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Abstract

In regions with temperate and humid climate such as Uruguay, irrigation stabilizes and increases the yields of
summer crops by supplementing rainfall. Irrigation on demand generates higher water consumption, it affects
production system sustainability due to inefficient use of resources and it is environmentally negative (excessive
fresh water use and energy for its extraction). It is necessary to evaluate deficit irrigation alternatives that in-
crease the productivity of irrigation water. Therefore, three maximum irrigation depths were evaluated: (T2) 3
mm day-', (T3) 6 mm day', (T4) 9 mm day-', and (T1) control without irrigation (only receives rainfall), on corn
production, in order to define more efficient irrigation strategies. Results indicate responses to different levels of
deficit irrigation. When rainfall was higher than average, its poor distribution during the crop cycle generated
water deficit at specific times, affecting yield. T1 and T2 did not cover ETc during the Critical Period and grain
filling, which caused lower yields. The yields in T3 and T4 were higher and on the three-year average they were
significantly different. T3 did not always cover ETc, but the soil reserve and rainfall contributed to cover it, saving
almost 20% of irrigation water compared to T4. However, the water productivity indicators (WUE, IWUE) show that
T4 is the best irrigation strategy, although it uses less rainfall and soil water reserve.

Keywords: temperate climate, water use efficiency, deficit irrigation, zea mays

Resumen

En regiones de clima templado y humedo como Uruguay el riego estabiliza y aumenta los rendimientos de los
cultivos estivales, suplementando las precipitaciones. El riego a demanda tiene mayor consumo de agua, afec-
tando la sostenibilidad del sistema de produccién por el uso ineficiente de los recursos, y es ambientalmente
negativo (uso excesivo de agua dulce y energia para su extraccion). Es necesario evaluar alternativas de riego
deficitario que aumenten la productividad del agua riego. Para ello se evaluaron tres laminas maximas de repo-
sicién: (T2) 3 mm dia”', (T3) 6 mm dia', (T4) 9 mm dia,y (T1) testigo sin riego, (solo agua de lluvia), sobre la
produccion de maiz, para definir estrategias de riego mas eficientes. Los resultados indican que existe res-
puesta a diferentes niveles de riego deficitario. Cuando las precipitaciones fueron superiores al promedio, su
mala distribucion durante el ciclo del cultivo generd déficit hidrico en momentos puntuales, afectando el rendi-
miento. EI T1y T2 no cubrieron la ETc durante el Periodo Critico y llenado de grano, causando menores rendi-
mientos. EI T3y T4 dieron rendimientos mayores y en el promedio de tres afios fueron diferentes significativa-
mente. EI T3 no siempre cubri6 la ETc, pero la reserva del suelo y las precipitaciones contribuyeron para cubrirlo,
ahorrando casi 20 % de agua de riego respecto a T4. Sin embargo, los indicadores de productividad del agua
(EUA, EUAR) muestran que T4 es mejor estrategia de riego, aunque realice menor aprovechamiento de las pre-
cipitaciones y del agua del suelo.

Palabras clave: clima templado, eficiencia uso del agua, riego deficitario, zea mays

Resumo

Em regibes climaticas temperadas e Umidas, como o Uruguai, a irrigagao estabiliza e aumenta a produtividade
nas culturas de verdo, suplementando as chuvas. A irrigacao sob demanda gera maior consumo de agua, afeta
a sustentabilidade dos sistemas de produgao devido ao uso ineficiente dos recursos e é ambientalmente nega-
tiva (uso excessivo de agua doce e energia para sua extragao). E necessario avaliar alternativas de irrigagéo
deficitaria que aumentem a produtividade da &gua utilizada na irrigagdo. Para isso, trés laminas de irrigacdo
méaximas foram avaliadas: (T2) 3 mm dia!, (T3) 6 mm dia', (T4) 9 mm dia-' e (T1) controle sem irrigacao,
(apenas agua da chuva), na produgéo de milho, para definir estratégias de irrigacdo mais eficientes. Os resul-
tados indicam que ha uma resposta a diferentes niveis de déficit de irrigacao. Quando as chuvas eram superi-
ores a média, sua ma distribuicdo durante o ciclo da cultura gerava déficit hidrico em momentos especificos,
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afetando a produtividade. T1 e T2 ndo cobriram a ETc durante o periodo critico e enchimento de gréos, cau-
sando menores rendimentos. T3 e T4 deram rendimentos mais elevados e na média de trés anos foram signi-
ficativamente diferentes. Nem sempre o T3 cobriu a ETc, mas a reserva de solo e a chuva contribuiram para
cobri-la, economizando quase 20% da agua de irrigagdo em relagéo ao T4. No entanto, os indicadores de
produtividade da &gua (EUA, EUAR) mostram que o T4 é a melhor estratégia de irrigacdo, embora faga menos

uso da chuva e da agua do solo.

Palavras-chave: clima temperado, eficiéncia uso de &gua, irrigacdo deficitaria, zea mays

1. Introduction

Different studies estimate a 70% increase in the de-
mand for food in the next 30 years(Y23). One of the
strategies to meet this demand is to increase
productivity and yield stability in current agricultural
areas, avoiding their expansion). Increasing the ir-
rigated area and water use efficiency could increase
and stabilize yields in many parts of the world(®).

The complete crop irrigation achieves yields close
to the potential, in the absence of limiting factors.
However, this practice is questioned due to the vol-
ume of water required, the negative effects on the
environment® and the high irrigation costs. Deficit
irrigation arises, worldwide, from the need to save
water in the face of current and future scenarios of
scarcity and competition for this resource(?), apart
from reducing investment and operation costs of ir-
rigation equipment®®. Deficit irrigation improves
the sustainability of the production system by in-
creasing the water use efficiency, profiting from
rainfall and reducing the water extracted for irriga-
tion, without significantly affecting crop yields and
increasing the producer's income(10)11),

The design of an irrigation equipment starts when
defining the daily irrigation depth to replace, deter-
mining the pumping flow rate, the hydraulic design
and its operation costs®). It is the main decision of
the equipment design that the producer must con-
sider when investing. Irrigation with Central Pivot is
one of the most extended in the region and the initial
investment and operation costs depend on the max-
imum depth they apply. Low maximum depths sig-
nificantly reduce the investment and the operation
costs, but they increase the risk of not covering the
hydric demand of the crop, especially in the critical
period, causing significant yield losses.
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In Uruguay, maize (Zea mays L.) is one of the main
summer crops due to the export and internal market
volumes('2). It presents high potential for biomass
production and grain yield, although it is limited by
environmental requirements, mainly water availabil-
ity(). Uruguay's agroecological conditions, temper-
ate and humid climate, with erratic rainfall through-
out the year and soils with low water storage capac-
ity, determine a great breach between rainfed yields
compared to those achieved with irrigation(13)(14),
with great variability between years. Irrigation must
supplement rainfall to regulate yields and reduce
the interannual variability, avoiding this deficit.

In this study, three maximum irrigation depths were
evaluated on the productive behavior of corn for
grain and on the productivity of the applied water.
This way of applying irrigation means that at the be-
ginning of the crop cycle all treatments provide the
same amount of water, covering the evapotranspi-
ration of the crop (ETC). As the crop grows and the
demand increases, treatments with lower maximum
depth cannot meet the total crop demand any
longer. The water deficiencies accumulated in the
soil make the treatments differ in the maximum up-
take stage of the crop.

This study evaluated the response of maize to rain-
fed and different irrigation regimes. The specific ob-
jectives were to quantify maize yield in response to
irrigation and actual evapotranspiration, quantify the
effect of limited irrigation on grain yield, biomass
production, harvest index, and determine the level
of irrigation that results in maximum water produc-
tivity for maize in humid climate conditions in south-
ern Uruguay.



2. Material and methods
2.1 Experimental site

The experiments were installed in the experimental
field of the Agronomy School, South Regional Cen-
ter, Canelones, Uruguay (34°37' S and 56°13' W),
in 2014-15, 2015-16 and 2016-17 seasons.

According to the Koppen and Geiger classification,
the climate is temperate/mesothermic, with no dry
season and hot summer (Cfa). Average annual rain-
fall is 1200 mm with high interannual variability and
annual irregularity, determining water deficit events
mainly in the summer, in several years. The average
summer temperature varies between 18 and 23 °C,
while the average radiation varies between 400 and
580 cal cm2 day-1, with an average humidity of 72%.

Typic Eutric Brunosol Lac. soil is predominant from
the Tala Rodriguez Soil Unit, corresponding to
Typic Argiudol according to the USDA taxonomic
classification. Table 1 presents information of its hy-
dric properties.

Table 1. Soil water and physical characteristics

Depth.  FC PWP BD AW
cm vol%  vol% grcm3  mm/horiz

0-20 389 22.5 1.25 32.8
20-40 436 25.1 1.43 37.0
40-60  38.6 214 1.43 34.4
60-85 384 214 1.40 42.5

FC: Field Capacity; PWP: Permanent Wilting Point; BD: Bulk
Density; AW: Available Water; vol%: volumetric percentage

The soil infiltration rate was 8.8 mm h-!, measured
with the double ring method with humidity corre-
sponding to the 50% of Aw depletion (threshold).

2.2 Experimental design

A complete block design with randomized plots was
used for the experiment, with 4 treatments and 4
replications. Plots measured 12x6 m, with 12 rows
separated by 0.50 m, with no space between plots,
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to avoid edge effects that could alter the microcli-
matic conditions within the experiment (oasis ef-
fect). The total experimental area was of 1152 m2.

The treatments were: T1: rainfed, only rainfall; T2:
maximum depth 3 mm day'; T3: maximum depth
6 mm day-, and T4: maximum depth 9 mm day*;
hereinafter, rainfed, 3 mm, 6 mm and 9 mm.

Each treatment indicates the maximum daily irriga-
tion replacement capacity. If the hydric demand of
the crop is greater than these depths, irrigation will
begin to be deficient, generating different levels of
deficit irrigation in different phenological stages of
the crop.

2.3 Crop management

A high potential maize hybrid was selected based
on the national cultivar evaluation carried out by the
National Seed Institute (INASE by its Spanish acro-
nym). The sowing dates were November 6, 2014,
October 30, 2015 and November 9, 2016. Direct
sowing was carried out, with rows 0.50 m apart and
approximately 0.15 m between plants, the target
population was 100 thousand plants ha-'. Herbicide
was applied before and after sowing to avoid weed
appearance. To avoid nutritional restrictions, the
sowing was fertilized with 78 kg ha' of N and 200
kg ha! of P20s, using Diammonium Phosphate (18-
46-0) as fertilizer, and V6 was refertilized with 150
kg ha'' of N using Urea as source.

Drip irrigation was used, with independent manage-
ment of each treatment (irrigation time) and with
pressure limiters to achieve great uniformity. A drip
irrigation pipe per row was used, with drippers of 4 |
h-! separated by 1.0 m, in a triangular pattern for
better water distribution. The application rate was of
8 mm h-', according to the soil infiltration rate. The
uniformity coefficient (UC) of the equipment(1%) was
measured and it was higher than 90% in all sea-
sons. Irrigations were carried out two or three times
per week, applying the water corresponding to the
total needs of the previous days, until the maximum
allowed in each treatment.

2.4 Water balance (wB)

The wB began with the soil at field capacity (Fc),
condition obtained by considering precipitations (PP)
previous to sowing or with irrigations by portable

Agrociencia Uruguay 2021;25(1)
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sprinklers. In addition, this guaranteed the emer-
gence of the crop.

The FAO 56(16) methodology was followed, consider-
ing the irrigation and the effective precipitation
(pPef.) as inputs, and the adjusted ETc (ETc adj.) as
output and considering the storage capacity of avail-
able water of the soil. Climatic data were taken from
the meteorological station of the INIA Las Brujas Ex-
perimental Station, located 12 km from the trial. The
PP were measured locally with a rain gauge in the
trial, placed in compliance with standardization
norms.

The ETc adj. was calculated daily (equation 1), being
the crop coefficients (Kc) those recommended by
FAO 56(16) since local information is not available.

ETc adj = ETO * Ks * Kc Eq. 1

Where ETc adj. is ETc adjusted (mm day-'), ETO is
the evapotranspiration of the reference crop('6) and
Ks is the stress coefficient(16)

_ TAW-D,
S (1-pTAW

Eq.2

Where TAW is the Total Available Water in the root
zone (mm), Dy is the humidity depletion in the root
zone (mm) and “p” is the fraction of the TAw that the
crop can extract without suffering water stress

(threshold).

The Dy is the water deficit generated by the extrac-
tion of the crop, equivalent to the accumulated ETc
adj, not covered by irrigation or PP, when both are
scarce. TAW is the water that the crop can extract
based on the soil, root depth and growth. For the
soil of the experimental site and the crop, a depth of
0.60 m was defined.

The p values of FAO 56(16) were adjusted by ETc, ac-
cording to the equation, p = pavie + 0.04 x (5 - ETC).
For corn, p is 0.55, and it was adjusted when ETC
exceeded 5 mm day-'. The TAw adjusted by p deter-
mines the Readily Available Water in the root zone
(RAw), water in the soil that the crop can easily ex-
tract without undergoing water stress.

AGROCIENCIA URUGUAY 2021;25(1)
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Ppef. was estimated by considering the Dr when the
PP occurs, and the necessary mm to cover the Dy
were effective. The water content between FC and
saturation in the first 20 cm of the soil was of 28 mm.
When the PP exceeded the water deficit by 28 mm,
the top horizon was considered saturated, and 48 to
72 h of natural drainage were allowed so as to of
soil moisture return to FC. To corroborate the soil
moisture, a field control with a drill was carried out.
PP lower than 20% of the ETo were discarded('6),

Irrigation needs were estimated by adjusting the
value of ETc adj. by the uc of the equipment and the
Application Efficiency (AE) of the irrigation method,
obtaining the total irrigation needs. An AE of 100%
was considered due to the fact that reduced depths
were managed with an application intensity accord-
ing to the soil infiltration rate, without losses due to
surface runoff or deep percolation, with the applied
water retained in the root depth.

Soil moisture was measured two to three times a
week during the crop cycle, with neutron probe (CPN
503-DR Hydrprobe), the first two seasons, and ca-
pacitance probe (FDR, Delta T Devices, PR2) in the
last season. Access tubes for the probes were in-
stalled up to one meter deep and were calibrated for
each experimental soil horizon.

2.5 Crop development

Crop phenology was carried out based on plant ob-
servation, using the scale of Ritchie and Hanway('7),

One of the key stages in the definition of the corn
yield is the Critical Period (CP), between 15 days be-
fore the beginning of female flowering (R1) and 15
days after it.

In the second and third season of the experiment
the evolution of the biomass and the crop growth
rate (CGR) were evaluated. Approximately every 30
days, a linear meter of plants was cut from the cen-
tral part of each plot and dried in a stove at 60 °C
until constant weight.

2.6 Yield

The grain yield was evaluated by manually harvest-
ing three subsamples of 2 m? each, in the five cen-
tral rows of each plot. Grain yield, total dry matter
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and weight of 1000 grains were measured. The har-
vest index (HI) was estimated as: dry grain
weight/total dry matter.

2.7 Performance indicators. Crop water use effi-
ciency

The performance or productivity of a crop is difficult
to determine with a single parameter, a combination
of indices can inform about more suitable manage-
ment strategies('®). Consumed water use efficiency
(CwuUE) and irrigation water use efficiency (IWUE) are
two variables commonly used to evaluate manage-
ment strategies and are calculated as:

Yield (kg ha™")

3\=
CWUE(kg m) ETcadj (m3ha™)

Eq. 3

This equation does not consider the role of irriga-
tion. There are other expressions that can discrimi-
nate the role of irrigation in the WUE("9). Those ex-
pressions are the following:

WUE=(Yield;-Yieldg)/(ETci-ETcy) Eq. 4
IWUE=(Yield;-Yield,)/1 Eq.5
Where:

CWUE: Use efficiency of consumed water the crop
related to ETC adj. (Kg m-3)

Yield;: Yield irrigation (Kg ha')

Yieldo: Yield rainfed (Kg ha')

ETCi: ETCaq irrigation (md)

ETCo: ETC rainfed (m?)

IWUE: Irrigation Water Use efficiency (Kg m?3)
I: Irrigation (mm)

To evaluate the effect of deficit irrigation on yield, a
deficit irrigation stress index (DISI) was calcu-
lated(0),

DISI=(Yield;-Yield,)/Yield, Eq. 6

Defict irrigation maize in humid climate

2.8 Statistical analysis

Data were analyzed using the statistical package In-
fostat(2!). Means were separated using Fisher's test
(p=0.05 between means) to detect differences be-
tween treatments for grain yield, biomass and har-
vest index.

2.9 Transparency of data

Available data: The entire data set that supports
the results of this study was published in the article
itself.

3. Results
3.1 Climatic characterization

The atmospheric demand in all the cycle was supe-
rior to the average in the two first seasons. The big-
gest difference was in February, coinciding with the
grain filling stage. The third season was below the
average throughout the cycle and the ETo of each
month were the lowest in the last 38 years (Fig-
ure 1a). The PP accumulated in the cycle were 327,
295 and 483 mm in the 2014-15, 2015-16 and 2016-
17 seasons, respectively, with a strong concentra-
tion in December and January, in the last season
(Figure 1b).

3.2 Grain yield

A significant effect of the treatments was observed
in the yield (Table 2). Treatments 6 and 9 mm did
not show significant differences between them in
two of the three years, same as the treatments 3
and 6 mm in the three years of evaluation. However,
there was a difference between the most irrigated
treatments (6 and 9 mm) and the rainfed in the three
years evaluated, and between 3 and 9 mm in two of
the years. The joint analysis of the three years of
evaluation showed significant differences between
all the treatments. If we compare the yield of 6 and
9 mm, the difference was 7%, while this difference
was almost 20% when comparing 3 and 9 mm.

The 2015-16 season, with fewer PP in the cp and
different stress levels in the treatments, determined
by the water content in the soil, presented no signif-
icant differences between the yields, as expected.

Agrociencia Uruguay 2021;25(1)
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Figure 1. a) Average ETo (mm month-'), b) Average PP (mm month-') of the trial years and for a series of 38
years. The superior bar indicates stages of the corn phenology
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Table 2. Grain yield and average for the three years of evaluation. Grain moisture corrected to 14%

201415 201516 2016-17 Average

Kg ha"! Kg ha"! Kg ha"! Kg ha"!

Rainfed 12786 ¢ 9323 b 13364 ¢ 11824 d
3 mm 13616 bc  12917a 14818 bc 13784 ¢
6 mm 15379b  14247a 16103 ab 15243 b
9mm 17466a  14665a 17108 a 16413 a
Mean 14812 12788 15348 14316

Coeff. Var (%) 14 19.7 14.2 17.3

Numbers with the same letters do not differ significantly from each other (p>0.05)

3.3 Biomass production and harvest index

During the 2015-16 and 2016-17 seasons, biomass
production was evaluated. The high variability of
data did not allow to differentiate the treatments;
however, it is worth highlighting the high yields ob-
tained, around 30 t ha! in the irrigated treatments
and 18 t ha'! in the rainfed.

In the last season, PP determined a high biomass
production between 26 and 31 t ha-', in all the treat-
ments, including the rainfed.

A Hiof 0.50 in the rainfed treatment did not vary be-
tween years. Moreover, the year with more PP
(2016-17) presented higher index values in the irri-
gated treatments, 0.52 for the 3- and 6-mm treat-
ments and 0.56 for the 9-mm treatment.
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3.4 Water balance
3.4.1 Adjusted evapotranspiration of the crop

The average Ks from emergence to the beginning
of the cP was close to 1 in all treatments and all sea-
sons, indicating that water availability was not limit-
ing in this stage. During the cP and grain filling the
Ks was lower than 1 in the rainfed in all seasons,
and only in the 2014-15 and 2015-16 seasons in the
3 mm treatment. For the 6- and 9-mm treatments
the average Ks was close to 1 in all phenological
stages, in the three crop seasons (Table 3).

All the treatments received in the vegetative stage
almost the totality of the water needs, and the differ-
ences started as of the cP with a low to moderate
level (0.5 Ks < 0.75) in the rainfed and 3 mm.



Later, in grain filling, stress was severe (Ks < 0.5) in
rainfed and moderate in 3 mm. The 6 mm and 9 mm
treatments were not affected.

The total water consumption of the crop, from irriga-
tion, Ppef. and variation in the soil water content,
agreed with the ETC ad]. estimated through the FAO

Defict irrigation maize in humid climate

56(16) method, in the three seasons and the four
treatments, indicating that the ws with the method
applied in this study was adequate for the irrigation
management, both in conditions of full irrigation and
deficit irrigation (Table 4).

Table 3. Average Ks at different phenological stages. E-CP: Emergence to Critical Period, cp: Critical Period,
and Grain Filling (GF): from cP to Physiological Maturity

2014-15 2015-16 2016-17
E-CP cp GF E-CP cpP GF E-CP cpP GF

Rainfed 095 063 045 100 064 043 100 089 082
3mm 096 073 071 100 08 068 1.00 100 0.96
6 mm 1.00 100 100 100 097 09 100 1.00 1.00
9mm 1.00 100 100 100 100 100 100 1.00 1.00

Table 4. Adjusted ETc (mm) and Total Water consumed (mm) in growing cycle

ETc adj (mm) Total Water (mm per cycle)

2014-15 201516  2016-17  2014-15 2015-16  2016-17

Rainfed 364 378 452 363 372 468

3mm 432 464 495 482 457 491

6 mm 565 570 504 561 569 504

9 mm 566 589 504 570 586 504

3.4.2 Applied irrigation and effective precipitation

Irrigation for the maximum yields (6 and 9 mm) var-
ied between 173 mm and 422 mm depending on the
PP and the ETc of the year, corresponding to 36 and
72% of the ETc, respectively (Table 5).

The ppef. was higher in rainfed and 3 mm, with a
usage between 62 and 83% of the Ppt. In 6 and 9

mm, the effectiveness of rainfall was lower, between
43 and 72%. These were less effective in the year
with more PP, of 66% on average and the difference
between treatments was smaller.

Agrociencia Uruguay 2021;25(1)
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Table 5. Applied irrigation (mm), PPef. (mm) and percentage with respect to total PP

2014-15 2015-16 2016-17

ETC: 566 ETC: 589 ETC: 504

PPy 327 PPt 295 PPt 483

Irrigation | PPef. mm (%) | Irrigation | PPef. mm (%) |Irrigation | PPef. mm (%)

T 254 (78) 245 (83) 30* 363 (75)
T2 173 253 (77) 191 183 (62) 122 316 (65)
T3 313 235 (72) 337 171 (58) 173 298 (62)
T4 385 172 (53) 422 127 (43) 181 290 (60)

ETc: ETc without water stress, PPt Total precipitation in the crop cycle, PPef.: Effective precipitation

*Irrigation to ensure the crop's implantation

3.4.3 Soil moisture evolution

In rainfed and 3 mm, the total water in the root depth
decreased below the threshold during the CP, indi-
cating that the maximum daily dose of 3 mm was
insufficient to keep the crop in hydric comfort, even
in the 2016-17 season with PP above the average.

The evolution of the total water in 6 and 9 mm were
similar to each other in the first and last season.
Nevertheless, in the second season, there were few
PP in January (11 mm total) and the water content
in the soil, in 6 mm, dropped to the threshold and
remained unchanged for approximately 20 days, co-
inciding with the cP and the grain filling. However,
9 mm was in hydric comfort throughout the cycle
(Figure 2).

In 2014-15 and 2015-16, the rainfed and 3 mm,
maintained the soil water content below the thresh-
old during the grain filling stage, until R4-R5. In this
moment the PP recharged the soil up to the thresh-
old level in 3 mm, but were not sufficient for the rain-
fed (Figure 2).

AGROCIENCIA URUGUAY 2021;25(1)

3.5 Indicators of water use efficiency

The WUE that indicates the productivity of the mar-
ginal water with respect to the rainfed was greater
in 9 mm, in the years with average PP or more. How-
ever, all the indicators were greater in 3 mm in the
year with fewer PP, possibly associated to a greater
effectiveness of that year's pp (Table 6).

The CWUE in 2014-15 was greater in the rainfed, in-
dicating the importance of the PP contribution, that
was 78% effective in this treatment. In 2016-17, the
PP effectiveness was also high, nevertheless, its
distribution was not adequate and water deficit situ-
ations occurred during the cpP in the rainfed and
3 mm, affecting CWUE.

IWUE indicates the yield increase over the rainfed by
irrigation volume applied. It shows that the 3 mm
was more efficient in the use of irrigation in the driest
year, whereas in the other years the 9 mm treatment
was more efficient.

The Distincreased with the stress level, being higher
every year in rainfed, followed by 3 mm and 6 mm.
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Figure 2. Evolution of the total water contents, for a root depth of 0.60 m for the three evaluated seasons. Total
PP, irrigation threshold and Fc (total mm). The superior bar indicates phenological stages of the crop
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Table 6. Performance indicators of irrigation: consumed water use efficiency (CWUE), water use efficiency
(WUE), irrigation water use efficiency (IWUE), and deficit irrigation stress index (Disl). Yield was adjusted to a
grain moisture of 14%

CWUE: WUE IWUE: Disl (t1)
(Kg m?) (Kg m?) (Kg m?)
2 = = 2 = = 2 = = 2 2 = c
< 7o) ) < o) ) < o) ) < ) ) S
) ) ) ) ) ) ) ) ) ) ) o =
N N N N N N N N N N N AN
™ 351 247 296 268 364 219 284

T2 311 278 300 112 420 340 048 188 119 22 12 134 1538
T3 272 250 319 129 257 523 083 146 158 12 285 59 6.92
T4 309 249 339 231 254 745 122 126 2.07

4. Discussion 7.0 mm day-! for the historical series from 1980 to
2017. Considering the average ETo, the ETc for the
equipment design will be 6.96 mm day-. If consid-
ering a global efficiency of the irrigation method

The average ETo in January was of 5.4, 6.1 and
4.6 mmday-' for 2015, 2016 and 2017, respectively,
and it was of 5.8 mm day' with a maximum of
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around 85% for irrigation with central pivot@2), the
value amounts to 8.19 mm day-!.

The contribution of PP determined an average yield
of almost 12 t ha' in rainfed, significantly higher
than the local commercial yields, that reached the
historical record in the 2018-19 harvest of 7.6 t ha-
1(12), Maximum vyields in 6 and 9 mm agree with
those mentioned by several researchers(18)(23)(24)(25)
who report yields of 19 t ha-'. At regional level, in
competitions of rainfed maize yields, maximums of
17.5 t ha1(26) were obtained; in addition, Rivetti A.(27)
indicates rainfed yields between 10 and 13.4 t ha’
with average rainfall of 550 mm. The trial yields are
consistent with those obtained in regional research,
in similar climatic conditions.

The treatments effect was associated to the mo-
ment and intensity of the water deficit. The rainfed
and 3 mm depended on PP, both in terms of quantity
and moment of occurrence. The rainfed treatment
significantly differed from the 9 mm in every evalua-
tion year, even in the season with PP of 483 mm dur-
ing the crop cycle. In this year, the rainfed yielded
significantly lower than 9 mm due to PP of great vol-
ume and badly distributed in the growth season,
generating water stress conditions in the cpP and
grain filling.

Considering the scenarios elaborated by the Inter-
governmental Panel on Climatic Change (IPcc), the
main consequences of climatic change in Uruguay
will be a greater frequency and intensity of extreme
events?8). Some projections indicate that PP will in-
crease in the months of summer-autumn and de-
crease in winter-spring in the region where Uruguay
is located, with an increase in the interannual varia-
bility2%. This indicates that the rainfall volumes
would be sufficient to cover the water needs of the
crops, but its bad distribution will generate occa-
sional deficits in the crop phenological cycle, simi-
larly to the third season of this experiment. These
climatic scenarios add complexity to the irrigation
management and the decision-making at the time of
designing the equipment. The interannual rainfall
variability will continue generating yield instability®)
and irrigation is the only tool to stabilize them.
Therefore the use of supplementary irrigation is rec-
ommendable in crop conditions in humid climates to
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avoid the significant impact of water stress on yield
decrease and to stabilize interannual yields(2430),

The average of the three seasons showed signifi-
cant differences regarding the level of deficit irriga-
tion as the applied water increased. Nevertheless,
6- and 9-mm treatments profited less from the pp
(Table 6) and RAW, since there were still 20 to 40
mm in the root zone at the end of the crop cycle. In
production systems that make a more efficient use
of the resources, increasing the water productivity
implies profiting more from the PP and the ground
water. According to Etter®"), sustainable agriculture
is capable of producing by using the minimum in-
puts, but at the same time guaranteeing long-term
stable production levels, having positive socio-eco-
nomic and biophysical results.

The 6-mm treatment did not have significant differ-
ences with 9 mm in the second dry summer season
and in the third wet summer season, however, it
used the total RAW and made better use of the PP,
with 20% less irrigation water. Although 3 mm did
not differ from 6 mm, in two of three seasons it was
statistically different from 9 mm. It stands out that
there were no differences between the irrigated
treatments in the dry year. The evolution of the total
soil water content indicated different stress levels,
nevertheless, this was not reflected in the yields, as
expected.

In temperate climates(?), it is necessary to irrigate
with 100% of the demand to obtain elevated corn
yields, nevertheless a 25% deficit would be a good
irrigation strategy to increase the water use effi-
ciency when full irrigation is not possible. In the sec-
ond season of this study, there was a 20% water
saving while 6 and 9 mm did not differ in yield. In
this same season with 3 mm the saving was of 55%,
however, the yield of this treatment was significantly
lower than the 9 mm, in two of three seasons.

The 3 mm treatment used the RAW of the soil to com-
pensate for the limited irrigation and cover the water
needs in early stages, in years with PP close to av-
erage. However, this was depleted at the end of the
vegetative stage and the 3 mm per day were not
enough, the soil moisture level decreased below the
threshold (Ks<1) during the cp and grain filling. This
determined lower yields in 3 mm compared to 9 mm
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(20% less). The bibliography cites a higher percent-
age of yield reduction, according to Comas and oth-
ers(’), plants that received all or almost all the water
during the vegetative period followed by moderate
stress in the cP and severe in grain filling have sig-
nificant yield reduction, higher than the ETc saved.
Trout?5) reported that corn crops that received be-
tween 40 and 55% of their water requirement re-
duced their yield by around 30%.

The production of aerial biomass was coincident
with the obtained by Kresovic and others?4), who
obtained yields of 31 t ha-! with complete irrigation
and 20 t ha! in rainfed, working in similar climatic
conditions.

The harvest index agrees with the obtained by
Yazar and others(®2), that reported values between
0.51 and 0.57 in different irrigation regimes, but did
not affect them significantly. Djaman and others(0)
report, in trials in subhumid to semi-arid climates, H
between 0.49 in rainfed to 0.57 in deficit treatment
(60% of full irrigation), with a trial average of 0.54,
without significant differences between treatments.
In addition, they indicate that more than 60% of the
total transpiration from irrigation treatments contrib-
utes to the production of plant biomass. Along the
same line, Trout and others(?9) indicate that the HI
decreases both due to high deficits or maximum
ETc. In addition, maximum ETc conditions could re-
sultin excessive plant growth and reduce Hi. The re-
lationship between HI and ETc depends on the mo-
ment of water stress, which decreases the yield and
Hiin the cP. The reduction of ETc in noncritical peri-
ods could increase HI by reducing the plant biomass
without equivalently reducing the yield(@5)30),

Regarding the irrigation performance indicators, the
WUE estimated from the incremental yield by the ir-
rigation aggregate is greater to the range reported
by Doorembos and others(®3), which was between
0.80 and 1.6 kg m=. Nevertheless, Gonzalez and
others (34 reported values between 0.86 and 2.9 kg
m3 in Cuba. These last researchers also indicate
that the use efficiency of irrigation water, estimated
as the crop yield in relation to the irrigation water
applied, would not be a good indicator of the effi-
cient use of water, since the PP make an important
contribution to the needs of the crop and in some
cases, they cover more than 50% of the ETc in wet
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years. They recommend to consider the use effi-
ciency of the total consumed water (CWUE) as indi-
cator, that include the effective precipitations.

In this trial, the CWUE was higher in the most irrigated
treatments in the third season (3.39 kg m3), while in
the second season (dry year) the CWUE was higher
for 3 mm followed by 6 and 9 mm (2.78, 2.50 and
2.49 kg m respectively). Regarding the first year,
the CWUE was greater in the rainfed (3.51 kg m?3),
followed by 3mm and 9mm (3.11 and 3.09 kg m3).
Bibliography cited similar results, from 2.14 to 3.99
kg m-3(39), from 2.37 to 3.90 kg m under irrigation
conditions and from 2.42 to 3.35 kg m-3in rainfed, in
humid climate@). These last authors indicate
greater CWUE in full irrigation than in deficit irriga-
tions when the year was drier and conversely in
more humid years, similar to this trial's behavior.
Other authors indicate lower CWUE values, between
1.6 to 2.2 kg m-3 for irrigated crops and 1.2 to 1.4 kg
m3 in rainfed crops in a regional study in Ne-
braska(6), values of 1.16 to 2.34 kg m-3 being higher
in the irrigated treatments(18).

The CWUE does not consider the role of irrigation(19),
however WUE and IWUE discriminate the effect of ir-
rigation when considering the yields obtained over
the rainfed yield, divided by the difference of net ET
of the irrigated crop. The IWUE results, which ranged
from 0.48 to 2.07 kg m=3, were inferior to those of
Kresovic and others4) (1.89 to 3.61 kg m3) and
within the range indicated by Rudnick and others(18),
between 0.94 and 4.58 kg m3, in treatments with
60% of the ETc of the well irrigated. Although in the
wet year IWUE increased with the increase of applied
water, in the dry year the behavior was inverse. This
indicates that in the dry year there was a smaller
percentage increase of the yield with respect to the
increase of the irrigation level. Thus, the applied mm
of irrigation were less productive as the amount of
applied irrigation increased, in that year.

The deficit irrigation stress index (DISI) increased
with the stress level, the average of the three years
indicates greater DIS| in rainfed that in 3 mm and 6
mm (28.4, 15.8 and 6.92 t, respectively), similar to
the ones shown by Kresovi¢ and others(?4), with a
32.3 t' average in rainfed conditions, 16.8 and
10.06 t' in treatments with 50 and 75% of complete
irrigation, respectively. The rainfed had a higher
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value of this index in the dry year, and lower in the
wet year. Nevertheless, 3 and 6 mm had higher in-
dices in the first year, with precipitations close to the
average, and lower Disl in the dry year and not in the
wet year. Kresovi¢ and others(?4) present the same
situation, without detailing the cause of these re-
sults, which at first glance are difficult to explain,
since a higher index is expected when the deficit is
greater, a situation that occurs in rainfed, but not in
3 and 6 mm. The fact that in the dry year there were
no significant differences between the irrigated
treatments results in lower DISI values. Furthermore,
in the wettest year the differences in yield were sig-
nificant and that meant greater differences between
the treatments and greater DisI values. What is the
reason for the lack of response to the irrigated treat-
ments in the dry year, in which a greater differentia-
tion between treatments was expected, but did not
occur? Possibly, a greater root exploration of the
crop in 3 and 6 mm, added to the precipitations that
occurred before the cp which were higher than the
historical average (130 and 84 mm respectively), al-
lowing the recharge of the soil beyond of the esti-
mated root depth. These two facts could have al-
lowed the normal development of the crop in its crit-
ical stage, or with mild stress levels, where 3 and 6
mm extracted water to greater depth, while the 9
mm used irrigation and RAW water with no need to
deepen.

The 9 mm treatment achieved higher WUE and IWUE
in two out of three seasons, indicating this is a wa-
ter-use-efficient alternative. Nevertheless, it did not
profit from precipitations as much, which must be
considered when managing irrigation in wet cli-
mates.

Based on the obtained results, although the aver-
age of the evaluated years indicates a better perfor-
mance of the 9 mm treatment, an economic analysis
that allows to define the most profitable option is
necessary. The best option for the crop is 9 mm day-
1, nevertheless, the investment and operation costs
of an irrigation equipment of these characteristics
are higher than those of an equipment that applies
6 mm day-'. On the other hand, the 6 mm day-! treat-
ment is more efficient in profiting from the PP and
the water reserve of the soil, as previously men-
tioned. The 3 mm day-" treatment would not be rec-
ommendable because it puts the crop under water
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stress from the beginning of the flowering to the
grain filling. Although this was not reflected signifi-
cantly in this trial's yields, numerous research stud-

ies show yields decrease when this situation oc-
curs(7)(18)(24)(30),

Given the climatic variability between years, these
results should be modeled by using climatic data-
bases that allow to support the decision when defin-
ing the design volume of the irrigation equipment.
Also, future climatic databases based on climatic
change models can be generated and would be very
useful for the designer.

An economic analysis that considers the interannual
precipitations variability in terms of amount and mo-
ment of occurrence, should be carried out in order
to identify the most economically convenient treat-
ment.

5. Conclusions

Results suggest that there is response to different
levels of deficit irrigation under Uruguay's climatic
conditions. When the average rainfall is higher than
the historical average, the poor temporal distribution
generates a water deficit at specific times, affecting
the yield. The rainfed and 3-mm treatments did not
cover the ETc during the cP and grain filling in the
three evaluated seasons and determined significant
differences in the average yield of the three years.
The 6- and 9-mm treatments were adequate, with
greater yields, and in the average of the three years
they were significantly different. In years with more
rainfall than average, 9 mm presented higher WUE
and IWUE, indicating that by each mm added, the
yield increase was higher compared to the other
treatments. However, 6 mm was more efficient in
the use of soil water and PP, saving on average 20%
of irrigation water. This saving implies fewer pump-
ing hours of a smaller equipment, in terms of power,
than the used in the 9-mm treatment.
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