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zone of highest root activity, the adequate position for the installation of soil moisture sensors.
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of banana and the point of installation of sensors for irrigation management inside the zone of
highest root activity is not constant along the crop development.
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Introduction
Detailed knowledge on the variation of water storage in the volume of soil explored by plant roots is of
great importance to guide soil water balance, verify the
effective zone of soil water extraction and indicate the
soil moisture sensors positioning for irrigation schedule.
Soil moisture sensors should be placed in zones of
representative root activity, which is dependent upon
root water extraction. However, root water extraction
may vary in space and time regardless of root concentration (Clothier and Green, 1994; Silva et al., 2009;
Javaux et al., 2008; Raza et al., 2013). This variability
has been studied by Silva et al. (2015) for banana crop
and the authors reported that it is necessary at least 16
time domain reflectometry (TDR) probes to be installed
at a minimum distance from plant of 0.9 m and a minimum soil depth of 0.7 m to prevent an overestimation
of banana crop evapotranspiration. Soulis et al. (2015)
used several numerical experiments and investigated
the effect of soil moisture sensors positioning on irrigation efficiency, revealing that irrigation efficiency varied considerably among the different sensor positions
investigated. Thus, the knowledge on variability in water extraction can decrease reliability of soil water balance; therefore, it is necessary to define the placement
of soil water sensors in the root zone for reliable measurements of soil moisture, even under variable root
water extraction variations. In a recent study, Soulis
and Elmaloglou (2016) introduced the concept of time
stable representative positions (TSRPs) and indicated
a considerable variability in the representativeness of
sensor readings according to their placement as well as
their representativeness system configuration and meteorological conditions.
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This work aims to improve sensor placement recommendations for irrigation scheduling purposes, even
under spatial and temporal soil water extraction variability during a crop cycle. The proposed approach is
based upon water extraction from soil profile. The efforts related to field studies on the characterization of
water extraction by banana are justified because this
crop is an important agricultural commodity for many
developing countries (Ding et al., 2013) and is highly demanding of water (Akinro et al., 2012) and fertilization
(Nomura et al., 2016).

Materials and Methods
The experiment was carried out in the field, in the
municipality of Cruz das Almas, BA, Brazil (12°48’ S;
39°06’ W; 225 m asl). The data were obtained from the
same experiment in study of Silva et al. (2015). Thus,
edaphoclimatic conditions, lysimeter installation and
assembly, construction and installation of TDR probes,
soil water content monitoring, irrigation system and
management, planting and cultivation practices of the
banana crop, and experimental period are the same as
those used in the study previously mentioned.
A 5.0 m3 drainage lysimeter (2.0 m wide; 2.5 m
long; 1.0 m deep) was installed in the center of an experimental area of 320 m2. In order to induce a freedrainage system in the lysimeter, the last 0.2 m of the
profile was divided into two layers of 0.1 m. The lower
layer was composed of a drainage system, using perforated PVC tubes with 50 mm of diameter and gravel
(nº 0), while the upper layer was composed of washed
sand. Banana seedlings were transplanted to the experimental area and one was cultivated in the drainage
lysimeter.
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Soil moisture was monitored inside the lysimeter
using a 72 TDR probe and distributed into four profiles
(Pi) inside the lysimeter, identified as P1, P2, P3 and P4
(Figure 1). In each profile, monitoring positions in relation
to the distance from the plant (Ri) and to the soil depth (Zi)
were assigned. The Ri positions were: 0.3 m, 0.5 m, 0.7 m,
0.9 m and 1.1 m. The Zi positions were: 0.1 m, 0.3 m, 0.5
m and 0.7 m. For two of the four profiles, the values of the
last position (R = 1.1 m) were obtained through the Kriging process, using the data obtained in the entire profile.
Water extraction (WE) in the banana root zone was
quantified using Equation 1, applied to a region of interest in the profile (Ri,Zi):
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where: WE is the value of soil water extraction in a region of interest in the profile (Ri,Zi) – cm3 cm–3 (for instance, when i = 1 until 2, soil moisture data of two
monitoring positions were used: R = 0.3 m and 0.5 m;
but when i = 1 until 5, soil moisture data of five monitoring positions were used: R = 0.3 m, 0.5 m, 0.7 m, 0.9
m and 1.1 m); θt+1 is the volumetric water content 8 h
after irrigation started, at one monitoring point of the
profile (Ri,Zi); θt2 is the volumetric water content immediately before the next irrigation at one monitoring point
in the profile (Ri,Zi); R and Z are the limits of distance
and depth, respectively.

The relationship between water extraction and
available water content was determined. For that, the
percentage of water available in the soil (AW(RiZi)) 8 h after the irrigation was determined for each monitoring
point, based on the soil moisture value at soil field capacity (θfc), permanent wilting point (θpwp) and at the moment of the reading (θ (RiZi)), using Equation 2:
 θ( R Z ) − θ pwp 
AW( Ri ,Zi ) =  i , i
 θ fc −θ pwp 



(2)

The normalized AW data obtained in each monitoring position in relation to the total water extraction in
the four profiles was verified according to the methodology proposed by Jones (1969). In order to verify differences between the water extraction percentages at the
different monitoring points of the profiles, the KruskalWallis test was used when the data did not follow normal distribution and the F test (Fisher) was used when
the data followed normal distribution, in the four phenological stages of banana.
The differences (Δ(RiZi)j) between an individual determination of water extraction WE at location RiZi at time j
(crop development stage) and the mean water extraction
WEj at the same time, were determined as follows:
∆( RiZi) j = WE( RiZi) − WE

(3)

where:
N

WE = (1 / N ) ∑WE( RiZi)

(4)

i =1

Ntotal = 24 and N at each development stage = 6.
Therefore, as proposed by Vachaud et al. (1985), it
was possible to calculate the relative differences (δ(RiZi)j)
for the mean value of the entire profile and the specific
values of water extraction of each monitoring point:

δ( Ri Zi ) j =

∆ (R Z ) j
i i

WE

(5)

After the effective limits of water extraction in the
root zone were defined, the recommendation for sensor
positioning, within these limits, was based on the δ( Ri Zi ) j
values. The δ ( Ri Zi ) values obtained in each development
stage are ranked from the smallest to the largest. For
instance, if δ ( Ri Zi ) > 0, it overestimates and if δ ( Ri Zi ) < 0,
it underestimates WE .

Results and Discussion

Figure 1 – Distribution of TDR probes inside the lysimeter. Source:
Silva et al. (2015).
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Definition of the effective water extraction zones
for the banana crop
The percent distribution of water extraction of banana in relation to the distance (R) was equal in the four
monitoring profiles, at 5 % of significance (Table 1). The
equality was confirmed in the four development stages
and the means obtained in the four profiles were presented in Figures 2A and B. Low deviations around the
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Table 1 – Means of percent water extraction obtained at different monitoring points of four profiles in the root zone of the banana crop.
R

x̅ P1

x̅ P2

x̅ P3

Z

x̅ P4

m

x̅ P1

x̅ P2

x̅ P3

x̅ P4

m
Initial

0.3
0.5

37.83
30.14

27.59
24.96

40.05
21.34

28.04
34.30

0.1
0.3

57.51
31.39

50.05
30.95

48.90
38.74

46.87
29.59

0.7

22.36

28.75

20.33

25.43

0.5

10.56

13.14

11.39

22.36

0.9
1.1

7.29
2.33

14.66
5.51

12.57
5.69

15.55
4.64

0.7

0.48

5.84

0.95

1.15

0.3
0.5

30.35
28.21

24.77
24.77

34.79
27.36

32.85
25.60

0.1
0.3

80.48 b
12.98

68.23 ab
13.35

73.37 b
8.15

50.39 a
22.94

0.7

25.19

26.51

19.20

15.49

0.5

6.47 a

11.22 ab

14.72 ab

21.55 b

0.9
1.1

8.42
7.80

14.36
9.58

11.01
7.62

12.97
13.06

0.7

0.04

7.18

3.75

5.10

0.3
0.5

21.23
25.13

22.92
30.02

28.64
24.01

27.44
22.58

0.1
0.3

39.14
36.32

32.71
33.42

40.76
29.68

48.76
30.11

0.7

15.67

18.81

14.35

14.39

0.5

20.62

19.80

15.80

15.39

0.9
1.1

26.59
11.36

14.29
13.92

18.21
14.77

17.91
17.65

0.7

3.90

14.05

14.07

5.72

0.3
0.5

35.52
15.84

32.28
19.55

30.73
19.25

20.08
14.28

0.1
0.3

40.88
29.51

37.33
30.45

28.29
36.50

46.62
28.34

0.7

20.97

17.40

18.05

21.07

0.5

19.39

23.00

19.22

21.44

Vegetative Growth

Flowering

Fruit Growth

0.9
13.89
14.82
16.70
20.27
0.7
10.19
9.20
13.47
11.07
1.1
13.76
15.92
15.24
24.28
Values followed by different letters in the rows differ significantly by Kruskal-Wallis test, p = 0.05; x̅ P1 Means of percent water extraction obtained at profile 1; x̅ P2
Means of percent water extraction obtained at profile 2; x̅ P3 Means of percent water extraction obtained at profile 3; x̅ P4 Means of percent water extraction obtained
at profile 4.

Figure 2 – Cumulative percentages of water extraction of banana
at different depths, Z (A) and distances, R (B) in the soil profile.
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mean values of the monitoring points were observed in
the four crop development stages, which confirms the
similarity between the water extraction values in the
four monitored profiles.
The percent distribution of water extraction at distances (R) in the profiles showed the same behavior in the
first two development stages of the banana crop (Figure
2B). The relationship between the percent fractions of soil
water extraction and the different distances (R) was also
similar for the last two development stages. These similarities allowed establishing two patterns of soil water extraction distribution in relation to the distance (R) for the entire
development of the banana crop. The first pattern characterizes the initial and vegetative growth stages, when the
effective water extraction occurs up to the distance of 0.7
m from the plant, and the second pattern characterizes the
stages of flowering and fruit growth, when the effective
extraction occurs up to 0.9 m from the plant (Figure 2B).
The percent fractions of soil water extraction in relation to depth (Z) were not different due to the different
profiles of soil moisture monitoring (Table 1). The only
exception was observed in the vegetative growth stage,
in one of the four soil profiles, and only for depths z =
0.1 m and z = 0.5 m, where the highest mean deviations
were also observed (Figure 2A). This fact should be related to a higher growth rate of banana roots at this stage
(Silva et al., 2015).
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Regarding the percent distribution of water extraction relative to soil depth, two patterns of soil water
extraction distribution were also observed during the development of the banana crop. The first pattern characterizes the initial and vegetative growth stages, when the
effective water extraction occurs up to depth of 0.3 m.
The second pattern characterizes the stages of flowering
and fruit growth, when the effective water extraction
reaches the depth of 0.4 m (Figure 2A).
The effective depths and distances of water extraction in the different development stages of banana are
shown in Table 2. Silva et al. (2012) reported that effective water extraction of banana occurred up to the
distance of 0.7 m, 0.8 m and 1 m, when plants were irrigated with one sprinkler of 32 L h–1 for four plants, one
sprinkler of 60 L h–1 for four plants and one sprinkler of
60 L h–1 for two plants, respectively. For all the systems,
the limit of effective depth was 0.25 m.
Recommendations for sensor positioning within
the effective water extraction zones of the banana
crop
In the attempt to explain the causes of variation
in soil water extraction by plants, there are many hypotheses in the literature. For instance, Atkinson (1981)
claimed that the distribution of thin roots reflects the
water extraction potential of a crop. On the other hand,
Nnyamah and Black (1977) claimed that the water extraction pattern of a crop was similar to the distribution of thin roots when the soil water was not limiting.
However, Green and Clothier (1995) studied water extraction of kiwifruit vines and observed that root water
uptake was more dependent on soil water availability
than of thin roots distribution. Yet, there are other studies indicating that the diameter of lateral roots was also a
highly variable factor in the soil (Yorke and Sagar, 1970;
Cahn et al., 1989; Varney et al., 1993; Jordan et al., 1993;
Thaler and Pagès, 1996). In addition, Lecompte et al.
(2005) report that this variability was a consequence of
factors like soil heterogeneity, root system structure, and
availability and partitioning of carbon in the roots, but
the relative contribution of each of these factors remain
largely unknown. Other factors have been shown to influence water extraction by roots, such as differences in
xylem maturation and in the number and diameter of
xylem vessels, as well as differences in the formation
of endodermis and exodermis with the development of

roots (Steudle and Frensch, 1996; Barrowclough et al.,
2000; Watt et al., 2008; Draye et al., 2010).
The association between the variability of water
extraction in the root zone of banana and the variability in soil water availability is shown in Figure 3. It is
observed that, for the case of banana, there was not a
well-defined relationship between the variabilities in the
distribution of available water and in water extraction in
the soil region explored by the roots. Even with low variability in soil water distribution, the variability in water
extraction of the banana crop was high.
The existence of variability in water extraction
within the limits of maximum distance and depth of effective water extraction for the banana crop makes it
difficult to recommend precisely the position for the installation of soil moisture sensors within the limits of
effective water extraction. As reported by Soulis and Elmaoglou (2016), there was a considerable variability in
the representativeness of the sensor readings according
to their placement in the root zone. Therefore, to indicate precisely the position for sensor installation within
the limits of effective distance and depth shown in Table
2, the relative differences of water extraction values obtained at each specific monitoring point in relation to
the mean value for the entire profile were calculated.
The results are shown in Figures 4A, B, C and D, where
relative differences (δij) were arranged in the ascending
order. The deviations associated with each isolated position (RiZi) showed that temporal variations were lower
than spatial variations.
In the initial crop stage, the water extraction obtained at point R0.3Z0.3 was 6 % lower than the mean for
the entire profile (Figure 4A), while the water extraction
obtained at point R0.7Z0.3 for the same stage was 43 %
lower than the mean for the profile. Therefore, R0.7Z0.3
was not adequate for the installation of soil moisture
sensors for the initial stage of the banana crop. The differences in the deviations of each specific point (RiZi)
indicated a great variation in irrigation depth required
when the calculation was performed based on soil moisture data obtained from the different soil moisture sen-

Table 2 – Limits of maximum distance and depth of effective water
extraction in different development stages of the banana crop.
Development
stages
Initial

Maximum distance from
the pseudostem

Maximum depth

-------------------------------------------------- m ---------------------------------------------------0.7
0.3

Vegetative Growth

0.7

0.3

Flowering
Fruit Growth

0.9
0.9

0.4
0.4
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Figure 3 – Relationships between the variations in soil water
extraction and availability at different depths (z) in the root zone
of the banana crop.
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Figure 4 – Order of relative differences δ(RnZn)j, (%), between each individual value of water extraction calculated for one specific point WE(RiZi)
and the mean of water extraction values obtained in the entire profile. The deviations refer to the time (j). Initial – A; Vegetative Growth – B;
Flowering – C; Fruit Growth – D.

sors positions. The results obtained by Soulis et al. (2015)
indicated that irrigation efficiency variation among the
different soil moisture sensors positions was greater
than the variation among the various irrigation system
configurations.
For practical purposes, there are specific points
for soil moisture sensor installation within the limits of
effective water extraction at which soil moisture sensors
can be installed. However, these points are not constant
along the development of the banana crop. Following
the criterion of minimizing the relative differences between the water extraction obtained at a specific point
and the mean value for the entire profile, the minimum
value of δij was obtained at R0.5Z0.3 for the vegetative
growth stage (Figure 4B). For the flowering and fruit
growth stages, the obtained values of δij, indicating that
the sensors should be installed at the position R0.7Z0.3
(Figures 4C and D).
Figure 5 shows the comparison of the cumulative
deviation between soil water storage values measured
at isolated points within the limits of water extraction.
The daily mean error in the calculation of soil water
storage variation in the effective zone of water extraction of the banana crop can vary from ± 2.38 mm to ±
6.09 mm, depending on the position of installation of
soil moisture sensors. Thus, it is proposed that the modification of soil moisture sensor position based on the

Sci. Agric. v.75, n.2, p.95-101, March/April 2018

Figure 5 – Cumulative distribution of absolute errors in the
calculation of storage variation (Δh) at different points (RnZn) of
installation of sensors within the limits of effective water extraction
of the banana crop.

development stages of the banana crop minimizes the
errors due to the sensor position in Δh calculation. Soil
moisture sensors should be installed at 0.3 m from the
plant and at soil depth of 0.3 m in the initial crop stage.
In the vegetative growth stage, the distance should be
changed to 0.5 m from the plant, keeping soil depth
at 0.3 m. In the last two crop development stages, the
sensor should be installed at 0.7 m from the plant, at
the same depth for the previous stages. Finally, the ap99
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proaches proposed here require a substantial number
of sensors installed at the root zone and depends upon
sufficient field observation. However, it is the purpose
of this paper to introduce a method to reduce the number of sensors installed to characterize the behavior to
root water extraction.

Conclusions
The results of this study indicated the existence of
a great variability in soil water extraction by the banana
crop in different development stages, which requires the
development of recommendations for the soil moisture
sensor probe positioning to determine adequate irrigation scheduling. The concept of time stability has been
applied in order to indicate the position for sensor installation within the limits of effective water extraction.
Two patterns of soil water extraction during the
development of banana were identified. The first one
characterized the initial and vegetative growth stages,
when the effective water extraction occurred within a
0.7 m radius from the plant at a soil depth of 0.3 m.
The second pattern was characterized for crop stages
of flowering and fruit growth, when the effective water
extraction occurred within 0.9 m from the plant and at
soil depth of 0.4 m. Therefore, for banana crop, the position of installation of sensors for irrigation management
within the zone of highest root activity should be variable throughout the development of the banana crop.
This recommendation is a step towards a methodology to reduce a large measurement network previously required to few representative locations of mean
root water extraction. Similar studies considering a variable placement of soil moisture sensors for other soil
conditions, crops, climates, irrigation systems and soil
moisture sensor devices are needed to completely validate the concept applied.
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