of data were recorded for the experiments and validation trials. For experiment 1,
the number of spikes per panicle, 1000 whole grain weight, 1000 polished grain weight grain
yield, and days to harvest were recorded, while for experiment 2, plant height, spike length,
number of grains per spike, grain yield, and 1000 polished grain weight were quantified. On
the other hand, parameters measured for the validation trial 1 were plant height, 1000 whole
grain weight, number of spikes per panicle, spike length, and grain yield while for validation
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Tested rice lines

Common name

Genotype

Origin

E1

FL04582

FL04582-5P-6-2P-3P-M

VF (nursery FLAR)-2005 (year of
release)

E1, E2, V1,V2

FL04621
(INIFLAR RT)

FL04621-2P-1-3P-3P-M

VF-2005

E1

FL04674

FL04674-3P-8-3P-2P-M

VF-2005

E1

FL04676

FL04676-3P-4-1P-2P-M

VF-2005

E1

FL04835

FL04835-19P-9-3P-1P-M

VF-2005

E1, V2

FL04867 (Marfil)

FL04867-2P-7-3P-3P-M

VF-2005

V2, V3

FL04952
(Lombardia)

FL04952-1P-5-1P-1P-M

Santa Rosa, Colombia

E1, E2, V1

FL05392
(INIFLAR R)

FL05392-3P-12-2P-2P-M

VF-2006

E1

FL05509

FL05509-15P-1-2-3P-M

VF-2006

E1

FL05598

FL05598-5P-3-1P-1P-M

VF-2006

E1, V1

FL05601

FL05601-6P-2-2P-2P-M

VF-2007

E1

FL05655

FL05655-3P-4-2P-2P-M

VF-2006

E2

FL06564

FL06564-3P-1-4P-M

Santa Rosa, Colombia

E2

FL06580

FL06580-3P-6-2P-M

Santa Rosa, Colombia

E2

FL06609

FL06609-11P-12-4P-M

Santa Rosa, Colombia

E2

FL06624

FL06624-4P-4-2P-M

Santa Rosa, Colombia

E2

FL06625

FL06625-3P-5-1P-M

Santa Rosa, Colombia

E2

FL06646

FL06646-10P-7-2P-M

Santa Rosa, Colombia

E2

FL06679

FL06679-3P-5-3P-M

Santa Rosa, Colombia

E2

FL06689

FL06689-1P-2-1P-M

VF-2007

V2

FL06747

FL06747-4P-10-5P-3P-M

Santa Rosa, Colombia

E2

FL07162

FL07162-7P-3-3P-3P-M

VF-2008

E2

FL07562

FL07562-7P-3-3P-2P-M

VF-2008

E2, V2, V3

FL08224

FL08224-3P-2-1P-3P-M

VF-2009

E1

Tomatlán A-97

IR10781-75-3-2-2-0PZ-COMP1

Triple crosses: Sinaloa A80/ITA 231//IR8

E2

Aztecas

C109Cu83-5MCu-11Cu-5Cu-1Cu-1Cu

Triple crosses: Sinaloa A80/ITA 231//IR8

E1, V1, V2, V3

Milagro Filipino

IR8-288-3

IRRI of Filipinas

Table 4. Rice lines investigated in Michoacán, Mexico, indicating their origin and genotypes.

trial 2 were plant height, length of the spike, number of spikes per panicle, number of tillers, 1000
whole grain weight, and grain yield. In addition, the occurrence of phenological events was
recorded at the time of more than 50% of the plants. For validation trial 3, only plant height and
grain yield were recorded. The data were analyzed using the statistical software SAS Institute
package [23], through analysis of variance and comparison of means by Tukey test.
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3.2. Results of the different evaluations of rice genotypes
Experiment 1 was developed in the municipality of Gabriel Zamora, Michoacán, Mexico, as
shown in Table 5, with the exception of 1000 polished grain weight; the other parameters
showed significant differences among the materials evaluated. In this case, it is important to
highlight the performance of five materials (FL04621, FL04674, FL04674, FL05655, and
FL05601) with a grain yield above 9 tha 1, surpassing the other materials including Milagro
Filipino (Table 5).
Regarding experiment 2 developed in the municipality of Parácuaro, Michoacán, Mexico, plant
height, spike length, number of grains per spike, and 1000 polished grain weight did not show
significant differences while grain yield showed significant differences where materials such as
FL06689 and FL05392 gave a grain yield more than 11 tha 1 (Table 6). Also, it should be
mentioned that based on results from experiments, promising materials for validation trials
were selected.
From the three genotypes selected for the validation trial 1, the analysis of variance showed
significant differences only for plant height and the number of spikes per panicle (Table 7)
where genotype INIFLAR RT had a significantly higher plant height than the other two
genotypes. On the other hand, the three genotypes did not have significant differences for
1000 whole grain weight, spike length, and grain yield (Table 7). The grain yield for the three
genotypes slightly exceeded the regional average reported between 8000 and 8500 kgha 1 [9].
It should be noted that the validation trial 1 was carried out in the autumn-winter cycle and
that included its sowing since the end of 2014 and developed in the first months of 2015 under

Genotype

Number of spikes per
panicle

1000 whole grain
weight (g)

Grain yield
(tha 1)

1000 polished grain
weight (g)

Days to
harvest

FL04835

12.8 ab

24 ab

8 ab

20.44

118.8 de

FL05598

13.8 ab

25 ab

5.1 ab

19.62

132 a

FL04582

11 b

22 ab

7.4 ab

22.01

122.3 bcde

FL05509

14.5 a

19 b

6.9 ab

20

118.8 de

Tomatlán A-97

13.3 ab

25 ab

8.6 a

20.43

120.8 cde

FL04867

12.3 ab

27 a

8.6 a

19.83

130.5 ab

FL05392

12.5 ab

26 a

8 ab

21.24

119.5 de

FL04621

13 ab

26 a

9.1 a

21.76

126 abcd

FL04676

13.8 ab

23 ab

7.4 ab

19.58

119 de

FL04674

13.5 ab

24 ab

9.1 a

19.88

122.5 bcde

FL05655

14.3 a

26 a

9.1 a

23.79

122 bcde

FL05601

12.3 ab

23 ab

9.1 a

19.91

129 abc

Milagro Filipino

13.3 ab

24 ab

3.4 b

20.49

116.7 e

Table 5. Results of experiment 1 of rice genotypes in the municipality of Gabriel Zamora, Michoacán, Mexico, during
spring-summer cycle 2010 [18].
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Genotype

Plant height (cm)

Spike length (cm)

Number of grains per spike

Grain yield
(tha 1)

1000 polished
grain weight (g)

FL07562

60.66

25.16

20.2

7.92 cd

22.45

FL07162

60

24.16

19.7

7.88 cd

20.92

FL08224

68.33

24.5

19.03

9.38 abc

21.73

FL06564

73

23.83

23.03

9.32 abcd

22.92

FL06580

57.66

23.06

24.5

8.73 bcd

22

FL06609

66.66

23.73

23.56

8.17 bcd

20.54

FL06624

70

25.56

19.53

5.28 c

21.41

FL06646

70.66

24.73

21.13

12.16 ab

21.09

FL06679

64.33

25.9

23.4

10.75 abc

19.64

FL06689

66.66

26.9

20.13

9.42 abc

24.09

FL06625

67.33

25.33

19.9

8.54 bcd

20.35

FL05392

73

26.33

26.26

11.22 abc

22.12

FL04621

69.66

25.16

22.03

10.51 abc

28.49

Aztecas

63.33

25.33

21.66

12.98 a

24.94

Table 6. Results of experiment 2 of rice genotypes in the municipality of Paracuaro, Michoacán, Mexico, during springsummer cycle 2014 [17].

Genotype

Plant height
(cm)

1000 whole grain
weight (g)

Number of spikes per
panicle

Spike length
(cm)

Grain yield
(tha 1)

INIFLAR RT

71.10 a

25.99

11.50 b

25.10

8

FL05601

66.8 ab

26.02

17.20 a

23.30

8.8

Milagro Filipino

63.00 b

26.00

14.00 b

26.10

8.5

Table 7. Results of validation trial 1 of three rice genotypes in the municipality of Paracuaro Michoacán, Mexico, in
autumn-winter cycle 2014–2015 [24].

the condition of irrigation, so unlike the FL05601 treatment, the material INIFLAR RT and
Milagro Filipino showed a similar pattern in the number of spikes per panicle and the length of
the spike, even in the yield. It is important to note that genotype INFLAR RT was selected for its
performance under both irrigated and rainfed conditions [7], but it thrives best in the springsummer cycle, since it is when the rainy season coincides. Due to its productive capacity and
establishment period, Milagro Filipino presented a normal yield, in addition to its loss of purity
and mixing with other varieties, considering a selection [8] in the process of degeneration.
In the validation trial 2, the analysis of variance showed significant differences in all quantified
parameters (Table 8). Plant height and spike length values for genotypes FL06747 and FL08224
were higher than those of INFLAR R and INIFLAR RT. This trend was similar for spikes per
panicle, number of tillers, and 1000 whole grain weight, except for genotypes Milagro Filipino,
FL06747, and FL08224 where similar results were obtained. Genotypes with a high grain yield
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were FL06747, INIFLAR R, and Lombardia, while the other genotypes also recorded a reasonable amount of yield surpassing the conventional variety (Table 8). As occurred in validation
trial 1, validation trial 2 was also established under the conditions of the municipality of
Parácuaro, Michoacán, Mexico, and these results corroborate the performance of long and thin
grain rice genotypes in order to produce adequate amount during the spring-summer production cycle, also surpassed Milagro Filipino, observing that the characterization of these materials gives distinguishable elements that allow the propitious election, attributed to phenotypic
diversity or traits morphological [10]. In this study, plant height ranged from 69 to 88 cm
(Table 8), while in earlier study involving advanced rice lines, a height of 104 cm was reported
[25], although the excessive increase in height is associated with problems of lodging or falling
of the stalk on the ground. One quality of Milagro Filipino variety was its reduced plant height
due to which no lodging was observed. Therefore, a desired feature of these materials from
long and thin grain represents a rice with semi-dwarf or compact stature. On the other hand,
spike length, spikes per panicle, and grain weight as well as number of tillers influenced the
grain yield. The number of tillers per plant obtained in the current study was similar to the
earlier study which reported an average of 13 tillers per plant from advanced rice lines [25].
Even though the stock trends in the components orientate to certain yield, this may vary;
treatments FL06747, INIFLAR R, and Lombardia showed the highest yields (Table 8) and not
necessarily related to grain weight and other components, so that probably could have other
factors that influenced the response of the yield-like pathogens [26], loss of grain or empty
grains. Despite this, the yields are acceptable and coincide with other reports [7, 27, 28].
Figure 1 shows the time for different phenological events starting from flowering to harvest
maturity. Flowering occurred between 74 and 76 days for most varieties, with the exception of
INIFLAR RT and Milagro Filipino which flowered after 80 days. The time for successive
growth stages of maturity at “milky,” “mass,” and “harvest” of these varieties followed similar
trend to the flowering where early flowering types were also early maturing and late flowering
were late maturing. In the face of increasingly unstable climatic changes, an important characteristic that is valued quantitatively and qualitatively is the precocity of the materials, which
has to do with the advancement of harvests, but without losing yield or quality; as could be

Treatments

Plant
height (cm)

Spike
length (cm)

Number of spikes
per panicle

Number of
tillers

1000 whole grain
weight (g)

Grain yield
(tha 1)

FL06747

88.75 a

30.00 a

21.60 a

13.40 a

32.1 a

11.575 a

FL08224

83.95 a

28.50 ab

19.80 ab

11.00 ab

30.2 ab

9.850 ab

INIFLAR R

72.85 b

27.20 bc

15.20 c

9.20 b

25.0 bc

11.512 a

INIFLAR RT

69.85 b

24.90 cd

17.40 bc

10.80 b

23.7 c

9.050 b

Marfil

71.70 b

24.70 cd

17.00 bc

9.20 b

25.0 bc

9.737 ab

Lombardia

71.80 b

25.00 cd

18.80 ab

10.60 b

24.5 bc

10.200 ab

Milagro Filipino

67.95 b

23.00 d

19.40 ab

11.60 ab

28.5 abc

8.200 b

Table 8. Results of validation trial 2 of seven rice genotypes in the municipality of Paracuaro Michoacán, Mexico, in
spring-summer cycle 2015 [20].
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Figure 1. The time of flowering and maturity of seven rice genotypes in validation trial 2 in Paracuaro Michoacán,
Mexico, during spring-summer cycle 2015 [21].

observed, the different stages of the maturity of the grain appeared more quickly in the
materials of long and thin grain (Figure 1), a situation clearly observed in the Milagro Filipino
variety. It is also important to point out that in addition to this property, aspects such as
tolerance to abiotic stresses need to be explored [29] in order to identify candidate lines with
enhanced performance under conditions of low water supply [30] and biotic stresses [26].
On the other hand, Table 9 shows the results of validation trial 3 experiment where plant
height and grain yield were evaluated although significant difference was obtained only for
grain yield. It is important to note that this validation trial was developed in the municipality
of Nuevo Urecho Michoacán, Mexico, and although the edapho-climatic characteristics
suggested in the corresponding section are similar, the grain yield of the FL08224 treatment
was inferior to the grain yield presented in the validation plot. With this same material, the
interpretation for this purpose may be due to the productive systems from the point of seed
quality and adaptability. This situation may occur, since it should be noted that yield is a
complex quantitative character that is largely influenced by environmental fluctuations [31].

Genotypes

Plant height (cm)

Grain yield (tha 1)

Lombardia

71.08

12.003 a

FL08224

67.87

7.730 b

Milagro Filipino

68.91

8.255 b

Table 9. Effects of genotypes on plant height and grain yield for validation trial 3 study in rice in the municipality of
Nuevo Urecho, Michoacán, Mexico, during spring-summer cycle 2016 [19].
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4. Rice production technologies in Michoacán, Mexico
In Mexico, from 1993 to date, the introduction and exchange of rice germplasm is only carried
out by INIFAP through the National Bank of Rice Germplasm with headquarters in
“Zacatepec” Experimental Field, whose flow comes from international organizations and
producer states in the country [32].
On the other hand, the production technology of rice cultivation in the “Valley of Apatzingan”,
Michoacán, Mexico, represented mainly by the introduction of seed treatment with insecticide
and fungicide, the reduction of seed rate per hectare, direct sowing in furrows and irrigation,
the use of new-generation herbicides, the optimal application of irrigation quantity, and the
use of new varieties, is widely adopted by producers and was obtained through research work
carried out by INIFAP [33].
4.1. Direct sowing of seed in furrows
Direct sowing in furrows is considered as an alternative to reduce production costs, make
water use and management more efficient since it does not require permanent flooding of the
crop; the employed labor also decreases, and it does not require the construction of seedbeds,
as well as of rice boards, all without affecting grain yield; this method can be implemented in
most land of the region independently of whether you have irrigation or a temporary land
with the possibility of irrigation supply [34].
The selection of the best sowing date is a very important decision, but it is not always possible
to establish the most suitable date, even under irrigation conditions, sometimes it is not
possible to establish the best dates due to the shortage of water or to the priority that the
irrigation districts consider the different crops in the region [35]. In general, the sowing dates
for the municipalities of the “Valle of Apatzingan” range from January 1 to February 15
(autumn-winter cycle) and from June 1 to July 15 (spring-summer cycle).
As indicated above, direct seeding in furrows has been optimized based on the following
settings:
1.

A fallow is previously made

2.

Cross harrow passage

3.

Marking of the furrows with a distance of 20–30 cm between one and the other

4.

Sowing the seed manually or with a planter precision

5.

First establishment irrigation

6.

Weed control with herbicides pre-emergent and in its case post-emergent.

In previous evaluations developed by INIFAP, it has been found that with the furrow seeding
system, 80–100 kg of seed per hectare can be used. Higher densities may aggravate problems
of lodging during crop maturity due to the weakening of the stems and to the development of
a greater height of the plants by an excessive competition [35].

New Genotypes of Long and Thin Grain Rice and Technology for Production in Mexico:…
http://dx.doi.org/10.5772/intechopen.79152

4.2. Seed treatment
Currently, seed treatment is a very important option to reduce the damage caused by fungal
diseases and to prevent the attack of soil pests on germination, which is when the rice
cultivation is more susceptible. One of the advantages of seed treatment is that it is economical
and easy to perform, also to provide the plant with protection that goes from 30 to 40 days
after emergence. There are different methods of seed treatment. In rice, the simplest and most
used in the region is to start with a previous cleaning in order to eliminate damaged seeds,
crop straw, and lumps and stones. Next, the amount of seed to be used for the sowing is spread
on a smooth plot of land in order to sprinkle the seed directly with a sprinkler backpack, attaining
to moisten it with different existing products: Clotianidin (3 mlL 1 of water), Thiophanate methyl
(2 gL 1 of water), Benomilo (2 gL 1 of water), Captan (2 gL 1 water), and Imidacloprid
(4 mlL 1 water). It is generally possible to sprinkle 100 kg of seed using 2–3 L of water plus the
product to be used in dye to distinguish that this seed is treated and thus avoid accidents by
ingestion [36].
4.3. Efficiency in irrigation water management
In the “Valley of Apatzingan,” the most important factors limiting rice production are weeds,
and the factors that limit the increase of the sown area are the production costs and the high
irrigation volumes that are applied to the crop. A common practice is flood. Nonetheless,
within basic crops, rice is the best option that guarantees economic benefits to the regional
producer; however, the use of large volumes of irrigation promotes low levels of efficiency of
this resource, which limits the planting of a larger area. Therefore, the research work has
focused on reducing the volume of irrigation to the crop without reducing yield, in addition
to determining the volume of water needed and the frequency of irrigation to obtain a high
grain yield. Five treatments were established in the municipality of Parácuaro, Michoacán,
Mexico, during three cultivation cycles: (1) control, (2) irrigation every 2 days, (3) irrigation
every 3 days, (4) 9 irrigation and 3 periods of flooding, and (5) 12 irrigation and 3 periods of
flooding. It is verified that all the treatments significantly reduced the volume of water in
comparison with the regional control without affecting the grain yield in a significant way
(Table 10), which produces a greater efficiency in the use of water. The control produced the

Treatments

Yield
(tha 1)

Water amount
(m3ha 1)

Quantity of
water (m)

Efficiency of water
use (kgm3)

Flood time
(days)

1 (Control)

9.7

308,500

30.8

3.1

90

2 (irrigation every 2 days)

8.5

17,400

1.7

48.8

4

3 (watering every 3 days)

8.4

11,300

1.1

74.3

4

4 (nine supplemental irrigation and
three periods of flooding)

9.2

79,300

7.9

11.6

20

5 (12 supplemental irrigation and three
periods of flooding)

9.0

81,900

8.2

10.9

20

Table 10. Grain yield and irrigation parameters in rice, in the municipality of Paracuaro Michoacán, Mexico [34, 37].
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largest amount of rice (9.8 tha 1), although it was not significantly different from the lowest
yield reported earlier [34, 37].
However, the differences in the application of water are highly contrasting (Table 10), since the
control, due to most of the flooded cycle, required a large amount of water. It is assumed that a
large part of the water is lost by draining and it is not possible for the crop to take advantage of
all the water supplied. Even when treatments 2 and 3 presented high-yield and low-water
volumes applied, they have the limitation of their practical acceptance by the producer because
they would raise production costs, for the payment of wages to effect irrigation according to
the treatment.
Based on the above, without affecting yield, the time that rice cultivation remains flooded can
be reduced by more than 75%, which allows a considerable saving of water. Grain yield is not
affected by reducing the volume of water by 20 times, compared to the flooded control. In a
practical way, irrigation can be done every 10 days from sowing, with three periods of flooding
at 25, 80, and 95 days, of 4, 8, and 8 days, respectively [34].
4.4. Management of nutrition in rice
Rice can be grown in any type of soil, when the humidity conditions are between saturation
and field capacity depending on the phenological stage of the crop. The most important
characteristics that a rice soil must meet are its ability to absorb and retain moisture; besides
their physical and chemical characteristics, hard ground, soil depth, and topography must be
taken into account; however, soils with a high clay content are the most appropriate for
cultivation, due to their moisture retention capacity. Commonly, agricultural soils contain
insufficient amounts of one or more elements essential for nutrition, so it is necessary to add
them directly in the form of organic fertilizers or chemical fertilizers; however, a fertile soil
contributes nitrogen to the crop, and although it is necessary to make applications of this
nutrient, it is not recommended that it be done excessively because it can result in nutritional
imbalances, succulence of the plant that favors the attack of pests and diseases and increases
the contamination of the aquifers.
The amount of chemical fertilizer that is required to obtain high yields in rice cultivation is
variable and is a function of the climate, the soil, and the type of crop that has been established
in the previous cycle [38]. Other aspects that influence the efficiency of the fertilizer are the rice
genotype and the production system. In addition, the efficient management of fertilization
during the first stages of cultivation is influenced by adequate weed control, especially during
the first 40 days after sowing, due to the competition effect. Other determining factors are seed
quality, plant density, and solar radiation [39].
The effect of fertilizer application on rice in the “Valley of Apatzingan”, Michoacán, Mexico, is
very clear and perfectly distinguishable between fertilized rice and an unfertilized rice. Rice
soils, although fertile, however, are mostly deficient in nitrogen and organic matter, because
they have been cultivated for many years through intensive agriculture. However, by applying
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fertilizers even at low doses (80 units of nitrogen), they can double or triple the grain yield,
increasing from 3.0 to more than 7.0 tha 1.
Yields vary depending on the variety and type of soil. Through different evaluations of
fertilizers developed by INIFAP, doses and recommended methods of fertilization in rice
cultivation have been determined. A study developed [36] recommends fertilizing with the
dose 180-80 of N-P, applying all the phosphorus (100%) and 50% of the nitrogen, 25 days after
sowing and the rest of the nitrogen at flowering. Also, for long and thin grain materials, they
respond positively to the dose 240-80 of N-P, respectively. All fertilizer application must be
fractioned. During sowing, it is not advisable to supply the nitrogen, while the applications of
phosphorus should be 100% of the fertilizer in the sowing. Applications of nitrogen should
begin 15 days after seedling emergence with one-third of the total recommended fertilizer dose
equal to 80 kg of nitrogen; at the beginning of the “tillering,” the other 33% of the dose should
be applied, and in the stage of appearance of the floral primordium the rest of the nitrogen. If
for practical purposes, it is decided to make two applications of fertilizer, apply 50% of the
recommended dose 1 or 2 weeks after the emergency and the rest in the “tillering” stage.
Based on studies on nutrition in irrigated rice in the “Valley of Apatzingan”, Michoacán,
Mexico, it is reported that after laboratory and statistical analyses, it was determined that in
rice for high grain yields, for the “FLAR 13” lines (lines Lombardia and Marfil), the following
reference indices are suggested (Table 11) [40].
With the previous reference levels, the following determinations were made for the results
obtained in the Marfil and Lombardia rice lines, whose analysis results are presented in Table 12.
Once the nutritional levels of the outstanding materials of rice are determined, the
Kenworthy methodology was applied [41], to evaluate the nutritional condition of the rice,
that is to say, its nutritional diagnosis. Figure 2 shows the nutritional diagnosis obtained in

Chemical element

Nitrogen (%)

Coefficient of variation (%)

Nitrogen

2.90

12.3

Phosphorus

0.15

14.1

Potassium

1.35

13.7

Table 11. Foliar nutritional reference values (%) of the three most important chemical elements for the long and thin
grain rice “FLAR-13” in the “Valley of Apatzingan”, Michoacán, Mexico [40].

Rice lines

Nitrogen (%)

Phosphorus (%)

Potassium (%)

Marfil

2.2

0.18

1.76

Lombardia

2.4

0.21

1.85

Table 12. Foliar analysis of outstanding rice lines in the “Valley of Apatzingan”, Michoacán, Mexico [40].
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Figure 2. Nutritional diagnosis of two rice lines (Lombardia and Mafil) in the “Valley of Apatzingan”, Michoacán, Mexico
[40].

two rice materials for the “Valley of Apatzingan”, Michoacán, Mexico. As can be seen, there
was a higher nutritional imbalance in Marfil line than in Lombardia, while in both rice lines,
potassium was the most unbalanced mineral; however, it was notable that the nitrogen was
in an adequate balance which may indicate that this element was well supplied and in the
proper doses.
Based on this investigation, to produce 1 ton of rice, the plant needs to absorb 20 kg of
nitrogen, 4 kg of phosphorus, and 32 kg of potassium. Detailed amounts of nutrients required
for rice in the “Valley of Apatzingan”, Michoacán, Mexico, based on extraction levels of
macronutrients are shown in Table 13, where both high and low extractions are observed for
each ton of grain produced [40], which serve as reference for designing fertilization program. It
should be noted that research has shown that in Michoacán, there is no response to potassium
in cereals.
Rice cultivation, as indicated, has an excellent response to fertilization doses; in the Lombardia
rice line, the response of the cereal was evaluated at increasing doses of nitrogen, generating
the classic linear response, and if the doses continue to grow, then the yield is reduced as
shown in Figure 3. The function allows the optimization of the amount of fertilizer to be
applied as shown in the following sequence [40].
Extraction level

Total N

P

K

High

13.6

2.5

4.9

Low

8.96

2.6

3.6

Table 13. Extraction of macronutrients N, P, K in the rice crop in kgt

1

of whole rice [40].
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Figure 3. The response of Lombardia rice line to increasing doses of nitrogen [40].

5. Conclusion
Rice cultivation needs to remain under investigation in order to meet the demands of the
producers and reduce the excess in imports of the long thin grain of rice, the release materials
of long grain and thin rice, for the “Valley of Apatzingan” region is extremely important, thus
achieving a variety with high yields under the conditions of irrigation, taking into account that
the shortage of water is the main problem, that is why evaluation must be made in the
application of the amount of irrigation required without reducing the potential yields; the
technology released by INIFAP of direct sowing and irrigation in furrows has proven its
effectiveness, and its level of adoption is higher than 90% of rice farmers in the region.
The soils of the region have very good aggregation and moisture consistency but low in
organic matter and nitrogen. Hence, fertilizers are essential for achieving high grain yields,
and the inclusion of organic fertilizers is an option to improve the physical and chemical
properties of rice soils. Weeds are major constraints to rice cultivation. The best time to control
weeds using herbicides is at 2–3 leaf stage of rice plant. The control of pests and diseases is
necessary to take into account the economic damages they cause.
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Abstract
Barley is an important cereal worldwide cultivated since about 10,000 years. Barley crop
is the fourth most important cereal in the world, after wheat, corn, and rice. It could be
a food source for millions of people even though today it is mainly used as animal feed
and brewing. So, recently, more than 70% of barley crop has been used for feed; about
21% has been intended to malting, brewing, and distilling industries; lesser than 6% has
been consumed as human food. In addition, a growing interest in renewable energy has
led to the modest use of barley grain for the production of fuel ethanol. The prominence
of barley as food is mainly due to its potentialities in the production of healthy food, as
an excellent source of dietary fiber, and a functional food ingredient such as β-glucan.
The purpose of this chapter is to carry out an analysis of barley market and to present, in
summary, its principal uses.
Keywords: barley, barley grain, barley market, barley feed, barley food

1. Introduction
Barley (Hordeum vulgare L.) is one of the ancient grain crops cultivated and used worldwide
[1, 2]. Its botanic origin is still well unknown although some studies affirm that the region
were barley born could be identified in South-Eastern Asia, including China, Tibet, and
Nepal [3, 4]. Also, the pathways for its domestication have some points in doubt. However,
the first examples of barley cultivation date back to about 10,000 years ago [5]. In fact, several archeological discoveries occur in South-Western Asia in the Fertile Crescent area (also
known as the “cradle of civilization”), which indicate that the crop was domesticated about
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8000 BC. At later times, barley has been widely cultivated all over the world principally due
to the commercial traffics. Thus, it grew in 5000 BC in Egypt, and successively, in 3500 BC, it
diffused in Mesopotamia, then in 3000 BC in North-Western Europe, and 2000 BC in China.
This plant was used to prepare the bread for the Hebrews, Greeks, and Romans and until the
sixteenth century much throughout Europe. The introduction of other cereals in the human
nutrition such as wheat, rice, and maize has led to a severe decrease of barley uses and
cultivation [6].
Currently, barley is one of the fourth most important cereals in the world in terms of both
quantity produced and cultivated areas. On average, the annual world harvest of barley
is more that 140 million tons (Mt) obtained from nearly 50 million hectares (Mha) [7].
Moreover, barley is one of the most versatile cereals known to be well adapted to the different global climates through its genetic evolution [8, 9]. In fact, this plant grows outside
the regions where the other cereals live (i.e., maize, wheat, and rice) such as arctic and
subarctic zone to subtropical region. The barley’s ability to adapt to the diverse conditions is
supported by a rich genetic diversity being studied in order to identify new characters that
can help improve the sustainability of the crop. This feature is mainly linked to the presence of genetic factors that allow synchronizing the vegetative cycle of the plant with the
environment. This allowed to have early spring varieties suitable for environments with a
prolonged cold weather and short spring-summer seasons and tardive winter varieties able
to fully exploit all the productive potential of temperate climates. The good resistance to
drought has also allowed the species to adapt to environments such as those of North Africa
and the Middle East. In fact, the barley has a vast area of cultivation, from the humid regions
of Europe to South America and the arid areas of Africa and Asia [10, 11]. Depending on
climate conditions, soil characteristics, agricultural practices (i.e., irrigation), but also a variety of cultivated and technological innovations, barley’s yield has changed during the time
starting from 1.39 (in 1960) to 2.99 t/ha (in 2017). At present, the best yields are recorded in
Zimbabwe, New Zealand, Chile, and Switzerland with about 7.5, 7.05, 6.50 and 6.17 t/ha,
respectively [12].
Barley (Hordeum vulgare L.) is one of the most important cereals used, preceded only by wheat,
rice, and maize. Barley is a versatile crop. Since ancient times, it has been used as food or for
the production of beverages, and currently, it is mainly intended for the feeding of livestock
[13]. Most probably, in the past, the first use was as food which then evolved into a feed, malting, and brewing, and its uses have changed throughout history and in different geographical
area [14]. Currently, it is used in industrialized countries as a fodder and as a staple food in
developing countries; however, the most significant use from an economic point of view is
represented by malt and beer. It represents an important crop subsistence in the Andean and
Himalayan regions and in Ethiopia. In Canada, instead, it is used for swine feed [10].
According to the FAO data, nowadays, about 70% of barley crop has been used for feed; 21%
has been intended to malting, brewing, and distilling industries; 6% has been consumed as
human food; in addition, a growing interest in renewable energy has led to the modest use of
barley grain for the production of biofuels [15]. In 2017, the world production is around 141
Mt. Europe is the largest producer followed by Asia.
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2. International barley market trend
Barley is considered one of the most adaptable cereals; it is cultivated and used worldwide.
It is used in different economic sectors such as animal feed, alcoholic beverage, food, and
recently and particularly in Europe in biofuels production [16]. This ancient crop is the fourth
most important cereal in the world; in 2017, its production was approximately equal to 141
Mt after corn (1060 Mt), wheat (749 Mt), and rice (741 Mt) (Figure 1) [1, 2, 7, 14]. During the
last 50 years, although the harvesting area is decreased, the production was increased owing
to the yields improving from about 1.4 in 1960 to 3 t/ha in 2017.
Moreover, European Union (EU) and Russia still represent the best world barley producers,
reaching more than 58 and 20 Mt, respectively, in 2017. However, United States of America
and Canada during the time have decreased their production probably due to the low income
deriving from this culture with respect to others such as maize. On the contrary, Australia,
Turkey, and Argentina have highly increased barley productions, reaching more than two to
eight times than in 1960s. For instance, Australia showed one of the most significant increases
in the total cropping area, from less than 1 in 1960s to 8 Mha in 2017 [12] (Figure 2).
In 2017, the total area harvested was around 50 Mha and ranked fourth after wheat (~220
Mha), maize (~183 Mha), and rice (~162 Mha) [7, 12] (Figure 3).
From 1960 to the end of the 1970s, barley harvested area has shown a substantially increasing
discontinuous trend. In the last 30 years, the harvesting area has been declining from almost
80 million ha to around 47 million ha. This trend is principally due to the significant decrease
in barley cropping area of the major barley production countries such as Russia (including all
the countries from former USSR), United States, India, and China (Figure 4).
In terms of annual yield, the period considered, from 1960 to 2017, is characterized by an
increasing discontinuous trend, and it has increased in the last six decades from 1.3 in 1961

Figure 1. Trend of world production of barley, maize, rice, and wheat from 1960 to 2017 (source: elaborated from [7, 12]).
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Figure 2. Trend of world barley production (including major barley production countries) (source: [12]).

to 3.01 t/ha in 2017 [12]. As this discrepancy is underlined already between the increase in
barley production and the reduction in harvested area, it is due to the improvement of yields.
Furthermore, this trend is similar to the other cereals, since maize yield is raised, in the last
six decades, from 1.9 (in 1961) to 5.65 t/ha (in 2017), rice from 1.9 to 4.6 t/ha, and wheat from 1
to 3.46 t/ha [12]. This enhancement is mainly due to the introduction of technological innovations such as irrigation, no tillage soil management, or the introduction of new varieties much
more productive than in the past.
In 2016, among the 106 barley country producers, only 10 contribute for the 65% (91.8 Mt) of the
global production (141 Mt) and the 60% (28.6 Mha) of the total barley harvested area (Table 1).
As shown in Table 1, the leader, in terms of production and area dedicated, is EU. In 2017,
EU barley production was about equal to 59 Mt, which accounts for more than 40% of the
global one, 25% (11.5 Mha) of global barley harvested area (47 Mha) and with an average yield

Figure 3. Trend of world harvested area of barley, maize, rice, and wheat from 1960 to 2017 (source: elaborated from
[7, 12]).
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Figure 4. Trend of world barley harvested area (including major production countries) (source: elaborated from [7, 12]).

approximately equal to 4.5 t/ha. In particular, Germany and France are the first and second
European barley producers with 1.07 and 1.03 Mt, respectively, harvested approximately 1.6
and 1.8 Mha with an annual yield equal to 6.7 and 5.4 t/ha. These countries are followed by
other important producers such as Spain (7.9 Mt cultivated in 2.8 Mha) and United Kingdom
(6.6 Mt cultivated in 1.1 Mha). These four European countries, together, contribute more than
35% of the total EU production, and each of them is included in the top 10 world barley
producers [7, 14].
Russian Federation is the second world barley producer with 17 Mt (12% of global production) and 8 Mha (17% of total harvested area) recorded a low average yield equal to 2.1 t/ha.
Following the main barley producers list are Ukraine and Australia with their barley production, respectively, equal to 9.4 and 8.9 Mt. Different are their annual yields (3.3 and 2.19 t/ha,
respectively) and consequently the total dedicated area (2.8 and 4.1 Mha, respectively). As concerning the other producers, United State of America, Canada, Argentina, and China recorded

Source: [7].
Table 1. World barley yield (t/ha) and production (t) in 2016.
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higher world average yields (4.19–3.72–3.80–4.31 t/ha, respectively); on the contrary, those in
Kazakhstan, Iran, and Ethiopia are below the world average one (1.71–1.8–2.1 t/ha, respectively).
Regarding the import and export trade of the data available, more update is referred to 2016.
So, the international barley trade accounts for less than 34% of global production, corresponding to a value of more than 9 million of US dollars (M US$). The global barley trade has passed
from 20 Mt in 1990 to current 47 Mt. Leading barley exporters are EU (16 Mt), Australia (5.8 Mt),
Argentina (3.2 Mt), and Russian Federation (2.8 Mt); together, they represent less than 92.5%
(28 Mt) of the total barley exported (Table 2).
EU exports approximately are equal to 9 Mt, representing 15% of its whole production (58 Mt)
with a trade value of less than 1.7 M US$. Among EU exporter countries, Netherlands, Belgium,
and Germany are the principal ones totalizing the amount of 5 Mt equal to the 56% of the global
European exportation and approximately 1% of world one. Germany, in 2016, was the second
barley producer, the second importer and the third exporter (Table 3).
A long period trend of barley exports is shown in Figure 5. EU has modified its role in the
international barley trade, since until 1975, it was one of the main importers, whereas after
1980, it became one of the principal exporters. Moreover, Ukraine, Russia, and Kazakhstan
(former Union of Soviet Socialist Republic) and Australia have increased in the last two
decades, their barley exportation becoming one of the largest world exporter countries after
EU. Finally, Canada and USA have highly reduced their exportation activities starting from
2000s (Figure 5).

Source: [7].
Table 2. Global barley trade: export in 2016.

Economic Analysis of the Barley Market and Related Uses
http://dx.doi.org/10.5772/intechopen.78967

Source: [7].
Table 3. Global barley trade: import in 2016.

On import side, in 2016, 17 Mt are traded, with a corresponding value equal to 3.7 M US$. A
long period trend of barley imports is recorded in Figure 6. China and Saudi Arabia are the
main barley importer with 8.1 Mt each, contributing to the total imported barley less than
50%. The demand of Saudi Arabia barley is almost totally satisfied by import due to the country’s scarce water reserves. This policy is supported by government subsidizing barley and

Figure 5. Trend of world barley exports (including the major country importer) (source: [12]).
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Figure 6. Trend of world barley imports (including the major country importer) (source: [12]).

based on the consideration that 100% of domestic barley (and wheat) cultivation is irrigated.
The main quota of Saudi Arabia imported barley (more than 80%) is principally utilized as
feed for livestock, mostly sheep, camels, and goats. Its use in the place of forage depends on
its price and competitiveness [17]. Moreover, barley is also used to prepare specialty and
traditional Saudi dishes during Ramadan fasting time and as feed ingredients.
The price of barley has always been lower than the other grains (Figure 7). Starting from
1980s to the middle of 1990s, it has been under 100 $/t, whereas later, it increased reaching a
quotation more than 200 $/t in the year 2012. In the first 6 months of 2017, barley quotation
was 146 $/t, which started to increase again. This is due to different reasons such as (1) China’s
and Saudi Arabia’s rise demand, (2) the reduction of global barley production, and (3) the
projections of barley stock down in all major exporting countries [18].

Figure 7. Trend of barley, maize, rice, and wheat price from 1980 to 2017 (source: [19]). *2017 is considered the first 6 months
from January to June.
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Figure 8. Trend of world barley feed and FSI consumption (source: [12]).

The trend of world barley consumption is similar to the production (Figure 8). However,
in the last years, the robust global demand linked to a low world production has led to a
decrease of stocks and consequently an increase of the barley price [18] in all major exporting
countries. In 2017, the total barley consumption has been about 147 Mt of which 70% is used
for animal feed and 30% for manufacturing of malt (primarily used in beer production) and
other human food applications.

3. Barley uses
3.1. Barley grain main characteristics
Cultivated barley is one of 31 Hordeum species, belonging to the tribe Triticeae, of the grass
family Poaceae also known Gramineae. It is an annual, self-pollinating, diploid species [10, 20].
Barley is differentiated into couplet and polistic. The former is characterized by larger, higherquality seeds, used above all in the production of beer, while the latter are distinguished in
tetrastic barriers (four rows) and exquisite bars (six rows).
Depending on the variety, it is also possible to distinguish hulled barley that preserve the
glume adhering to the caryopsis, from hull-less barley (or naked barley) that lose the glumes
after the threshing. Generally, hulled barley is intended for the production of malt while the
hull-less one is used for feed, food, fermented, and unfermented beverages. For this type of
barley, there is a particular interest also in new applications: as a whole-grain ingredient in
value-added products, as bran and flour in several food applications [21].
All parts of the plant are generally used: fruit kernels, spike, whole plant for ensilage, and straw.
Barley grains are larger and more tapered than wheat, generally bright, light yellow, and the color
can vary with purple, violet, blue, and black shades due to the different level of anthocyanins [21].
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In the caryopsis, the main parts of the kernel are husk, pericarp, testa, aleurone layer, endosperm, and embryo. Husk and pericarp consist primarily of cellulose, hemicellulose, lignin,
and lignan, the major constituents of insoluble fibers but also of minerals. The testa is composed of cellulose while the aleurone layer consists of protein-rich cells. The endosperm is a
starchy mass in a protein matrix and the embryo is rich in proteins, lipids, and ash [22].
Grain barley chemical composition is strongly influenced by environmental and genetic factors.
This last aspect mainly concerns the hulled and hull-less varieties which also have different uses.
In general, the composition of wholegrain barley consists of approximately 70% starch, 10–20%
protein, 5–10% β-glucan (with values up to 20% for some cultivars), 2–3% free lipids, and
approximately 2.5% minerals, with the total dietary fiber ranging from 11 to 34% and soluble
dietary fiber being within 3–20% [1]. Barley kernels naturally contain many bioactive compounds localized in different parts of the kernel, including β-glucans, lignans, tocotrienols,
folate, fructans, phytosterols, polyphenols, policosanol, phytates, pentosans, and arabinoxylans, which play numerous biological activities (prebiotic, probiotic, antioxidant, hypoglycemic, hypocholesterolemic, a reduction of cardiovascular disease, colon cancer, and neural
tube defects), and with growing awareness of the need for healthy eating, they can be used as
ingredients for the development of functional foods [23]. The last decade saw an increasing
interest for this plant mainly due to its health and nutritional benefits [24]. In fact, consumers are even more conscious that food may contribute to also improve their psychophysical
well-being [25, 26] Therefore, the food production and market have to be oriented to this type
of products, contributing to the customer satisfaction. It is in this context that consumers
increasingly appreciate functional food, a food intending to affect one or more functions of
the body in a positive way, in a way that is relevant and to improve the health and well-being
and/or reduce the risk of a disease [27, 28]. There are different types of functional foods and
diverse approaches to obtain them. A functional food can be a natural food (e.g., food grains,
cereals, wholemeal flours, etc.) or it can be obtained by processing a food utilizing different
chemical or biological technologies [29]. Among these different possibilities, cereals are ideal
to be used in transmitting compounds and substances with bioactive and dietary properties
because, meeting consumer’s favor, they are widely and frequently included in our dairy diet.
In particular, barley (H. vulgare L.) is an excellent source of dietary fiber and a functional food
ingredient such as beta-glucan [1, 2].
3.2. Barley for feed
As currently mentioned above, approximately 75–80% of global barley production is used
as animal feed, 20–25% as malting, 2–5% for human food, and the remaining part in biofuel
industry (bioethanol production) [1, 30].
In 2017, EU was the main utilizer of barley feed with 40.5 Mt followed by Russia (12.3 Mt),
Canada (8.8 Mt), and Turkey (6.5 Mt) and Saudi Arabia (6.3 Mt, almost totally imported) [12]
(Table 4).
The main reason of its large use in feed industry is essentially due to its great adaptability to a
large variety of pedo-climatic conditions, making it available where other cereals are not and
its nutritional value. The use of barley as feed depends on its chemical composition which is
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Source: [31].
Table 4. Barley feed and food use in different countries (2016).

strongly influenced by cultivar and where and how it is harvested. Barley protein content, for
instance, is very much dependent on the harvest practices and differs with growth conditions,
particularly with the rate and timing of nitrogen fertilization [6, 32]. Furthermore, the good content of starch and protein in the grain (respectively, equal to 50–70% and 10–20% on dry matter
base) makes barley a suitable energy source in ruminant and non-ruminant livestock, poultry,
and fish [33].
Barley, compared with corn, shows an almost similar starch percentage but a higher content of
total crude protein (respectively, equal to 10–20 and 8.8% on dry matter base), a higher value
of essential amino acids such as lysine (respectively, equal to 0.43–0.21% on dry matter base),
and almost double tryptophan amount. The average barley contents of neutral detergent fiber
(NDF) and acid detergent fiber (ADF) are equal to 18 and 6–7%, respectively. The latter values
are higher than corn (NDF 10.8%, ADF 3%), wheat (NDF 11.8%, ADF 4%), and sorghum (NDF
16.1%, ADF 7–9%) [30, 34]. The evaluation of NDF and ADF is important because it is related
to the animal ability to digest them and to the feed efficiency use. Fiber main fraction is in hull
(13%); dehulling practice is not suitable for feed utilization because the seeds are fused to the
hulls by a cementing substance hard and expensive to remove. Barley is rich in potassium
(0.57%) and vitamin A but poor or without vitamin C and B12. Barley contains a relatively high
concentration of β-glucans, compared with other grains ranging from 3.9 to 4.9% (reaching a
concentration equal to 8–10% [35, 36]. β-glucan content is an important parameter to evaluate,
mostly in monogastric animals diet, because they act as anti-nutritional factors, reducing feed
compound digestibility. In poultry nutrition, for instance, they have negative effects in both
growth and feed efficiency but, adding exogenous enzymes such as β-glucanase, an improvement in bird performance is recorded [37]. The main products utilized in barley feed animal
diet are (1) whole or minimal processed barley grain, (2) whole plant forage, (3) malt-based
alcoholic beverage by-products, and (4) and milling ones. The first is largely used in cattle
diet but, to improve the feed efficiency, minimal mechanical treatments are required. The
fibrous hull of barley grain makes the kernels no totally “broken” during the mastication, and
mechanical processes are needed. Dry rolled or grounded barley are the most diffused and
the less expensive ones. During this treatment, the particle size is important to control because
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smaller they are, higher the fermentation is in rumen, higher the decrease in feed efficiency.
Of course, variation in cattle barley wholegrain feedlot nutritional values depends on the animal’s ability to masticate, digest, and adsorb them. There is no specific quality restriction to
use barley grain in animal feed industry. Often, malting barley is destined to feed industry
because there has been damage during agricultural phase or it has not met the quality level
required by malting and brewing industries or due to market or price variations. Barley plants
are used for forage, pasture, or hay, and their composition and quality mostly vary according
to the harvested stage. Straw remaining after grain harvesting is a good fiber source for ruminant or can be used for animal bedding. On average, whole plant and straw ADF is equal to
345 g/kg on dry mass and 590 g/kg on dry mass, respectively, and NDF is 563–568 g/kg on dry
mass and 725 g/kg on dry mass [30]. It has been a long time since byproducts of malting and
brewing industries are used in animal feed. Their quantity and quality depend on technologies applied and barley varieties utilized. Table 5 shows the chemical composition of main
products (grain, whole plant, and straw) and by-products obtained from mainly brewer and
milling industries useful and utilized in barley feed.
3.3. Barley for food
Barley’s versatility as food is well known across the world, and it is historically acknowledged.
Although barley has remained a major food source for some geographical areas [14, 32], it
may be considered relatively underutilized with regard to its potential use as an ingredient in
processed human foods. The quantity of barley used for food (excluding the beverage sector)
is still very small considering its high nutritional value. The barley grain has a chemical composition extremely useful for the organism: low fat, complex carbohydrates, balanced protein
level, a good presence of vitamins, minerals, antioxidants, insoluble, and soluble fiber [2]. The
current appreciation of barley as a food source is due quite to its potential health benefits.
As a matter of fact, in the past, barley foods had been considered as health-promoting and
strength-enhancing. Subsequently, as already underlined, the diffusion of wheat for producing bread and other baked foods has taken over barley’s use as food. However, recently, this
grain has been reevaluated as having significant benefits in human health functions such as
cholesterol-lowering, blood sugar control, and colon health [38, 39, 40, 1]. Table 6 shows the
major bioactive compounds, its localization in the kernel, and health benefits.

Sources: elaboration on [1, 30, 34].
Table 5. Chemical composition of main products and by-products utilized in barley feed (g/kg on dry mass).
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Table 6. Compounds with biological activity in barley caryopsis.

According to [14] the quite high content of β-glucan found almost exclusively in oats and barley contributes to heart disease prevention for people who regularly eat these cereals. In fact,
numerous clinical trials show barley’s equal or superior value as a hypocholesterolemic food
compared to oats contributing to reducing the risk of coronary heart diseases. This compound
has also a positive action to the bowel function. β-glucan with the resistance starch fermenting in the large intestine produces short-chain fatty acids especially butyrate and propionate.
These fatty acids provide many benefits to the intestine such as energy for epithelial cells that
contribute to produce a healthy colonic mucosa [41].
Moreover, the typology of carbohydrates present in the barley seed can contribute to reducing or
stabilizing the progression of diabetes disease. This characteristic was already known by ancient
Indian physicians some 2400 years ago which used barley to stabilize type 2 diabetes [42].
In the food industry, barley may be blended into many food products at various levels, adding texture, flavor, aroma, and nutritional value to products [43, 44].
Barley undergoes treatments/processes before it can be used in the food sector. The diverse
operations modify the chemical composition of the kernel due to the significant differences in
the anatomy and composition of the various parts of the same.
This determines a variation in the nutritional value of the kernel and a potential different product range [14]. Figure 9 shows a simplified schematization of the main products and co-products
derived from the treatments undergone by the barley.
Whole barley grain is mostly used for feeding animals, whereas for food purposes, it is mainly
used as a dehulled grain or high fiber content products. Commercial products derived from
wholegrain include barley flakes, grits, and flour.
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Figure 9. Main products and co-products derived from barley milling process (source: personal author’s elaboration).

Food produced from barley is a good source for many nutrients such as protein, fiber, minerals, and B-vitamins [30].
For this purpose, barley grain is first abraded to produce pot or pearled barley and may be
further processed into grits, flakes, and flour.
The most common method of processing hulled barley is pearling, which consists of the gradual removal of the outer tissues of the kernel by abrasion. As a result, pot and pearl barley are
not considered wholegrains since they are high in β-glucan content. The hull represents about
10–13% of the dry weight of the kernel, but the commercial pearling method involves removing
more than the hull in order to produce a white-colored, quick-cooking product. Pearling allows
barley to have a longer shelf life since the lipid fraction, phenolic compounds, and enzymes contained in the germ are removed. These molecules cause rancidity and darkness barley. About
15% of the outer layers are eliminated in pot barley, whereas in pearl barley, more than 45%.
Pot and pearl barley are not considered wholegrain because the bran layer and germ are
removed. They are also used to make porridge, pie fillings, as an alternative to rice, pasta, or
potatoes. Barley flakes are used as an ingredient in muesli or breakfast cereals.
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Cooked pearled barley is used in the preparation of many traditional dishes and also used to
produce miso, barley tea, and rice extender in the Japanese market.
Barley flour, prepared from pearled grain through hammer milling or roller milling, can easily be used to produce bread, flat breads (pitas, tortillas, and chapatis), cakes, muffins, cookies, noodles, and extruded snack foods [14, 43, 44]. Barley flour can replace all or part of the
wheat flour in a wide assortment of bakery products such as, for instance, pasta and noodles.
The use of barley starch is also interesting for the food industry, where it is used as sweetener
and binder. In the brewing industry, barley starch is used, together with barley malt, in the
production of beer.
Barley for malt and beverages. The best known and most widespread use of barley for food
purposes is related to the production of malt that is primarily used in the brewing industry,
alcoholic and non-alcoholic beverages. Barley malt is mainly used for beer production while
smaller amounts are used by the whisky distilling industry and by bakeries [25].
Barley malts, malt extracts, and syrups are used in small amounts in food products to improve
some organoleptic characteristics such as flavor and color, for breakfast cereals, fermented
and non-fermented bakery products (e.g., crackers, cookies, and muffins).
Malt extract is a source of soluble sugars, protein, and amylase in the dough and promotes the
activity of yeast for better bakery products for texture, volume, etc.
The history of alcoholic drinks including beer goes back to at least 8000 years ago in the
Middle East and in Egypt [14, 45]. Barley is used to make most beers because its carbohydrates
are particularly well suited for malting. The malting process breaks down carbohydrates into
sugars which provide unique flavors and fuel for fermentation. Barley can also be used to
make whiskey, quite popular in Ireland and Scotland.
Starch fermentation products are also distilled to pure grain alcohol for vodka-type products
as well as industrial ethanol that is sold mainly to the pharmaceutical industry.
Modest quantities of non-alcoholic drinks based on barley and malt are consumed in various
parts of the world. A non-exhaustive list of non-alcoholic beverages based on barley is as follows:
1. Barley infusion: coffee substitute (contains no caffeine), obtained from toasted and ground
grains, lyophilized or in pods prepared for espresso machines; barley coffee is very popular in Europe particularly in Italy.
2. Barley water: a drink that is made by boiling whole or pearled barley and then flavoring
with various fruits. It is a flavorful drink that is enjoyed similar to soft drinks with healthy
properties; barley water is used as a dairy substitute for drinks such as smoothies or hot
chocolate, or to replace milk on breakfast cereals.
3. Barley tea is common in Asian countries (called mugicha) and is made by lightly roasting
barley and then steeping in hot water.
4. Malted beverage: there are also various malted beverages available, often in the form of
“malty milk” in which malt extract is blended with milk.
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3.4. Other uses of barley
In this paragraph, both new technologies still under study or pre-commercial phase and
niche uses of barley that could be developed in the near future are briefly presented. For
instance, barley grain is currently utilized in United States of America and in European
Union in bioethanol production when the cheapest starch sources such as corn or wheat
are not available or a surplus of barley production is recorded [46, 47]. However, the possibility to utilize barley residues or leftover barley by-products (e.g. hulls and mostly dried
distillers grain - DDGS) as sources in bio-energy industry is under study. So, hydrothermal
liquefaction technology could be useful to obtain bio-oil for transport system or energy
sector to produce heat and/or electricity [48]. Moreover, the potential exploitations of barley
in non-feed and food fields are numerous and are strictly linked to barley composition,
structure, and physicochemical properties of a single component of the plant. For example,
the presently growing interest is focused on barley straw use as an alternative non-wood
raw material in pulp and paper industry. Paper made from this agriculture residue presents
great potential, in terms of paper sheet quality, compared with some wood species much
commonly used such as P. sylvestris and E. camaldulensis [49, 50]. Moreover, the high concentration of biocompounds in barley grain and distillery and brewery byproducts (such
as phenolics, vitamin E and β-glucan, sterols, fatty acids, and bioactive peptides) makes
barley a potential source of row material in pharmaceutical and cosmetic industries. Also,
lactic acid, xylitol, and microbial enzyme are products obtainable from barley and useful
in different industrial sectors [51]. Barley collagen, for instance, is considered a good and
profitable collagen vegetal source for cosmetic industry [52]. Furthermore, barley starch
shows a suitable attitude to be modified, becoming an appropriate row material for numerous pharmaceutical applications or in the production of biodegradable materials useful in
food packing industry [53, 54].
Finally, the interesting use is barley straw as an inhibitor for the growth of algae to preserve water resources from algae proliferation [55, 56]. This new technology could help
substitute the chemical products contributing to reduce the environmental impact of water
treatment process.
Barley, as already underlined, has developed during its millennial evolution some interesting characteristics, allowing its diffusion and adaptability in a wide range of geographical
locations and climatic conditions. This aspect is particularly interesting in an era of climate
change whose effects are also reflected in agricultural production. In the recent years, there
have been a significant and increasing number of studies on the effect of climate change on
agriculture [57] through the use of specific models and software [58]. Climate change is one
of the major concerns related to food supply for the increasing population. It has already
generated significant impacts on the availability of resources, water, and food production. It
is one of the most significant factors influencing crop production [59]. In fact, it affects yield
and yield quality due to impacts on crop physiology and in alterations in nutrient mineralization; barley for its characteristics, even in adverse climatic conditions, could represent
the right answer to the greater demand for food, feeds, etc., in a strongly dynamic world
context [60].
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4. Conclusions
Barley represents one of the ancient grain crops cultivated and used worldwide. Thanks
to its high adaptability, this plant grows in different global climates where other cereals
(i.e., maize, wheat, and rice) do not live such as in arctic and subarctic zone to subtropical
region. This work has presented some interesting aspects of this grain, regarding especially the international market trend and use. The principal results from this overview are
the following:
1. in the last 70 years, the harvesting area is decreased especially in the major barley production countries such as Russia (including all the countries from former USSR), United States,
India, and China, probably due to the low income deriving from this culture with respect
to others such as maize. However, this situation has been balanced by the yield improving,
changed from about 1.4 t/ha in the years 1960 to 3 t/ha in 2017, which has pushed the barley
production from almost 79 (1960) to 141 Gt (2017);
2. currently, the leader, in terms of production and area dedicated, is EU followed by Russian
Federation, Ukraine, Australia, and Canada. In particular, Germany and France are the
first and second European barley producers followed by Spain and United Kingdom
which contribute more than 35% of the total EU production;
3. regarding the barley consumption in 2017, it was about 147 Mt, of which 70% is used for
animal feed and 30% principally for the production of beer ingredient (malt) and a little
quantity for other human food applications;
4. in the recent years, the high barley demand on the global markets not balanced by
the world production has led on one side to a decrease of stocks in many countries
producer and on the other side an increase of the barley price. This situation could get
worse in the future due to the increase of its request in the global markets (principally
China);
5. finally, the principal uses of this grain is to produce feed and beer, although recently it
has been revaluated as food in the human diet, thanks to its significant benefits on the
human health such as cholesterol lowering, blood sugar control, and improving of the
colon health.
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Abstract
In Mexico, the grassland represents 40.1% of the total area of the country and it is a
source of feed for livestock, although suffers different degrees of degradation due to
lack of management and adverse climatic conditions. The problem of the grasslands is
complex since it involves diverse type’s soils, presence of invasive plants, low success in
the establishment of grasses or replanting, high fluctuation in the rainfall distribution,
as well as the low capacity of the soil to retain moisture. Among these constraints, the
limited availability of soil moisture in arid conditions, makes these areas more fragile to
the degradation of the environment which results in low productivity of the grassland. In
this chapter, major ecological limitations of the grassland and techniques which improve
the soils moisture retention capacity of the grassland especially in moisture deficit areas
will be discussed.
Keywords: grass, forage productivity, soil moisture, grazing, livestock

1. Introduction
Extensive livestock areas are one of the fastest growing sectors in the world compared to other
agricultural sectors [1, 2]. It is also the means of subsistence for millions of people and is a
great architect of world agricultural production [3, 4]. Livestock is the world’s largest user of
land resources: rangelands used for grazing and fodder production account for almost 80%
of all agricultural areas [1]. However, in the extensive field, livestock frequently participate
in the degradation of large areas of grassland and is a contributing factor to deforestation
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through clearing of the trees to grow grasses for the livestock [1, 4]. In addition, the herds of
cattle cause large-scale soil damage, mainly due to overgrazing of the grass, soil compaction
and soil erosion [5–7].
Currently, the interest in the efficient use and conservation of grassland has been restarted, due
to its importance in animal feed, the integral maintenance of the environment and because it
is one of the most threatened ecosystems, mainly due to extensive livestock farming, drought
and conversion for the land to cropland [8, 9].
The efficiency in the use of the grassland implies the sustainable use of this ecosystem for
the feeding of the domestic cattle, without neglecting the natural wildlife and the interaction
with the contiguous ecosystems. Grasses are considered as one of the most important sources
in low-cost feed for cattle, sheep and goats [1, 10]. The adequate use of grassland provides
economic benefits to the states, livestock areas, producers and final consumers of agricultural
products. In spite of the importance of the grassland, in recent years its conservation has been
neglected. Hence, excessive animal burden was promoted which favored the reduction in
the productive capacity of the ecosystem that resulted in soil erosion and loss of biodiversity
[11]. Due to this, the competitiveness of the system has been reduced. In addition, productive
efficiency as well as social and economic benefits that are generated from agricultural production in natural grassland had been reduced.
Due to the overgrazing of the grasses by allowing excess number of livestock which is more
than the capacity of land the ecosystem of the area has been drastically affected [1]. This
has caused a radical change in the floristic composition of the grasslands and a reduction in
water permeability of the soil, which increases the runoff and causes an accelerated erosion
[12]. The substitution of complex grassland ecosystems for extensive livestock has implied an
invaluable ecological cost.
Thus, in the present work we will tackle repasting techniques, integral use of biotic resources,
control of the carrying capacity and a better planning on the activity the livestock, the foregoing to minimize the effects of extensive cattle ranching in the grassland ecosystem. In addition, the major findings relevant to the topic especially on the contribution of grasses in the
mitigation of the degraded soils in drylands is given emphasis.

2. The stage of extensive livestock farming, its impact on grassland
ecosystems
From an environmental point of view, the extensive livestock model contributes to the degradation of the territory but in a much lower proportion than the contribution of the intensive
and industrial production system. It should be noted that in the extensive exploitation, the
aspect that has the most environmental impact is the clearing of the land to allow the growth
of grasses. On the other hand, it can also influence the degradation of grassland areas as a
result of overexploitation, especially in the arid and semiarid regions where crops and plants
take longer to develop. However, due to its distribution in an extensive manner, it could
be said that it’s negative impact in terms of the emission of contaminating flows or in the
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compaction of the soil is less than the intensive production model. This is due to the fact that
being distributed on the land exceeds the load capacity. Moreover, in most cases, authors
indicate that rather than contaminating, it implies a load of nutrients and a contribution to the
development of that surface [1, 7]. Therefore, it is necessary to highlight the positive aspects
of this type of exploitation to the environment as it is closely linked to the latter. In this line,
it is worth highlighting that extensive exploitation contributes in a sustainable way to obtain
natural fertilizer [13], control of shrub vegetation [14] and regulate fuel biomass in forest areas
[15], as well as preserve the biodiversity [16].
Apparently, the interaction of livestock with the ecosystem is complex and depends on the
location and management practices. Extensive livestock production systems are based on
the availability of resources locally which dictates the use of alternative sources that reduce
opportunity costs. Examples of such resources are crop residues and land under extensive
grazing that is unfit for cultivation or other uses [13]. At the same time, in traditional livestock
farming systems valuable agricultural inputs are generated which guarantees the close integration of the two production systems.
In particular, genetically conditioned, the grassland evolved to trampling, defoliation and,
when they retain sufficient vigor in response to erratic grazing (before the arrival of domestic
livestock) and/or controlled (under modern grazing), enter latency, avoiding critical periods,
either drought or winter, to vigorously sprout when the temperature and humidity of growth
return [1]; their habit of modular growth means that they maintain the proper structure to
harvest rains smaller than 5 mm, cover areas of bare soil and, at the same time, trap moving
soil in the air or form soil. In this regard [1], the best soils in the arid and semiarid world,
currently under agricultural use, were formed by grassland and it is still possible to observe
regions with soils of depths from 1 to 2 m that were grasslands in their most recent history.
It is necessary to delimit, that in a healthy grasses, a density of 60,000 mature tillers per hectare
[17]. However, due to frequent overgrazing (not respecting times of abundance and shortage),
the vast majority of arid and semiarid grassland had a population of less than 2000 mature
tillers per hectare of desirable perennial species [8]. These 2000 tillers are those that resist
drought, overgrazing and low temperatures, which leaves large areas of bare soil and solar
energy that dissipates heat. Since the forage and other grass products are interpreted by the
owner of the grazing area as harvest opportunity, the first to arrive or the one with the most
adequate collection tools, takes advantage of the resource before others do it. However, this
practice is mostly done without promoting its abundance and without respecting rules of use
or without knowing the effect of its long-term activity on the ecosystem.
2.1. Hubs of controversy in the degradation of grassland due to livestock
The characteristics that are most recurrent in the grassland of the arid and semiarid zones
are the cyclical drought register [18] and the pressure of the land use [19], with an extensive
exploitation system. These lead to the overgrazing of the land. In this regard, the degradation
of the natural resources of the grassland in arid and semiarid zones as a form of desertification, is the factor that most affects the grassland ecosystem, in which extensive livestock is
practiced [20].
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In arid and semiarid areas, where most of the world’s grassland ecosystem is located, grassland intensification is usually not technically viable or profitable. As a result of the weakening of traditional institutions and increased pressure on land, many of them have become
open access zones. In these and other grassland based systems, incentives and technologies
to improve grassland management are scarce [1]; therefore, the improvement of productivity
and potential ecosystem services are lost.
Deforestation caused by overgrazing is a common feature [19]. According to Programa das
Nações Unidas para o Meio Ambiente (PNUMA) study in Brazil [21], approximately 20% of
the world’s grasses and grassland had suffered some degree of degradation, and this numbers rises to 73% in arid lands. According to the estimation of the Millennium Ecosystem
Assessment, 10–20% of the grassland is degraded, mainly due to overgrazing [22].
The degradation of the grassland is usually the consequence of the lack of correspondence
between the density of livestock and the ability of the grasses to recover from grazing and
trampling. Ideally, the land: livestock ratio should be adjusted continuously to the conditions of the grasses especially in dry climates. However, due to the weakness of traditional
institutions, the increase in pressure on resources and the number of obstacles that hinder the
movement of livestock, such adjustments are usually not possible. This occurs in particular in
the case of arid and semiarid communal grazing areas [1]. Among the environmental consequences of grassland degradation soil erosion, vegetation degradation, the release of carbon
from organic matter deposits, the reduction of biodiversity and the damage of the water cycle
are the major ones.
Degradation due to grazing can be reversed to a certain extent, although the speed of the
process and the best techniques for this purpose remain the subject of discussion. Grazing
lands can be managed sustainably by virtue of common property systems. However, in cases
where common property systems have been divided, excessive grazing is usually observed.
The economic argument by which each farmer tries to maximize their personal benefits,
when common property systems are divided is clear: maximizing the number of animals
per hectare allows the cultivation of more resources for individual benefit. This encourages
overexploitation of land resources to the detriment of total productivity.
2.2. Livestock and grassland: a global perspective
The different systems of livestock production affect biodiversity in different ways. Extensive
systems could accommodate large number of breeds and make use of a huge variety of plant
resources such as forages, but their lower productivity could increase the pressure to invade
natural habitats to a greater extent.
In general, the effects of livestock on biodiversity depend on the magnitude of these effects or
on the degree to which biodiversity is exposed to them, on the sensitivity of biodiversity to
livestock and on how it responds to these effects [23].
According to the Millennium Ecosystem Assessment [22], the most important direct causes of
the loss of biodiversity and changes in ecosystem services are alterations in the habitat (such
as changes in the use of land), climate change, invasive alien species, overexploitation and
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pollution. Cattle contribute directly or indirectly to all these causes of the loss of diversity,
both locally and globally.
Normally, the loss of biodiversity is caused by the combination of various processes of environmental degradation [1]. This makes it difficult to isolate the contribution of the livestock
sector. Another complication is the multiple phases of the food production chain of animal
origin in which the environmental effects take place.
The use of land and the change in land use related to livestock production modify ecosystems
that are the habitats of specific species. Cattle contribute to climate change, which in turn has
implications for ecosystems and species. The sector also has direct impacts on biodiversity
through the transfer of invasive exotic species [11], for example through overgrazing.
2.3. Alternatives for the conservation of the grassland ecosystem: towards a need for
change
Taking measures towards reducing the effects of extensive livestock production on the ecosystem is important as lack of the action drastically worsen the situation. It is also necessary
to balance the demand for animal products with the growing demand for environmental
services, such as clean air and water.
One of the measures to counteract the effects of extensive production is the current prices of
land, water and fodder resources used in livestock production, since they do not usually reflect
the scarcity of these resources [1]. As a consequence, they are abused and the productive process is remarkably inefficient. Environmental protection policies should introduce adequate
market prices for the main inputs [19], for example, by introducing water and grazing prices
that reflect the total costs. Precisely, the recent development of water markets, in addition
to the establishment of prices proportionally more appropriate in some countries, especially
those suffering from the shortage of this resource, are measured in the right direction [1].
Good agricultural practices are equivalent to another technique that could reduce the effects
of extensive livestock production [1, 24, 25]. This is referred to reduce the use of inputs in the
production of forages and in the intensive management of grassland. The integration of technologies and ecological production systems can restore important soil habitats and reduce
degradation.
Overgrazing can be reduced by introducing exploitation fees and removing obstacles to
mobility in communally owned grasslands. Land degradation can be avoided and reversed
through soil conservation methods [26, 27], silvopastoralism [18], better management of grazing systems [20], establishment of limits on uncontrolled burning by producers [23], and the
controlled exclusion of livestock from fragile areas [24].
The combination of such local improvements with the restoration or conservation of an ecological structure in the river watershed area could be a good way to reconcile the conservation
of the ecosystem function and the expansion of agricultural production [28]. In the extensive
agricultural production systems, there is a great difference between current productivity
and potential productivity, which indicates that a considerable increase in efficiency can be
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achieved by improving management [29]. However, this is more difficult to achieve in areas
with limited resources, which are also ecologically more marginal areas.
In the case of most productive systems, there are improved and efficient production technologies. However, access to relevant information and the ability to select and implement
the most appropriate technologies are limiting factors. These limitations can be reduced by
managing interactive knowledge, capacity building and informed decision-making in policy,
investment, rural development and producer areas [1]. It is necessary to guide technological
improvements towards an optimal integrated use of land, water, human beings, livestock and
grazing food resources for livestock.

3. Productive reconversion and management practices in arid land
grasses
The productive reconversion is interpreted as the incorporation of technological changes and
processes that contribute to the productivity and competitiveness of the agricultural sector to
food security, and to the optimal use of lands through complementary supports and investments [18, 30]. The objective of the productive reconversion is to promote the establishment
of agricultural and forestry production activities in areas of well productive potential and
productive aptitude, which are competitive and promote sustainability.
According with the laws in force that regulate the use of natural resources in Mexico, the
terms identified and that are related to the reconversion are: technological changes, conversion of crops, productive reconversion and recovery of degraded areas [18]. They show a gradient of technological actions ranging from the most elementary adoption of a technological
component, until gradually, reaching an early extreme that is the recovery of degraded areas.
Productive reconversion, considers agronomic criteria, such as the changes of current species
by native species or alternative crops that are apt to survive and produce in areas susceptible
to conversion.
Regarding grassland management practices in arid lands, it is based on ecological principles
where processes of plant succession, condition and composition, density of species and plant
communities, areas and species among others are observed [31]. The actions that allow an
adequate management of the grassland in the arid and semiarid zones, are priorities when
developing programs of resource management for these zones. Likewise, the health of these
ecosystems involves other highly relevant efforts [32]. However, when the management
actions are not sufficient to maintain the grasses in good condition, the option to induce,
through rehabilitation and/or improvement techniques, a gradual recovery of the grassland
in order to increase their productivity [20, 33].
3.1. Management of grassland: success studies in arid lands north of Mexico
The establishment of grassland in soils with physical degradation in areas in arid lands,
implies the possibility of obtaining food for the cattle and at the same time improving the
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condition of the land. For the rehabilitation of these areas, it is important to consider grass
species that are tolerant to the prevailing environmental conditions. Maintaining moisture in
the soil with efficient micro-harvesting systems contributes to the improvement of soil quality, avoiding erosion by wind and rain water trawling. The integration of vegetation covering,
as well as the use of moisture retainers, as a way to reduce the high rate of evaporation, key
options to be widely adopted. However, so far, they are little explored and hence poorly
implemented environment degraded by soil erosion and desertification [34, 35].
3.1.1. Grasslands in the middle watershed Nazas-Aguanaval: case study San Luis del
Cordero, Dgo
The middle watershed of the Nazas-Aguanaval rivers is a predominantly grassland area that
is considered as a semiarid zone. This region registers an environmental deterioration, due to
overgrazing by large number of cattle which results in partial loss of vegetation cover and a
progressive loss of soil [36]. The major findings of the study at San Luis del Cordero, Durango,
Mexico in 2015 with the aim of evaluating different soil moisture retention practices as well
as the use of hydrogel and stubbles on the survival and establishment of grass (Bouteloua
curtipendula [Michx.] Torr. and Chloris gayana Kunth) are briefly presented below [35].
3.1.2. Moisture content of the soil
The moisture content of the soil was significantly (P ≤ 0.05) higher than the control at each
depth evaluated when applying hydrogel after the runoff, registering values on average 3.0%
higher, with respect to the control. This effect was diluted, in the later evaluation dates for both
depths. Hydrogels offer properties of retention and slow release of water in the soil, either
under conditions of immediate or prolonged irrigation, in addition to conserving moisture
in the root zone of crops [37]; however, in this study, the properties of the hydrogel were not
observed. Other authors highlighted hydrogel applications in buffel grass in arid climates,
improved seedling emergence, plant height, dry matter weight and vegetation cover [34]. This
positive effect was associated with hydrogels that significantly improved absorption capacity
of easily removable water of the soils; although the effectiveness of the gel in improving water
retention varies according to the type of soil [38].
Regarding the use of vegetable cover based on corn stubble, the moisture content evaluated
at different depths significantly higher (P ≤ 0.05) in 3.2% on each date of evaluation with
respect to where the crop residue was not incorporated. The usable humidity for this type of
soil is 18%, given that the CC was 33% and the PMP 15%. In the treatment without stubble
application, it reached values of 16%, very close to the PMP value. In this regard, the use of
mulch or crop residue in the production of other crops has been shown with favorable results,
such as soybeans and rainfed sorghum, were associated with a higher moisture content in
the soil when applying mulch in both crops, mainly in years with irregular rainfall [39]. In
addition, other authors indicate that the incorporation of mulch or stubble to crops represents
an important cultural practice, since it plays an essential role in the conservation of moisture
in the soil; the organic and inorganic coverings, on average, register a higher content of soil
moisture for the first active soil layer [40].
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3.1.3. Seedling survival
B. curtipendula and C. gayana had superior survival rate of 84%, 6 weeks after transplanting,
although the differences between the two species was not significant. The high percentage of
survival might be due to the planting method during the transplanting, since direct sowing
of the seed in the field is only 10% and in some cases 50% [41]. Values higher than 95% of
establishment in buffel grass had been found when using the transplant method, considered
a highly effective sowing method even in soils with limited natural fertility.
The percentage of grass survival was 88.6 and 76.4% in the hydrogel doses of 20 and 10 kg ha−1,
respectively, but with no significance difference between the two, with a better response tendency in the dose of 20 kg ha−1, by statistically differentiating from the control. The survival
percentage was significantly higher (P < 0.05) when corn stubble was applied (89.9%), compared to when it was not applied (81.2%) (Table 1). By not applying the vegetation cover,
the percentage of survival of forest species is significantly reduced, up to 66.7% [42]. The
application of stubble as vegetable cover in crops, improves soil moisture retention by reducing evaporation, in addition to creating a microclimate suitable for germination of the seed,
survival and development of the crop in its initial phase [43].
3.1.4. Air dry matter and plant radical content
The stubble effect was related to a higher soil moisture content and more evenly distributed,
which allowed a higher yield (P ≤ 0.05) of biomass in both grasses. The stubble dose was
associated with yield higher than 24.9% in the native grass and 25.6% in the introduced

Grass specie/Dose of

Percent of survival

retainer of soil water
BC

87.03 a ± 1.3

CG

84.12 b ± 1.1

Hydrogel doses
0 kg ha−1

72.93 b ± 0.9

10 kg ha−1

76.42 b ± 1.5

20 kg ha−1

88.64 a ± 1.2

Stubble coverage
0 t ha−1

81.21 b ± 1.4

10 t ha−1

89.94 a ± 1.6

BC = B. curtipendula [Michx.] Torr.; CG = C. gayana Kunth. ab–Numbers of different letter into each variation factor
(grasses, hydrogel and corn stubble) are statistically different (P < 0.05).
Table 1. Percent survival of grasses due to hydrogel and stubble.

Management Practices and Bioproductivity in Grassland of Dry Areas
http://dx.doi.org/10.5772/intechopen.79411

grass, compared to the control (Table 2). In contrast, statistically significant differences
(P ≤ 0.05) was obtained for 30 DDR for aerial biomass production using 10 and 20 kg ha−1
hydrogel. However, in the two subsequent evaluations, the differences in the DDR of the
aerial biomass was negligible might due to the dilution effect identified in the moisture
content in the soil. To add of stubble significantly increased (P ≤ 0.05) the root biomass,
obtaining the highest weight at the end of the vegetative cycle in native and introduced
grasses. The average increase in biomass of the root in the stubble dose was 43.1% in native
and 38.3% in the introduced one, with respect to not applying the vegetation cover, in the
three evaluations (Table 3).
In this regard, the addition of stubble on the soil surface favorably affects greater biomass
production in grasses [44]. Other authors [45] obtained significantly higher increases in forage
yield in guinea grass by adding straw to the soil. On the other hand, the hydrogel has shown
a more efficient use of water, which improves the growth of plants [46], although this effect
was not observed at the time of evaluation.
The amount of rainfall has impact on the effectiveness of the hydrogel applications, as the
registered rainfall of 372.2 mm was 10.0 mm lower than the annual average in the region
(Figure 1A) [47]. The information obtained can be agreed upon the selection of grass species
with high potential and soil moisture retention practices, to be used in rehabilitation programs of degraded grassland in arid lands.

Dose of retainer of soil water

Dry weight of aerial plant biomass (g)
30 DDR

45 DDR

60 DDR

BC

CG

BC

CG

BC

CG

11.0b

17.5b

45.1a

57.9a

53.3a

68.0a

± 1.7

± 3.3

± 6.0

± 5.5

± 7.1

± 7.0

13.3ab

24.3a

42.8a

56.0a

51.5a

66.8a

± 2.2

± 4.1

± 5.9

± 5.8

± 6.3

± 7.6

14.7a

25.6a

44.7a

56.9a

51.6a

67.7a

± 2.0

± 4.9

± 5.3

± 4.2

± 6.2

± 5.8

12.3b

20.4b

39.8b

52.3b

47.2b

61.1b

± 2.1

± 1.6

± 3.3

± 2.7

± 4.4

± 2.8

16.1a

28.6a

48.8a

61.1a

57.2a

73.2a

± 0.9

± 1.9

± 3.9

± 2.8

± 4.5

± 3.2

Hydrogel doses
0 kg ha−1

10 kg ha−1

20 kg ha−1

Stubble coverage
0 t ha−1

10 t ha−1

BC = B. curtipendula [Michx.] Torr.; CG = C. gayana Kunth DDR = Days after the first runoff. ab–Numbers of different
letter into the same column, and into each variation factor (hydrogel and corn stubble) are statistically different (P < 0.05).
Table 2. Effect of hydrogel and corn stubble on shoot dry biomass of two grass species.
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Dose of retainer of soil water

Dry weight of shoot dry biomass (g)
30 DDR

45 DDR

60 DDR

BC

CG

BC

CG

BC

CG

5.0b

9.1b

19.5a

24.3a

22.9a

29.0a

± 0.5

± 1.2

± 4.8

± 4.3

± 4.5

± 4.3

6.6a

11.7a

17.7a

24.6a

21.7a

29.5a

± 1.0

± 2.2

± 3.3

± 3.7

± 3.2

± 4.1

6.3a

11.9a

19.0a

25.5a

22.5a

28.9a

± 0.8

± 2.1

± 3.5

± 3.7

± 3.6

± 3.6

4.7b

9.2b

15.5b

20.9b

19.4b

25.3b

± 1.8

± 1.1

± 2.4

± 1.5

± 1.9

± 1.3

7.3a

13.9a

22.1a

28.2a

25.5a

32.6a

± 0.6

± 1.4

± 2.2

± 1.2

± 2.3

± 1.6

Hydrogel doses
0 kg ha−1

10 kg ha−1

20 kg ha−1

Stubble coverage
0 t ha−1

10 t ha−1

BC = B. curtipendula [Michx.] Torr.; CG = C. gayana Kunth DDR = Days after the first runoff. ab–Numbers of different
letter into the same column, and into each variation factor (hydrogel and corn stubble) are statistically different (P < 0.05).
Table 3. Effect of hydrogel and corn stubble on root dry biomass of two grass species.

3.2. Grasslands in the Nazas-Aguanaval middle watershed: case study Mapimí, Dgo
This study was carried out in Mapimí, Durango, Mexico in 2016. The objective of this study
was to evaluate different soil moisture retention practices in the establishment, development
and production of grassland in degraded areas of arid lands of northern Mexico. In this case,
the use of different soil moisture retention practices and hydrogel and stubbles on the survival
and growth of native and introduced grasses (Bouteloua gracilis H.B.K [Lag.] and Pennisetum
ciliaris L.) were investigated [48].
3.2.1. Percentage of establishment and yield of dry matter
The percent establishment of grasses was equal to or greater than 70% regardless of species
or treatment. Both blue grama and the buffel grasses had a high survival rate, 5 weeks after
transplanting in July 2016 (Figure 2). This elevated response was due to the high moisture content of the soil during germination of the grass, which exceeded 26% of moisture
content.
However, in treatments with stubble application, the moisture content levels was higher
(P ≤ 0.01) than the rest, with records of 25.8% on the average (Figure 3). The stubble application favored the growth and productivity of the grass. By increasing on the average the soil
moisture content by 5.4%, the amount of dry matter is raised by 73% without the application
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Figure 1. Rainfall during 2015 in the area near to the experimental area to San Luis del Cordero, Dgo, México (A) and
rainfall during 2016 in the area near to the experimental area to Mapimí Dgo, México (B).

Figure 2. Percent survival by grasses with different types of treatments including stubble and hydrogel. Means with
different letters are significantly different from each other (P < 0.05).

of stubble. The use of hydrogel has significantly improved of the rate of germination, but not
influenced the amount of grass produced. Likewise, the introduced grass recorded a higher
yield, about 75.3% above the native grass; however, the yields of both grasses were above the
average reported for the region [49] (Figure 4).
With the incorporation of mulch to the soil for establishment of grasses it is possible to obtain
significantly higher results in relation to treatments without the addition of straw, having a
greater amount of vegetation of grasses and biomass [44]; also, improves soil moisture retention by reducing evaporation [43]. Equally, addition of vegetative mulches to have a positive
impact on the yield and profitability of the plants, which could largely be attributed to the
mulches modifying soil temperature and moisture and in controlling weeds [50]; moreover,
the cover crops and living mulches bring many benefits to crop production and plants, such
as soil erosion control, reduce weed pressure, increase soil organic matter content, improved
soil structure and water infiltration, decreased water runoff, reduced surface soil temperature
and water evaporation [51].

59

60

Grasses as Food and Feed

Figure 3. Effect of mulching on soil moisture content at selected dates after treatment application. Means with different
letters are significantly different from each other (P < 0.05).

Figure 4. Effect of grasses and soil treatments dry matter yield. Means with different letters are significantly different
from each other (P < 0.05).

The yields obtained were mainly benefited by the high rainfall recorded in the area, which
was 346.0 mm, about 96 mm above the annual average in the area (Figure 1B) [47]. The direct
sowing of grass seeds and the application of stubble is suggest as the technique increases the
percentage of establishment and survival of the grasses. P. ciliaris has better advantage over
B. gracilis at initial phenological phases by undergoing higher survival rate and producing
higher yield. The results of the current study suggests the option of improving grassland
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Figure 5. Degraded area with high percentage of bare soil and dominance of undesirable grasses species (A) and
establishment of grassland and moisture retention practices with stubbles and hydrogel 1 year later in Mapimí, Dgo (B).

areas using technical and management options to mitigate the impact of drought, restore
degraded areas and carry out productive reconversion for grassland in arid and semiarid
zones (Figure 5).

4. Conclusions
The degradation of grasses is a phenomenon that gets worse every day and is caused by
several factors. The management of the grassland plays a key role to reducing the ecological degradation process. Hence, studying and understanding the process of degradation of
grassland, as well as their economic and social impact, is considered necessary to develop
comprehensive strategies for their recovery.
Facing the challenge of recovering degraded grassland is now an urgent need. There are also
no doubts for scientists, producers and government officials that the degradation of the grassland is the prelude to desertification. This last problem, due to its dependence on human and
environmental factors, is complex. Hence, any alternative to avoid or diminish its effects on
man justifies the attention and effort, for which it is necessary to establish scientific strategies
where the costs of grassland recovery are reduced and public policies of credits and services
that stimulate the producers to prioritize this specific activity.
Finally, it is necessary to mention that man is the fundamental factor for the recovery of the
grassland ecosystem and improve its efficiency, provided that it has sufficient experience or,
acquire the necessary knowledge and skills in the priority issues for the application of exploitation technologies, these appropriate to the existing climatic and socioeconomic conditions.

Acknowledgements
We want to thank to Chapingo Autonomous University for financial support to carry out
the research related to the topic soil and water management practices in the productivity of
grasses areas in arid zones, as well as to the National Institute of Agricultural Livestock and
Forestry Research for their collaboration scientific and technical in this project.

61

62

Grasses as Food and Feed

Author details
Luis G. Yáñez-Chávez1, Aurelio Pedroza-Sandoval2*, Ignacio Sánchez-Cohen3,
Miguel A. Velásquez-Valle4 and Ricardo Trejo-Calzada2
*Address all correspondence to: apedroza@chapingo.uruza.edu.mx
1 PhD Student of Chapingo Autonomous University Bermejillo, Durango, México
2 Chapingo Autonomous University, Bermejillo, Durango, México
3 National Institute of Agricultural Livestock and Forestry Research, Gómez Palacio,
Durango, México
3 National Institute of Agricultural Livestock and Forestry Research, Saltillo, Coahuila,
México

References
[1] Steinfeld H, Gerber P, Wassenaar T, Castel V, Rosales M, Haan C. La larga sombra del
ganado: problemas ambientales y opciones. Vol. 464. FAO [Internet]. 2009. Available
from: http://www.fao.org/3/a-a0701s.pdf [Accessed: 10 April 2018]
[2] Ilea RC. Intensive livestock farming: Global trends, increased environmental concerns,
and ethical solutions. Journal of Agricultural and Environmental Ethics. 2009;22(2):
153-167. DOI: 10.1007/s10806-008-9136-3
[3] Steinfeld H, Wassenaar T, Jutzi S. Livestock production systems in developing countries:
Status, drivers, trends. Revue Scientifique et Technique. 2006;25(2):505-516
[4] Wharton J. Subsistence Agriculture and Economic Development. Routledge; 2008. p. 494.
[Internet] Available from: https://www.taylorfrancis.com/books/9781351487696 [Accessed:
30 March 2018]
[5] Bilotta GS, Brazier RE, Haygart PM. The impacts of grazing animals on the quality of
soils, vegetation, and surface waters in intensively managed grasslands. Advances in
Agronomy. 2007;94:237-280. DOI: 10.1016/S0065-2113(06)94006-1
[6] Batey T. Soil compaction and soil management–A review. Soil Use and Management.
2009;25(4):335-345. DOI: 10.1111/j.1475-2743.2009.00236.x
[7] Greenwood KL, Mc Kenzie M. Grazing effects on soil physical properties and the consequences for grassland: A review. Australian Journal of Experimental Agriculture.
2001;41:1231-1250. DOI: 10.1071/EA00102
[8] Asner GP, Elmore AJ, Olander LP, Martin RE, Harris AT. Grazing systems, ecosystem
responses, and global change. Annual Review of Environment and Resources. 2004;
29:261-299. DOI: 10.1146/annurev.energy.29.062403.102142
[9] Granados SD, Hernández GMA, Vázquez AA, Ruíz PP. Los procesos de desertificación y las regiones áridas. Revista Chapingo Serie ciencias forestales y del ambiente.
2013;19(1):45-66. DOI: 10.5154/r.rchscfa.2011.10.077

Management Practices and Bioproductivity in Grassland of Dry Areas
http://dx.doi.org/10.5772/intechopen.79411

[10] Estell RE, Havstad KM, Cibils AF, Fredrickson EL, Anderson DM, Schrader TS, James DK.
Increasing shrub use by livestock in a world with less grass. Rangeland Ecology &
Management. 2012;65(6):553-562. DOI: 10.2111/REM-D-11-00124.1
[11] Aguirre C, Hoth J, Lafón A. Estrategia para la conservación de los pastizales del desierto Chihuahuense. ECOPAD; 2007. p. 23. [Internet] Available from: http://bva.colech.
edu.mx/xmlui/bitstream/handle/123456789/HASH01bdd0a3e68cf84652938337/bio094.
pdf?sequence=3 [Accessed: 05 April 2018]
[12] Colomer MJC, Sánchez JD. Agricultura y procesos de degradación del suelo. In: SantaOlalla FM, editor. Agricultura y desertificación. Mundi-Prensa; 2000. pp. 109-131
[13] Contreras AMC, Coirini RO, Zapata RM, Karlin MS. Recuperación vegetal en ambientes
áridos: uso de cerramientos en ecosistemas degradados de la Cuenca Salinas Grandes,
Argentina. Revista Chapingo Serie Zonas Áridas. 2013;12(2):63-76. DOI: 10.5154/r.rchsza.
2012.05.005
[14] Barrera BN. Los orígenes de la ganadería en México. Ciencias. 1996;44:14-27
[15] Menoca SE, Álvarez AM. Los efectos de la sequía en la ganadería bovina de carne en
el sur de Durango, México: hacia una interpretación integral. In: Hernández L, editor.
Historia ambiental de la Ganadería en México. Instituto de Ecología; 2001. pp. 241-250
[16] FAO. El estado mundial de la agricultura y la alimentación. In: Organización de la Naciones
Unidas para la Agricultura y la Alimentación. FAO; 2009. p. 184. [Internet] Available from:
http://www.fao.org/docrep/012/i0680s/i0680s.pdf [Accessed: 02 April 2018]
[17] Calypso SA, editor. COTECOCA, Secretaría de Agricultura y Recursos Hidráulicos,
Subsecretaria de Ganadería Durango, Comisión Técnico Consultiva para la
Determinación Regional de los Coeficientes de Agostadero; 1979. 200 p
[18] Echavarría CFG, Medina GG, Rumayor RAF, Serna PA, Salinas GH, Bustamente WJG.
Diagnóstico de los recursos naturales para la planeación de la intervención tecnológica y
el ordenamiento ecológico. INIFAP; 2009. DOI: 10.13140/2.1.3453.0084
[19] Wassenaar T, Gerber P, Verburg PH, Rosales M, Ibrahim M, Steinfeld H. Projecting land
use changes in the Neotropics: The geography of pasture expansion into forest. Global
Environmental Change. 2006;17(1):86-104. DOI: 10.1016/j.gloenvcha.2006.03.007
[20] Velázquez VMA, Alba AA, Gutiérrez LR, García EG. Prácticas de restauración de suelos
para la conservación del agua. Folleto Técnico No. 46. INIFAP; 2012. p. 97
[21] PNUMA. Land Degradation in Drylands (LADA): GEF Grant Request. Nairobi:
Programa de las Naciones Unidas para el Medio Ambiente; 2004. p. 29
[22] Millennium Ecosystem Assessment, (MEA). In: Ecosystems and Human Well-Being:
Desertification Synthesis. Vol. 26. World Resources Institute [Internet]. 2005. Available from:
https://www.millenniumassessment.org/documents/document.356.aspx.pdf [Accessed:
11 March 2018]
[23] Reid R, Thornton P, Mccrabb G, Kruska R, Atieno F, Jones P. Is it possible to mitigate greenhouse gas emissions in pastoral ecosystems of the tropics? Environment, Development
and Sustainability. 2004;6:91-109. DOI: 10.1023/B:ENVI.0000003631.43271.6b

63

64

Grasses as Food and Feed

[24] Segrelles SJA. Problemas ambientales, agricultura y globalización en América Latina.
Scripta Nova. Revista Electrónica de Geografía y Ciencias Sociales. 2001;5(92):32
[25] Calle Z, Murgueitio E, Chará JJ. Integración de las actividades forestales con la ganadería
extensiva sostenible y la restauración del paisaje. Unasylva. 2012;63(239):31-40
[26] Stavi I, Lal R. Achieving zero net land degradation: Challenges and opportunities.
Journal of Arid Environments. 2015;112:44-51. DOI: 10.1016/j.jaridenv.2014.01.016
[27] UNCCD. Zero Net Land Degradation. In: A Sustainable Development Goal for Rio+20
to Secure the Contribution of our planet’s Land and Soil to Sustainable Development,
Including Food Security and Poverty Eradication. 2nd ed. Ediouro Grafica e Editora; 2012.
p. 28. [Internet] Available from: https://www.commonland.com/en/file/download/126
[Accessed: 26 February 2018]
[28] López BW. Análisis del manejo de cuencas como herramienta para el aprovechamiento
sustentable de recursos naturales. Revista Chapingo Serie Zonas Áridas. 2014;13(2):
39-45. DOI: 10.5154/r.rchsza.2012.06.017
[29] Holechek JL, Pieper RD, Herbel CH. Range Management: Principles and Practices. 6th
ed. Vol. 444. Prentice-Hall/Pearson, Inc; 2011
[30] Echavarría CFG, Pérez E, Aguirre AS, Rodríguez FAR, González HS. Productividad del
chamizo Atriplex canescens con fines de reconversión: dos casos de estudio. Técnica pecuaria en México. 2009;47(1):93-106
[31] Lored OC, editor. Prácticas para la conservación del suelo y agua en zonas áridas y
semiáridas. INIFAP; 2005. 187 p
[32] Pellant M, Shaver P, Pyke DA, Herrick JE. Interpreting Indicators of Rangeland Health,
Version 4. Technical Reference 1734-6. U.S. Department of the Interior, Bureau of Land
Management, National Science and Technology Center; 2005. p. 122. [Internet] Available
from: https://www.blm.gov/nstc/library/pdf/1734-6rev05.pdf [Accessed: 10 April 2018]
[33] Martín GO. Técnicas de refinamiento y recuperación de pastizales. 1a ed. San Miguel de
Tucumán: Universidad Nacional de Tucumán; 2014. p. 65
[34] Cruz MA, Pedroza SA, Trejo CR, Sánchez CI, Samaniego GJA, Hernández SR. Captación
de agua de lluvia y retención de humedad edáfica en el establecimiento de buffel
(Cenchrus ciliaris L). Revista Mexicana de Ciencias Pecuarias. 2016;7(2):159-172. DOI:
10.22319/rmcp.v7i2.4171
[35] Yáñez CLG, Pedroza SA, Martínez SM, Sánchez CI, Echavarría CJG, Velásquez VMA,
López SA. Retención de humedad edáfica en la sobrevivencia y crecimiento de dos especies de pastos Bouteloua curtipendula [Michx.] Torr. y Chloris gayana Kunth en Durango,
México. Revista Mexicana de Ciencias Pecuarias. 2018. [in progress]
[36] Chávez RE, González CG, González BJL, López DA. Retos de la investigación del agua en
México. In: Oswald SU, editor. La evapotranspiración en la cuenca baja y media del río
Nazas. UNAM; 2011. p. 754. [Internet] Available from: https://agua.org.mx/wp-content/

Management Practices and Bioproductivity in Grassland of Dry Areas
http://dx.doi.org/10.5772/intechopen.79411

uploads/2017/06/retos-de-la-investigaci%C3%B3n-del-agua-en-mexico.pdf [Accessed:
06 April 2018]
[37] Barón CA, Barrera RIX, Boada ELF, Rodríguez NG. Evaluación de hidrogeles para aplicaciones agroforestales. Revista Ingeniería e Investigación. 2007;27(3):35-44
[38] Narjary B, Aggarwal P, Singh A, Chakraborty D, Singh R. Water availability in different
soils in relation to hydrogel application. Geoderma. 2012;187-188:94-101. DOI: 10.1016/j.
geoderma.2012.03.002
[39] Obalum SE, Igwe CA, Eze OM. Soil moisture dynamics under rainfed sorghum and
soybean on contrasting tillage–mulch seedbeds in a mineral sandy loam at derived
savanna of South-Eastern Nigeria. Archives of Agronomy and Soil Science. 2012;58(11):
1205-1227. DOI: 10.1080/03650340.2011.575065
[40] Taparauskienė L, Miseckaitė O. Effect of mulch on soil moisture depletion and strawberry
yield in sub-humid area. Polish Journal of Environmental Studies. 2014;23(2):475-482
[41] González DJR, Gómez MS, López DA. El trasplante garantiza establecer zacates forrajeros en suelos salinos y arcillosos. Memorias del VI Congreso Internacional de Manejo de
Pastizales. Durango. Dgo. 2015:464
[42] Nissen J, Ovando C. Efecto de un hidrogel humectado aplicado a las raices de Nothofagus
obliqua (MIRB.) OERST. y Nothofagm dombeyi (MIRB.) OERST. durante su trasplante.
Agro sur. 1999;27(2):48-58
[43] Julca OA, Meneses FL, Blas SR, Bello AS. La materia orgánica, importancia y experiencia de su uso en la agricultura. Idesia (Arica). 2006;24(1):49-61. DOI: 10.4067/S071834292006000100009
[44] Beggy HM, Fehmi JS. Effect of surface roughness and mulch on semi-arid revegetation
success, soil chemistry and soil movement. Catena. 2016;143:15-220. DOI: 10.1016/j.
catena.2016.04.011
[45] Kusmiyati F, Sumarsono S, Karno K, Pangestu E. Effect of mulch and mixed cropping
grass-legume at saline soil on growth, forage yield and nutritional quality of Guinea
grass. Journal of the Indonesian Tropical Animal Agriculture. 2013;38(1):72-78. DOI:
10.14710/jitaa.38.1.72-78
[46] El-Hady OA, Safia MA, Abdel KAA. Sand-compost- hydrogel mix for low cost production of tomato seedlings. Egyptian Journal of Soil Science. 2002;42:767-782
[47] INIFAP. Red de Estaciones Agroclimáticas. Secretaría de Agricultura Ganadería y Pesca
[Internet]. 2018. Available from: http://clima.inifap.gob.mx/lnmysr [Accessed: April 12, 2018]
[48] Yáñez CLG, Pedroza SA, Martínez SM, Sánchez CI, Echavarría CJG, Velásquez VMA,
López SA. Retención de humedad del suelo e impacto en el crecimiento y desarrollo
de dos pastos (Bouteloua gracilis H.B.K [Lag.] y Pennisetum ciliaris L.) en suelos degradados de zonas áridas. In: Memorias III Congreso Internacional y XIII Congreso Nacional
Sobre Recursos Bióticos de Zonas Áridas, Bermejillo, Durango. Méx; 2017. pp. 99-100

65

66

Grasses as Food and Feed

[49] Velázquez MM, Hernández GFJ, Cervantes BJF, Gámez VHG. Establecimiento de pastos
nativos e introducidos en zonas áridas de México. INIFAP; 2015. p. 22
[50] Manu V, Whitbread A, Blair G. Mulch effect on successive crop yields and soil carbon in
Tonga. Soil Use and Management. 2017;33(1):98-105. DOI: 10.1111/sum.12314
[51] Hartwig NL, Ammon HU. Cover crops and living mulches. Weed Science. 2002;50(6):
688-699. DOI: 10.1614/0043-1745(2002)050[0688,AIACCA]2.0.CO;2

Chapter 4

Grasses in Arid and Semi-Arid Lands: The MultiBenefits of the Indigenous Grasses
Suzan Shahin and Mohammed Salem
Additional information is available at the end of the chapter
http://dx.doi.org/10.5772/intechopen.79151

Abstract
Drought regions are the most critical areas of the world. The challenging environmental
conditions create severe concerns in arid and semi-arid lands. Consequently, the management task is crucial to face the proposed complicated ecological conditions. The main
objective of this chapter is to focus on the vital roles of the indigenous grasses in drought
areas and how the same could be a perfect solution in the urban planning of such places
sustainably. Examples of the indigenous grasses of arid and semi-arid regions from the
Poaceae family will be illustrated along their multi-economic values. In addition, promising innovative approaches required to face the demanding future of the agricultural sector
will be presented and discussed.
Keywords: arid and semi-arid regions, economic value, global concerns, indigenous
grasses, innovative technologies, morphophysiological characteristics, sustainability,
water scarcity

1. Introduction
Arid and semi-arid lands are regions of the world that have harsh environmental conditions,
including high temperatures, high evapotranspiration rates, low precipitation rates, and scarcity of freshwater resources. Consequently, the management task of such regions is a challenging mission, especially with the growing concerns of climate change, population explosion,
and food security.
This chapter provides insights into how the indigenous grasses can be a perfect candidate to
rescue the future of the agricultural sector in arid and semi-arid regions sustainably, focusing
on the major role of grasses in urban planning. In addition, examples of predominant grass

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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communities that have multi-economic benefits of add value in arid and semi-arid areas will
be discussed. In addition, the chapter offers promising innovative approaches in such drought
regions.

2. Drought regions
Tropical desert (TBWh) is the global ecological zone (GEZ) that is characterized by severe
ecological conditions including high summer temperatures, high evapotranspiration (ET),
and low and irregular precipitation [1]. The sandy soil texture is predominant with high
porosity, high water permeability, low water holding capacity, poor nutrient content, and thus
low fertility [2–6].
Under such conditions certain vegetation can adapt and survive [5–7]. Such flora was for
centuries a free resource that provides free ecological services including shelter, food, and
medication [5].

3. Global concerns and the demanding future
Currently, there are major concerns threatening the future of the agricultural sector in many
regions around the world, particularly in arid and semi-arid areas. Concerns are associated
with the sharp global population growth, depletion of natural resources (e.g., fresh water),
pollution (e.g., air, water, and soil), and climate change and global warming [8, 9]. Since 1960,
global population is dramatically increasing, reaching 7.442 billion in 2016 with sharp growth
projections [10], which are expected to reach over 9 billion by 2050. More people means more
natural resources required to cover the basic life requirements, such as water, food, medication, and accommodation [8, 9].
The concerns are more serious in the era of climate change, where regions with scarcity in
freshwater resources are subjected to worse drought conditions, associated with extreme
ecological events of severe implications on the limited available natural resources and thus on
food productivity. Particularly, the same synchronized with the sharp expansion in industrial
activities, urbanization, and population. Consequently, it could be highly expected that the
drought regions could be much more susceptible and sensitive to any further environmental
challenges [2].
The situation is more critical in developing countries, which have limitations on the environmental resources (e.g., water, land, and energy) and thus have high risks of hunger and
poverty. Based on the Food and Agriculture Organization of the United Nations (FAO), the
global demand for cereals will increase by 70% in 2050 compared to the current rates and
would be doubled in many low-income nations [11]. Also, the demand for food will sharply
grow in high-income countries, which have high per capita food consumption rates [12].
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4. Indigenous grasses of drought regions
The indigenous plants including the indigenous grasses can play a significant role in mitigating the demanding future of arid and semi-arid lands. Special attention should be given to the
industrial gasses that can bring extra economic value by each water drop to the drought
regions [8, 13]. Such plants can provide maximum benefits with minimal inputs, as illustrated
in Figure 1.
There are many desert grasses that have the capability of producing expensive secondary
metabolites (e.g., terpenes) as their defense phytochemicals. Such natural compounds have
many therapeutic applications in the traditional herbal practices [13].
For example, Cyperus rotundus L. (English name: Coco grass) from Cyperaceae (Sedges family)
is a perennial grass that is widespread in sandy and saline soils, like in the central areas of
Tunisia, northern parts of the United Arab Emirates, Southern Africa, and Northern India. This
grass is not used as a forage grass only, but it is also eaten to treat worm infections and regulate
menstruation. Its seeds are heated with oil and used as ear drops to soften earwax. Besides, this
grass is an ingredient in tooth powder to whiten teeth. Moreover, C. rotundus is used by Greek
as a diuretic, to break up stones, and to treat uterine disorders. The herbal extract of C. rotundus

Figure 1. The Add value of the indigenous grasses in the drought regions.
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rhizomes is found to be rich in sesquiterpenes and monoterpenes and proven to be a rich
source of antioxidants and antibacterial bioactive compounds [14, 15].
Besides the healing benefits, there are many grass species that have excellent landscaping and
urbanization potentials. The same is due to their unique shapes, textures, and colors which is
totally opposite of the general concept of the desert plants by the public community. For
example, Cyperus arenarius Retz. (English name: Dwarf sedge), which is a perennial grass of
the Cyperaceae family, has high value as a landscaping grass in the urbanization activities of
sandy and coastal saline habitats [16, 17].
Consequently, while the indigenous grasses of the arid and semi-arid regions can be cultivated
to provide various therapeutic, nutraceutical, and health-care applications, they also could be
employed to sustain the landscaping beauty and to conserve a balanced ecosystem. Examples
of potential grasses from the Poaceae family are provided in Table 1.
On the other hand, cultivating exotic grasses, which are originally from other regions (e.g.,
temperate region), requires enormous amounts of inputs (e.g., water and soil nutrients) to
survive and grow [32]. Even with the application of the modern irrigation technologies, which
save 60% of the watering amounts [11], most of these grasses have high watering requirements, lack adaptation mechanisms, and disturb the natural balance of the desert ecosystem.
In additional, to the high irrigation requirements, exotic grasses are labor intensive (e.g.,
adding fertilizers and maintenance) leading to expensive environmental and economic costs.
Due to these, the cultivation of exotic grasses is restricted or even banned in some areas [32].
Similarly, some indigenous grasses in the drought regions that consume high amount of water
should be cultivated wisely. For example, Rhodes grass (Chloris gayana Knuth.), which is a

No. Botanical name (common name)

Characteristics

Economic value

References

1

Cynodon dactylon L. (Bermudagrass)

Halophyte

Medicinal, landscaping, forage

[18–21]

2

Paspalum vaginatum Sw. (Paspalum)

Halophyte,
xerophyte

Landscaping

[22, 23].

3

Cenchrus ciliaris L. (Buffel grass)

Halophyte,
xerophyte

Medicinal, forage

[19, 24, 25]

4

Pennisetum setaceum (Forssk.) Chiov.
(Fountain grass)

Halophyte,
xerophyte

Landscaping

[26, 18]

5

Desmostachya bipinnata L. (Halfa grass)

Halophyte,
xerophyte

Medicinal, religious

[19, 27].

6

Cymbopogon commutatus (Steud.) Stapf.
(Incense grass)

Halophyte

Medicinal, landscaping, forage,
insecticidal, aromatic

[19]

7

Cymbopogon schoenanthus L. (Camel grass)

Xerophyte

Medicinal, landscaping, insecticidal,
aromatic

[28, 29]

8

Cymbopogon jwarancusa (Jones) Schult. (Oil
grass)

Halophyte

Medicinal, forage, aromatic

[30, 31]

Table 1. Economic value of common perennial grasses of Poaceae family in drought regions.
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perennial grass from the Poaceae family, has high value as a forage grass in warm regions.
However, since it is a water-intensive grass, growing it as a forage grass has been banned in
many countries (e.g., in United Arab Emirates) [32].
4.1. Morphophysiological characteristics
Cultivating the indigenous grasses could greatly mitigate the water scarcity situation with
robust adaptation strategies to survive the drought conditions. Over the time, these desert
grasses have developed diverse morphophysiological mechanisms to adapt to arid environmental conditions, as illustrated in Table 2 [4, 13]. These environmental conditions include
high intensity of sunlight, high wind speed, rapid loss of water through evaporation or
evapotranspiration, low amount of precipitation, low soil moisture content, low soil waterholding capacity, high rate of water permeability, high level of soil salinity, and deficiency in
soil nutrients [33, 34].
Many indigenous grasses of the drought regions belong to the xerophytes and/or halophytes as
indicated in Table 1, which are adapted to water scarcity and soil salinity, respectively [33, 34].
In addition, the following morphological properties enable desert plants to adapt to the
prevailing harsh environmental condition: seeds dormancy, long root system, light green color,
small leaf area, succulent plant parts, presence of hairy surface and thorns, short growth rate,
and short life cycle (ephemerals) [33, 34].
Physiological adaptation of grasses in drought regions is another adaptation mechanism that
enables the plant either to reduce the amount of water loss, “transpiration,” or increase the
ability of the grass to uptake more water. The same is achieved by different physiological and
biochemical modifications [19].
For example, some grasses have the ability to control stomatal opening during the day, thus
controlling transpiration rates and reducing water loss. Also, controlling the osmotic pressure
of plant cells in drought and saline habitats is another important physiological adaptation
mechanism that reduces the osmotic potential of plant cell solutes to lower levels compared
to the water potential of the surrounding environment, which enables the roots to uptake more
water and enhances plant water-use efficiency. Proline accumulation is another adaptation
mechanism to survive stress factors, like water limitation. The accumulation of such organic
compounds inside plant cells helps in reducing the osmotic potential, thus enhancing soilwater uptake. Besides, the capability of plant cell components to have higher rates of water
bound plays a major role in reducing water loss during transpiration [19].
Photosynthesis carbon fixation pathways of C4 and CAM plants are vital mechanisms to adapt
to hot and arid environments. Such pathways are associated with higher rates of water-use
efficiency, thus a better water conservation strategy. Most indigenous grasses from drought
regions are following these carbon fixation pathways [19]. Examples of such grasses that are
following the C4 pathway are illustrated in Table 1, that include Cynodon dactylon L., Paspalum
vaginatum Sw., Cenchrus ciliaris L., Pennisetum setaceum (Forssk.) Chiov, Desmostachya bipinnata L.,
Cymbopogon schoenanthus L., and Cymbopogon jwarancusa (Jones) Schult.
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1

Plant photo and identification

Cymbopogon commutatus
(Steud.) Stapf. (Incense
grass)

Adaptation characteristics

References

Narrow pointed leaves and hairy basal
sheaths, moderate salt tolerant

[19]

Dr. Mohamed Taher Mousa
2

Narrow pointed leaves, C4-plant, highly [19, 24, 25]
salt tolerant, drought tolerant grass

Cenchrus ciliaris L. (Buffel
grass)

Prof. Ali El-Keblawy

Grasses as Food and Feed

No. Botanical name (Common
name)

No. Botanical name (Common
name)
3

Plant photo and identification

Pennisetum setaceum
(Forssk.) Chiov. (Fountain
grass)

Note: Plant photos are taken by authors of this work.
Table 2. Adaptation characteristics of common perennial grasses from Poaceae family.

References

Mound of narrow leaves, C4-plant, salt
and drought tolerant grass

[26, 18]
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4.2. Sustainable value
Grasses are the most plentiful species in the plant kingdom with enormous socio-economic
potentials. Growing the indigenous grasses in drought regions can provide the community
with great sustainable values, including the cultural, environmental, and economic values as
discussed below:
4.2.1. Cultural benefits
There is no doubt that the indigenous grasses provide great cultural and social values for the
local community. In the old times, such plants had been greatly used in traditional medicine, as
the only available resources for therapeutic and medication purposes, which established a
strong relationship between these plants and the Bedouin people who historically inhabited
the desert regions [4, 35].
For example, Buffel grass (Cenchrus ciliaris L.) has been used in the Zulu traditional herbal
practices as a pain reliever and to cure many diseases, such as menstrual disorders, urinary
infections, kidney pain, tumors, sores, and wounds [36]. Also, oil grass (Cymbopogon
jwarancusa (Jones) Schult.) has been used by Indians to treat blood disorders, vomiting, skin
problems, unconsciousness, and abdominal tumors [37].
4.2.2. Ecological benefits
Grasses play a major role in the fight against desertification. It is a cost-effective method of soil
binding and fixation to mitigate land degradation in dry lands. It is of particular interest in
urban planning to cultivate the indigenous grasses of the drought regions, which conserve
natural resources and maintain a balanced and healthy ecosystem [38]. For example, dwarf
sedge (Cyperus arenarius Retz.) from the Cyperaceae family provides major ecological services
in the sandy, saline, and coastal habitats [17].
4.2.3. Economic benefits
There are a lot of grass species in drought regions that can offer multi-economic benefits,
including food and nutritional resource, medicinal, cosmetic, flavoring, and fragrance. Examples of selected grasses and their benefits are shown in Table 1.
4.3. Innovative technologies and approaches
Certainly, the agricultural sector in drought regions has to adopt the best agricultural practices
and irrigation methods in cultivating selected indigenous grasses that can best survive the
harsh conditions and at the same time provide multi-economic benefits. Such agricultural
practices include deficit irrigation and irrigation scheduling, which reduce watering volumes,
increase water-use efficiency and thus increase water productivity. Studies need to be done to
determine an optimized amount (model) of irrigation schedule, in order to apply the minimum
amount of water which returns in maximum possible yield considering the prevailing and
expected change in climate [32, 39].
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Undoubtedly, it is very important to imitate the natural and original environment of the
drought areas, through focusing on planting the indigenous grass species from the xerophytes
and halophytes. Besides, the adoption of hardscaping and xeriscaping plays an essential role in
reducing the heavy pressure on the limited available water resources [5, 13, 32].
On the other hand, exotic grasses have to be restricted or even banned since most of these grasses
require high amounts of irrigation water and labor for maintenance and fertilization; they thus
pose very expensive environmental and economic costs. It is, therefore, recommended to replace
these exotic grasses with salt and drought-tolerant species, which substantially reduce water
requirements and sustainably maintain a balanced and healthy ecosystem [32].
New approaches are applied to reduce water loss and enhance plant soil-water uptake. One
of these approaches is the application of hydrophobic sand, which is originally beach sand
coated with chemically treated pure silica. According to Salem et al. [40], mixing the
hydrophobic sand with the agricultural soil improves soil and plant characteristics and
conserves water use without causing any adverse effects to the cultivated plants. Successful
initiatives were reported with Bermudagrass (Cynodon dactylon L.), showing better growth
rates, while keeping the plant mineral composition (e.g., Cd, Mo, Pb, and Se) within acceptable limits [40].

5. Conclusion
It is crucially needed to use each drop of expensive freshwater resource in drought regions
cautiously and wisely. This could be done through focusing on cultivating the indigenous
industrial gasses that can best adapt and mitigate the harsh environmental conditions, and
still produce expensive raw materials of great applications (e.g., food and pharmaceuticals),
offering potential ecological and/or landscaping services sustainably. Cultivating the indigenous grasses of drought lands should be synchronized with the best agricultural practices and
the most recent innovations of soil-plant water use efficiency.
The demanding future of the greenery sector in the arid and semi-arid regions does not rely on
how to enlarge the available freshwater resources (which are already limited and scarce), as
much as relying on how to best employ such limited resources to gain maximum economic
benefits to arid and semi-arid regions sustainably.
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Abstract
Tall fescue is a perennial cool-season forage grass utilized over an extensive area of the
USA; however, adaptation is limited across the Coastal Plain region of the southeastern
states including Louisiana. Stands of the original variety, Kentucky 31, from early plantings either failed to persist or were replaced as adverse effects on grazing livestock by an
ergot alkaloid toxin from an association of tall fescue with an endophytic fungus were
recognized. Management approaches can moderate the adverse effects allowing productive use of existing tall fescue pastures. Endophyte removal from tall fescue allowed
development of useful cultivars for the primary tall fescue growing area, but these
endophyte-free cultivars proved to be less persistent in marginal areas such as Louisiana.
Recently available varieties with novel, nontoxin-producing endophytes have shown
potential in northern Louisiana with stand persistence for 4 years on some sites. Coolseason perennial grass pastures can be realistic components of forage systems in areas
such as northern Louisiana. Existing remnant stands can be beneficial with appropriate
management, and, as indicated by ongoing research, new novel-endophyte varieties may
prove useful on selected sites.
Keywords: pastures, cool-season grasses, tall fescue, adaptation, plant persistence,
grazing management, fescue toxicosis
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1. Introduction
Across northern Louisiana USA, perennial grass pastures support beef cattle production on
sites ranging from fertile bottomlands to leached sandy uplands. This area lies within 32–33°N
and 91–94°W providing a long summer growing season for warm-season grasses and a winter
dormant period for these grasses of about 5 months each year. The warm-season, perennial
grasses bermudagrass (Cynodon dactylon) and bahiagrass (Paspalum notatum) are well adapted
and provide the forage base for livestock production. Dormant season forage has typically
been provided by hay and/or cool-season annual forages overseeded each autumn on dormant sod of the warm-season pasture grasses. To the north of this area, just above about
35°N, the cool-season perennial grass, tall fescue (Lolium arundinaceum; synonym Schedonorus
arundinaceus; formerly Festuca arundinacea) dominates as the primary pasture grass. From
about 1945, the area of use of tall fescue in the United States expanded greatly with development of the variety Kentucky 31 as a widely adapted pasture plant [1]. By the 1960s, tall
fescue was recognized as a useful perennial cool-season pasture plant on bottomland soils of
northern Louisiana [2]. On sandy loam upland soils of northern Louisiana, evaluations of tall
fescue varieties in repeatedly clipped plots resulted in yields of Kentucky 31 of 4400 kg/ha
per growing season over a 4-year period for a 1955 planting [3]. Average annual production
over a 4-year period for Kentucky 31 from a 1958 planting was 5930 kg/ha. Stands from a 1967
planting of eight tall fescue varieties persisted for only 2 years with average annual yields
for Kentucky 31, which was one of the two most productive varieties, of 9130 kg/ha. Failure
to survive the summer period following repeated clipping to an 8-cm stubble height for a
period of two to four growing seasons was a common result of the field plot evaluations [3].
Remnant tall fescue stands on sandy loam soils in the area, especially along the bottoms of
the often strongly sloping landscape, have survived under grazing for decades. These stands
are considered to be predominately of Kentucky 31, which was the primary variety available
in the area when most of the tall fescue pasture planting occurred. As tall fescue pastures
were developed, toxicity problems were increasingly recognized in the 1970s as documented
for the neighboring state, Arkansas [4]. With recognition of this toxicity as a limitation to
both calf-crop percentages and weaning weights in addition to the infrequent severe toxicity
symptoms, use of tall fescue as a pasture plant in Louisiana decreased to only remnant stands.
Management of these remnant tall fescue stands continues to present recurring management
questions.
Recent contacts with area cattle producers regarding existing tall fescue in pastures have
ranged from a desire to eliminate the plants to an interest in management approaches to
improve existing partial stands. Observation of toxicity symptoms in one instance and lack of
detectable negative effects in another of close proximity led to assessments of ergot alkaloid
levels and seed head suppression in existing tall fescue stands. Ergovaline levels in seed heads
of tall fescue in Missouri in late June of 1–5 mg/kg contrast with levels of 0.3–0.5 mg/kg for
all other plant parts [5]. Thus, reproductive tillers with maturing seed heads can produce
very high concentrations of alkaloid toxins. Use of plant growth regulators to seasonally
decrease stem development has been identified as a management approach for control of fescue toxicity [6–8]. Applications of metsulfuron-containing herbicides to vegetative and bootstage tall fescue in the spring substantially reduced seed head production [6]. The herbicide
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Chaparral®™ suppressed tall fescue seed head emergence, reduced severity of fescue toxicosis
[7], and contributed to a higher rate of gain by steers grazing herbicide-treated tall fescue
compared to those grazing nontreated pastures [8].
Discovery of the detrimental effects of the endophyte alkaloids on the rate of gain by
young growing cattle [9, 10] led to development of cultivars identified as endophyte free.
Subsequently, reduced competitiveness and decreased plant persistence were found to be
associated with reduced endophyte levels of tall fescue pastures in stressful environments
[11]. As an approach to provide a useful cool-season perennial pasture option for the lower
southeastern USA, Georgia-5 and Jesup were selected for superior persistence and released
[12, 13] in the 1990s as cultivars with the endemic, toxin-producing endophyte contributing
to stand survival. Following initial results in Louisiana verifying the endophyte effects [14],
evaluations of these varieties along with their endophyte status and potential management
approaches for northern Louisiana were evaluated.
Interest in the novel-endophyte tall fescue varieties in Louisiana increased with marketing of
cultivars with the Max Q endophyte resulting in evaluations of Jesup Max Q. Recently, availability of several cultivars of tall fescue with novel, nontoxin-producing endophytes from the
commercial seed industry along with marketing of these cultivars led to renewed interest in
potential for persistent cool-season pastures in Louisiana. Positive results from evaluations of
initial novel endophyte varieties in Louisiana [14] and the lack of negative effects reported for
animal responses [15] further justified the continuing assessment of the available varieties of
novel endophyte tall fescue.

2. Materials and methods
2.1. Alkaloid levels
At two farms in northern Louisiana where responses of grazing cattle to tall fescue forage
differed, tillers were dug from just below the soil surface with individual tillers removed
from the plant crown. When reproductive tillers were present, separate samples of vegetative and reproductive tillers were collected. At each farm, samples were collected from two
distinct pasture areas. Each sample collected consisted of 20 individual tillers. Samples were
immediately placed on ice and then frozen upon arrival at the lab. For assessment of ergot
alkaloid effects, ergovaline, the widely recognized predominant alkaloid associated with fescue toxicosis [5, 16], which has been widely used as a measure of fungal endophyte toxin level
in tall fescue, was analyzed. Analysis of ergovaline and its stereoisomer, ergovalinine, was by
high-performance liquid chromatography fluorescence as described by Yates and Powell [17]
and modified by Carter et al. [18].
2.2. Seed head suppression
Two locations in a large pasture in Claiborne Parish, Louisiana, USA, where fescue toxicosis
symptoms had been observed, were selected for evaluation of effects of Chaparral herbicide
on tall fescue seed head emergence. The pasture was stocked continuously with crossbred beef
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cattle during the evaluation period. Paired comparisons with and without application of the
herbicide were made at each of the two locations within this pasture. Each of the four experimental units was 0.1 ha in size. Chaparral herbicide was applied to one 0.1 ha experimental
unit in each of the two pairs of plots on April 22, 2016. Application rate was 1.46 ml ha−1 plus
0.25% nonionic surfactant in 187 L water ha−1. The number of seed heads was counted within a
0.25 m2 frame at five locations within each experimental unit. Height of mature inflorescences
within each frame was also determined. Tillers were obtained from each experimental unit for
determination of ergot alkaloid concentration as described above.
2.3. Endophyte status and grazing management
Potential for the tall fescue varieties Georgia-5, Jesup, and Kentucky 31 to persist as perennial
pasture species in northern Louisiana was evaluated over 3 years from a 1988 drill seeding
into a dormant bermudagrass sod. A split-plot treatment arrangement consisted of main plots
of grazing management combinations differing during the cool and warm seasons. A factorial
combination of either continuous or rotational stocking in the cool season and warm-season
management of continuous stocking, rotational stocking, or hay production resulted in six
main plot treatments. Each was split into six subplots of the factorial combination of three tall
fescue varieties with either the endemic endophyte or no endophyte. These were established
in a randomized complete block design with four replications. Warm-season treatments were
applied from June through September each year. Cattle numbers were adjusted to maintain a
minimal 6 cm forage stubble height. Stands were assessed each January by determining presence or absence of fescue plants every 3 cm along a 3-m transect in each plot.
2.4. Jesup grazing management
Plantings of Jesup Max Q tall fescue on a seasonally waterlogged Latanier clay soil in northwest Louisiana and a Gigger silt loam soil in northeast Louisiana were subjected to grazing
treatments. The planting in northwest Louisiana was drill-seeded in the autumn of 2008,
while the northeast Louisiana stand was from a 2006 planting that had been lightly grazed
periodically. Treatments imposed were a factorial combination of two spring grazing termination dates (May 1 and June 1) with grazing treatments of no summer grazing and periodic
summer grazing to harvest growth of associated warm-season grass, primarily summer annuals dominated by crabgrass (Digitaria sanguinalis). Fertilization of tall fescue in this factorial
arrangement of treatments was at 38 kg/ha of nitrogen each spring. In addition, three control treatments of no nitrogen fertilizer and 76 kg/ha of nitrogen with the periodic summer
grazing and a continuously grazed treatment with 38 kg/ha of nitrogen fertilizer were also
imposed. Cool-season grazing was from October through May in 2009–2010 and 2010–2011.
Periodic tall fescue stand assessments were made by counting the number of 0.1 × 0.1 m cells
containing the grass in a 1-m2 divided sample quadrat. Stands were evaluated on March 22,
2010 and January 31, 2012 with herbage mass sampled on November 30, 2009.
2.5. Tall fescue variety/novel endophyte evaluation
On October 29, 2013, five commercially available novel-endophyte inoculated varieties of tall
fescue were planted near the site of the Jesup grazing evaluation in northwest Louisiana.
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Along with the varieties DuraMax Gold tall fescue with Armor®™ endophyte, Estancia tall
fescue with ArkShield®™ Technology endophyte, Martin 2 tall fescue with Protek®™ endophyte, Texoma tall fescue with Max Q II®™ endophyte, and Tower tall fescue with Protek®™
endophyte, Kentucky 31 with the naturally occurring (endemic), toxin-producing endophyte
was included as a check. Plantings were in a randomized complete block design with three
replications of plots each 12 × 80 m on an area dominated by Moreland silty clay loam soil
with a substantial area of Latanier clay across much of one replication. The area was grazed
periodically as forage was available over the next 4 years with grazing restricted to the cool
season. To compare potential productivity among varieties, an area of 1 m2 was clipped to an
8-cm stubble height from each plot in a selected area with a dense stand on January 31, 2018
before grazing was initiated. Ratings of stand density were made on March 13, 2018 following an early season grazing period. Visual ratings of tall fescue stand density across only the
Moreland soil area of each plot were based on a scale of 0 for no tall fescue to 9 for a complete,
dense stand with no competing vegetation present.

3. Results and discussion
3.1. Alkaloid levels
Ergovaline concentrations in vegetative tillers from these Louisiana pastures ranged from
a low of 0.08 mg/kg in April of 2017 to a high of 1.61 mg/kg in October of 2015 (Figure 1).
Both of these divergent samples were from the pasture location where no fescue toxicity
symptoms were observed. Ergovalinine concentration was consistently lower than that of
ergovaline but followed a generally similar pattern of fluctuation throughout the sampling
period. The average ergovaline concentrations of 0.65 and 0.70 mg/kg for the two pastures
exceeded the highest level of 0.464 mg/kg reported by Belesky et al. [19] for tall fescue grown
at Watkinsville, Georgia, USA. From evaluations at three Georgia locations during 2 years
[20], only samples from Athens, Georgia in one of the 2 years produced a higher average
ergovaline concentration than that of the Louisiana samples. Ergovaline concentration can be
affected by environmental and management conditions including season of the year, nitrogen
fertilizer, and moisture deficit [5, 19–21]. Defoliation intensity can also affect production of
this toxin [22]. As illustrated in Figure 1, substantial variation in ergot alkaloid concentration occurred among sampling dates and between locations in the two Louisiana pastures.
In contrast to the distinct seasonal pattern with peak ergovaline concentrations in spring and
autumn reported by Belesky et al. [19], the variation in Louisiana pasture samples revealed
no distinct seasonal pattern. Variation in ergot alkaloid production in these pastures is perhaps primarily influenced by the rather drastic weather conditions and stocking management
which resulted in substantial variation in available forage and plant growth.
Consumption of ergovaline was estimated to range from 4.2 to 6.0 mg/day during June in a
Missouri evaluation before decreasing to a range of 1.1–2.8 mg/day in August [16]. Forage
concentrations of ergovaline in Kentucky 31 tall fescue forage providing these daily intake
levels ranged from 0.154 to 0.506 mg/kg. Although clinical symptoms of toxicosis were not
reported, reductions in milk production, calf gain, and cow body weight were reported, as
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Figure 1. Ergot alkaloid concentrations in vegetative tillers from remnant tall fescue stands in (A) central and (B)
southern locations in Claiborne Parish, Louisiana, USA.

well as reduced forage intake in August, in comparison to cattle grazing endophyte-free tall
fescue pastures [16]. Some questions have been presented about the adequacy of ergovaline as
the sole measure of ergot alkaloid concentration in tall fescue. Different patterns of concentration of ergovaline and total ergot alkaloids in distribution within a tall fescue canopy and with
forage conservation methods have been reported [23, 24] with Roberts et al. [23] suggesting
that ergovaline alone may not fully reflect animal performance responses to the endophyte.
Rogers et al. [25] further determined that management to reduce effects of ergot alkaloids on
livestock performance depended upon whether ergovaline or total alkaloids are the primary
causative agents of fescue toxicosis. Potential for synergistic effects of multiple ergot alkaloid
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compounds on vasoconstriction was also reported [26]. Foote et al. [27] reported that vasoconstriction, a primary animal response to the toxin, was primarily a result of ergovaline
concentration of forage consumed by grazing livestock. Levels of ergovaline and ergovalinine
detected in both Louisiana pastures were at least periodically high enough to produce fescue
toxicosis symptoms, even though other effective alkaloids may also have been present. The
lack of visual toxicosis symptoms at one of the locations was not associated with lack of toxic
alkaloid concentrations in the tall fescue forage, even though additional toxic alkaloid compounds may have been present.
With alkaloid levels periodically high in both Louisiana pastures and animal effects in only
one of these, further assessment is needed. One location involved leased land which had not
been recently grazed and tall fescue growth was mature and rank. This tall fescue forage was
essentially the only grazing available during the initial cool season for these cattle, which
were also alkaloid toxin-naïve (not previously exposed to such toxic forage). In addition,
cattle in the pasture not visually affected by toxicity symptoms were crossbred cattle with a
substantial proportion of Brahman breeding, while the herd where symptoms were observed
was of less uniform breeding and generally less Brahman composition. Brahman cattle have
been suggested to provide less susceptibility to fescue toxicosis associated with their greater
heat tolerance [28, 29]. Thus, both cattle aspects and pasture condition may have contributed
to differences in toxicity symptoms observed. This is consistent with observations in Arkansas
where “fescue foot” symptoms were reported in cattle stocked on previously ungrazed “soilbank program” land being returned to production, even though these symptoms were not
frequently observed in most tall fescue pastures in the area [4].
3.2. Seed head suppression
Evaluations of Chaparral treatment of tall fescue produced visible decreases in tall fescue
seed head emergence (Table 1) and changes in plant species composition of mixed tall fescue stands with diverse broadleaf weeds and bahiagrass, which were substantially reduced
by the herbicide. In addition to the substantial reduction in number of seed heads emerging
following treatment, height of seed heads was also reduced (Table 1) with greatly reduced
production of stem material. Ergot alkaloid concentrations were similar between the two
treatments in both vegetative and reproductive tillers (Table 2) but the reduction in number
of reproductive tillers by herbicide application should reduce the amount of alkaloid ingested

Range of seed head stem heights

Chaparral

®™

Not treated

Seed head

Low

No./m2

cm

42a

14a

32a

26b

69b

*

126b

High

Chaparral®™ (Trademark of the Dow Chemical Company) was applied on April 22, 2016 at the rate of 146 ml ha−1 + 0.25%
nonionic surfactant in 187 L water ha−1.*Means within a column followed by a common letter do not differ significantly
(P < 0.05).
Table 1. Effect of Chaparral®™ herbicide on tall fescue seed head formation and development.
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Vegetative tillers

Reproductive tillers

Treatment

Ergovaline

Ergovalinine

Ergovaline

Ergovalinine

Chaparral®™

0.42

0.27

0.54

0.29

Not treated

0.41

0.21

0.49

0.29

Chaparral®™ (Trademark of the Dow Chemical Company) was applied on April 22, 2016 at the rate of 146 ml ha−1 + 0.25%
nonionic surfactant in 187 L water ha−1.
Table 2. Ergot alkaloid concentrations (mg/kg) in response to Chaparral®™ herbicide application to tall fescue pasture
(no significant differences between treatments, P > 0.05).

by grazing livestock. At an additional northern Louisiana location with a dense, ungrazed tall
fescue stand, seed head density was reduced by this herbicide treatment of plants primarily in
the boot stage. Seed heads were, however, still prevalent in the stand indicating that adequate
opportunity for livestock consumption of toxin may persist in tall fescue pasture treated at this
stage and allowed excessive deferment from grazing even with such seed head suppression.
3.3. Endophyte status and grazing management
At the end of 3 years, it was obvious that endophyte infection was necessary for stand persistence of the varieties Georgia-5, Jesup, and Kentucky 31 on this site as the endophyte-free
varieties provided less than 10% stand survival. For the endophyte-infected varieties, both
Georgia-5 and Jesup were more persistent than Kentucky 31 (Figure 2), with Jesup providing
the highest level of persistence at a little more that 50% stand survival. Continuous stocking
of endophyte-infected tall fescue during the summer period provided the best stand survival
(Figure 3), although considerable stand loss occurred in all treatments. Continuous stocking was beneficial during the warm season because little grazing of tall fescue occurred and
warm-season grass was highly competitive during periods without grazing. Warm-season
grass height of 15–20 cm during the summer before each rotational grazing period or hay harvest resulted in substantial shading of the tall fescue, which produced only minimal growth
during this period. Grazing management, either continuous or rotational stocking, during
other periods of the year did not substantially affect tall fescue survival.
Even though both of the endophyte-infected varieties provided better persistence than did
Kentucky 31 and Kentucky 31 had persisted for years on some sites, widespread use of these
varieties did not occur, even on more favorable sites. Establishment difficulties were found
to be limitations for plantings into existing warm-season grass sod under less-than-optimal
conditions. Selection of the more moist Coastal Plain sites, management of competition, and
soil fertility, particularly phosphorus, were reported to be critical aspects for establishment of
Georgia 5 on sandy Coastal Plain sites in Louisiana [30]. Despite the potential for Georgia-5
and Jesup to fill a gap in pasture systems on appropriate sites in the region, these cultivars
were not widely planted in Louisiana.
3.4. Jesup grazing management
At initiation of grazing in autumn 2009, the experimental areas at both locations were essentially complete stands of tall fescue with similar fescue growth between locations and among
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Figure 2. Effect of endophyte infection on stands of tall fescue varieties planted in a perennial warm-season grass sod
and subjected to various grazing and hay management practices during the previous 3 years.

Figure 3. Effect of 3 years of light continuous stocking, rotational stocking, or hay harvests during the summer periods
on stands of tall fescue planted in a perennial warm-season grass sod.

plots (Table 3). By March of 2010, very little change had occurred in these stands with no
difference among treatments, which ranged from 95 to 98% tall fescue. Tall fescue stands
decreased markedly at both locations during the relatively dry summer of 2011. Stands at
the northwest location ranged from only 6 to 25% tall fescue at the end of January 2012,
even though no grazing occurred after September 2011. Both treatments at this location with
grazing terminated on May 1 had lower tall fescue cover percentages (6%) than did similar
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Spring N (kg/ha)

Spring grazing terminated

Summer grazing*

Location (Louisiana, USA)
NW

NE

Forage mass (kg/ha)**
0

1-Jun

Periodically stocked

4915

5038

38

1-Jun

None

5698

4955

38

1-Jun

Periodically stocked

4960

4840

38

1-May

None

4719

4726

38

1-May

Periodically stocked

4905

4761

38

None

Continuously stocked

4950

5237

76

1-Jun

Periodically stocked

5918

5314

Summer grazing describes grazing during the summer period (June–September). Periodically stocked refers to light
stocking during various times to graze volunteer annual summer forages but minimize grazing of tall fescue.
*

**

No significant differences (P > 0.05) in forage mass between locations or among grazing treatments.

Table 3. Forage dry matter production by late November from Jesup MaxQ tall fescue at two locations in Louisiana.

treatments with grazing terminated on June 1 (average of 19% cover). The numerically highest
tall fescue cover of 25% was on the ungrazed control treatment. Whether or not warm-season
grass was grazed during the summer, the early grazing termination date was detrimental
rather than beneficial as expected. Grazing until June 1 may have reduced competition from
early growth of warm-season grass more than any adverse effects on the tall fescue during the
month of May. None of the treatments evaluated provided sufficient stand survival at either
location to indicate adaptation of Jesup Max Q tall fescue to these sites. No survival response
was detected over the range of 0–76 kg/ha of nitrogen fertilizer annually.
3.5. Tall fescue variety/novel endophyte evaluation
Visual observation over the years indicated substantial stands of all entries of tall fescue persisting across most of the planted area. By the summer of 2017, a visually distinct demarcation of the boundary of the two soil types was apparent with all varieties persisting on the
Moreland silty clay loam, except in some nondrained depressional areas, and very little of
any variety persisting on the Latanier clay. Thus, both lack of drainage in depressional areas
and the water-logging prone Latanier clay appear to provide unacceptable sites for tall fescue.
This clay soil limitation may have been a key aspect of lack of survival by Jesup Max Q in the
earlier evaluation of grazing and nitrogen fertilization treatments at this location.
Herbage mass available for grazing in January 2018 ranged from 1485 kg/ha for Tower to
1970 kg/ha for DuraMax; however, substantial variability among replications resulted in no
significant difference among varieties (Table 4). It is noteworthy that the variety producing
the numerically highest yield, DuraMax Gold, was developed from the winter-productive
cultivar AU Triumph [31]. AU Triumph produced twice as much forage during the winter
growth period on the Alabama gulf coast as did Kentucky 31 in early trials [32]. Thus, the
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Tall fescue variety

Endophyte

Forage mass

Stand rating*

Jan. 31, 2018

Mar. 13, 2018

kg/ha
DuraMax Gold

Armor®™

1970

a**

7.7

a

Estancia

ArkShield®™

1510

a

6.7

ab

Kentucky 31

Naturally occurring

1635

a

7.5

a

Martin 2

Protek®™

1593

a

7.0

a

Texoma

MaxQ II®™

1593

a

8.0

a

Tower

Protek®™

1485

a

5.5

b

*

Stand ratings were on a scale of 0 for no tall fescue to 9 for a complete, dense stand.

**

Means within a column followed by a common letter do not differ significantly (P < 0.05).

Table 4. Forage mass and stand ratings of novel endophyte tall fescue varieties in early 2018 from a 2013 planting on
bottomland soil in northwest Louisiana.

indication of potentially superior cool-season productivity for DuraMax requires further
evaluation. As with herbage mass, Tower provided the lowest stand rating (5.5) on March 13,
1018 (Table 4). Four entries, DuraMax Gold, Kentucky 31, Martin 2, and Texoma, were similar in stand rating averaging 7.5. Estancia was intermediate with a stand rating of 6.7. The
numerically highest stand rating for Texoma is also consistent with selection of this cultivar
for persistence in a marginal environment for the species [33] with further evaluation of this
planting expected to provide further detection of differences in persistence among varieties.
Fiber components and CP were similar among varieties from the January 2018 herbage samples (Table 5) indicating that forage quality is generally similar for these varieties. Increased
Mg levels in herbage has been suggested as a possible means to reduce grass tetany potential,
and HiMag Tall Fescue Germplasm was developed as a cool-season pasture option to reduce

Variety*

Endophyte

CP

ADF

NDF

Mg

%
DuraMax Gold

Armor®™

12.9

33.41

60.84

0.29

Estancia

ArkShield®™

13.1

33.52

59.79

0.34

KY31

Endemic

12.8

34.02

60.11

0.30

Martin2

Protek®™

13.8

32.10

57.60

0.32

Texoma

MaxQ II®™

12.7

34.44

60.38

0.32

Tower

Protek®™

13.5

32.58

57.79

0.32

*

No significant differences (P > 0.05) in forage quality parameters were detected among varieties.

Table 5. Forage quality parameters of tall fescue varieties with novel endophytes from a winter harvest at the northwest
Louisiana location.
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grass tetany hazard [34]. Estancia was developed from the HiMag germplasm [31], and was
highest in Mg ranking among the varieties. Despite lack of statistically significant differences
among varieties in Mg levels from our single harvest of growth, the limited results justify
further evaluation.

4. Implications for use of tall fescue in a warm-temperate
environment
While existing areas of tall fescue with potential to produce toxic alkaloid compounds
provide distinct limitations for livestock production, management approaches for effective
use of such pastures are available. Aiken and Strickland [22] provided several strategies to
minimize adverse effects of such pastures. These include use of heavy grazing intensities,
chemical suppression of seed head emergence, use of these pastures in seasons other than
late spring and summer, and dilution of dietary alkaloids by interseeding clovers or feeding
supplements. Variations of these strategies are perhaps the reason that adverse effects on
grazing livestock from the few remaining Kentucky 31 pastures across northern Louisiana
are only rarely observed. Thus, with appropriate management, existing pastures of Kentucky
31 tall fescue in the region can be productive components of pasture systems, even though
improved options appear to be available for new plantings of perennial cool-season pasture
on selected sites.
Endophyte-free tall fescue varieties have proven to be insufficiently adapted for planting as
perennial pasture plants even on the better sites in Louisiana. Among the varieties with toxinproducing-endophytes, better adapted varieties than Kentucky 31 have been developed, but
planting of these varieties has been very limited. In contrast to the recommendations for the
primary tall fescue growing area not to graze tall fescue pastures during summer to reduce
effects of the toxin-producing endophyte [22], in northern Louisiana, light stocking is beneficial because tall fescue growth is minimal and stocking rate can be managed to reduce
competition from preferentially grazed warm-season grasses. The novel, nontoxin-producing
endophytes appear to provide improved options for development of tall fescue varieties
adapted to northern Louisiana.
Current information indicates that several varieties of tall fescue with different novel endophytes may provide useful options, at least on selected sites. Whether any of these varieties
may be as persistent over periods of decades as Kentucky 31 has been on the most favorable
sites has not been determined. Both drought-prone sandy uplands and seasonally waterlogged clay bottomlands do not appear to be suitable sites for tall fescue in this region. Loss
of stands in clipping evaluations of several early varieties including Kentucky 31 on upland
soils and subsequent survival of Kentucky 31 from plantings in nearby pastures indicate that
both site and extent of defoliation may be important determinants of stand survival. With
plantings planned for only a few years of productive life, such as may be appropriate for
cropping systems including a soil health building phase, selection among appropriate varieties for yield potential would be useful. For long-term pasture plantings with no planned
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termination date, selection for persistence may be more beneficial than short-term differences
in productivity among the generally productive varieties. Developing forage systems with
perennial grass pastures available for grazing in both the warm season and cool season in this
region appear to be realistic goals with selection of appropriate sites and the best adapted tall
fescue variety. Several of the recently available novel-endophyte varieties provide promise
but require additional evaluation.
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Abstract
The production of beef on pasture is one of the potentials of Brazilian agriculture, mainly
due to the territorial extension and climatic conditions. Therefore, the production of beef
on tropical pastures mainly consists of the use of tropical forages; when correctly handled,
forage plants show good productivity and improvement in the nutritive value. Among
main factors that affect the performance of beef cattle fed on pastures, the availability and
quality of the pasture stand first. In tropical regions, during the dry period of the year,
the production of forage as well as its nutritive value is diminished. Hence, it is necessary
to use protein supplements as a feed strategy to promote increased intake and improved
nutrient utilization efficiency by animals. In view of this, by-products of biodiesel from
oilseeds, such as peanuts, cottonseed and sunflower seeds, with high nutritional values
can be used as an animal feed alternative to the protein sources commonly used for the
formulation of supplements. Protein supplementation contributes to an increase in live
weight gain as well as improvement in ruminal microbiota activity and, consequently,
potentiates nutrient utilization efficiency in beef cattle fed with tropical pasture.
Keywords: ammonia, beef, biodiesel by-products, crude protein, grasses, supplement

1. Introduction
The production of beef on pasture is one of the potentials of Brazilian agriculture, mainly due
to the territorial extension and its soil and climatic conditions, which are favorable for the cultivation and establishment of tropical pastures of high nutritional value offered to feed ruminant
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animals. However, in the transition period from the rainy season to the dry season, which
marks the seasonality in forage production, the performance of tropical pastures declines in
leaf/stem ratio, reduces in crude protein (CP) content and increases in the proportion of dead
material which makes them less palatable by animals due to low nutritional value [1].
Thus, in order to fill a gap resulting from the quantitative and qualitative production of tropical forage, supplementation with protein concentrates emerge as the main alternative in the
supply of nutrients for the maintenance and maximization of the production of beef cattle in
this productive system, which has as feed base, tropical grasses [2].
The potential of utilization of this feed strategy is evident, since animals supplemented with
concentrates, regardless of the feeding strategy, demonstrate greater microbial efficiency
when compared to the animals fed just pasture [3]. Corroborating with this work, another
study was carried out by Batista and colleagues [4] to test whether a protein supplementation
of beef cattle fed with tropical low quality pasture improves the efficiency of the use of nitrogen. Finally, concluding that the supplementation with proteins source with a higher proportion of degraded proteins in rumen favors the recycling of nitrogen and promotes increase in
the synthesis of the microbial protein.
As a result of the growing world demand for biofuels, the biodiesel production chain uses
oilseeds as raw material for the production of by-products and residues that, due to their
nutritional value, have potential for use in animal nutrition, being characterized as protein
and energy supplements. Thus, with a view to reducing the impact of the seasonality of
forage production on pasture-based meat production systems, increasing the quantity and
quality of nutrients and, consequently, maximizing the efficiency of their use, the practice
of supplementing together with potential using of by-products from the biodiesel industry
emerges as a strategy to increase the production of beef cattle to pasture.

2. Production of beef in tropical pasture
In beef cattle improvement, although the frequent use of confined production systems is very
evident, pasture systems have been gaining prominence in their use due to lower feed costs
and high response in animal performance (e.g., daily average gain and gain per area), resulting in higher profit margins.
The production of beef in tropical pastures consists mainly of the use of tropical forages.
When properly managed, forage plants show high productivity, improvement in nutritional
value and nutrient digestibility. In this case, the forage potential of tropical grasses on animal
response was investigated by Maciel and colleagues [5] using three guandu grass cultivars
(Massai, Tamani and Zuri) in the live weight gain of Nellore steers. The results showed that
using grazing the average daily weight gain of cattle were 0.716, 0.791 and 0.883 kg/animal/
day for grass cultivars Massai, Tamani and Zuri, respectively.
The use of forage plants of tropical climate to compose a system of production of beef cattle
occurs mainly due to its productive potential (kg DM/ha) and its anatomical and physiological characteristics, which are determinant in the choice as much as adoption of the type of
pasture management.
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Tropical forage plants are grouped metabolically under C4, which possess greater advantage
in the productive aspect, with morphological, anatomical and physiological characteristics
that contribute to greater forage production per unit area compared to those in the temperate which are dominantly C3. Due to this, the characteristic of C4 tropical grasses becomes
advantageous for breeding of bovines as it favors animal productivity by unit area, which can
also increase the number of animals within the system.
In this context, De Araújo and colleagues [6] evaluated animal performance in a tropical pasture system with or without supplementation. This study showed that the Mombaça grass
with 45 cm height at the end of the rainy season retains sufficient forage mass to maintain
throughout the dry period, approximately 1.4 AU/ha, and moderate nutritive value (mean
8.1% CP and 55.3% organic matter digestibility in vitro) to promote small gains. In conclusion,
the researchers observed that such responses of quantitative and qualitative adaptability in
the period of seasonality of production of forage species demonstrate the aptitude of this
species for its use in meat production systems in tropical pastures.
When researching on the agronomic and structural characteristics of the Massai grass under
grazing of sheep supplemented during the dry season, Fernandes and colleagues [7] verified
that forage mass production considered satisfactory for the dry period of the year, regardless
of the type of supplementation and grazing cycles.
Another study on the inherent characteristics of the plant (e.g., canopy structure, nutritional
value) showed that the performance of the livestock was influenced by the type of grass management [8]. In this case, the pasture of Panicum maximum cv. Mombaça, which was managed
at a height of 50 cm instead of 30 cm after grazing, resulted in high average daily gain of cattle
(795 vs. 590 g/day of live weight) and high animal production per unit area (917 vs. 794 kg/
ha of live weight).
According to Hodgson and Maxwell [9], the pasture management factor is related to the
balance between animal production, maintenance of the pasture aiming at achieving higher
productivity, improvement in nutritional value and consequent increase in the utilization
efficiency of the accumulated forage without initiating the processes of senescence.
In an experiment carried out with forage grass Digitaria umfolozi submitted to different defoliation frequencies, the importance of pasture management on the productive characteristics
and morphogenic and nutritional value was verified. Thus, in this study, it was found that the
higher defoliation frequencies positively favored increasing number of leaf blades, stems +
sheaths and total DM, characterizing this tropical forage with good potential for animal
production [10]. The findings showed that the defoliation frequencies promote the growth of
new Digitaria umfolozi grass plants with high concentrations of CP in leaf blades and stems +
sheaths, indicating the need to identify appropriate management practices to efficiently harness
the forage potential.
Production of meat in pasture refers to the dynamics between availability and the efficient use
of forage. This is, animal production as a result of processes of soil-plant-animal interaction.
Therefore, to achieve success using this production system, it is necessary to understand the
importance and how these processes work until production is reached. According to Hodgson
[11], animal production in pasture can be structured in three processes: Growth, Utilization
and Conversion (Figure 1).
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Figure 1. Schematic representation of animal production on pasture. Adapted from Hodgson [11].

At the stage of growth, the importance of natural and environmental resources in the development of the plant is observed, where fertile soil corrected for acidity and fertilization, presenting the availability of essential nutrients which together with climatic conditions (e.g.,
solar radiation, rainfall) favor the growth of the forage plant with greater vigor.
In the next step, which concerns the utilization, the forage produced under favorable climatic
conditions will be in full qualitative force and available in the production system for the management of the pasture in which it will aim to improve and provide a greater “harvest” of the
forage by animals.
Conversion, the last step, is the use of the forage consumed, that is, the ingestion of the forage is related to the efficiency of the use of the nutrients in the transformation to products of
animal origin (e.g., beef).
Among major factors affecting the performance of beef cattle fed on pastures, the availability
and quality of the pasture stand first. The involvement of meat production in pasture in tropical regions is related to the dry period of the year, in which there is a decrease in forage production and a reduction in nutritive value due to the elongation of the stems, increase in the
fibrous fraction and decline in the crude protein of the plant. In this context, the study in the
Brazilian savannas carried out by Maciel and colleagues [5] to investigate the effect of Guinean
grass pastures on the seasonal live weight gain of beef cattle indicated a reduction in average
daily gain (ADG) (0.284 kg/head/day) of Nellore bulls in the dry season. This demonstrates
that the seasonality in forage production directly reflects the performance of the animals.
Thus, the use of feed strategies (e.g., concentrated, roughage supplementation) that seek to
complement and contribute to the maintenance and increase of meat production in tropical
pasture is of great importance for the successful use of the tropical pasture production system.

3. Protein supplementation for beef cattle in tropical pasture
Protein supplementation for beef cattle in tropical pastures is due to the need to supplement
the nutrients provided by forage, which is the main source of feed in this production system.
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Therefore, this feed strategy is necessary, mainly in the seasonality of the forage production,
in which the tropical forage plants show a decline in the production, resulting in less availability of forage mass and elongation of the stems, negatively affecting leaf/stem ratio and
consequent reduction of nutritional value.
The use of this feeding strategy in grazing livestock systems is an activity that can be applied
to pasture management to increase support capacity as well as animal performance [12].
However, the efficiency of the use of protein supplements for beef cattle in pasture systems
needs to increase the nutrient intake and to promote the improvement in the efficiency of
using scarce resources in order to maximize the production of weight gain by the animals.
The study using different concentrations of protein supplementation on the nutritional and
productive performance characteristics of grazing heifers during the rainy, dry and tropical dry seasons carried out by Cabral and colleagues [12] indicated that a maximum gain of
489.4 g/kg body weight was obtained from 1.05 kg of protein supplement, which is equivalent
to a 32% increase in average daily gain over those receiving only mineral supplement.
According to Brandão et al. [1], the practice of supplementation of cattle in tropical pastures
provides benefits to the ruminal microorganisms since it generates substrates for the development of microorganisms, which in turn improves the digestibility of fibrous feeds and
consequently increases the consumption of the forage. Sampaio et al. [13] investigated the
consumption and digestibility of beef cattle fed with low-quality tropical forage supplemented
with nitrogen compounds. According to their findings, concentrations of 5 and 10 mg/dL of
ammoniacal nitrogen provided nitrogen substrates (e.g., ammonia, amino acids) sufficient to
maintain the microbial activity in the rumen and improved voluntary intake.
In evaluating the performance and efficiency of nitrogen utilization in cattle fed pasture of
tropical grasses with supplementation, Detmann and colleagues [14] showed that nitrogen
supplementation enhanced forage intake and nitrogen utilization, which as a consequence
improved digestibility. According to this work, the highest benefit of supplementation was
observed in the efficiency of nitrogen metabolism in the animal.
The most limiting factor for achieving greater efficiency with protein supplementation is the
balance between protein and energy. Protein supplied via supplement is rapidly degraded
upon reaching the rumen, hence readily available to microorganisms. Hence, it is necessary
to keep the balance between the protein and the energy of the feed.
As a base feed of the pasture system, forage plants when in the rainy season and well managed provide forage of good nutritional value and good digestibility which contribute to a
better balance between the protein of the supplement and grass energy. However, in the dry
season, tropical forages are markedly affected in the total production and proportion of morphological components (e.g., leaf/stem ratio), in proportion of fibrous fraction, nutritive value,
which alters the balance between protein and energy.
Several studies showed the benefits of protein supplementation for beef cattle in tropical pasture systems. However, crude protein concentrations should be adjusted according to the
nutritional requirements of the animals. This is important since supplements with high concentrations of crude protein in the diet formulation of animals can generate excess nitrogen
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in the animal metabolism which is directed to the liver for urea synthesis and subsequent
excretion via feces and urine. Thus, in addition to the energy expenditure in the metabolism
and conversion of nitrogen to urea, this metabolite is excreted to the environment causing a
negative impact on the natural resources (e.g., groundwater).
Another study Ankole × Friesian crossbred steers carried out by Asizua and colleagues [15]
supported the findings indicated above. These studies, therefore, strongly suggested to carefully adjust the amount of fermentative supplements of carbohydrates and proteins and
monitor their influence on the dynamics of the ruminal environment.

4. Use of biodiesel by-products in the supplementation of beef cattle
in tropical pasture
The use of biodiesel by-products in the supplementation of beef cattle on tropical pasture
is an emerging trend within production systems, in which, although tropical pastures are
considered as primary source of feed for ruminant animals raised on pasture, the production
of animal products (e.g., meat, milk) in these systems today require an increase in the use
of agro-industrial by-products and agricultural residues as an alternative way of providing
nutrients for economic optimization [15].
In pasture production systems, the supplementation provided for beef cattle is generally formulated with traditional protein sources (e.g., soybean meal). However, by-products resulting from the biodiesel process of oilseeds, such as peanuts, cottonseed and sunflower seeds,
have high nutritional values and hence can be used as animal feed as an alternative to the
protein and energy sources commonly used in the formulation of supplements.
Table 1 presents the composition of different supplementary sources generated from the biodiesel production chain in terms of dry matter (DM), ash, crude protein (CP) and other key
nutritive elements. Neto et al. [16] indicated that using these products instead of conventional
ingredients the cost of feeding is saved, without compromising nutritional quality and the
efficiency of the beef production.
Based on the study on heifers fed on tropical grass and supplemented with glycerin, Silva
and colleagues [17] concluded that the use of biodiesel by-products up to 14.3%, equivalent
to 50.5% substitution of the energy, did not alter the centesimal composition of the meat.
However, these supplements improved the fatty acid profile of the longissimus lumborum
muscle and therefore increased the quality of the meat, with benefits for human health.
In response to the effect of replacing soybean meal with cottonseed on supplements containing 15% and 30% CP, as well as evaluating the effect of supplementation on the performance
and nutritional status of Nellore heifers, it was evident that supplementation with cottonseed
meal containing 30% CP promoted greater DM digestibility when compared to the supplement containing only 15% CP. Based on this, the authors stated that cotton meal can totally
replace soybean meal during the rainy season [18].
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Nutrients

By-products of biodiesel, g/kg
Soybean meal

Groundnut cake

Sunflower cake

Palm kernel cake

Dry matter

958

958

972

966

Ash

59.8

47.5

54.5

55.8

Crude protein

467

44.5

24.3

13.1

Ether extract

22.2

81.2

58.0

112

Neutral detergent fiber

105

143

339

696

Acid detergent fiber

95.0

123

272

401

Non-fibrous carbohydrates

346

283

305

4.60

Hemicellulose

9. 90

20.0

66.4

295

Acid detergent lignin

34.8

56.1

135

289

Total carbohydrates

451

426

644

701

Adapted from Neto et al. [16].
Table 1. Composition of biodiesel by-products used in ruminant animal production systems.

Another study by Trung et al. [19] investigated the effect of different concentrations of cassava
root meal supplementation peanut butter on the intake and performance of beef cattle. The
study concluded that the combination of 1000 g of cassava root meal with 700 g of peanut cake
significantly increased live weight gain with a tendency to improve feed intake and digestibility of organic matter (OM), reducing feed conversion and the cost of the ration.

5. Performance of beef cattle fed tropical pasture supplemented with
crude protein
In investigating the use of supplements with different concentrations of crude protein for
beef cattle in tropical pasture, Da Silva-Marques et al. [20] found that the supplement with
higher crude protein content (601 g/kg of CP based on DM) promoted higher metabolism and
efficiency of nitrogen, improving the nutritional parameters of beef cattle during grazing in
the rainy season. Another study which evaluated the frequency of protein-energy supplementation and mineral supplementation of Nellore bulls in Marandu grass pasture showed an
increase in DM, CP and higher digestibility of CP and NDF of pasture for animals receiving
protein-energetic supplement five times a day [21].
Similarly, Neves and colleagues [22] investigated the effect of increasing concentrations of
concentrated supplementation on intake, nutrient digestibility and performance of crossbred
steers during the dry period of the year. Based on the findings, the authors recommended protein supplementation of 0.5% body weight (BW) with 24% CP to obtain gains of up to 0.500 kg/
day for steers in pasture systems during the post-weaning phase in the dry season of the year.
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Similar study evaluated the effect of different protein concentrations on performance and
metabolism of Nellore cattle in tropical pasture during the transition period from dry season
to the rainy season [23]. The results showed that the response to supplementation is related to
forage plant characteristics (e.g., forage canopy), resulting in benefits only at the early stage of
the transition period from dry to rainy season.

6. Conclusions
Protein supplementation to grasses increases the live weight gain and the ruminal microbiota
activity of beef cattle, which consequently potentiating the nutrient utilization in beef cattle
fed with tropical pasture. Studies also showed that by-products of biodiesel can be used as
alternative sources of protein to improve beef supplementation in tropical regions.
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Abstract
Weeds are one of the major biological threats to higher rice productivity worldwide.
Various cultural, biological, physical and chemical practices affect the composition and
intensity of weeds in rice fields. Generally, weeds can be controlled through herbicides;
nevertheless, chemical weed control is not a sustainable option on a long term. Various
agronomic practices such as the use of tolerant cultivars, adjusting sowing time, tillage
permutations and plant geometry may reduce the weed pressure in rice. Integrated
approaches for weed management, emphasizing on the combination of management
practices and scientific knowledge, may reduce the economic costs and improve weed
control owing to the complexity of the weed community. The present chapter reveals
the role of planting geometry and herbicides as weed management strategies in rice,
and discusses the issue of herbicide resistance associated with chemical weed control.
Moreover, the research and knowledge gaps in rice weed management through planting
geometry and herbicides were also highlighted.
Keywords: rice, planting geometry, herbicidal sprays, weed management, yield

1. Introduction
To declare a plant as a weed means to narrate it with the human environment. Their presence in crops, pastures, lawns, gardens, rangelands, along roads or thoroughfares, parks,
recreational areas and other natural lands, interferes with human intensions by changing
the native flora/natural vegetation of a region. Hence, human intentions are directly linked
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to define a weed and their activities endorse weed establishment and dissemination while
weed persistence over a period, its type and density, emergence time and its interference
period with the crop are directly related to the weed-related losses in crop yields [1]. Both
ecological and biological factors of a specific region affect weed composition, distribution
and propagation as well as its diversification and occupancy in that region. Interference to
the environment often led to multiplication and colonization of plants in open space whose
biological activities predispose them. Most of the weed species in annual cropping systems
are those which rapidly colonized under disturbed environment [2]. Weed interference and
species composition of an area are affected by various environmental and biological factors
like soil type, soil moisture, pH, light intensity, temperature, precipitation patterns, crop type,
crop competitiveness, crop-weed interference and other flora and fauna of that area. Further,
weed interference, its competitive ability and population dynamics changes with weed species composition which further affected by human efforts to control them.
Weeds being the most serious pests in agriculture have the ability to compete with the crop
for nutrients through rapid growth and development. Competitive abilities of weeds developed through natural selection make them more vigorous even under severe conditions [3].
Weeds uptake available nutrients and compete with rice plants for water, light and space.
Weeds under adverse conditions negatively affect plant growth cycle, plant developmental
pattern, leaf architecture, tillering ability, as well as yield and yield attributes of rice [4]. Out
of the other factors, poor weed management is also responsible for reduction in rice yield
depending on weed type and their infestation [5]. Further, weed management in rice is one
of the major causes that affect its crop yield. Normally the decrease in yield due to weeds
ranges between 15 and 20%, however; under severe conditions the losses may raise up to 50%
or more depending upon the weeds species, types, pressure and intensity [3]. For example,
up to 76% reduction in rice grown under puddle conditions is caused due to uncontrolled
weeds [6]. The most problematic and common weeds in rice especially in Asia are Cyperus
iria, Cyperus maritimus, Echinochloa glabrescens, Cyperus rotundus, Cyperus difformis, Paspalum
distichum, Echinochloa colona, Echinochloa crus-galli, and Marsilea minuta [7–9].
Weed control in rice crop is always remaining a difficult task for successful crop production
as their presence in the field cause severe reduction in yield and quality of crops and increase
the cost of production [10]. The use of herbicides to control weeds is just in the introductory
stage in most of the developing and under developed countries and farmers of these regions
also behave rationally in herbicide usage. Among all the weed control methods, chemical weed
control is commonly used to overcome weeds infestation which is easy, quick, time saving, cost
effective and the most reliable method to control weeds in rice. There are diverse weed communities and types in rice fields. Hence the use of a single herbicide cannot give satisfactory
and cost-effective results of weed control [11]. The use of herbicides gives effective control of
weeds; hence care must be taken in the selection of herbicide that should be based on the target
weed species in addition to their broader category of grass, sedge and broadleaf for planning
of an effective weed control program for successful rice production [12]. No doubt, manual
weed control is efficient method to control weeds but difficult to apply due to scarcity and
rising wages of labor and its dependence on the prevailing weather conditions [13]. Azmi et al.
[14] stated that use of herbicides seems a crucial part to control and manage weed infestation
in rice. An effective and feasible weed management program is essential to overcome various
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types of weeds throughout the growing period of crop as manual control of weeds is not a
quick method. It requires lot of time and labor as well whilst herbicides offer easy, economical
and quick control of weeds if applied in proper dose and at a proper stage of the crop [15].
Not only the weeds pressure, but also the sub-optimal plant population also favors weeds to
grow profusely which can be managed by spatial arrangement of crops [4]. The growth, development and the yield of rice as well as the intensity of weed infestation are greatly affected by
plant spacing. Planting density in rice strongly influences the growth and development due to
its inter-specific competition which affects grain yield [16]. Dense plant population may lead
to intra-plant competition whereas lower plant population provides the space for off-types
to grow easily [17]. Hossain et al. [18] reported that in too dense populated rice fields, interspecific competition starts which may cause lodging and gradual shading and results in yield
penalty. Hence, it is necessary to adjust suitable plant spacing and plant population as a weed
management tool and to get better economic returns.
Integrated weed management is the best option to control weeds whereas cultural weed control is a key component of it [19, 20]. By manipulating the different weed management strategies, the competitive ability of crop over weeds for above and below ground resources can
be enhanced [20–24]. This review comprehends the role of planting geometry and herbicide
application as a viable tool for weed management in rice.

2. Weed dynamics and control in rice
Weeds are serious problem to rice production. It accounts for one third of the total crop yield
losses due to various biotic factors. Simply, plants that compete and interfere with the desirable crop plants and compete with its growth and development are known as weeds [25].
Weeds are one of the main factors which are responsible for low production of field crops
[26–28]. Weeds compete with crops for available resources like light, space, water as well
as nutrients. During early growth stages weeds compete with crop plants vigorously than
later growth stages and ultimately cause substantial reduction in growth and yield [29]. For
instance, 16–48% grain yield of transplanted rice is reduced due to the occurrence of weed
flora in rice field [4]. This weed infestation in rice disturbs the rice growth badly and may
result in complete crop failure [30]. So to minimize the weed density, various weed control
strategies have been evaluated in rice crop to get maximum output [20, 30]. Moreover, weed
competition is more severe in direct seeded than in transplanted rice [13, 31–33]. Reduction
in grain yield of direct seeded rice (DSR), wet seeded rice (WSR) and transplanted rice due to
uncontrolled weeds was 75.8, 70.6 and 62.6% respectively [31]. Wet seeded rice refers to the
use of pre-germinated seeds as a planting material.
There are about 50 weed species found in rice field causing severe losses in productivity all over the world [33]. Asian sprangletop (Leptochloa chinensis L.) and barnyard grass
(Echinochloa crus-galli) quickly establish formal in a very short duration especially where
rice is produced by direct seeding [34]. Echinochloa colona L., known as a Jungle rice, grows
vigorously in direct seeded rice whilst predominantly found in both direct-seeded and
transplanted rice [13, 35, 36].
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Sr.
No.

Family

Category

Weed species

1

Poaceae

Grass

Paspalum distichum, Echinochloa colona, Leptochloa chinensis, Echinichloa
crus-galli, Oryza sativa (weedy rice), Digitaria setigera, Digitaria ciliaris,
Eleusine indica, Ischaemum rugosum, and Digitaria ciliaris

2

Cyperaceae

Sedge

Cyperus rotundus, Fimbristy lismiliacea, Cyperus difformis, and Cyperusiria

3

Commelinaceae

Broadleaved

Commelina benghalensis

4

Pontederiaceae

Monochoria vaginalis

5

Asteraceae

Eclipta prostrata

6

Convolvulaceae

Ipomoea aquatica

7

Onagraceae

Ludwigia octovalvis

8

Sphenocleaceae

Sphenoclea zeylanica

9

Onagraceae

Ludwigia adscendens

Source: [37]
Table 1. The most common weed species in rice.

Juraimi et al. [37] observed that dominance of weed species vary significantly with weed
control and different crop establishment methods and reported that E. crus-galli and E. colona
are the most problematic weeds found in rice. Moreover, in the upland rice field, Cynodon
dactylon and Cyperus rotundus are also serious weeds of rice. The list of most common weeds
infesting rice fields are presented in Table 1.
Singh et al. [38, 39] reported a reduction of 12–98% in rice yield due to weed infestation.
Threshold levels of Cyperus iria and Echinochloa crus-galli were estimated about 30 and 20
plants m−2 in transplanted rice [40, 41]. A competition study of C. iria in transplanted rice
showed that 30 days competition caused 12.9% while a 40 day competition caused 43.5%
yield loss in rice [42]. Similarly, about 25 kg ha−1 yield is reduced in direct seeded rice for
every day delay in weeding [43]. According to the same study, 35.2% yield reduction was
recorded by delaying the removal C. iria for a period of 30–40 days after tillering. At the
seedling stage, E. colona and E. crus-galli are closely related to rice plant and may be called
as “crop mimicry” that need to control in time [44]. While checking the efficacy of different
weed control strategies, Cherati et al. [45] found weed control through herbicides as the best
method followed by mechanical weeding without engine, three hand weeding and power
mechanical weeding. Chemical and manual weed control measures resulted in similar effect
under puddled rice [46]. Anaya [47] and Remington and Posner [43] reported that lack of
weed control in fields shared about 12% of total waste production and suggested hand weeding, chemical or mechanical weeding or their combinations for better weed control.

3. Planting geometry: role in weed management and rice yield
In most crops, narrower row spacing can increase the competitiveness of a crop [48] whilst
reduced crop spacing has also been found to favor the crop development at the expense of weeds.
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Weeds are the serious pest in rice production but these can be managed effectively by maintaining the critical periods of weed competition [11] as growth of the rice is greatly influenced
by all the competition periods [49]. Chemical weed control is the most popular weed control
method, however herbicide resistance, limited amount of available herbicides, weed population shifts and expensive herbicide products may limit its application in the future [50, 51]. To
control weeds more effectively and to minimize the complete reliance on herbicides, adoption
of cultural approaches in integrated pest management by farmers has been increasing [14].
Weeds can be suppressed by enhancing the crop competitive ability [52]. Hand weeding is a
cultural approach to control weeds but it is a very tedious, labor intensive and slow method
[53]. Weed control through herbicides is effective but total dependence on chemical weed control with extensive use of hazardous farm chemicals has necessitated the new approaches to
tackle the weeds problems [54]. In addition, the use of herbicides on a large scale has resulted
serious ecological threats such as shifts in weed population and dominance of minor weeds [55].
Both yield and yield components of rice are affected by plant spacings as well as planting
density [56]. Optimum plant density is necessary to obtain higher yields in rice [57]. The
effect of both varied planting patterns and herbicides on weed dynamics in rice is presented

Figure 1. Effect of differnt planting patterns and early post emergence herbicides on total weed density, and weed dry
biomass at 35 and 50 days after transplanting (DAT) (a-d). Bars above means represent S.E. of three replicates. WC:
weedy check; Bisp WP: Bispyribac sodium 20% WP at 39.50 g a.i. ha−1; Bisp SC: Bispyribac sodium 100 SC at 39.50 g a.i.
ha−1; Clf-but: Cyhalofop-butyle 10% EC at 49.50 g a.i. ha−1; Penox: Penoxulam 240 EC at 15 g a.i. ha−1 [64].
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Sr.
No.

Rice
establishment
method

Widest
spacing

Narrowest
spacing

Remarks

References

1

DSR

20 × 20 cm

10 × 10 cm

Under weed free conditions, yield was 29%
higher in the plot with 10 cm row spacing
than 20 cm whereas grain yield 87–88%
higher than uncontrolled weedy plots.

[3]

2

TR

20 × 20 cm

15 × 15 cm

24.31% higher yield was recorded in widest [4]
spacing of 20 × 20 cm compared with
narrow spacing of 15 × 15 cm. whilst 36.63%
increase in paddy yield was observed in
weed free treatment compared with weedy
check.

3

TR

20 × 10 cm

30 × 20 cm

Among the spacing, the widest spacing
gave maximum weed control efficiency
(55.30%) at 30 DAT and lowest weed
control efficiency (62.03%) at 60 DAT.

[17]

4

TR

20 × 10 cm

20 × 10 cm

Adoption of 20 × 10 cm spacing and pre
emergence application of anilofos 2, 4-D
at 6 days after transplanted supplemented
with 2, 4-D Na salt at 20 days after
transplanted generally enhanced rice yield
from 58.13 to 70.41%.

[29]

5

DSR

10 × 10 cm

30 × 30 cm

Rice spacing determines rice-weed
competition and can play a decisive role to
minimize weed pressure. Closer spacing
could be considered as a vital tool in
integrated weed management program
for aerobic rice. 51.79 and 70.68% increase
in weed dry biomass was observed for
10 × 10 cm and 30 × 30 cm, respectively. Up
to 50% increase in rice yield was recorded
for narrow spacing compared with wide
spacing

[60]

6

TR

20 × 20 cm

15 × 15 cm

The maximum weed density and dry
biomass was found in widest spacing,
nevertheless, the yield was also remained
higher in widest spacing with 19.55% more
than the closest.

[4]

7

DSR

30 × 30 cm

20 × 20 cm

The weed population especially E. colona
and E. crus-galli was 29% more in widely
spaced crop than narrow spacing whilst
18.68 and 23.45% higher grain yield was
recorded in narrowest spacing than wide
spacing for E. colona and E. crus-galli,
respectively.

[61]

8

DSR

30 × 30 cm

15 × 15 cm

Rice grown in 30 cm row spacing has
32–35% greater weed biomass and 38–50%
less yield as compared with 15 cm.

[62]

9

TR

25 × 10cm

20 × 10 cm

Short duration of ‘aman’ rice transplanted
at 25 × 15 cm with three hand weedings
gives 193% total dry matter than 20 × 10 cm
with weedy control.

[63]
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Sr.
No.

Rice
establishment
method

Widest
spacing

Narrowest
spacing

Remarks

References

10

TR

10 × 10 cm

10 ×10 cm

Grain yield was remained lower up to 25%
in narrowest plant spacing than widest
spacing. Lower grain yield could be due to
intra specific competition in rice.

[64]

11

DSR & TR

25 × 15 cm

20 × 10 cm

Narrow row spacing in both DSR and TR
resulted in higher grain productivity from
4.7 to 12.2% with reduced weed density.

[65]

12

SRI

30 × 30 cm

25 × 25 cm

The rice yield in closer spacing was 19.50%
more than wider. Further, weed control
through anilophos at 0.4 kh ha−1 gave
higher yield than weedy check.

[66]

DSR: Direct seeded rice, TR: Transplanted rice, SRI: System of rice intensification
Table 2. Planting geometry-induced changes in weed density and yield of direct seeded and transplanted rice.

in Figure 1. According to Awan et al. [58], the yield of rice was much higher where nursery
was transplanted in lines as compared to randomly transplanting. Bozorgi et al. [59] studied
three levels of plant spacings i.e., 15 × 15, 20 × 20, and 25 × 25 cm in interaction with number
of seedlings per hill and found the highest grain yield from 15 × 15 cm. Furthermore, narrow
plant spacing in rice significantly reduced weed pressure and weed dry biomass [60]. Hence,
plant spacing in rice determines rice-weed competition and has a crucial role in reducing
weed intensity and rice yield (Table 2). Among the three plant spacings (20 × 10, 25 × 15,
30 × 20 cm), the efficiency of weed control was the highest (62.03%) in 20 × 10 cm at 30 days
after transplanting (DAT), while the lowest (55.03%) at 60 DAT [17]. Ehsanullah et al. [16]
studied four rice sowing methods and concluded that the highest grain yield (3.06 t ha−1) was
obtained from 20 × 20 cm spacing while the lowest of 2.52 t ha−1 from direct seeding by broadcasting the seeds in the standing water. Rasool et al. [67] estimated the impacts of three plant
spacings (15 × 15, 15 × 20, 20 × 20 cm) on yield and yield components of rice and observed
maximum plant height, total number of tillers, leaf area index (LAI) and total dry matter
accumulation from 15 × 15 cm which provided 8.97% higher yield than the 20 × 20 cm spacing.
Similarly higher grain yield was obtained in 50 hills m−2 and the paddy yield record obtained
due to high planting density over 16.7, 22.2, 25 and 33.3 hills m−2 were 4.0, 9.5, 4.8 and 6.0%,
respectively [68]. Moreover, number of panicle per plant and straw yield of rice increased
significantly by raising planting density in rice [69]. Tari et al. [70] concluded that rice sown
at the spacing of 20 × 20 cm and the application fertilizer (138 kg N ha−1) gave maximum
yield. Out of three spacings investigated (5 × 15, 15 × 20 and 15 × 25 cm), the highest yield and
harvest index were recorded for rice from 15 × 20 cm [71]. Sultana et al. [72] evaluated the
effect of five hill to hill spacings viz. 2.5, 5, 10, 15 and 20 cm and two row spacings viz. 20 and
25 cm where the highest grain yield was recorded at 25 × 15 cm and the lowest at 20 × 2.5 cm
spacing. Further studies using four row spacings (10 × 25, 15 × 25, 20 × 25, and 25 × 25 cm)
resulted in significant improvements in rice yield and related components from 15 × 25 cm
spacing with two seedlings per hill with four levels of seedlings per hill were assessed by
Alam et al. [73]. In addition, vigorous growth and better yield of rice was harvested from the
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spacing of 22.5 × 22.5 cm2 compared to that of 20 × 20 cm2 and 25 × 25 cm2 [74]. The yield of
rice was found higher in widest plant spacing i.e., 20 × 20 cm than the narrow plant spacings
i.e., 20 × 15 cm and 10 × 10 cm.
The performance of rice established under different planting geometries was investigated
by Ashraf et al. [4] where a maximum yield of 5.87 t ha−1 was obtained using Machete 5G
and GGR-6 under plant spacing 20 × 20 cm. Furthermore, Jacob et al. [75] concluded that
20 × 10 cm spacing with the application of anilofos+2, 4-DEE (ready mix) 0.40 + 0.53 kg ha−1
supplemented with 2, 4-D sodium salt 1 kg ha−1 provided the maximum grain yield and
minimum weed competition. Hence, spatial arrangement of crop plants is the best cultural
practice to reduce weed competition and raise rice yield.

4. Weed control in rice using herbicides
Herbicides are chemicals that either kill or inhibit growth of plants. They can be classified in
numerous ways viz; by crop (e.g., a soybean herbicide), by their application timing (e.g., pre- or
post- emergence to the crop or weeds), by their chemical family (e.g., sulfonylureas, dinitroanilines), by their path of mobility in the plant (e.g., translocation by phloem, xylem, or both),
and by their mode of action (MOA) (e.g., photosystem II inhibitors, ALS inhibitors). In the
context of herbicide resistance in crops and weeds, MOA is the most relevant classifier because
it best describes the means by which the herbicide imposes selection pressure on weeds, and
its manipulation can be used for herbicide resistant weed management. More than 200 active
ingredients are registered as herbicides around the world, and this estimate does not include
compounds that are used exclusively as crop growth regulators or crop desiccants. There are,
however, only 29 major mechanisms of herbicide action, including a group of herbicides for
which the MOA is unknown [76]. The herbicides are very specific for their mode of action and
differ in their weed control efficacy (Table 3).
Chemical weed control is becoming priority for farmers due to mainly shortage of labor for
hand weeding [77]. Rising wages of labor and their non-availability at peak time discourage
hand weeding and make it necessary to use alternative methods of weed control including
herbicides [13, 33, 78]. Hence, the importance of herbicides cannot be ignored as it is the most
effective, time saving and reliable weed control technology available today [79]. Weedicides
can suppress weeds effectively and may provide a weed free environment if applied at proper
stage and time [80]. Chemical weed control has an edge over cultural weed control as it is
quick, cost effective and saves labor, time and money. So, it may be regarded as an economical
method of weed control [81].
The doses of registered herbicides under changing weed composition and density as
well as different growth stages may be overestimated to get maximum weed control [82].
Manufacturers recommend higher doses of herbicides than the optimum dose which controls
the weed population at satisfactory level [83]. The rate of herbicide to be applied depends on
the type of weed flora, the density of weed population, phenological development of both the
weed and the crops and the prevailing environmental conditions of the location. Keeping the
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Sr
No.

Herbicide Class

Herbicide name

Mode of action

Weed efficacy

1

Post emergence

Pyrazosulfuron ethyl

ALS inhibitor

An increase of 87–188% was [3]
recorded in rice yield in
herbicide treated plots than
weedy check (control).

2

Pre emergence

Pretilachlor

Selective

Among all treatments,
79.53% weed control was
obtained by application of
pretichlor at 30 DAT.

3

Pre emergence

Butachlor

Selective, systemic Weed dry biomass was
herbicide.
56.92% less in treatment
having machete (butachlor)
ALS inhibitor
application over weedy
check.
ALS inhibiting

Ethoxysulfuron

References

[17]

[4]

Post emergence

Penoxsulam

Early emergence
and post
emergence

Cyhalofop-butyl

Contact and
translocated

4

Pre+Post
emergence

Pendimethalin-followed
by- bispyribac-sodium +
azimsulfuron

ALS inhibitor

Application of these
herbicide provided 85%
weed control over other
herbicides with minimum
weed dry biomass.

[63]

5

Post emergence

Penoxsulam

ALS inhibiting

Penoxsulam gives excellent
control of Echinochloa spp
resulting 19–40% increase
in rice yield.

[97]

6

Pre and post
emergence

Isoproturon + 2, 4-D

Selective systemic
herbicide

Rice yield was 11–15%
higher and 0.19 more B:C
ratio (net monetary return)
than weedy control

[109]

7

Pre emergence

Butachlor

Selective, systemic All the herbicides reduced
herbicide
more than 80% weed
density and 74–87%
Selective

[110]

Pretilachlor
Pendimethlane

Microtubule
assembly
inhibition

8

Pre emergence

Pretilachlor

Selective

Rotational use of
pretilachlor with butachlor
reduces sedges population
and increased paddy yield
by 3–5%.

9

Pre emergence

Pendimethlane

Microtubule
assembly
inhibition

Pre emergence

Pretilachlor

Selective

Post emergence

Quinclorac

Synthetic Auxin

Highest yield attributes and [112]
grain yield 62.8% (q ha−1)
were recorded in treated
plots. Uncontrolled weed
caused 98.64% reductions
in grain yield.

[111]
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Sr
No.

Herbicide Class

Herbicide name

Mode of action

Weed efficacy

10

Post emergence

Penoxsulam

ALS inhibiting

In herbicide treated plots
[113]
grain yield was 75–88% and
81–93% better weed control
as compared to other
treatments

11

Early emergence
and post
emergence

Cyhalofop-butyl

Contact ,
translocated

In herbicide treated plots
27–41% higher grain yield
was obtained as compared
to control providing
75–93% weed control

References

[113]

Table 3. Herbicides differ for their class, name, mode of action and weed control efficacy.

weed density below the threshold level instead complete removal is considered best as it is
also an ecological approach of weed management [84]. Various herbicides give satisfactory
weed control without reducing yield and increasing weed population pressure even if applied
at lower rates [85–88]. Weed control efficiency at reduced dose of herbicide tend to be lower
than recommended doses, although in many cases it may be 60–100% and acceptable commercially [82]. Application of both pre and post emergence herbicides at proper dose suppress
weed flora effectively, however, the use of a single herbicide rarely gives an effective weed
control in rice [78].
Rao et al. [13] suggested various herbicides packages like penoxsulam, bensulfuron, carfentrazone, molinate, bentazone, clomazone, pyrazosulfuron, fenoxaprop, propanil, bispyribacsodium and cyhalofop-butyl control weeds in rice. Further, Pacanoski and Glatkova [89]
reported that herbicides i.e., propanil + bentazon, mefenacet + bensulfuron-methyl, penoxsulam, and azimsulfuron + adjuvant controlled Cyperus rotundus, Echinochloa crus-galli effectively in rice. Similarly, Kawana [90] indicated that weeds such as L. chinensis and I. rugosum
can were effectively controlled using cyhalofop-butyl and bispyribac-sodium, respectively.
Herbicide treatments applied with bispyribac-sodium substantially suppressed dry weight
and density of weeds as compared to penoxsulam and resulted in maximum marginal rate of
return [91]. Bispyribac-sodium is the most effective to the small and actively growing weeds
especially against barnyard grass (alligator weed) when applied as an early post emergence
herbicide applied at the 3-leaf stage of rice [92]. Both bispyribac-sodium and penoxsulam
herbicides in suspension concentrate (SC) formulation were applied in combination with
ethoxysulfuron as post emergence and found that bispyribac-sodium + ethoxysulfuron gave
better weed control in rice [93]. Saini et al. [94] found that cyhalofop-butyl at 90 g ha−1 caused
significant reduction in dry matter accumulation and growth of weeds. Post-emergence
application of bispyribac-sodium with metsulfuron methyl after pre-emergence application
of oxyfluorfen gave the highest weed control index in fine rice [95]. Application of pendimethalin followed by bispyribac-sodium and penoxsulam reduced weed density up to 80% in
rice [91], whereas application of cyhalofop-butyl at 80 g ha−1 effectively controlled Echinochloa
colona [96]. On the other hand, post emergence application of penoxsulam effectively controlled barnyard grass (Echinochloa crus-galli) but was inefficient in controlling broadleaf
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weeds. In contrary, the combination of penoxsulam and cyhalofop-butyl was ineffective in
controlling grassy weeds [97]. Moreover, the total weed density was significantly reduced
using bispyribac-sodium and cyhalofop butyl herbicides although the former caused a slight
recoverable injury to the rice plant [98]. Bispyribac sodium at 30 g a.i. ha−1 reduced the density
and biomass of weeds by up to 75 and 80%, respectively; hence, its application as a post
emergence herbicide proved as a viable strategy of weed control in rice [99]. In direct seeded
rice, the lowest weed dry biomass was recorded using the combination of bispyribac-sodium
and pretilachlor [100]. The use of bispyribac-sodium at 30 g a.i. ha−1 suppressed various types
of weeds which includes broad leaf weeds, grasses and sedges; hence enhanced the grain and
straw yield of rice by up to 17.45 and 12.30%, respectively compared to the weedy check [101].
Application of herbicide mixtures proved better regarding weed control than single herbicide
application at critical weed competition periods [102].
Chauhan et al. [103] evaluated the efficacy of different post emergence herbicides viz. penoxsulam + cyhalofop, fenoxaprop + ethoxy sulfuron (in combination) and bispyribac-sodium
(alone) on four different types of weeds i.e., E. colona, Digitaria ciliaris, Leptochloa chinensis and
E. crus-galli by applying it at four, six and eight-leaf stages. Fenoxaprop + ethoxy sulfuron
gave more than 97% weed control in all weed species under study. Moreover, early application of post emergence herbicides provided high weed control than late application whilst
fenoxaprop + ethoxy sulfuron controlled Digitaria ciliaris and Leptochloa chinensis, penoxsulam
+ cyhalofop controlled Leptochloa chinensis and bispyribac-sodium controlled E. colona effectively. Furthermore, both bispyribac-sodium and anilophos were effective against broadleaf
and narrow leaf weeds. Bispyribac-sodium reduced the density of Alternanthera philoxeroides,
Ammania sp.,Commelina diffusa, C. difformis, C. iria, and D. junceum while anilophos controlled
Cyperus difformis, C. sanguinolentus, and C. iria effectively. However, high weed density led to
significant reductions in tiller production and grain yield in rice [104]. Application of bensulfuron, bispyribac-sodium and cyhalofop-butyl at early growth stage followed by Bentazon/2methyl-4-chlorophenoxyacetic acid (MCPA) at mid growth stage control weeds effectively
with increased productivity of rice [105]. Different herbicides viz. ethoxy sulfuron, cyhalofopbutyl, chlorimuron, metsulfuron, bispyribac-sodium and penoxsulam controlled different
types of weeds effectively in dry seeded rice [37, 106, 107]. Hussain et al. [108] reported that
bispyribac-sodium and ethoxy sulfuron were efficient with 90 and 87% weed control efficiency, respectively in rice. They further reported that maximum paddy yield and net benefits
were obtained where bispyribac-sodium was applied followed by ethoxysulfuron while the
lowest were recorded from weedy check.
Herbicides such as penoxsulam, ethoxysulfuron and butachlor, ethoxysulfuron were considered the most efficient with 93% reduction in weed density in rice [109]. Bispyribac-sodium
and penoxsulam at 25 g ha−1 controlled weeds effectively in rice [107]. Penoxsulam (15 g a.i.
ha−1) as post emergence was better in suppressing weed density and biomass than pendimethalin (825 g a.i. ha−1) as pre-emergence in rice [110].
On the other hand, the study by Khaliq et al. [91] using five pre- and post-emergence herbicides resulted in unexpected outcome. In this case, not only the germination rate of the two
dominant weeds i.e., jungle rice and purple nut sedge were significantly reduced but also the
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germination and root-shoot growth of rice were negatively affected. This shows that these
herbicides caused seedling mortality to both the weed and the crop irrespective of the time of
application as a pre-emergence or post emergence.
Khaliq et al. [93] studied the efficacy of tank mixed pre- and post-emergence herbicides on
weed control in rice. In this case, pendimethalin herbicide was tank mixed with ethoxy sulfuron ethyl at 1137 and 30 g a.i. ha−1 and applied as pre-emergence, respectively. Similarly,
pyrazosulfuron ethyl, penoxsulam and bispyribac-sodium at 30, 15, 30 g a.i. ha−1were also
tank mixed with ethoxysulfuron ethyl at the same concentration, respectively and applied
as post emergence. The findings of this work showed that the weed control was higher
for ethoxy sulfuron with bispyribac-sodium combination than all other combinations. In
general, different herbicide mixtures can be used for better weed control in rice.

5. Weed resistance to herbicides
Herbicide resistance is the heritable capacity for plants to grow and reproduce after herbicide treatment that would have been fatal to all but one or a very few progenitors in
an antecedent population. Herbicide resistant weeds occur in both herbicide-resistant
crops and conventional crops in response to selection pressure from a specific herbicide.
A herbicide selects plants with natural genetic resistance to that MOA. The mechanism of
herbicide MOA has been depicted in Figure 2. Those plants survive and reproduce, and
if selection by the herbicide continues for several generations, the population of the resistant weed biotype increases until there is a noticeable population of weeds that herbicide
will no longer control that biotype. On the other hand, both transgenic and non-transgenic
herbicide-resistant crop cultivars are resistant to specific herbicides because they have been
bred to survive the action of herbicide. Therefore, susceptible crop genotypes are killed by a
specific herbicide while the resistant cultivars survive. When the identity of a conventional
cultivar is mistaken for a resistant cultivar in the field, the conventional cultivar is killed or
severely injured by the herbicide that the resistant cultivar resists without adverse effects.
Resistance of weeds to various herbicides is a well-known phenomenon but not as much
focused as resistance to insecticides or fungicides [111]. Most often it is misunderstood that
resistance is a problem caused by a particular active ingredient but it results from agronomic systems which totally depend on herbicides to control weeds [76]. Herbicides commonly used in rice mostly relate to acetyl co-enzyme A carboxylase (ACCase) inhibitors,
acetolactate synthase (ALS), thiocarbamates, synthetic auxins and amides due to which
herbicide resistance has become a serious problem in many regions [112]. Zein et al. [111]
observed the evolutionary resistance of Echinochloa colonum during the years 2005–2007
against bispyribac-sodium when applied to both susceptible and resistant biotypes of
Echinochloa colonum. Riar et al. [44] found some resistant populations of Echinochloa crus-galli
to bispyribac-sodium and penoxsulam. El-Nady et al. [113] investigated the physiological
and anatomical differences between the susceptible and resistant biotypes of Echinochloa
colonum and resulted that GR50 of resistant biotype was 10.2 times greater than susceptible
biotype of Echinochloa colonum where bispyribac-sodium was applied. Rahman et al. [114]
tested cyhalofop-butyl, quinclorac and propanil against 10 populations of Echinochloa
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Figure 2. Herbicide class and its mode of action as defined by Herbicide Resistance Action Committee (HRAC; http://
www.hracglobal.com). Herbicides target different cellular strucures and functions and are very specific in their
mechanism of action in plants. Source: [115].

crus-galli which were collected from rice field. They concluded from the ED50 values from
the dose–response experiment that resistant biotypes were 4, 10 and 17 times resistant
to propanil, quinclorac and cyhalofop-butyl, respectively. Regular monitoring and early
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detection of the evolution and mechanism of herbicide resistance and by adopting some
suitable management strategies usefulness of herbicides may be enhanced otherwise weed
control through herbicides might be at a high risk in future [116, 117].

6. Conclusions and future needs
Weeds being the most serious pests in agriculture have the ability to compete with the crop for
available resources through rapid growth and development. Competitive abilities of weeds
developed through natural selection make them more vigorous even under severe conditions.
Weed control in rice crop is always remaining a difficult task for successful crop production as
their presence causes severe reduction in yield and quality of crops thus increasing the cost of
production. Among all the weed control methods, chemical weed control is commonly used
to overcome weed infestation which is easy, quick, time saving, cost effective and the most
reliable method to control weeds. There are diverse weed communities and types in rice fields.
Hence, the use of a single herbicide cannot give satisfactory and cost-effective results of weed
control. Not only the weeds pressure, but also the sub-optimal plant population favors weeds
to grow profusely. Planting density significantly influences the growth and development as
well as grain yield of rice due to its inter-specific competition. Dense plant population may
lead to intra-plant competition whereas low plant population provides the space for off-types
to grow easily. Integrated weed management is the best option to control weeds. By manipulating diverse weed management strategies, the competitive ability of crop over weeds for the
above and below ground resources can be enhanced. Regular monitoring and early detection
of the evolution and mechanism of herbicide resistance is necessary. The adoption of suitable
management strategies on herbicide is also important. Hence, in the future, researchers need
to develop integrated weed management strategies along with effective herbicides which do
not only favor crop yield and reduce weed infestation but also discourage the resistance of
weed flora to herbicides.
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Abstract
Revegetation of degraded soils is crucial to prevent erosion and improve soil structure
and quality. We aimed to elucidate the role of the root system of grasses on the reclamation of a soil constructed after coal mining. In Candiota city, in Brazil, perennial grasses
(Hemarthria, Paspalum, Cynodon, and Brizantha) were cultivated for 103 months, when
soil samples were collected from 0.00–0.30 m layer. The root development of these species
substantially decreased in depth, reflecting soil restrictive conditions, as high soil penetration resistance, especially below 0.10 m, assigned to the use of heavy machinery during soil construction. Below 0.10 m depth, fine and flattened roots were observed, which
penetrated through the cracks of compacted soil layers. Regardless of the soil layer, all
plant species had a greater proportion of roots <0.49 than >0.50 mm diameter class, averaged 92 and 8%, respectively. Below 0.10 m depth, Brizantha increased the proportion
of roots >0.50 mm diameter class, while the other grasses increased the proportion of
roots <0.49 mm diameter class. The highest root density, volume, and length observed for
Brizantha along the soil profile indicate its high potential to improve physical attributes
and therefore the quality of the constructed soil.
Keywords: surface mining, soil compaction, soil penetration resistance, root growth,
Urochloa brizantha

1. Introduction
According to the World Coal Association, the global coal reserves are approximately 860
billion tons, with a useful lifetime of approximately 109 years. These reserves are located
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mainly in five countries, United States of America (USA), Russia, China, Australia, and India.
Together, these countries possess 75% of the world’s coal reserves. In Latin America, Brazil
has one of the largest coal deposits [1], which are used to supply the following sectors: electric
power (81.1%), paper and cellulose (4.9%), petrochemicals (3.3%), food production (2.9%),
ceramics (2.6%), metallurgy and cement (1.3%), and others (2.7%) [2]. In Brazil, the greatest
coal deposits are located in Rio Grande do Sul (RS) State, approximately 28.6 billion tons.
The Candiota Mine in southwest of RS alone contains 38% of the national reserves [3]. Due
to the shallow depth of the coal deposits in the Candiota Mine, which ranges from 10 to 25 m
from the soil surface, it is exploited by opencast mining. First, the superficial soil horizons
are removed and stored to be later used for the topographic recomposition of the area, covering the site previously mined. Thereafter, the rocks are removed to expose the coal deposits,
which can be then exploited. Into the opened caves, the overburden (a mixture of rocks and
discarded coal fragments) is deposited and leveled using tractors. Finally, the soil horizons,
initially removed to expose the coal, are deposited on the surface of the soil under “construction,” completing the topographic recomposition of the area and originating the so-called
“constructed soil” or mine soil.
Constructed soils are young soils in terms of pedological processes and horizon development.
These soils usually have high level of degradation and compaction as well as low levels of
organic matter (OM), as a result of the mining and topographic recomposition of the landscape,
as previously mentioned, dramatically hindering the reclamation of the area [4, 5]. Therefore,
the utilization of the superficial soil horizons (topsoil), which concentrate OM and nutrients, to
cover constructed soils followed by the revegetation of the area is crucial to accelerate the recovery of the soil quality [6]. However, it is important to mention that the irregular distribution of
the topsoil material on the soil surface can aggravate the level of soil compaction [7], disfavoring the establishment of the cover crops used for revegetation, and increasing the vulnerability
of the soil to erosion, hence retarding the reclamation of mine soils [8].
Due to the high perturbation of the ecosystem after surface mining activities and to the construction of a new soil profile, a time point “zero” of this soil with respect to soil development
processes can be assumed. Within this scenario, the assessment and monitoring of the evolution
of soil attributes is an extraordinary opportunity to improve our knowledge on the role of plant
roots on the formation and stabilization of soil aggregates as well as on the accumulation and distribution of OM in the soil [9]. In the southeast of USA [10], similarities between the structure of a
mine soil and that of a natural soil (unmined) were observed only after 23 years of reclamation.
In the southeast of Nigeria [11], higher bulk density was observed in a mine soil in comparison to that of a natural soil even after 30 years of revegetation. On the other hand, in the
USA, the development of horizons of a constructed soil was observed in a relatively short time
span of 10–15 years, with organic carbon accumulation, mainly within 0.00–0.10 m layer, after
5–10 years of soil reclamation [12]. In the north of China [8], the effect of the root system of
cover crops on the formation of aggregates in the constructed soil was more pronounced after
5–10 years of revegetation. In a study carried out in Germany [13], it was verified that in the
first four years of revegetation, the physical attributes of a constructed soil were still highly
variable, and the authors recommended the implantation of perennial grasses with deep root
system in the area in order to improve the soil structure more efficiently and rapidly.
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In a previous work, we proposed a soil aggregation hierarchy for highly compacted constructed
soils different from that hierarchy normally observed in unmined soils, as agricultural soils for
example [14]. After coal mining in southern Brazil, the soil was revegetated with perennial
grasses, and after 8.6 years of revegetation, we noticed first a root-induced disintegration of
large cohesive aggregates formed by compression, followed by a re-aggregation process, with
sequential formation and stabilization of the new aggregates. In this way, the interpretation of
correlations between soil attributes usually observed for unmined soils cannot be, occasionally,
directly transferred and applied to mine soils because they have different soil aggregation
dynamics, at least at the beginning of soil revegetation. These findings reinforce the need and
the opportunity to assume constructed soils as a new system, where monitoring of soil and
plant attributes in the long term is a key to understand the formation of this new soil profile
and moreover to anticipate strategies to improve soil quality [5].
The utilization of cover crops and the addition of OM to agricultural soils are known to promote the amelioration of soils poorly structured [15–17]. In this sense, special attention is given
to grasses due to their high root density, which promotes the approximation of soil particles
via water absorption along the soil profile, and therefore improves soil physical attributes.
Additionally, root exudates increase the activity of soil microorganisms, consequently stimulating the aggregate formation and stabilization [18]. Hence, grasses have been considered
indispensable plants in terms of soil preservation and reclamation [19].
Studies dedicated to investigate the root system development, its distribution, extension, and
activity are extremely important to elucidate the effect of the plants, particularly the effect
of the roots, on soil attributes, especially on attributes of unprotected and severely degraded
soils, which are naturally more vulnerable to the intensification of the degradation processes.
Despite the adverse plant growing conditions usually observed in constructed soils, especially
in soils under early stage of reclamation, and the remarkable potential of grasses as regenerators of soil quality, few studies have been devoted to obtain direct measurements of root
parameters of grasses in these soils [20].
This work is part of a long-term experiment that has been carried out for 15 years in Candiota,
Brazil, to evaluate the potential of different grass species to improve the attributes of a soil
constructed after surface coal mining. In our study, we focused to understand how the root
system of the grasses develops and adapts when subjected to the severe soil compaction conditions of the constructed soil.

2. Methodology
The experimental site is located in Candiota city, in a coal mining area (31°33′56″ S and
53°43′30″ W), which is under concession of the Riograndense Mining Company. The soil was
constructed in early 2003. The topsoil used to cover the overburden was composed mainly by
the B horizon of the natural soil (prior to mining), a Rhodic Lixisol [21], with high clay content
(466 g kg−1 clay), dark red color (2.5 YR 3/6), and lower OM content (12 g kg−1) compared to
the A horizon (21 g kg−1). The main steps of the coal extraction and soil construction were: (I)
removal of A, B, and C horizons of the Rhodic Lixisol; (II) removal of saprolite and overburden
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with a dragline excavator; (III) coal extraction; (IV) filling of the caves with overburden spoils
and leveling of these piles with heavy machinery aiming the topographic recomposition of the
area; and (V) distribution of the topsoil (separated in step I) on the surface of the constructed
soil. Illustration of the process of soil construction in Candiota was earlier reported [22].
The experiment was installed in November/December 2003 in a randomized block design
with four replicates (each plot with 4 m × 5 m = 20 m2). Types of grasses and planting materials used as treatments consisted of perennial summer grasses: Hemarthria altissima (15 cuttings m−2), Paspalum notatum cv. Pensacola (50 kg of seed ha−1), Cynodon dactylon cv. Tifton
(15 cuttings m−2), and Urochloa brizantha (10 kg of seed ha−1). Due to the severe soil compaction caused by the intense use of heavy machinery during the soil construction, prior to the
implantation of the cover crops, the soil was chiseled with a bulldozer up to 0.15 m depth
and also received dolomitic limestone equivalent to 10.4 Mg ha−1 effective calcium carbonate rating and 900 kg ha−1 of NPK fertilizer, 5-20-20 (45 kg N, 180 kg P2O5, and 180 kg K2O).
Annually, all plots received 250 kg ha−1 of NPK fertilizer, 5-30-15 (12.5 kg N, 75 kg P2O5, and
37.5 kg K2O), and 250 kg ha−1 of ammonium sulfate.
The root sampling was performed in July 2012, 103 months after the implantation of the grasses.
Roots were sampled by the monolith method [23] using a nail board (0.40 m length × 0.30 m
height × 0.035 m wide), where the nails were set at equidistant positions of 0.05 m on the board.
One monolith per plot was collected, totalizing 16 nail boards (four replicates per treatment).
The monoliths were packed with plastic film and taken to the laboratory for washing and root
separation. The washing consisted of soaking the plate for 24 h in a 0.2 M NaOH solution for soil
dispersing and to facilitate the cleaning of the roots. Hereafter, they were washed in running
water or with water jets to remove soil particles from the board. The nails allowed adequate
fixation of the roots on the plate at the time of washing. In order to assure the fixation, one
metal mesh at the bottom and other in front of the plate were used. After washing, the roots
along the monolith were stratified in three layers, 0.00–0.10, 0.10–0.20, and 0.20–0.30 m, cut and
washed on a 1 mm mesh sieve, stored in plastic bags, and refrigerated at 2°C temperature. The
roots were scanned on an HP Scanjet 3570C scanner, and the software SAFIRA [24] was used to
analyze the images and to obtain root volume (RV), root length (RL), root area (RA), and mean
root diameter (MRD). After scanning, the roots were oven-dried at 65°C for 72 h, and the root
dry mass (RDM) was determined. The root density (RD) of each layer was calculated by the
ratio of RDM to the respective soil volume occupied by the root.
The soil mechanical penetration resistance (PR) was measured at the time of the root sampling
at 48 points of the experimental area. The PR was evaluated up to 0.30 soil depth using an
impact penetrometer [25].

3. Results and discussion
The qualitative evaluation of the root system of the cover crops was performed based on
the monoliths showed in Figures 1–4. The monoliths allowed to observe overburden layers
in some of the replicates, generally below 0.20 m depth, as shown in monoliths III and IV
(Hemarthria altissima and Cynodon dactylon), monolith I (Paspalum notatum), and monoliths I
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and IV (Urochloa brizantha). The variability of the overburden layer thickness reflects the heterogeneous distribution of the topsoil material on the overburden surface at the time of the soil
construction, as earlier discussed [5].
Although overburden layers were evidenced within 0.15–0.20 m soil layer, apparently they
did not limit root development to 0.20–0.30 m layer, since roots of some plant species were
observed at this depth. However, it is relevant to highlight that the presence of overburden
becomes problematic if associated with pyrite, which is responsible for acid drainage processes that are potentially harmful to the environment. From the plant survival perspective,
the deep root growth is beneficial in terms of plant water use strategies and anchoring, but
from the environmental point of view, if the roots reach an overburden plus pyrite layer, they
can intensify the sulfurization process, once the macro porous created by the roots increase
the water infiltration into the soil and the migration of oxygen to subsurface layers [26].

Figure 1. Qualitative evaluation of Hemarthria altissima roots after washing of the soil monoliths and soil/overburden
distribution within 0.00–0.30 m layer.
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Figure 2. Qualitative evaluation of Paspalum notatum cv. Pensacola roots after washing of the soil monoliths and soil/
overburden distribution within 0.00–0.30 m layer.

The depth of rooting is a valuable indicator of the root system quality [27]. In our study, we
observed that the four plant species were able to develop roots up to 0.30 m depth, but most of
the roots were concentrated at 0.00–0.10 m layer (Table 1). Overall, the proportion of the root
system of Hemarthria altissima, Cynodon dactylon, and Urochloa brizantha substantially decreased
from 0.10–0.20 to 0.20–0.30 m layer. Interestingly, the root system of Paspalum notatum behaved
differently from the other species and developed more uniformly within 0.10–0.30 m layer
as evidenced by the RD, RV, RL, and RA proportions along the soil profile (Table 1). These
findings indicate the ability of this species to establish its root system along the soil profile
(0.00–0.30 m) even though the overburden layer and the higher PR observed near to 0.20 m
depth in this treatment (Figures 2 and 5) could have hindered the root system deepening.
In general, approximately 44 and 75% of the root mass of grasses develops at 0.00–010 and
0.00–0.30 m layer, respectively [28]. Similar data have also been observed for the root growth
of an annual grass (Bromus tectorum) and a perennial grass (Agropyrom desertorum), and nearly
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Figure 3. Qualitative evaluation of Cynodon dactylon cv. Tifton roots after washing of the soil monoliths and soil/
overburden distribution within 0.00–0.30 m layer.

75% of the root biomass was distributed within the first 0.30 m depth [29]. In our study, the
concentration of roots at 0.00–0.10 m layer was substantially higher than those reported earlier.
The proportion of root parameters for the four grasses for the upper 0.10 m ranged from 62
to 68% for RD, from 54 to 63% for RV, from 52 to 61% for RL, and from 53 to 61% for RA
(Table 1). Around 95% of the plant species develop a deeper root system in sandy soils than
in clayey soils [30]. Considering that the clay content of the constructed soil is considerably
high along the soil profile (453 g kg−1 at 0.00–0.10 m, 478 g kg−1 at 0.10–0.20 m, and 467 g kg−1 at
0.20–0.30 m), it may explain the shallower root system of the grasses observed in our experiment when compared to that of other authors. In addition, high RD values are commonly
associated to the development of plants under suboptimal growing conditions [31], such as
that of high PR found in our soil, especially below 0.10 m depth (Figure 5). The roots of most of
the plant species can hardly grow in deep soil depths subjected to high compaction levels [32],
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Figure 4. Qualitative evaluation of Urochloa brizantha roots after washing of the soil monoliths and soil/overburden
distribution within 0.00–0.30 m layer.

and thus these plants become more susceptible when subjected to extreme climatic events. In
agricultural soils, this problem has been reported repeatedly, such as greater concentration of
roots of cereals (Eleusine coracana and Pennisetum americanum) observed near the surface of a
clayey soil due to the compaction of the subsurface soil layers [33]. These findings corroborate
authors that reported the concentration of maize roots (Zea mays) within 0.00–0.07 m layer
(64%) of an Oxisol [34]. The results were assigned to the physical degradation of the subsurface soil layers, which limited root movement to the lower soil layer.
The main reason for the root thickening in different plant species is related to soil compaction.
Deformed and flattened roots [20] as well as thick roots and the concentration of roots near
to the soil surface [17] were reported in agricultural soils with compaction problems. In our
study, greater proportion of the root system biomass of the grasses, independently on the
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Grasses

Hemarthria altissima

Paspalum notatum

Cynodon dactylon

Urochloa brizantha

Layer

% Layer−1
RD

RV

RL

RA

0.00–0.10 m

67.82

62.77

58.79

60.74

0.10–0.20 m

25.29

27.59

28.67

28.12

0.20–0.30 m

6.89

9.64

12.54

11.14

0.00–0.10 m

62.44

63.25

60.99

62.98

0.10–0.20 m

19.45

17.83

19.49

18.12

0.20–0.30 m

18.11

18.92

19.52

18.90

0.00–0.10 m

61.98

53.73

51.84

53.28

0.10–0.20 m

29.25

36.59

33.08

34.47

0.20–0.30 m

8.77

9.68

15.08

12.26

0.00–0.10 m

64.72

60.91

60.12

60.42

0.10–0.20 m

29.24

32.56

31.59

32.14

0.20–0.30 m

6.04

6.53

8.29

7.44

Table 1. Proportion of root density (RD), root volume (RV), root length (RL), and root area (RA) values of four perennial
grasses distributed at 0.00–0.10, 0.10–0.20 m, and 0.20–0.30 m layers of a constructed soil after 103 months of revegetation.

soil layer, was composed of fine roots (<0.49 mm diameter class) (Table 2). Grasses preferably
invest in fine roots, but the residence time of the roots in the soil depends on the environmental
conditions and on the plant species [35]. In this way, we observed that as Hemarthria altissima,
Paspalum notatum, and Cynodon dactylon deepen their root system they proportionally invested
more in roots <0.49 mm diameter class, while Urochloa brizantha proportionally decreased roots
within this same diameter class and slightly invest more in thicker roots (Table 2).
The proportion of roots >0.50 mm diameter class was equal or lower than 10% in all plant species, regardless the soil layer (Table 2). Nevertheless, the proportion of roots within this diameter class along the soil profile increased in Urochloa brizantha and decreased in Hemarthria
altissima, Paspalum notatum, and Cynodon dactylon (Table 2).
With respect to the color of the roots, white roots are classified as active, brown roots as senescent and darkened roots as dead [36]. Overall, we observed predominance of brown roots at
0.00–0.10 m layer, a balance between brown and white roots at 0.10–0.20 m layer, and predominance of white roots at 0.20–0.30 m layer, indicating that the plants were able to surpass
the highly compacted soil layers, especially at 0.20 m (Figure 5) and are actively exploring the
soil below 0.20 m.
In general, the highest RDM, RV, and RL values were noticed in Urochloa brizantha, mainly
within 0.00–0.20 m layer, while the lowest values were observed in Paspalum notatum. Below
0.20 m, differences between the grasses were less pronounced (Figure 6a–c). The inherent vigorous root system of Urochloa brizantha together with its great adaptation to the constructed
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Figure 5. Soil penetration resistance at 0.00–0.10, 0.10–0.20 m, and 0.20–0.30 m layers of a constructed soil after 103 months
of revegetation with four perennial grasses.

soil as observed in the present study may have boosted the potential of this species to promote
the amelioration of soil physical attributes as reported in a previous work [37].
The roots tend to occupy very low proportions of the soil volume, less than 1% of the arable
layer [38]. At 0.00–0.20 m layer, the soil volume occupied by the roots of the grasses decreased

Grasses

Hemarthria altissima

Paspalum notatum

Cynodon dactylon

Urochloa brizantha

Layer

% of roots in diameter classes
<0.49 mm

>0.50 mm

0.00–0.10 m

90.93

9.07

0.10–0.20 m

91.22

8.78

0.20–0.30 m

93.51

6.49

0.00–0.10 m

90.11

9.89

0.10–0.20 m

91.01

8.99

0.20–0.30 m

92.32

7.68

0.00–0.10 m

91.87

8.13

0.10–0.20 m

92.24

7.76

0.20–0.30 m

96.01

3.99

0.00–0.10 m

93.23

6.77

0.10–0.20 m

89.99

10.01

0.20–0.30 m

89.60

10.40

Table 2. Perennial grass roots distribution in diameter classes at 0.00–0.10, 0.10–0.20 m, and 0.20–0.30 m layers of a
constructed soil after 103 months of revegetation.
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Figure 6. Root dry mass (a), root volume (b), root length (c), and root diameter (d) of four perennial grasses at 0.00–00.10,
0.10–0.20, and 0.20–0.30 m depth of a constructed soil after 103 months of revegetation.
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as follows: Urochloa brizantha, 2.45%; Hemarthria altissima, 1.65%; Cynodon dactylon, 0.95%; and
Paspalum notatum, 0.50% (Figure 6b). Additionally, it is important to give attention to the high
RV of Urochloa brizantha at 0.00–0.10 m layer, 3.2%.
Combining the data of Figures 5 and 6, the effect of the soil PR on the roots of the grasses can
be highlighted as:
a. Hemarthria altissima—when PR increased 107%, from 2.12 to 4.39 MPa, RV and RL were
decreased by 56.5 and 51.2%, respectively;
b. Paspalum notatum—when PR increased 135%, from 2.52 MPa to 5.92 MPa, RV and RL were
decreased by 75.0 and 68.0%, respectively;
c. Cynodon dactylon—when PR increased 256%, from 1.41 to 5.04 MPa, RV and RL were
decreased by 27.3 and 36.2%, respectively;
d. Urochloa brizantha - when PR increased 143%, from 1.92 to 4.66 MPa, RV and RL were
decreased by 46.9 and 47.5%, respectively.
The data above reveal the ability of Cynodon dactylon to tolerate highly compacted soil conditions. At the same time that this species was subjected to the highest proportional increase
in PR, it was less sensible than the other species with regard to RV and RL. However, the PR
below 0.10 m depth is expected to decrease more consistently over time, as the roots disrupt
the compacted layer, similarly to what is observed in agricultural soils under conservation
tillage systems, for example, no tillage [39].
Similar MRD was observed for all grasses, ranging from 0.31 to 035 mm (Figure 6d).
However, along the soil profile, the MRD of the plant species behaved differently. The
MRD of Hemarthria altissima and particularly that of Urochloa brizantha increased in depth,
while the MRD of Cynodon dactylon and Paspalum notatum was constant or decreased
along the soil profile, respectively (Figure 6d). Although the root thickening is generally
associated to unfavorable soil compaction conditions, at the same time, it indicates the
adaptation of Urochloa brizantha and Hemarthria altissima to the dramatic conditions of the
constructed soil. In fact, the RV, RL, and RDM values of these species were superior than
that of the other species, not only near to the soil surface where growing conditions are
more reasonable, but also below 0.10 m depth in general (Figure 6a–c). In this way, we can
expect that the soil physical attributes of subsurface soil layers will be improved more rapidly by Hemarthria altissima and Urochloa brizantha than by Paspalum notatum and Cynodon
dactylon.

4. Conclusions
After surface coal mining, construction of the soil and its revegetation with perennial grasses
for 103 months, we conclude that:
1. The root system of all grasses was markedly concentrated within 0.00–0.10 m layer, most
probably due to impeditive physical conditions of the soil below 0.10 m.
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2. The qualitative analysis of the soil monoliths evidenced that the plants explored the soil
below 0.10 m depth via fine and flattened roots mainly, which penetrated through the
cracks of the compacted soil layer.
3. Regardless the soil layer, the roots of all grass species were predominantly <0.49 mm diameter
class, classified as very fine roots. However, below 0.10 m depth, Urochloa brizantha increased
the proportion of roots >0.50 mm diameter class, while Hemarthria altissima, Paspalum notatum,
and Cynodon dactylon rather increased the proportion of roots <0.49 mm diameter class.
4. The root system of Urochloa brizantha developed more consistently along the soil profile
compared to the other species, indicating the greater potential of this species to surpass
compacted layers and moreover to improve soil physical attributes not only above 0.10 m
but also below 0.10 m as well, where soil conditions are more critical.
5. Once the roots of the plant species tested in this work can potentially reach deep depths
and overburden layers, the recommendation of these species to the reclamation of soils
constructed after coal mining should consider the thickness of the topsoil used to cover the
overburden and the presence of pyrite in order to avoid acid drainage.
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Abstract
It is well known that reducing the extent of damage to grain crops by root rot causing
agents is one of the most effective ways to increase the yield of agricultural grain crops and
improve their quality. These diseases are especially harmful for hard wheat, barley, soft
spring wheat, and winter rye. Yield losses due to these diseases may reach 19–20% or more
for wheat and 25–30% or more for barley. In order to assess the effectiveness of the bacteria
isolated from earthworm coprolites as biological control agents, we conducted a series
of field tests in Western Siberia from 2011 to 2015. We compared growth and development indicators of spring wheat (Triticum aestivum L., Irgina variety) and barley (Hordeum
vulgare L., Acha variety) where seeds were treated with Bacillus cereus and two strains
of Pseudomonas. The results showed that the inoculation increased the grain yield by
0.2–1.0 t ha−1 for spring wheat and by 0.3–1.8 t ha−1 for barley. In addition, the prevalence
of the disease in spring wheat plants was significantly reduced from 18.1–61.1% in the
control plots to 6.4–50.2% in the inoculated plots. Similarly, the index of root rot development decreased from 18.2–23.0% in the control plots to 13.2–15.8% in the inoculated plots.
To understand the mechanism that induces the spring wheat resistance to fungal root rots
under the influence of rhizobacteria, we investigated the effect on the guaiacol-dependent
peroxidase activity. There was an inverse relationship between the peroxidase activity in
wheat tissues and damage of plants caused by root rot agents indicating that the response
of peroxidase enzymes to plant inoculation is a meaningful indicator that can be used to
assess the potential of a particular strain as a biological agent for protecting spring wheat.
Keywords: bacteria inoculation, barley, Bipolaris sorokiniana, Hordeum vulgare,
peroxidase, root rot, Triticum aestivum, wheat
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1. Introduction
It is well known that in soil and climatic conditions of the West Siberian region, reducing the
extent of damage to grain crops by root rot causing agents is one of the most effective ways
to increase the yield of agricultural grain crops and improve their quality. Unstable weather
factors, high probability of spring frosts, high humidity, and heavy soil texture create the
most favorable conditions for the rapid development of root rots caused by soil phytopathogenic fungi. A review of literature data [1] and results of annual phytosanitary inspections of
grain plantings by responsible federal services indicates that the most destructive diseases
of grain crops in the West Siberian region are root rots caused by Bipolaris sorokiniana (Sacc.)
Shoemaker and Fusarium oxysporum Schlecht. These diseases are especially harmful for hard
wheat, barley, soft spring wheat, and winter rye. Yield losses due to the diseases may reach
19–20% or more for wheat and 25–30% or more for barley [2, 3].
The concept of “high farming culture” implies not only scientifically based and environmentfriendly application of chemical fertilizers and pesticides, but also their partial replacement
with biological preparations with a similar spectrum of action. Therefore, the development
and use of biological preparations for plant protection is one of the key priorities of modern
agrobiotechnology. Search for new strains of antagonistic bacteria that can be effectively used
as biological control agents and research of antifungal mechanisms of the bacteria are both
important tasks.
Long-term studies of microbiological aspects of vermiculture demonstrate that the percentage of Pseudomonas and Bacillus bacteria significantly increases in the microbial community of earthworm coprolites. These bacteria are known to be one of the most active
producers of plant growth stimulants and, at the same time, antagonists of lower soil
fungi. Also, the studies show an increased antifungal activity of the bacteria isolated
from coprolites of Eisenia fetida worms compared to the strains isolated from the original
organic substrate [4].
Many rhizosphere bacteria are well known to have fungistatic properties, since this feature provides bacteria with a significant trophic advantage when growing on substrates
populated with a mixed (bacterial and fungal) flora. There are a number of mechanisms
through which bacteria inhibit the growth of lower soil fungi, for example, competition
for nutrients and production of siderophores, antibiotics, enzymes, and a number of other
compounds [5–8].
A number of studies also indicate that growth-stimulating and antifungal activities of the bacteria in vitro usually positively correlate with the metabolic activity of bacteria in field experiments [5, 9, 10]. However, there is also abundant evidence that the metabolic activity of the
bacteria revealed in the laboratory conditions cannot always be reproduced in practical application of the biological preparations based on them [11, 12]. In order to assess the effectiveness
of the bacteria isolated from earthworm coprolites as biological control agents, we conducted
a series of field tests from 2011 to 2015.
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2. Materials and methods
2.1. Materials
The main objects of our research were spring wheat (Triticum aestivum L., Irgina variety) and
spring barley (Hordeum vulgare L., Acha variety). We compared growth and development
indicators of spring wheat plants and barley whose seeds were treated with enrichment
cultures of microbial strains with a titer of 106–107 cells per 1 ml. In this experiment, one
Bacillus cereus strain and two Pseudomonas (Ps.sp.GS4 and Ps.sp.PhS1) strains were tested.
Bacterial strains were isolated from coprolites of earthworms Eisenia fetida. All strains are
producers of plant growth stimulants. In addition, one of the strains (PhS1) is capable of
phosphate mobilization. Bacterial preparations were used at a dose of 100 ml/10 kg of grain.
Seeding rates were 6.5 million seeds per hectare for wheat and 5.5 million seeds per hectare
for barley. Bacteria were used both as a monoculture of each strain (separately) and as a
mixed culture of all the three strains.
2.2. Field experiments
Field experiments were conducted on gray podzoliс medium-loamy soil with the following
physical and chemical properties: рН—5.0; humus content—4.87%; total absorbed bases—
24.9 mg per 100 g of soil on a dry weight basis; and N─NH4, N─NO3, P2O5, and К2О—2.66, 8.48,
236.5, and 99.2 mg/kg dry weight of soil on a dry weight basis, respectively. Each experiment
was repeated three times in all years of the tests. The variants were arranged in a systematic
way. The total area of the plot was 40 m2. The area of the record plot was 32 m2. In order to optimize the mineral background, mineral fertilizers were applied to the soil at a dose of N45P30K30.
The effectiveness of bacterial application was assessed in terms of field germination, some
morphometric parameters of plants (height and green mass of plants), content of photosynthetic pigments in leaves, the extent of damage caused by root rot causing agents, as well as
grain yield, yield structure, and grain quality. Morphometric parameters of the plants were
taken into account in the flowering stage, and the extent of disease damage in the tillering and
early flowering stage. The total protein content in the grain was determined with an Infrared
FT-10 IR spectrometer. In order to determine the content of photosynthetic pigments in the
leaves in the flowering stage, we analyzed alcohol extracts from the leaves with a UV-1601
SHIMADZU spectrophotometer at wavelengths of 665, 649, and 440.5 nm, and then made
calculations using the Vernon formula [13]. The statistical validity of the estimated effects was
tested by the Student’s test and the nonparametric Mann-Whitney test using Statistica 10.0
for Windows.
2.3. Weather and soil conditions
Throughout the field test period, there were significant fluctuations in temperature and precipitation. While the growing season of 2011 could be described as moderately warm and
humid, the season of 2012 in the south of Western Siberia was characterized by extremely
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unfavorable weather conditions: June was abnormally hot, with precipitation of 48% below
normal. The average monthly air temperature was 5.3°С above normal. The topsoil under
spring grain crops was insufficiently moistened (5–22 mm). High temperatures and lack of
moisture caused the accelerated development of grain crops at different stages. The weather
conditions in the growing season of 2013 were not sufficiently favorable for the growth and
development of crops as well. The beginning and end of the growing season were characterized by low temperatures with frequent and heavy precipitation, while late July and early
August were hot and dry. The early growing season both in 2013 and 2014 was characterized
by unfavorable weather conditions for field work, growth, and development of crops: cold
May and early June with frequent and heavy precipitation. The weather conditions of the
entire growing period of 2015 were relatively favorable, with high total precipitation between
April and September, above-normal precipitation in May, July, August, and September, and a
short dry period in June.
2.4. Inoculation study in model experiments
The model experiments were based on a liquid 24-hour culture of the bacteria grown in 250 ml
flasks with 100 ml of GRM broth at +28…+29°C to a titer of 1–9 × 109 cells/ml. The experiments
were carried out in laboratory conditions. We studied the effect of seed inoculation on the
peroxidase activity in the presence of phytopathogen using a model of the simplest terrestrial
ecosystem consisting of four links: sand-host plant-bacterial strain-phytopathogenic fungus
[12]. Seeds pretreated for 3 min with 70% ethanol were washed with sterile water and germinated in a wet chamber at +18... +20°C. After the appearance of a germ (1 mm), the seeds
were inoculated with suspensions of the experimental strains for 20 min at the rate of 104 cells
per seed. In the control variant, the seeds were soaked in distilled water. After treatment, the
seeds were placed in plastic containers (1200 ml, 45 seeds per container) filled with coarse
sterile river sand (800 ml), and evenly moistened with a sterile Knop’s solution for hydroponic and sandy cultures: Ca(NO3)2—1.0 g/l, KH2PO4—0.25 g/l, MgSO4 × 7H2O—0.125 g/l,
KNO3—0.25 g/l, FeCl3—0.012 g/l.
In order to create infection background, we used agar strips with a 6-day mycelium of Bipolaris
sorokiniana (Sacc.) Shoemaker, grown on potato-glucose agar at +22… +24°C. This micromycete is
a common agent of root rots in grain crops. The B. sorokiniana culture was provided by employees
of the Faculty of Agronomy of the Novosibirsk State Agrarian University. The agar strips with
the fungus mycelium were placed in rows with the plant seeds and embedded in the sand.
2.5. Model experiment in growth chamber
The plants were grown in an environmental chamber (Growth Chamber GLK-300, Korea)
under fluorescent lamps with an illumination intensity of 12 klux (200 μmol quanta/m2 × sec,
PAR) with a 16-hour photoperiod at +18… +20°С (daytime temperature), +14… +16°С (nighttime temperature), and 75% humidity. The total duration of the experiments was 12 days. At
the end of the experiment, the germination capacity, plant length, peroxidase activity in the
leaves and roots of the plants, as well as the prevalence of the disease and index of root rot
development (disease index) were determined [14].
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The guaiacol-dependent peroxidase activity was determined spectrophotometrically in
the total protein extract (centrifugate) produced from wheat leaves and roots (concentration in the hydrogen peroxide reaction mixture—7.35 mM and guaiacol—0.672 mM). The
enzyme activity was calculated by the Boyarkin’s method [15], taking into account the
molar extinction coefficient of tetraguaiacol and expressed in mM of guaiacol/(min × g of
fresh weight).

3. Results and discussion
3.1. Effects on morphology of plants
The results of field experiments for different years show that the inoculation usually stimulates
the growth of wheat and barley plants, which is expressed in the accelerated development at
main plant development stages and a statistically significant increase in the basic morphometric parameters of plants, such as height, the number of productive stems, the number of
leaves, as well as the dry green mass compared to the control variant (non-inoculated plants
treated with water before planting).
In different years, the height of wheat and barley plants increased, respectively, by 8–14%
and 6–40% under the influence of bacteria monocultures and by 6–16% and 5–20%, respectively, under the influence of complex inoculation. On average over all years, the flag leaf
area of wheat increased by 5–6%, while the sub-flag leaf area of barley increased by 5–15%.
On average over all years, the dry mass of wheat and barley plants increased, respectively,
by 10–40% and 15–73%, for monoculture variants, and by 7–54% and 23–63% for the variants
with complex inoculation. In general, the plants responded to the inoculation by increasing
not so much their length as their green mass, which contributed to an increase in the stem
thickness and, therefore, indicated an increased lodging resistance of the plants.
The analysis of the moisture content in the green mass of wheat and barley shows that the
water content of the inoculated plants tends to be higher compared to the control plants, which
suggests a positive effect of the bacteria on the development of the root system. Rhizobacteria
are known to be capable of controlling parameters of the root system by producing a wide
range of hormone-like metabolites. Therefore, they contribute to an increase in length of both
main and lateral roots, thereby increasing the catchment area [16].
These physiological effects are especially important in the context of the recent climate
changes that increase the risk of extreme weather events (sudden changes in air temperature
and humidity, increased dry periods during vegetation, etc.). It was no coincidence that the
positive effects from the inoculation of spring grain crops were most noticeable in 2012—the
year marked by an extremely dry summer period. The moisture content in the inoculated
wheat plants was significantly (8–10%) higher than that of the control plants. Notably, the
differences with the control variant are most noticeable at the flowering and tillering stages
where the need of spring wheat for soil moisture is maximal and the water consumption
makes up 50–60% of the total water consumption for the entire growing season.
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For barley, the differences with the control variant are also most noticeable at the tillering
(booting) stage when this crop has the maximum need for soil moisture. The root system of
the inoculated barley plants absorbed 18.5–28.4% more moisture compared to the control
plants. Lack of soil moisture in this period is known to lead to an increased number of sterile
spikelets in a barley ear, thereby significantly reducing its yield. The more noticeable response
of barley to the inoculation, compared to spring wheat, may be attributed to a less developed
root system of barley and, therefore, to a larger “compensatory effect” of inoculation.
3.2. Effects on physiology and productivity of plants
Stimulation of the root system with the bacteria increased the feeding area and, therefore, the
total content of nitrogen and phosphorus in the green mass of both tested crops. Improvement
of nitrogen and phosphorus nutrition of the plants under the influence of inoculation is
noted by many researchers [17, 18]. In our studies, the complex inoculation of spring wheat
increased the total nitrogen content by 10–12% and the total phosphorus content by 50–54%
on average over all years. The inoculation of barley contributed to a significant increase in the
total nitrogen (24–30%) and phosphorus (11–13%).
Photosynthesis processes, along with mineral nutrition processes, are known to be decisive
factors of grain maturing. At the same time, optimization of mineral nutrition is known to
have a positive effect on photosynthetic activity of plants [19]. It is probably for this reason
that the inoculation has also contributed to a significant increase of photosynthetic pigments
in wheat and barley leaves. The inoculation of wheat with the Bacillus cereus monoculture
contributed to a significant average increase in chlorophyll a and b contents in the leaves:
19–20% and 21–23%, respectively. Application of the Pseudomonas sp. monoculture (PhS1 and
GS4 strains) increased the chlorophyll а and b contents in the leaves by 22–27% and 31–33%,
respectively. The greatest effect was demonstrated by the PhS1 strain, which was capable of
phosphate mobilization. The use of the bacteria in combination with bacilli did not provide
a significant additional effect: an average increase in the contents of chlorophyll а and b was
28–31% and 32–34% over the years.
The assessment of presowing seed treatment of spring wheat and barley conducted from
2011 to 2015 showed that, with rare exceptions, the inoculation in the climatic conditions of
Western Siberia increased the grain yield of spring wheat by 8–37% compared to the control
variant. It is equivalent to 0.2–1.0 tonnes per ha. The greatest increase was provided by the
inoculation of wheat with a monoculture of Pseudomonas strains. In different years, the inoculation of barley increased the grain yield by 8–26%, which was equivalent to 0.3–1.8 tonnes per
ha. The complex inoculation demonstrated the best results (Table 1).
In addition to the increased yield of the grain crops per hectare, the inoculation contributed to
improving its quality. For example, in different years, the inoculation of spring wheat contributed to an increase in the protein content in the grain from 15.3–17.4% in the control variant
to 16.5–17.7% in the experimental variants (Table 1).
The analysis of the yield structure shows that the bacteria contribute, first of all, to an increase
in the productive tillering capacity and grain content. For example, on average over the years,

Variant

Research period, year
2011

2012

2013

2014

2015

Grain yield
(ton/ha)

Protein
content (%)

Grain yield
(ton/ha)

Grain yield
(ton/ha)

Grain yield
(ton/ha)

Protein
content (%)

Grain yield
(ton/ha)

Protein content
(%)

Control (water treatment)

2.7 ± 0.1

16.2 ± 1.2

0.9 ± 0.04

2.5 ± 0.1

3.4 ± 0.2

15.3 ± 1.4

2.3 ± 0.1

17.4 ± 1.1

Bacterization of Bacillus
cereus

3.0 ± 0.1

16.5 ± 1.2

1.2 ± 0.1

—

—

—

—

—

Bacterization of Ps.sp. GS4

3.7 ± 0.2*

16.6 ± 1.3

1.0 ± 0.1

2.7 ± 0.3

—

—

—

—

Bacterization of Ps.sp. PhS1 —

—

1.2 ± 0.1

2.8 ± 0.3

3.6 ± 0.1

16.8 ± 0.9

3.3 ± 0.2*

17.5 ± 0.8

Complex bacterization
(mixed culture)

3.1 ± 0.1*

16.9 ± 1.3

—

3.2 ± 0.2*

3.4 ± 0.03

17.0 ± 1.2

2.5 ± 0.2

17.7 ± 0.9

Control (water treatment)

8.1 ± 0.4

8.2 ± 0.5

1.5 ± 0.2

3.9 ± 0.3

7.5 ± 0.2

11.8 ± 1.1

3.9 ± 0.2

12.5 ± 0.7

Bacterization of Bacillus
cereus

9.5 ± 0.3*

9.3 ± 0.3*

2.4 ± 0.3

—

—

—

—

—

Bacterization of Ps.sp. GS4

9.7 ± 0.3*

9.1 ± 0.2

2.4 ± 0.2

4.2 ± 0.2

—

—

—

—

Bacterization of Ps.sp. PhS1 —

—

2.5 ± 0.1

4.3 ± 0.3

7.8 ± 0.3

11.5 ± 1.0

4.4 ± 0.3

12.6 ± 0.6

Complex bacterization
(mixed culture)

9.4 ± 0.2*

—

4.3 ± 0.1

8.0 ± 0.3*

11.5 ± 1.1

4.9 ± 0.2*

12.7 ± 0.7

Wheat

9.9 ± 0.4*

*The difference with the control by the Mann-Whitney test is reliable for p < 0.5.
Table 1. Effect of presowing treatment of spring wheat and barley seeds with bacterial strains on yield and grain quality.
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the productive tillering capacity of spring wheat increased from 1.04–1.37 in the control variant to 1.12–1.55 in the inoculated variants. The grain content of spring wheat increased from
23–26 grains per year in the control variant to 24.4–32.4 grains per year in the experimental
variants. The inoculation with the monoculture of phosphate-mobilizing strain Ps.spPhS1 or
the complex with these bacteria turned out to be the most effective solution. Weight of 1000
grains, another important indicator of the yield structure, also slightly increased under the
influence of inoculation—from 27.9–34.0 g in the control variant to 29.1–35.4 g in the experimental variants.
3.3. Effects on the resistance of plants to pathogens
One of the most important factors that makes a significant contribution to grain crop yield is
the development of diseases on plants, including root rots. Five-year field tests showed that
the inoculation enhanced the resistance of spring wheat and barley plants to agents of root
rots. Except for the dry year of 2012, the prevalence of the disease in spring wheat plants was
significantly reduced—from 18.1–61.1% in the control variant to 6.4–50.2% in the inoculated
variants. Severity of the disease was also significantly reduced in most cases. For example, in
different years, the index of root rot development decreased from 18.2–23.0% in the control
variants to 13.2–15.8% in the inoculated variants (Table 2).
The capability of rhizobacteria to increase the resistance of plants to phytopathogens is
widely discussed in the scientific literature. However, mechanisms responsible for increasing this resistance remain understudied. Most researchers have come to the conclusion that
nonpathogenic rhizobacteria can activate resistance mechanisms of plants in the same way
as phytopathogens, in particular through the synthesis of PR proteins, including peroxidase
[7, 20, 21].
To clarify the mechanism that induces the spring wheat resistance to the agent of Helmin
thosporium root rots under the influence of rhizobacteria, we studied the effect of inoculation
of spring wheat seeds on the guaiacol-dependent peroxidase activity in the presence of artificial infection background. The main test objects were wheat plants (Triticum aestivum L., Iren
variety, susceptible to root rots) and two Pseudomonas sp. (GS4 and PhS1) strains isolated from
earthworm coprolites. These strains showed significant antifungal and growth-stimulating
activities in laboratory conditions and confirmed this activity in field experiments [4].
It was no coincidence that microorganisms of the Pseudomonas genus were selected for inoculation. Researchers have paid particularly close attention to Pseudomonas. The capability of
these bacteria to increase the resistance of a host plant to phytopathogens is demonstrated in
studies by Choudhary et al. [22] Van Loon [23], and other researchers. This type of induced
resistance is known as rhizobacteria-induced systemic resistance of plants [24].
Bacteria are known to have a positive effect only if they successfully colonize the rhizosphere
[22, 25]. The effectiveness of wheat inoculation in our model experiment was assessed in terms
of decreased development and prevalence of root rot agents in variants with and without infection background. The prevalence of the disease in the experimental variant without infection
background and inoculation was at the level of 26%. In variants with artificial B. sorokiniana

Variant

Research period, year
2011

2012

2013

2014

2015

Prevalence
of the
disease (%)

Prevalence
of the
disease (%)

Index of
disease
development
(%)

Prevalence
of the
disease (%)

Index of
disease
development
(%)

Prevalence
of the
disease
(%)

Index of
Prevalence
disease
of the
development disease (%)
(%)

Index of disease
development (%)

Control (water treatment)

18.1 ± 3.4

53.1 ± 10.7

23.0 ± 3.0

51.7 ± 3.6

19.9 ± 3.8

56.4 ± 10.5

18.2 ± 3.4

61.1 ± 17.4

21.7 ± 7.1

Bacterization of Bacillus cereus

14.3 ± 1.2

43.3 ± 6.4

21.7 ± 3.9

—

—

—

—

—

—

Bacterization of Ps.sp. GS4

6.4 ± 0.8*

45.2 ± 7.1

14.7 ± 2.9*

44.4 ± 2.6*

15.8 ± 3.1*

—

—

—

—

Bacterization of Ps.sp. PhS1

—

50.2 ± 11.4

21.1 ± 2.1

36.7 ± 5.7*

13.2 ± 2.6*

39.4 ± 12.4

13.9 ± 1.7*

50.0 ± 17.8

15.8 ± 3.3

Complex bacterization
(mixed culture)

10.0 ± 2.2*

—

—

38.3 ± 6.7*

11.2 ± 0.6*

47.2 ± 9.8

16.0 ± 2.5

26.6 ± 15.8*

9.2 ± 1.7*

Control (water treatment)

13.9 ± 1.7

79.2 ± 17.3

45.5 ± 6.1

44.4 ± 2.9

14.7 ± 2.6

87.0 ± 11.3

41.2 ± 9.7

66.7 ± 16.8

28.3 ± 2.7

Bacterization of Bacillus cereus

5.8 ± 1.3*

71.5 ± 10.7

31.6 ± 2.7*

—

—

—

—

—

—

Bacterization of Ps.sp. GS4

11.7 ± 2.7

73.7 ± 11.0

33.7 ± 2.3*

24.4 ± 8.07*

8.3 ± 2.5*

—

—

—

—

Bacterization of Ps. sp. PhS1

—

61.9 ± 8.8

30.6 ± 1.8*

—

—

73.1 ± 11.6

34.3 ± 5.1*

46.6 ± 7.8*

14.2 ± 2.0*

Complex bacterization
(mixed culture)

6.5 ± 1.9*

—

—

41.0 ± 7.8

13.3 ± 2.5

71 ± 6.7

30.1 ± 3.4*

57.7 ± 12.6

20.8 ± 3.7*

Wheat

*The difference with the control by the Mann-Whitney test is reliable for p < 0.5.
Table 2. Influence of presowing treatment of spring wheat and barley seeds with bacterial strains on the infection of plants with root rot.
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infection background, there was a significant increase in the number of wheat seedlings with
signs of the disease. This finding demonstrates the effectiveness of the infection background
method. In case of inoculation, we observed 1.4- to 2.5-fold decrease in the prevalence of
disease and disease index compared to the control variant with and without infection background, with the greatest decrease demonstrated by the inoculation with the Pseudomonas sp.
PhS1 bacteria. The same strain provided the maximum (2- to 4-fold) decrease in the disease
index compared to the control variant with and without infection load (Figure 1).
3.4. Effects on peroxidase activity in model experiment with an artificial
infectious load
According to some authors, the peroxidase activity can be used as a marker of plant resistance to phytopathogens [26, 27]. Since roots (rather than stems and leaves) are the first to
contact the phytopathogenic fungus when the plants are infected with root rots, a separate
assessment of oxidative stress enzyme activity in roots and aerial parts of plants is a matter
of scientific interest.
The results of the peroxidase activity analysis showed that, in general, the inoculation significantly increased the enzyme activity in wheat leaves, both with and without the B. sorokiniana
phytopathogen in the system. The maximum increase in the peroxidase activity was induced by
the Pseudomonas sp. PhS1 strain in the variants without infection load and by the Pseudomonas
sp. GS4 strain with infection load. Similar effects were found by Manikandan et al. [28] after
the treatment of tomato plants with a liquid Ps. fluorescence Pf1 culture, which significantly
increased peroxidase and polyphenol oxidase activities, and inhibited the development of
Fusarium oxysporum f. sp. lycopersici in plant roots. Garcia-Cristobal et al. [25] demonstrated

Figure 1. The prevalence of root rot and the disease index in a model experiment with the bacterization of wheat seeds
with and without Bipolaris sorokiniana. Control—without bacterization; Ps.sp.GS4—bacterization of Pseudomonas sp.
strain GS4; Ps.sp.PhS1—bacterization of Pseudomonas sp. strain PhS1, *—statistically significant difference with the
corresponding control by the Mann-Whitney test (p < 0.05).
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an increase in germination and resistance of rice plants to Xanthomonas campestris after seed
treatment with the Bacillus sp. L81 strain and, at the same time, increased peroxidase activity
as early as the first 48 hours after the treatment.
In our experiment, wheat plants responded to the infection with B. sorokiniana by significantly
(11%) increasing the peroxidase activity in their roots (Figure 2). The analysis of the enzyme
response to plant inoculation revealed an interesting relationship: the response of the peroxidase activity to seed inoculation without a phytopathogen was insignificant (4% increase
in the enzyme activity when using the Pseudomonas sp. PhS1 strain). The inoculation with B.
sorokiniana increased the enzyme activity in plant roots by 14% when the seeds were treated
with the Pseudomonas sp. GS4 strain and by more than 40% when the Pseudomonas sp. PhS1
was used (Figure 2).
A comparison of the peroxidase activity in leaves and roots of uninfected and infected plants
showed that the free peroxidase activity in the plant roots was, respectively, 60 and 23% higher
than that in the leaves. At the same time, the response of enzyme systems to the inoculation in
the presence of the causing agent was found to be much higher in the roots than the response
of free peroxidase in the leaves. For example, the inoculation of wheat seeds with Pseudomonas
increased the peroxidase activity by 29–58% in the roots and only by 4–20% in the leaves of the
infected plants (Figure 2). This pattern was not identified in the uninfected plants.
The correlation analysis of the data obtained in the variants without a causing agent B. soroki
niana revealed a direct relationship between the peroxidase activity in the roots and tissues of
wheat leaves, as well as a feedback between the peroxidase activity in the leaves and roots
of wheat, disease index, and prevalence of the disease, that is, the parameters reflecting the

Figure 2. Peroxidase activity in wheat leaves and roots in a model experiment with seed bacterization with and without
Bipolaris sorokiniana.
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susceptibility of plants to root rots (r = −0.833 and −0.889, respectively). These findings suggest
that, with increasing peroxidase activity in plant tissues, the resistance to root rot causing agents
increases significantly. This confirms the available data on a relationship of peroxidase activity
and content with the plant resistance to phytopathogens [25, 28–30].
The B. sorokiniana infection background significantly changed the relationship between the
peroxidase activity in roots and tissues of wheat leaves. The coefficient of correlation between
these parameters became negative and statistically insignificant (r = −0.330). This may be
associated with a change in the plant’s strategy in response to its contact with the phytopathogen: the peroxidase activity significantly increases in the roots and decreases in the leaf
tissues. The lignification catalyzed by peroxidase is known to play an extremely important
role in protecting plant tissues from phytopathogens. The resulting mechanical barrier limits
the water exchange and supply of nutrients to the zone of penetration of pathogenic microorganisms [22, 31]. Since the root rot causing agents, including B. sorokiniana, penetrate a plant
through its roots and root neck, similar rearrangement of the activity can play a decisive role
in inducing the systemic resistance of plants to this group of diseases.
Thus, the experimental findings suggest that there is an inverse relationship between the
peroxidase activity in wheat tissues and damage of plants caused by root rot agents, and
that the response of peroxidase enzymes to plant inoculation is a meaningful indicator that
can be used to assess the potential of a particular strain as a biological agent for protecting
spring wheat.

4. Conclusion
The results of a series of field tests in the climatic conditions of Western Siberia showed that
the inoculation of spring wheat seeds with three bacterial strains isolated from earthworm
coprolites increased the grain yield of spring wheat by 0.2–1.0 t ha−1. In different years, the
inoculation of barley increased the grain yield by 0.3–1.8 t ha−1. In addition, the inoculation
contributed to improving grain quality where the inoculation of spring wheat contributed
to an increase in the protein content in the grain from 15.3–17.4% in the control variant to
16.5–17.7% in the variants with bacterization. Besides, field experiments showed that the
grain bacteria inoculation enhanced the resistance of spring wheat and barley plants to root
rots. For example, the prevalence of the disease in spring wheat plants subjected to bacterization was reduced from 18.1–61.1 to 6.4–50.2%. Severity of the disease was also significantly
reduced in most cases where the index of root rot development decreased from 18.2–23.0%
in the control variants to 13.2–15.8% in the inoculated variants. The results of model experiment clarified a number of mechanisms for increasing the plants’ resistance to root rots under
the influence of rhizobacteria in the presence of artificial infection load (Bipolaris sorokiniana
(Sacc.) Shoemaker). The experimental findings suggest that there is an inverse relationship
between the peroxidase activity in wheat tissues and damage of plants caused by root rot
agents, and that the response of peroxidase enzymes to plant inoculation is a meaningful
indicator that can be used to assess the potential of a particular strain as a biological agent for
protecting spring wheat.
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