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Abstract: Appropriate irrigation scheduling for efficient water use is often a challenge for small-scale
farmers using drip irrigation. In a trial with 12 farmers in Sébaco, Nicaragua, two tools to facilitate
irrigation scheduling were tested: the Water Chart (a table indicating required irrigation doses) and
tensiometers. The study aimed at evaluating if and to what extent simple tools can reduce irrigation
water use and improve water productivity in drip-irrigated vegetable (beetroot; Beta vulgaris L.)
production compared with the farmers’ usual practice. Irrigation water use was substantially reduced
(around 20%) when farmers irrigated according to the tools. However, farmers did not fully adhere
to the tool guidance, probably because they feared that their crop would not get sufficient water.
Thus they still over-irrigated their crop: between 38% and 88% more water than recommended was
used during the treatment period, resulting in 91% to 139% higher water use than required over
the entire growing cycle. Water productivity of beetroot production was, therefore, much lower
(around 3 kg/m?) than what can be achieved under comparable conditions, although yields were
decent. Differences in crop yield and water productivity among treatments were not significant. The
simplified Water Chart was not sufficiently understandable to farmers (and technicians), whereas
tensiometers were better perceived, although they do not provide any indication on how much water
to apply. We conclude that innovations such as drip irrigation or improved irrigation scheduling have
to be appropriately introduced, e.g., by taking sufficient time to co-produce a common understanding
about the technologies and their possible usefulness, and by ensuring adequate follow-up support.

Keywords: drip irrigation; irrigation scheduling tools; irrigation water use; water productivity;
vegetable production; beetroot; Nicaragua; Central American Dry Corridor

1. Introduction

Small-scale irrigation can improve food security and nutrition, raise incomes, reduce poverty, and
enhance rural livelihoods of poor farmers in the Global South [1,2]. Particularly in view of climate
change (e.g., increased variability of precipitation), diversification of farming through irrigated cash
crop production may reduce risks and increase resilience of rural populations [1]. Numerous initiatives,
therefore, promote small-scale irrigation of high-value crops and the use of water-efficient irrigation
technologies such as drip-irrigation systems. Since fresh water is limited and agriculture globally uses
more than two thirds of all accessible fresh water resources, technologies with the potential to reduce
irrigation water use (such as drip irrigation) and proper irrigation management are greatly needed [3].

However, determining amounts and frequency of irrigation often represents a serious challenge
for farmers, particularly for small-scale producers in developing countries who are shifting to
drip irrigation [4-8]. Without access to adequate support, technologies and tools, farmers tend to
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over-irrigate, and the benefits of “efficient” irrigation technologies, such as drip irrigation, can be
compromised considerably.

The reasons for over-irrigation with drip systems are manifold: On the one hand, farmers’
perceptions and their (comprehensible and often rational) ways of thinking may render irrigation
management less efficient than possible [9]. On the other hand, technical issues relating to drip
irrigation systems may (further) hamper the efficient use of the technology [4]. Small-scale farmers in
developing countries rarely know how much water their crops require, and they often do not know
how much water they are applying. Simple tools to indicate irrigation requirements of crops according
to species and growth stage as well as climatic conditions might thus contribute to more efficient water
use in agricultural production and possibly reduce work load and energy use and costs. Irrigation
scheduling can be based on irrigation calendars, plant indicators, soil moisture assessments, or water
balance calculations that consider climatic parameters influencing crop water use. Tools facilitating
irrigation scheduling may, therefore, be based on any of these aforementioned scheduling approaches
or combinations thereof.

Such tools and technologies already exist, such as the “Water Chart” (or Water Wheel or Drip
Planner Chart), a table indicating required irrigation doses. We tested the suitability of the Water Chart
and low-cost tensiometers for irrigation scheduling in Nicaragua. The objective of this study was to
assess and evaluate if and to what extent simple tools facilitating irrigation scheduling can reduce
irrigation water use and improve water productivity in drip-irrigated vegetable (beetroot) production
compared with the farmers’ usual practice. The study not only considered technical aspects but also
examined farmers’ perceptions and reasons for their behavior.

2. Materials and Methods

In a trial near Sébaco, Nicaragua, two tools to facilitate irrigation scheduling were tested: the
Water Chart and tensiometers. The trial was carried out with 12 farmers of AGROFOR, a farmers’
organization supporting small-scale vegetable producers, in the villages Las Tunas, Apompua and
La China, approximately 6 km south of Sébaco, Nicaragua. The farms are located on Mollisols in the
Sébaco valley [10], a fertile plain in the Nicaraguan interior, known for rice and vegetable production.
Farmers were already experienced in commercial irrigated vegetable production and expected to have
access to irrigation water during the trial period in the dry season (mid-January to mid-May 2016).
Each farmer had to irrigate three banks of beetroot according to three randomly allocated irrigation
schedules:

e irrigation scheduling according to the Water Chart;
e irrigation scheduling according to tensiometer readings; and
e irrigation according to the farmers’ experience and knowledge (as they usually do).

2.1. Water Chart

The Water Chart is a table indicating how much irrigation water to apply at pre-defined intervals
according to pre-calculated values (Figure 1). Calculations are based on climate data and crop factors
(Kc) as described by Allen et al. [11]. The tool is an adaptation of the “Drip Planner Chart” developed by
iDE and Wageningen University [12] based on the “Water Wheel” designed by iDE [13,14]. Considering
the experiences of Mupfiga [15] and Yakami [16] with the “Drip Planner Chart”, the method was
simplified by merging the development and mid-season stages (using the K. values of the mid-season
stage). Thus, only required irrigation water quantities for initial, mid, and late crop growth stages were
provided to reduce the amount of information on the chart. Irrigation recommendations were based
on average climate data of Managua airport (ClimWat 2.0) [17] and on K, values and length of crop
growth stages from Allen et al. [11], considering the area irrigated by one emitter. The chart assumes
70% irrigation efficiency and an emitter spacing of 0.2 X 0.3 m. To determine the amount of water
applied through the drip irrigation system, a device was developed to indicate water application depth
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by measuring the amount of water applied through one emitter (Figure 2). This water application
depth gauge was made of a cylinder buried in the soil that captured the water of one emitter, and was
equipped with a graded stick on a floater. One of these devices was installed in each Water Chart
treatment at an emitter with an average emitter flow of the lateral on which a water meter was installed.
Before irrigating, farmers had to empty the cylinder; during irrigation it would capture the water
and the floater would raise the stick with the scale. The farmers were instructed to stop irrigation as
soon as the relevant value (number of dL irrigation water per emitter) read from the Water Chart was
visible on the scale. Together with the Water Chart the farmer could thus irrigate according to the crop

water requirement.

0. | HERRAMIENTA PARA
Q) | PLANIFICAR EL RIEGO

NICARAGUA
Decilitros de riego por microtubo
Riego después de 1 dia:
Inicial mediado de final de
temporada temporada
2, ﬁ >
0 - 25 dias 25 - 75 dias mas que 75 dias
mediado de final de
Inicial ~ temporada temporada

2.4 4.8 4.2
2.7 5.7 5.1
3 6.3 57
3.3 6.6 6

2.7 5.7 5.4
21 4.2 39
21 4.5 39
2.1 4.5 4.2
21 4.2 36
1.8 3.6 3.3
18 36 33
21 42 36

Si la temperatura es mas alta o hay mas sol que lo normal se puede
agregar hasta 1 decilitro mas.

Figure 1. Water Chart used during trial with beetroot in Sébaco: The chart indicates for the three
main crop stages with how many deciliters (dL) per emitter the farmer should irrigate in each month
(calculated according to average climatic data for the region). For sunny, hot periods it was suggested
to increase irrigation water amounts by 1 dL per emitter (i.e., approximately 1.67 mm; bottom of the
chart). The first page gives irrigation recommendations for daily irrigation, a second page (not shown)
indicates the application depth for irrigation every second and third day. [An English translation of the

chart is given in Appendix A.]
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Figure 2. Water application depth gauge used to measure irrigation water output of an emitter of a
drip-irrigation system, to be used together with the Water Chart. Water from a micro-tube emitter is
captured in a cylinder. The wooden stick is graduated and mounted on a floater.

2.2. Tensiometers

Low-cost, self-made tensiometers made from polyvinyl chloride (PVC) tubes with a porous
ceramic cup at the bottom, equipped with a screw-in manometer (vacuum gauge) ranging from 0 to
1000 mbar were used in the trial (design by Seecon GmbH). The threshold for irrigation of beetroot
was assumed to be 400-500 mbar (e.g., [18,19]); to be on the safe side we set it at 350 mbar. The original
display of the manometer was covered with a customized display indicating three ranges: “enough
water”; “irrigate” (350-500 mbar); and “water lacking” (Figure 3). The colors and range names were
deliberately chosen to be as neutral as possible and giving the farmers confidence not to irrigate before
the threshold. Project and AGROFOR field staff installed two tensiometers with the tip of the porous
cup at a depth of 0.2 m, approximately 0.4 m apart at each trial farm in the tensiometer treatment.
The tensiometers were located close to the lateral of the drip-irrigation system between two emitters.
Before installation the tensiometers were soaked in water for some hours. Installation was done before
sowing into the dry soil.

Figure 3. (a) Custom-made tensiometer used for the Water Chart trial with beetroot in Sébaco. (b)
Manometer display used for the trial; the levels indicate “enough water” (<350 mbar; “Sufficiente
agua”), “irrigate” (350-500 mbar; “Regar”), and “water lacking” (>500 mbar; “Falta de agua”).
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2.3. Experimental Setup

Treatment plots (banks) were 8 m long and 1 m wide (Figure 4). All treatments were installed
side by side on flat terrain, and treatment allocation was randomized. The same main tube fed all
three treatments. Water was applied using three laterals of iDEal técnologias microtube drip irrigation
systems for each treatment. Each lateral could be managed individually with a valve. We installed
water meters (volumetric multi-jet water meters, 1” diameter, manual reading) in the middle lateral of
each treatment (i.e., we measured at each farmer three laterals out of nine used in the trial). All farmers
were experienced in irrigated vegetable cultivation, but not all had used iDEal drip-irrigation systems
before. The farmers managed the crop according to their knowledge and usual practice. They were
frequently visited by the project staff and by AGROFOR’s technicians.

8m

treatment 1 3

ANA] 4
O
L

Q treatment 2

@ treatment 3

Figure 4. Sketch of a trial repetition at one farmer: Each of the three banks of 8 x 1 m was irrigated by
three laterals. Each lateral could be managed individually by a valve. On the middle lateral of each
bank, irrigation water use was measured using a water meter (Q).

Beetroot (Beta vulgaris L. ssp. vulgaris var. conditiva Alef.) was selected (together with farmers
and technicians) as a trial crop because it has a short growing cycle and can be harvested at one time
(or at least over a short period). Beetroots were sown in rows at 70 plants per m? directly in the field.
Planting was supposed to be done on the same day for all treatments, however, some farmers sowed
(or had to re-sow) at different dates (Figure 5). For the first weeks after sowing (P0), farmers were
instructed to irrigate according to their knowledge and experience as tensiometers are only yielding
useful results once roots are developed. Irrigation scheduling according to the tools started from 1
March (P1). Some farmers started to harvest the largest beetroots from 21 March to give more space to
the remaining crop (see “thinning” in Figure 5). Farmer 3 replanted on 12 February and again on 27
February. Farmer 2 replanted twice but had 100% crop losses due to chickens. Farmer 7 had 100% crop
loss due to negligent management. Farmers 2 and 7 were excluded from the analysis.

2.4. Irrigation and Related Calculations

Farmers were asked to record when they irrigated each treatment and for how long. Field staff
visited the farmers at least once every week and recorded and photographed the values on the water
meters. The total amount of irrigation water applied per treatment was calculated as water measured
by the water meter installed at the middle lateral of each treatment multiplied by 3 and corrected by
the number of emitters on each of the three laterals. Water productivity was defined as fresh yield (kg)
per irrigation water application (m3); water productivity in terms of gross revenue per irrigation water
used was not analyzed because beetroot prices dropped drastically during the trial and many farmers
preferred to give the harvest away or use it as fodder rather than selling it.
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Figure 5. Overview of important dates of the Water Chart trial in Sébaco: farmers seeded on different
dates but all started treating (applying different irrigation scheduling regimes according to tensiometer
readings and the Water Chart) on the same date. PO is the period when all treatments were managed
equally and P1 is the period when farmers applied different irrigation scheduling regimes. Some
farmers harvested the biggest beetroots early to give the remaining plants more space (“thinning”).
Farmers 2 and 7 had 100% crop loss due to chickens and poor management, respectively (n = 10).

Recommendations for irrigation doses were derived from the Water Chart according to the number
of days elapsed since the last irrigation date. If the interval was more than three days, values from the
table were summed up accordingly. For the last 14 days before final harvest it was recommended not
to irrigate anymore. However, not all farmers kept to this recommendation; on average, they irrigated
for the last time 10 days before harvest.

Since irrigation scheduling according to the treatments only started after 1 March, water application
as well as irrigation needs and recommendations were calculated separately for PO and P1. Crop
water requirements used for comparisons with actual irrigation water applications were estimated
based on CropWat version 8.0 [20] using climate data from ClimWat for Managua airport but adjusting
coordinates and elevation for Sébaco. Crop parameters were adjusted for each individual farmer
considering different planting and harvest dates.

2.5. Harvest and Post-Harvest Survey

The three treatments were harvested separately on the same day with field staff being present.
Biomass [kg] and marketable yield [kg] of the entire cropped area (measured exactly at harvest) were
recorded and beetroots counted. Using a questionnaire, farmers were interviewed after harvest to
assess their perceptions of the usefulness of Water Chart and tensiometers as irrigation scheduling tools.

2.6. Statistical Analysis

Statistical analysis was performed using version 3.3.3 of the statistical software R [21] by fitting
a linear mixed model from package nlme (version 3.1-129), using farmers as blocking variable.
After analysis of variance, several multiple comparison tests were performed to compare treatments;
significant differences were accepted at p < 0.05.

3. Results

3.1. Irrigation Water Applications in the Different Treatments

Water applications were significantly lower (p < 5%) in the two treatments where irrigation
scheduling tools were applied, but there was no significant difference between the Water Chart and
tensiometer treatments. Over the entire growing period, over 200 mm more water was applied under
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farmers’ practice than in the other treatments (Figure 6). The influence of the treatments was less
clear (p = 9.1%) when only looking at P1, i.e., the period during which different irrigation schemes
were applied. But differences in water application mainly originated from P1, indicating that the
tools did indeed have an effect on irrigation practice. However, variability in water application was
proportionally higher during P1, and thus the difference among the treatments was less significant.

1400 a B Water application until March 1 (PO)

H Water application from March 1 on (P1)

= Water application during entire growing cycle
1200 pp g g gcy

b b

1000

800

600

400

Water application (mm)

200

Farmers' practice Water Chart Tensiometer

Figure 6. Irrigation water application (in mm) in the three treatments during trial period PO (before
launching different irrigation regimes), P1 (irrigation regime according to the tools), and over the entire
growing cycle. Error bars denote standard errors of the means (1 = 10). Means with the same letter in
the same color show no significant differences between treatments according to Fisher’s least significant
difference (LSD) test (p < 0.05).

On average, farmers irrigated 1222, 993 and 977 mm in the control (farmers’ practice), Water Chart
and tensiometer treatments, respectively, of which 726, 534, and 564 mm, respectively, were during
P1. This is equivalent to a 19% and 20% reduction in water use in the Water Chart and tensiometer
treatments compared with the control treatment over the entire growing cycle, and 26% and 22%
during the period when the irrigation scheduling tools were applied (P1). There was no rain during
the trial period, and one farmer (farmer 12) ran out of water. With few exceptions (mainly farmers 8, 9,
and 11), irrigation water applications were similar for all treatments on individual farms (ICC = 0.56),
but differed considerably among farms (Figure 7).

3.1.1. Actual Water Applications vs. Recommendations and Irrigation Requirements

The recommended irrigation dose for the Water Chart treatments of all farmers was, on average,
389 mm for period P1 (min: 270, max: 663, median: 336; values derived from the Water Chart; different
values are due to different sowing and harvest dates). These 389 mm included 43% (=1/0.7) more
water than the irrigation requirement for P1 (of 272 mm) calculated for the Water Chart, to account
for an assumed irrigation efficiency of 70%. CropWat [20] calculated for the same period an average
crop evapotranspiration of 232 mm (min: 165, max: 373, median: 208); the difference to the values
indicated by the Water Chart are due to the simplifications applied for the chart (mainly combining
the development and mid-season stages using the K. values of the mid-season stage). Including the
additional water to account for the assumed irrigation efficiency of 70%, farmers would have had to
irrigate 331 mm according to CropWat calculations.
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Figure 7. Irrigation water application in the three treatments on the different farms during the period
in which irrigation scheduling tools were used (P1). The applications per treatment are similar on
individual farms, but varied considerably among farms. Farmer 12 ran out of water during the trial
(n =10).

Comparing these recommendations for irrigation from the Water Chart and CropWat with the
actual irrigation applications by the farmers during P1 (Figure 8) we note that the farmers used 38%
more water than recommended by the Water Chart (62% more than calculated with CropWat) in the
water chart treatment, 46% more than suggested by the Water Chart (71% more than calculated with
CropWat) in the tensiometer treatment, and 88% more than recommended by the chart in the farmers’
usual practice (119% more than required according to CropWat). These figures clearly demonstrate
that farmers used considerably more water than suggested and required.

Considering the entire growing period, over-irrigation is even more striking (Figure 9): irrigated
according to the farmers’ usual practice the crops received almost 2.5 times more water (1222 mm) than
required (511 mm; calculation by CropWat) or twice as much as recommended by the Water Chart
(622 mm). Water application in the two treatments where irrigation scheduling tools (Water Chart
and tensiometer) were used was similar: 229 mm (19%) and 245 mm (20%) lower than under farmers’
practice. Still, this is 94% and 91% more water than required (as calculated by CropWat), and 60% and
57% more than suggested by the Water Chart.

3.1.2. Adherence of Farmers to Irrigation Scheduling Recommendations

The recommendations for the farmers were made to cover irrigation water requirements from
the start of the treatments (from 1 March onwards) until 14 days before the final harvest (according
to the recommendation by several farmers not to irrigate beetroots any more during the last 14 days
before harvest). Correspondingly, also the calculations of irrigation water needs by CropWat were
based on this period. For the Water Chart treatment, we instructed all farmers to continue irrigating
up to 14 days before the harvest using the recommendations of the middle column of the chart, i.e., for
the development/mid-season stage.
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Figure 8. Application of irrigation water in the Water Chart, tensiometer and farmers’ practice treatments

during trial period P1 (irrigation regime according to the tools) as compared to the recommendation

by the Water Chart and calculations of irrigation requirement by CropWat (assuming 70% irrigation

efficiency). Error bars indicate standard errors of the means (n = 10).
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Figure 9. Application of irrigation water in the Water Chart, tensiometer and farmer practice treatments

during the entire growing cycle as compared to the respective recommendation by the Water Chart

and calculations of irrigation requirement by CropWat (assuming 70% irrigation efficiency). Error bars

indicate standard errors of the means (1 = 10).

Farmers used almost 40% more water than recommended for the Water Chart treatment; this
means that farmers did not fully follow the recommendations. In the final evaluation of the trial the
farmers mentioned, for example: “When irrigating the tensiometer plot, I also gave a little bit to the
‘Water Chart’ plot”. Nevertheless, farmers applied significantly less water per day (average daily water
application in mm) during P1 than during PO, particularly when using the irrigation scheduling tools
(Figure 10). This means that the farmers did consider the recommendations at least to a certain extent.
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Figure 10. Water application (in mm per day) in the three irrigation scheduling treatments before and
after farmers started to irrigate the treatments according to the recommendations by the tools (Water
Chart and tensiometer). Green error bars indicate standard deviations, black ones the standard errors
of the means (n = 10).

Using the irrigation schedule guided by tensiometer readings, the farmers irrigated, on average,
977 mm during the entire growing period. This is 91% more than the irrigation requirement calculated
with CropWat (which is 511 mm considering 70% irrigation efficiency) or 59% more than indicated by
the Water Chart (615 mm, specifically for the Water Chart treatment). During P1, irrigation was 71%
higher (564 mm) than requirements calculated with CropWat (331 mm) or 49% more than indicated by
the Water Chart (380 mm, specifically for the Water Chart treatment). Four farmers mentioned that
they “had to” irrigate before the tensiometer indicated it, “because plants were suffering”. One farmer
reported the tensiometer was indicating irrigation too early.

In contrast to the Water Chart, tensiometers do not indicate how much water should be applied but
indicate when to irrigate the crop. In the tensiometer treatment, farmers did not irrigate the crop as often
as in the other treatments, but they irrigated with higher amounts than necessary. The tensiometer
treatment was on average irrigated 24 times whereas the other treatments 27 times.

3.2. Crop Yields

There was no significant difference (o« = 5%) in crop yield among treatments, but yields in the
Water Chart treatment were slightly lower than in the two other treatments. The marketable yield of 30
t/ha, on average, can be considered a good yield as it is attaining Australian levels (which are between
30 and 40 t/ha [19]) and is above “good yields” (of 25 t/ha) in South Africa [22]. However, there were
significant differences among farmers with a minimum yield of 3.7 and a maximum of 74 t/ha (or 10
and 59 t/ha averaged over all three treatments). Average yields were 30 t/ha of marketable produce or
32 t/ha including discarded beets (Figure 11). Detailed analysis of numbers of harvested beets, their
individual weight, or amounts of discarded beets did not offer any further explanations about possible
effects of the treatments on yields.
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Figure 11. Marketable yield and discarded production (kg/m?) of beetroot under different irrigation
regimes according to farmers practice, Water Chart and tensiometer as reported by farmers during a
trial in Sébaco, Nicaragua. Error bars denote standard errors of the means of marketable yield (1 = 10).

3.3. Water Productivity

No significant differences in water productivity among treatments were detected (Figure 12).
Water productivity was somewhat higher in the tensiometer treatment because irrigation water use
was lower than under farmers’ practice and yields slightly higher than in the Water Chart treatment
(Figure 13). There were significant differences in water productivity among farmers that can be mainly
explained by differences in crop yields.

6
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gg® 2
]
S x
c 1 *
€
o9
=< 0 ‘
Farmers' Water Tensiometer
practice Chart
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Figure 12. Water productivity (kg marketable yield per m? irrigation water) of beetroots under different
irrigation regimes according to farmers’ practice, Water Chart and tensiometer treatments in Sébaco,
Nicaragua (n = 10).
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Figure 13. Water productivity (kg marketable yield per m irrigation water), irrigation water application
over the entire growing period (mm), and crop yield (kg/m?) of beetroots under different irrigation
regimes according to farmers’ practice, Water Chart and tensiometer treatments in Sébaco, Nicaragua.
Error bars indicate standard errors of the means (n = 10). Means with the same letter in the same color
show no significant differences between treatments (Fisher’s LSD test, p < 0.05).

Irrigation water productivity (kg of marketable yield per m?) was 2.83, 2.91 and 3.36 kg/m? for
farmers’ practice, the Water Chart and tensiometer treatments, respectively. These values are low
compared with the 8.5-16 1<g/m3 found in Australia [19], 9.6 kg/m3 in South Africa [23], or 6.7 and
12.9 kg/m? for furrow and drip-irrigated beetroot in the Southeast of Kazakhstan [24]. The low water
productivity realized by our farmers in Sébaco is not due to low yields, but rather to over-use of
irrigation water.

4. Discussion

4.1. Use and Perception of Irrigation Scheduling Tools

The survey after the trial has shown that farmers would be glad to have a tool that helps them in
irrigation scheduling. However, they were rather analytical and critical: such a tool should be simple,
not increase workload, and, according to the farmers, possibly allow them to do something else during
irrigation time. However, we are not convinced that the latter is a valid argument: required irrigation
time is short (a few minutes with daily irrigation) and can thus be used to check the condition of
the crop (diseases, pests, etc.) or whether the irrigation system is functioning well (e.g., to check for
plugged emitters).

4.1.1. Water Chart

Even our simplified chart was difficult to explain to both farmers and field staff. The final survey
confirmed this: farmers kept the chart in their homes and did not take it to the field when they were
irrigating. This is one reason why we recommended to farmers to only use the mid-season values of
the table. Field staff thus clearly marked for each farmer on the graded stick of the water application
depth gauge how much he/she should irrigate.

All water application depth gauges worked well and were functional until the end of the trial.
Farmers enjoyed directly seeing in the cylinder how much water they were applying. On the other
hand, they complained that with the chart and cylinder they had to stay in the field during irrigation
to know when they had to stop watering, thus they were not able to do something else during this
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time. We had realized from the beginning that the original Water Chart (“Drip Planner Chart”) was
too complicated for our farmers (as observed by [15,16]). But even the chart developed for this trial,
simplified at the cost of somewhat too high recommendations regarding irrigation water applications,
was not simple enough for our farmers (and even technicians). Furthermore, the use of the simplified
Water Chart requires assessing emitter discharge with the specially developed water application depth
gauge. Field staff had to identify an emitter with representative discharge which was not a simple task
in the case of systems with variable emitter discharge, because it involves measuring several emitters
and measuring the flow rate at an inlet. This is too complicated to be useful in the field, although it
might be easier in the case of drip systems with less variable discharge.

Another problem with the Water Chart is that the irrigation recommendations are relying, as with
every scheduling method based on the estimation of crop evapotranspiration from meteorological data
and crop coefficients, on various approximations and estimates. These assumptions concern the crop
(vigor or stress, growth stages, canopy, rooting depth, etc.) as well as climatic parameters that are most
often not measured locally and may vary considerably at small scales. Therefore, we are convinced
that tools based on measuring soil moisture are better suited for small-scale irrigation scheduling
than methods based on the estimation of crop evapotranspiration from meteorological data and crop
coefficients. The latter are often too complicated for small-scale farmers in developing countries (such
as the Water Chart) and require up-to-date weather data that are rarely available, whereas soil moisture
measurements integrate the climate and crop aspects related to evapotranspiration and provide a
composite indication of the water status in the soil.

4.1.2. Tensiometers

The farmers appreciated the tensiometers more than the Water Chart with water application depth
gauge. They mentioned that “seeing” how much water there is in the soil was helpful. The customized
manometer display indicating just three ranges of crop water availability was well received, and
even illiterate farmers seemed to have used it without problems. The farmers wanted to know how
to use the tensiometers for other crops. However, due to the crop-specific irrigation thresholds the
display used in the trial is only suitable for beetroot. Specific displays for different crops would have
to be developed, possibly for easy stick or clip on/off the manometer. They would have to consider
irrigation thresholds of the desired crops and, preferably, also indicate the crop-specific installation
depth for the tensiometer. Bearing in mind the experience with the Water Chart we fear that even an
ingeniously designed display for several crops (indicating specific soil suction thresholds) would be
too complicated for the farmers.

Although the farmers liked the tensiometers, not all of them did fully trust in the tensiometers’
indications of when to irrigate. Certain farmers mentioned that the indications by the tensiometers
were wrong: one said the tensiometer indicated too early that irrigation was required; four farmers
said that the indication was too late. Some farmers are convinced that they know better—and might
not always be wrong. Assessing soil moisture with tensiometers is not trivial: they have to be installed
at the right depth (which may differ with crop, crop stage, soil and environmental conditions, or
management), they have to be controlled and kept working (by checking on leaks and refilling water),
and crop-specific thresholds for irrigation have to be considered and respected. On all farms, at least
one tensiometer was still working at the end of the trial. Some tensiometers, however, had stopped
functioning, probably because the lid or the screw connection of the manometer was not airtight.
Tensiometers have to be installed in the root zone of the crop for giving meaningful indications (or
in several depths to get a clearer picture). We placed all tensiometers so that the porous ceramic
cup would be 15-20 cm below the surface, i.e., in the root zone of beetroot with the highest root
density [22,25]. However, it is possible that we did not capture the main rooting zone in some cases,
because rooting may be influenced by various parameters.

Some farmers stated correctly that they could not use the tensiometers directly to determine the
irrigation dose, i.e., to quantify how much (or how long) to irrigate: Tensiometers do not show changes
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in soil moisture immediately but need some time to establish equilibrium between soil suction and
the negative pressure in the tensiometer. Thus it takes some minutes after the refill point is reached
until the manometer shows “sufficient water”. Irrigation water applied during this lag time can be
considered as over-irrigation. Hence, while the tensiometer indicates when to irrigate, it does not
provide any indication on how much water to apply (required irrigation quantity or irrigation time).
Such indications would be possible if tensiometers were used in conjunction with a water retention
curve which allows quantifying how much water is required at a certain soil suction to refill the pore
volume to field capacity [26]. In our trial, we had told the farmers to base irrigation doses on the
recommendations given by the Water Chart.

4.2. Determining Irrigation Water Quantity

Knowing correct water applications implies two issues:

(1) Farmers need to know how much water should be applied once the threshold soil moisture
tension for irrigation of a specific crop is reached; this depends on soil characteristics and can, as
mentioned above, be determined through a soil water retention curve [27,28]. Another method to
optimize irrigation depth is to monitor soil moisture at bottom of the root zone, i.e., by identifying
the moment when the irrigation water front reaches a certain soil depth [29]. This approach may,
however, be compromised by the lag time tensiometers have in displaying increased soil moisture.

(2) Farmers have to know how much water they are actually applying (e.g., per unit time). This
is not obvious: particularly when irrigating through canals and ditches (gravity systems), it
is difficult to estimate water application depth. But also in drip irrigation systems without
pressure-compensating emitters (as in our trial) it is challenging to know water application
quantities if no water meters are installed: drip systems are often directly connected to pumps
which may run at different speed; this can result in different pressure and thus different discharge.
Furthermore, certain drip-irrigation systems (as the iDE systems we used in the trial) have valves
installed at each lateral. If farmers operate theses valves (e.g., to reduce pressure/discharge
or to irrigate as quickly as possible) discharge throughout the entire system is affected. These
factors also make it almost impossible to estimate and assess irrigation depth according to
irrigation time and discharge; discharge (per time) may just vary too much. Additionally, we have
experienced that irrigation durations reported by farmers are inaccurate as many do not have or
use watches; considering the short irrigation time required in small-scale vegetable production
this may result in considerable misjudgment of water applications and thus in substantial over-
or under-irrigation. For investigations on irrigation water use and water productivity such
deviations are not tolerable; thus, water applications have to be measured (with water meters) in
such situations.

As farmers do not “see” how much water they are applying (the soil surface does not necessarily
become moistened, one of the advantages of drip irrigation) they tend to apply more water than
necessary to be sure that their plants get enough water. We are convinced that once appropriate irrigation
depths are identified (by estimations or assessments of soil characteristics) and farmers develop a
certain experience in irrigating with tensiometers, over-irrigation could be significantly reduced.
This requires, however, a solid introduction to the method of irrigating according to tensiometer
measurements (possibly through co-production of knowledge and common understanding [30]) as
well as proper training and coaching (which was probably not sufficient in the case of our trial/farmers;
see next paragraph).

4.3. Owver-Irrigation and Possible Causes

Even though our farmers claimed that they would appreciate tools facilitating irrigation scheduling,
it is not clear whether they would really trust such a tool and irrigate accordingly. In our trial they
did not (fully) adhere to the recommendations given through the tools. There may be various reasons
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for not following the recommendations: some farmers indicated, e.g., that they irrigated more than
the crop required to lower the soil temperature and create more favorable conditions for the crop
during the hot dry season. It seems, however, that the farmers often do not risk giving less water
than they are used to applying, i.e., they neither fully trust the Water Chart, the tensiometers nor us.
Irrigation water applications differed considerably among the farms but were generally similar for all
three treatments on individual farms; so it is likely that certain farmers were indeed reluctant to follow
the recommendations.

This attitude of the farmers confirms our observations (in Nicaragua and elsewhere) that the
producers’ main interest is that their plants get sufficient water. Farmers are generally much more
focused on achieving good yields than on using water efficiently, even where water is scarce. There are
many constraints limiting crop productivity, which are often more difficult to overcome than applying
“sufficient” water; irrigation is in the farmers” hands and is an easy measure to “secure” good crop
performance. Therefore, farmers want to be sure that their plants at least receive sufficient water. They
will thus irrigate until they feel that this is achieved because this is a factor they can control better than
other sub-optimal factors affecting productivity. Hence, farmers in our trial did not fully adhere to the
recommendations of the irrigation scheduling tools and thus did not save as much water as would
have been possible. This mindset of applying as much water as possible is particularly prevalent where
water is free and only pumping costs have to be considered. Since water is perceived to be a common
good, farmers are tempted to use more rather than less water for their crops, before the neighbors use
it all up.

Nevertheless, we are convinced that through an appropriate introduction of innovations (such as
irrigation scheduling according to soil moisture measurements) and adequate follow-up it would be
possible that technologies such as drip irrigation and improved irrigation scheduling could indeed
contribute to more efficient and productive water use. Although the farmers admitted that they did
not fully adhere to the irrigation scheduling recommendations, water use was nevertheless reduced
when farmers were using the tools. Reductions were considerable (>200 mm, namely 977 and 993
compared to 1222 mm irrigation under farmers’ practice, corresponding to a reduction of 19% and
20% over the entire growing cycle) although the high variability among farmers masked them to some
extent in the statistical analysis.

However, the crop was still massively over-irrigated in all treatments: even during the trial period
(P1) farmers irrigated 88%, 46% and 38% more than suggested by the Water Chart in the control
(farmers’ practice), tensiometer and Water Chart treatments, respectively (corresponding to 119%, 71%
and 62% more than the irrigation requirement calculated by CropWat). Over the entire growing period,
farmers irrigated 139%, 91% and 94% more than required (as calculated through CropWat). This is
probably mainly due to the aforementioned attitude of farmers to prioritize crop productivity over
water savings and thus rather to over-water their crops.

4.4. Yields and Water Productivity

Although beetroot yields were high, the excessive water use (over-irrigation) was reflected in low
water productivity. Water productivity of the beetroots produced in our trial was at 2.83 to 3.36 kg/m?,
approximately one third of that reported by Tshwene and Oladele [23] for smallholder homestead
food gardening in the North West province of South Africa (irrigation with watering cans/buckets
or canal). Pienaar [31] initially also found low water productivity values of around 4 kg/m? in the
Limpopo Province of South Africa; with improved management (fertilization, mulching), however,
water productivity of tomatoes was substantially increased in these small-scale farmers’ fields.

Although water use was significantly reduced when irrigation scheduling was facilitated by the
Water Chart and tensiometers, water productivity was not significantly improved. Water productivity
in the tensiometer treatment was slightly higher than in the other treatments, but the difference was
not significant, possibly due to the small sample size and large variation. Figure 13 shows average
crop yield, water application and water productivity in the three treatments. Comparing the Water
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Chart and tensiometer treatments demonstrates the important effect yield has on water productivity
when water use is similar. By increasing yields, water productivity can be substantially enhanced,
which has also been shown by Pienaar [31].

4.5. Assessment of the Trial

The results of the trial in Sébaco were clear despite the small number of farmers involved, the high
variability among farmers regarding water use and yields, and certain issues that could be improved
in further trials. It is actually possible that we did not detect all differences, due to our small sample
size. A major deficit of the trial is that the treatment period, i.e., the duration during which the farmers
were irrigating according to the recommendations through the irrigation scheduling tools, was rather
short (on average 52 of a total of 85 days growing period); this was due to the need for adjusting
the Water Chart (from time-based recommendations to the use of the water application measuring
gauge) at the beginning of the trial. Thus, an average of 43% of all irrigation water had been applied
before irrigation scheduling according to the tools was started. Since water use in the treatments
with the Water Chart and the tensiometers was substantially lower than in the control treatment (i.e.,
farmers’ practice), it is likely that water savings would have been considerably bigger if treatments
would have been imposed at an earlier stage. The implementation of all treatments on each farm
might have led to a mutual interference of treatments, particularly a reduction of irrigation water
applications in the control treatment (farmers’ practice). However, a corresponding analysis did not
reveal any systematic reduction of irrigation water applications in the control treatments due to the
recommendations of lower irrigation doses in the treatments applying the scheduling tools. Other
issues to consider are: The objective of the trial was not completely clear to all farmers and this may
have affected the farmers’ motivation to implement the trial accurately. Low prices for the produced
beetroot may have further demotivated farmers. Since not all farmers were equally experienced in
beetroot production and the use of the (iDEal) drip-irrigation systems, it is not obvious how farmers
should have been irrigating “according to their experience” if they had never used an iDEal drip
system before. The fact that not all farmers have started the trial at the same time because they had
to reseed the crop has certainly increased the variability among famers and may thus be a reason for
statistically less significant differences among treatments during the treatment period P1. Due to the
small sample of farmers in the study, any attempts to derive general statements based on our results
have to be put into perspective.

5. Conclusions

Tools to facilitate irrigation scheduling can considerably reduce over-irrigation and are in demand
by farmers. In order that such tools are (correctly) used they must be simple enough for farmers to
understand and should not increase labor requirements. However, developing tools that small-scale
farmers can apply on their own remains a challenge, particularly with regard to recommendations
on how much to irrigate. Tools to facilitate irrigation scheduling should not only be usable in drip
irrigation but also be suited for other, more widely used irrigation methods.

Although considerable amounts of water can be saved by using irrigation scheduling tools,
positive effects on water productivity are not guaranteed. There are many factors that influence
crop yields and thus water productivity. The farmers’ main objective is to achieve good yields, and
challenges limiting crop productivity are often more difficult to overcome than applying irrigation.
Thus, farmers want to make sure that their plants at least receive sufficient water and thus are prone to
over-irrigating their crops.

To avoid or overcome this attitude (which may be based on misconceptions or differing perspectives
and systems of values) it is crucial that innovations and technologies such as drip irrigation or improved
irrigation scheduling are appropriately introduced, e.g., by taking sufficient time to co-produce a
common understanding about the technologies and their possible usefulness. Innovations and tools
(as for irrigation scheduling) may actually be developed together with the target users (i.e., the farmers
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in our case); this creates ownership and improves understanding of the innovations. Furthermore,
adequate follow-up support has to be provided so that farmers have access to help and advice in case
they run into problems and have questions. In most cases it is not sufficient if this support only covers
the technology concerned, but it is necessary to include also other factors that may be bottlenecks to
sustainably improving productivity.
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Appendix A
O, | TOOL TO PLAN
O | IRRIGATION R

Deciliters of irrigation water per microtube

Irrigation after 1 day:

initial stage mid-season end of
season

ii)
) A~

0 - 25 days 25 - 75 days more than 75 days

If the temperature is higher or there is more sun than normal you can
add up to 1 deciliter more.

Figure A1l. English translation of the Water Chart used during trial with beetroot in Sébaco: the chart
indicates for the three main crop stages how many deciliters (dl) per emitter the farmer should irrigate
in each month (calculated according to average climatic data for the region). For sunny, hot periods it
was suggested to increase irrigation water amounts by 1 dL per emitter (i.e., approximately 1.67 mm;
bottom of the chart). The first page gives irrigation recommendations for daily irrigation, a second
page (not shown) indicates the application depth for irrigation every second and third day.
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