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ABSTRACT: Further food production may be limited by the reduced availability of water resourc-
es. Since irrigated agriculture is the productive sector that presents a higher demand of water, 
this sector has been under intense pressure in order to ensure food production with improved 
efficiency of water use. This study aimed to use the Time Domain Reflectometry (TDR) technique 
to measure percolation losses and to determine water application efficiency of banana (Musa 
spp.) trees using microsprinkler irrigation systems. Three systems were studied: (i) one 32 L h−1 
microsprinkler for four plants; (ii) one 60 L h−1 microsprinkler for four plants; and (iii) one 60 L 
h−1 microsprinkler for two plants. Systems that replace water to the soil with the lowest variation 
of infiltrated water depths at different distances from plant pseudostem were the most efficient. 
The water application efficiency of microsprinkler irrigation systems using the (i), (ii), and (iii) 
microsprinkler systems were 85%, 80 % and 90 % respectively.
Keywords: TDR, Musa spp., root distribution, irrigation management

Introduction

The increased growth of human population, the 
endless deforestation and the inefficient use of water in 
productive sectors have been reducing the availability of 
water resources (Sophocleous, 2004). Improvement of ef-
ficiency of water use for food production has been nec-
essary due to the fact that agriculture is the productive 
sector with the highest demand for water (Howell, 2001). 
Thus, studies involving the total efficiency of water use in 
agriculture should be considered (Hsiao et al., 2007) giv-
ing priority to the production of crops susceptible to wa-
ter stress. This is the case of the banana crop (Musa spp), 
that requires an appropriate supply of water throughout 
the crop cycle (Akinro et al., 2012). Water application ef-
ficiency can be defined as the ratio between the amount 
of water retained in the root zone of the plant and the 
amount of applied irrigation water (Hsiao et al., 2007). 
According to Howell (2008), water application efficiency 
has not been studied in depth, due to the difficulty in 
establishing some parameters that are necessary for the 
study. The main difficulty is the calculation of the flow of 
water below the root zone of the crop (percolation) that 
requires detailed monitoring (Koumanov et al., 2006).

Percolation below root zone has also been the 
major difficulty in using the soil water balance for crop 
evapotranspiration estimates (Hutmacher et al., 1994). 
Knowledge of percolation losses is also important for 
the environment, because it is related to ion transport to 
groundwater. For practical conditions, the soil water bal-
ance relies in the use of the Darcy-Buckingham equation, 

where unsaturated hydraulic conductivity is related to 
average water content between an interval of time. The 
unsaturated soil hydraulic conductivity has been a limi-
tation for flow calculation. Therefore, alternatives are 
necessary for calculating percolation without using the 
unsaturated hydraulic conductivity. Heimovaara et al. 
(2004) indicate the Time Domain Reflectometry (TDR) as 
a standard technique for studies that involve processes of 
time and space distribution of water in the soil. The TDR 
has high precision, automation potential, and allows the 
assessment of water flow in porous media. Many authors 
have been making use of this technique in studies involv-
ing these processes (Silva et al., 2009; Jensen et al., 2010; 
Souza and Folegatti, 2010; Hutton and Loveys, 2011).

Despite the general high emission uniformity of 
micro-sprinkler systems, there is a concern about the 
non-uniform water distribution around the emitter for 
banana crop irrigation. Nevertheless, studies with differ-
ent types of micro-sprinklers have shown a uniform soil 
water distribution in the root zone indicating that this 
low application uniformity does not necessarily affect 
the spatial root distribution and root water uptake (Bas-
soi et al., 2003; Alves Júnior et al., 2012). 

Through field essays, this research was carried 
out with the objectives: (i) to use the TDR technique for 
measuring water losses below banana root zone irrigated 
by microsprinkler systems and (ii) to determine water 
application efficiency of microsprinkler irrigation sys-
tems of different flow rates for the banana crop. 

Materials and Methods

The experiment was conducted in Cruz das Almas, 
State of Bahia, Brazil (12º48’ S; 39º06’ W; 225 m a.s.l.), 
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where the average annual rainfall is 1,143 mm (Almeida, 
2004). The crop was BRS Tropical banana, spaced 3.0 × 
2.5 m, during the production phase of its first cycle (Jan., 
2006). The soil of the experimental site was a Latossolo 
Amarelo (EMBRAPA, 1997) or Xanthic Ferralsol (IUSS 
Working Group WRB, 2006), with physical properties 
presented in Table 1. 

Three microsprinkler irrigation systems were 
evaluated: T1 – one microsprinkler of 32 L h−1 for four 
plants with one lateral line between two plant rows; T2 
– one microsprinkler of 60 L h−1 for four plants, with 
one lateral line between two plant rows, and T3 – one 
microsprinkler of 60 L h−1 for two plants with a lateral 
line near plant row. The experimental unit was com-
posed by four plant rows with the lateral irrigation line 
between the two central ones. The measurements were 
taken in the space between four plants around an emit-
ter in the center of the unit. Data were collected during 
five days in each treatment. 

The frequency of irrigation was daily and the volume 
of water applied per plant was common to all treatments, 
calculated based on the recommendations made by Keller 
and Bliesner (1990), with the crop evapotranspiration con-
sidering the crop coefficients suggested by Doorembos and 
Kassam (1984). Fertilization was made as recommended 
by Borges et al. (2000), with nitrogen, potassium and phos-
phorus being applied through irrigation water.

Soil water content was monitored using a data 
acquisition system composed by three-rod probes, a 
TDR, multiplexers and a data logger (Figure 1). The TDR 
probes were inserted horizontally at locations represent-
ed by distances (r) and depths (z), in a grid of 0.20 m × 
0.20 m of a vertical plane that was radial to the plant, 
having the origin at the soil surface near to the plant and 
limits of r = 1.0 m and z = 1.0 m.

The TDR probes were made with rods of 0.10 m 
length and 0.017 m apart each other. The calibration 
equation was:

		  (1)

where: θ  is the soil water content (m3 m−3); e is the bulk 
dielectric constant of the soil.

After the TDR probes were installed, samples of 
0.005 m3 of soil and roots were collected for root distri-
bution evaluation. Roots were separated from the soil 
by washing and then digitalized by scanning according 
to Coelho and Or (1998). Root length “Lr” (cm) was ob-
tained through the Rootedge software (Kaspar and Ew-
ing, 1997). Root length density (RLD) was calculated by 
equation (2):

         (2)

where Vr is the volume of sample (m3).
Soil water monitoring started 30 days after probe 

installation. The measurements were made in each soil 
sample in intervals of ten minutes during five days. The 
calculations on the infiltrated water depth (LTI) after irri-
gation and also the extracted water from the system (LTE) 
were based on soil water content data at specific mo-
ments: (i) immediately before the irrigation event on day 
(k); (ii) when the irrigation water has reached the deepest 
position monitored in the plane (k+1), which was char-
acterized by confirmation of the increase in values of soil 
water content of the probe at the 0.9 m depth; (iii) before 
the next irrigation (k+2), as shown in Figure 2.

Table 1 − Physical properties of the soil.

Characteristics
Depth (m)

0 – 0.2 0.2 – 0.4 0.4 – 0.6

Granulometric Composition 
(g kg–1)

Total Sand 577 517 493
Silt 99 89 133
Clay 324 394 374

Texture Classification Sandy clay loam Sandy clay loam Sandy clay loam

Porosity (%)
Macro 13.34 11.91 11.92
Micro 26.34 28.44 26.14

Bulk density (kg dm–3) 1.50 1.48 1.52
10 Kpa water content (m3 m−3) 0.2106 0.2400 0.2195
1500 Kpa water content (m3 m−3) 0.1495 0.1709 0.1625
Hydraulic Conductivity (m s−1 x 10−5) 160 45.28 200

Figure 1 − Monitoring soil water content in the region of the root 
system of the banana tree.
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The difference between the soil water content mea-
sured after irrigation (θk+1) and immediately before irri-
gation (θk), allowed the establishment of the water depth 
that infiltrated in at time (k+1) – (k), at distance “r” of 
the grid from the surface (z = 0) to the depth where the 
deepest probe was located (z = L), as in Equation (3):

						      (3)

where qk+1 (z) is the soil water content after irrigation 
at a location z (mm); and qk (z) is the soil water content 
before irrigation at a location z (mm).

The evaluation of the average water depth in the 
control root volume of the banana tree can be made by 
applying Equation (4).

						      (4)
		

where LTIm- is the average of total infiltrated water depth 
(mm); LTI is the infiltrated water depth at each position 
“r” of the grid (mm); n is the number of points (r).

The difference between the measurements of soil 
water content at the times (k+1) and (k+2), at any “r” 
of the grid, allowed the establishment of the water depth 
extracted at distance r, as shown in Equation (5):

						      (5)

where LTE is the water depth extracted in each position 
“r”of the grid (mm); qk+1 (z)  is the soil water content at 
time (k+1) at depth “z”(mm); qk+2 (z) is the soil water 
content at time (k+2) at depth “z”(mm).

The average of total extracted water depth was ob-
tained by Equation (6) below:

						      (6)

In order to relate soil water and plant root distribu-
tion, the effective root depth was assumed as that con-
centrating up to 80 % of the total root length. Percolation 
loss can be calculated for each distance “r” from plant, 
located just below the effective depth of the roots, by 
equation (7):

					     	 (7)

where q is the flow of water in the soil (mm h-1), which 
is calculated by using equation (8):

				     		  (8)

where 1 is the length of the layer where probes were 
inserted (cm); ∆t is the time interval (1h); θk is the soil 
water content at time k (mm cm-1); θk +1is the soil water 
content  at the time k+1 (mm cm-1)

In this way, the average loss through percolation in 
the profile from the plant along the n distances from it 
may be calculated by Equation (9):

						      (9)

The values of DPm calculated for different inter-
vals after the beginning of irrigation (A.I) for treatments 
T1, T2 and T3 were compared by using the LSD test (p 
< 0.05).

The average efficiency of the application of water 
(Ea) was calculated by the use of Equation (10):

					      
					      (10)

Results and Discussion

There was a reduction in the value of saturated 
hydraulic conductivity and an increase in soil water re-
tention at the depth of 0.2-0.4 m, confirming the hetero-
geneity of the soil profile and consistent with reported 
data (Sobral et al., 2009; Fernandes et al., 2011). The 
larger precipitations have always been recorded away 
from the plant and close to the microsprinklers (Figure 
3). As an example, there were records of precipitation 
levels of 4.58 mm, 10.2 mm and 5.0 mm at a distance r 
= 1 m for systems T1, T2 and T3, respectively, while the 
precipitation levels  at a distance of r = 0.2 m were 1.05 
mm, 0 mm and 2,0 mm for the systems T1, T2 and T3, 
respectively (Figure 3).

The water distribution in the soil just after the 
end of an irrigation event was multidimensional and 
non-uniform and soil water availability became larger 
as the distance from the plant increased towards the 
microsprinkler, coinciding with the region where the 
largest water depth applied by the microsprinklers was 
collected (Figure 4). The average water availability in 
the effective depth of the banana roots were 52%, 50%, 

Figure 2 − Soil water content at times immediately before the 
irrigation event on day (k), when the irrigation water has reached 
the deepest position monitored in the plane (k+1) and before the 
next irrigation (k+2) were used for the establishment of infiltrated 
water depth (LTI) and extracted water depth (LTE).
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60% at a distance of r = 0.2 m and 90%, 90%, 90% at 
a distance of r = 1.0 m for systems T1, T2 and T3, re-
spectively.

The distribution of root length density in the soil 
profile and also the percentage of total root length of 
the soil profile at horizontal distances towards the mi-
crosprinkler (r) and depths (z), are shown in Figures 5 
and 6, respectively. The effective depth of the roots of 
the plants irrigated by the systems consisting of a mi-
crosprinkler of 32 L h−1 for four plants, a microsprinkler 
of 60 L h−1 for four plants and also a microsprinkler of 
60 L h−1 for two plants, took place up to 0.5 m, 0.5 m 
and 0.6 m respectively. The root distribution of banana 
plants (Figures 5A, 5B and 5C) for systems T1, T2 and 
T3 agrees with the distribution of water availability, this 
being evident in the root water extraction distribution, 
which was also observed by Ahmadi et al. (2011); Cec-
con et al. (2011); Sokalska et al. (2009); Mmolawa and 
Or (2000). Silva et al. (2009) determined root distribu-
tion and water application efficiency for BRS Tropical 
banana irrigated by different drip systems in the same 
soil and local conditions of this study during the produc-
tion phase. 

Despite the similarity of the effective root depth 
and distance in both studies, some differences were ob-
served in the effective water extraction zones indicating 
the effect of soil water distribution as a consequence of 
the irrigation systems on water extraction by banana. As 
observed by Andreu et al. (1997), the zones of water ex-
traction were influenced by the type of emitters around 
the plant. Root distribution might be a strong indication 
of the potential root water extraction; however we did 
not observe a relationship between water extraction and 
root concentration in our study. 

Water extraction is strongly dependent on space-
time variations of soil water availability. The larger root 
densities took place at distances from plant of 0 – 0.2 m, 
as verified in T1. However, the soil water distribution for 
microsprinkler irrigation provided larger values of water 
availability at 0.8 m from plant and larger values of wa-
ter extraction were found at the same distance from the 
plant because of that. There was percolation loss in all 
treatments (Table 2). The results show the average val-
ues of percolated water depths at different moments af-
ter the beginning of irrigation (A.I.). The comparison of 
the means for the treatments at specific times, the values 
of percolated water depths varied (p < 0.05) according to 
the configurations of the microsprinkling irrigation sys-
tems, from 1 h after the start of irrigation and 2 h and 
4 h after that the means were different and only higher 
in the case of treatment T2. 64% of the total percola-
tion loss during the time interval (Table 2) occurred at 
the first four hours which indicates the quick soil water 
redistribution. 

There were no differences (p > 0.05) in the aver-
age percolated water depth values between 6h and 14h 
after beginning of the irrigation. The estimate of perco-
lation under field conditions has been still considered a 

Figure 3 − Precipitation as a function of the distance of the plant 
going towards the microsprinkler, with regard to the systems with 
one microsprinkler of 32 L h−1 for four plants with one lateral line 
between two rows of plants (A); one microsprinkler of 60 L h−1 for 
four plants, with one lateral line between two rows of plants (B), 
and one microsprinkler of 60 L h−1 for two plants with a lateral line 
near the row of plants (C).
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challenge (Selle et al., 2011; Baram et al., 2012). Darcy- 
Buckingham equation enables to quantify vertical wa-
ter flow in non saturated soils (Jiménez-Martíneza et al., 
2009; Ji et al., 2007; Skaggs et al., 2006), however some 
difficulties in its use are claimed by Reichardt & Timm 
(2012), mainly due to the exponential function that can 
be fitted to data. This fact shows large errors for small 
variations in soil water content (Mubarak et al., 2010). 
Therefore, it is necessary to evaluate soil water content 
variations in the root zone for short time intervals in or-

der to obtain the volume of water lost by percolation in 
the field. This is necessary due to the quick soil water 
redistribution and percolation in the soil profile under 
microsprinkler irrigation. The percolation may not be 
estimated correctly for large time intervals.

In system T1, the smaller infiltrated water depths 
are in the region between the pseudostem of the plant 
out to a distance of 0.4 m, which concentrates 48 % of 
the total root length. In this region, almost no loss of 
water through percolation has been recorded. As from a 

Figure 4 – Percent available water content available, starting out from the plant and moving towards the emitter, for systems with one microsprinkler 
of 32 L h−1 for four plants with one lateral line between two rows of plants (A); one microsprinkler of 60 L h−1 for four plants, with one lateral 
line between two rows of plants (B), and one microsprinkler of 60 L h−1 for two plants with a lateral line near the row of plants (C).

Figure 5 − Isolines of root length (m m−3) of the banana for systems with one microsprinkler of 32 L h−1 for four plants with one lateral line 
between two rows of plants (a); one microsprinkler of 60 L h−1 for four plants, with one lateral line between two rows of plants (b), and one 
microsprinkler of 60 L h−1 for two plants with a lateral line near the row of plants (c).
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Table 2 − Average percolation values at different times after 
irrigation.

Times
Treatments

T1 T2 T3
-------------------------- Percolated Water (mm) --------------------------

1 h 0.1878 ab 0.2531 b 0.1097 a
2 h 0.1165 a 0.4960 b 0.1175 a
4 h 0.1147 a 0.2416 b 0.0968 a
6 h 0.1015 a 0.1024 a 0.1156 a
8 h 0.0871 a 0.0752 a 0.0953 a
10 h 0.0344 a 0.0970 a 0.0419 a
12 h 0.0117 a 0.0136 a 0.0253 a
14 h 0.0056 a 0.0009 a 0.0118 a
*Values followed by the same letter in the rows do not show differences (t test 
(LSD), p < 0.05).
T1 is the treatment irrigated by one microsprinkler of 32 L h−1 for four plants 
with one lateral line between two plant rows, T2 by one microsprinkler of 60 L 
h−1 for four plants, with one lateral line between two plant rows, and T3 by one 
microsprinkler of 60 L h−1 for two plants with a lateral line near plant row.

distance of 0.8 m, there was a considerable loss of per-
colation water, reaching 2.1 mm at r = 1 m (Figure 7). 
On average, the percolation water depth (DPm) in the T1 
system was 1.055 mm, and the ratio between the quan-
tity of water applied by this system and the water that 
remained in the region around the root system of the 
plant was 0.8501, which means that water application 
efficiency (Ea) remained at 85 % (Table 3). 

In T2 there has been the least uniform water dis-
tribution at different horizontal distances between plant 
and microsprinkler. LTI at a distance of 0.2 m was 0.9 
mm on average, while at a distance of 1 m itreached 9.2 
mm. The percolation losses at distances of 0.6 m, 0.8 m 
and 1 m were 1.9 mm, 2.6 mm and 2.4 mm, respectively 
(Figure 8). Despite the horizontal development of the 
roots of banana trees subjected to this system, the high-
est losses of water by percolation were observed (DPm = 
1.9 mm) with water application efficiency of 80 %.

The lowest differences in the LTI values for dif-
ferent distances from the plant (r) were obtained in the 
system using a microsprinkler of 60 L h−1 for two plants 
(Figure 9). The DPm value for this system was the lowest 
among all (0.96 mm) and the efficiency of application 
of water was the highest, 90 %. Koumanov et al. (1994) 
worked with 25 neutron probe access tubes to evaluate 
daily variations of soil water content in the rhizosphere 
of an almond crop irrigated by 41 L h-1 microsprinklers 
with effective root depth in the layer 0 - 0.30 m. The 
authors found values of application efficiency ranging 
from 73 to 79%, but they disregarded percolation and 
considered evaporation as the main cause for water loss 
in irrigation. 

There is greater extraction of water by the plant 
with the increased uniformity of the water distributed 
in the soil. Larger application efficiency was found 
where smaller variations of LTI at the different dis-
tances from the pseudostem were observed. On the 
other hand, larger variation of LTI at different distanc-

Figure 6 − Percentages of total root length in the soil profile at 
horizontal distances between plant and microsprinkler (r) and 
depths (z) for systems with one microsprinkler of 32 L h−1 for 
four plants with one lateral line between two rows of plants (A); 
one microsprinkler of 60 L h−1 for four plants, with one lateral line 
between two rows of plants (B), and one microsprinkler of 60 L h−1 
for two plants with a lateral line near the row of plants (C).

A
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Table 3 − Components of the calculation of water application 
efficiency (Ea).

Average water depth (mm)

Ea 
(%)

Infiltrated water in 
profile

Retained in the 
plant

root zone

Perco-
lated LTE

T1 4.67 3.97 1.055 5.0 85
T2 5.56 4.43 1.9 6.3 80
T3 3.108 2.783 0.96 3.7 90
LTE: Extracted water depth

es from pseudostem corresponded to smaller water 
application efficiencies. Therefore, the surface water 
distribution by the microsprinkler has strong influence 
on plant water extraction. This is in agreement with 

the findings of Clothier and Green (1994) and Green et 
al. (2006). For the same volume ofapplied water, lower 
values of DPm were obtained as the distribution of wa-
ter in the soil became more uniform, and as a result 
the LTEm became higher, improving water application 
efficiency. 

It is concluded that for the same volume of applied 
water, as the uniformity of water distribution in the sys-
tems increases, there is a reduction in percolation, an 
increase in plant water extraction, and also an increase 
in the water application efficiency.
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