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MAIZE WATER USE EFFICIENCY: BREEDING EFFECTS ACROSS
CONTRASTING ENVIRONMENTS

ABSTRACT
Maize (Zea mays, L.) grain yield (GY) progress is well below the projected as necessary to meet the expected global demand. Argentina
records are close to global reports for mean GY, although the potential
productivity is much higher. Main determinants of this gap are nutritional and water deficits. The former can be corrected by fertilization.
Breeding is among the few technologies aimed to alleviate the latter in
rainfed farming. The aim of our study was identify breeding effects in
relation to water use and water use efficiency (WUE). Five hybrids (H)
released during the last four decades were sown in eight different environments (E) at three stand densities (SD). Measurements included
crop evapotranspiration (ETC) and shoot biomass (BT) at harvest. Radiation use efficiency (RUE) and WUE were computed. Significant hybrid and E×SD effects were detected for both efficiencies, but neither
SD×H nor E×H effects were found. ETC declined for hybrids release
after 1993. WUE and RUE increased throughout the evaluated period.
Results suggest that maize breeding in Argentina had a larger effect on
canopy traits that affect RUE (0.5 % year-1) than on root traits that affect
ETc (-0.4% year-1) and WUE (0.4% year-1).
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INTRODUCTION
Maize is one of the most important grain
crops in global food demand. Its grain yield
(GY) has shown a relatively stable improvement in the last years. However, its GY progress is well below the projected as necessary
to cover the expected demand (Fischer and
Edmeades, 2010). Although Argentina’s mean
GY are close to global records, its potential
productivity is much higher (Ray et al., 2013).
The main determinants of this gap are nutritional deficits (e.g. nitrogen N) and climatic
conditions (e.g. drought) (Aramburu Merlos
et al., 2015). While the first can be corrected
by fertilization, the second is difficult to alleviate in rainfed farming. Breeding hybrids with
improved GY under water deficit is among
the few tools for addressing the negative effects of drought.
Under potential conditions (i.e. with no
abiotic or biotic stress), shoot biomass production (BT) is usually conceived as the product between light interception efficiency (ei),
incident photosynthetically active radiation
(PARi) and radiation use efficiency (RUE).
From a water use perspective, BT can be
understood as the product of crop evapo-

transpiration (ETc) and water use efficiency
(WUEBT,ETc). Based on these frameworks,
results from field and modeling studies performed in the USA (Hammer et al., 2009) suggested that computed GY progress would be
associated primarily to differences in ETc, due
to an enhanced water uptake capacity from
deep soil layers of modern hybrids, rather
than to direct effects of canopy architecture
(e.g. a more erectophile habit). Enhanced water uptake would be attributable to a narrower angle of root penetration, and would have
been indirectly selected when breeding for
improved tolerance to increased stand density. In Argentina, research comparing one
old and two modern maize hybrids grown at
a single stand density suggested a positive
effect on ETc with no change in WUEBT,ETc
(Nagore et al., 2014), but gave no definitive
evidence of breeding effects across eras. The
objective of current research was to assess
BT, RUE, ETc and WUEBT.ETc of maize hybrids
selected for the main maize region of Argentina and released to the local market along the
last four decades. The analysis included different environments (years, water regimes,
nitrogen fertilization rate) and stand densities.

MATERIALS AND METHODS
A set of 3-4 single cross maize hybrids
released to the Argentine market during the
last four decades (Table 1) were grown in the
same field on a typic Argiudoll soil at the INTA
experimental station of Pergamino (33º56’S,
60º34’W). Eight environments were evaluated, which are a combination of years (Y), water regimes (W) and N fertilization rates (Table
2). Initial mean soil N-NO3− were 46 (20142015), 40 (2015-2016) and 42 kg ha−1 (20162017) for the top 60 cm at sowing. Experiments were always sown in mid-October, in
5-row plots of ca. 17.5 m2 with rows at 0.7 m.
Three stand densities (SD) were always tested (6, 9 and 12 plants m-2). Experiments were
conducted in an E-SPLIT.PLOT design with 3
replicates, with SD (main plots) and hybrids
(subplots) nested in each environment (E).
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Daily weather data (PAR, maximum and
minimum temperatures, and rainfall) were
obtained from an automatic station located at
less than 1000 m from the experimental site.
Experiments were kept free of weeds, pests
and diseases all along the cycle and without
other nutrients restriction.
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Table 1. Hybrids and growing
seasons included in the study.
a

Year of release

Table 2. Water regimes and
nitrogen fertilization rates evaluated at each growing season.
N200: 200 kg of N ha-1 applied
as urea at V4; N0: no N added.
a

Shoot biomass production (BT) was determined at physiological maturity (PM). Soil
water (measured gravimetrically at the 0-30
cm soil layer and by neutron probe across
the 30-180 cm depth) and light interception
efficiency (ei) by green leaves were assessed
fortnightly along the cycle. Daily values of ei
were estimated by linear interpolation. ETc
was calculated as in equation 1 and intercepted cumulative PAR (PARc) was computed as
in equation 2. Effective precipitation was accountant as rainfall minus runoff estimate as
proposed by Andriani et al., 2016.

(2) PARc=∑

PM
0

ei ×PARi

Data from equations 1 and 2 were used
for the computation of WUEBT.ETc (quotient
between BT and ETc) and RUE (quotient between BT and PARc). The effect of main factors and all interactions were evaluated by
ANOVA (INFOSTAT, 2013). The standardized
value of each trait (i.e. corrected by the mean
value of each E) was estimated for each hybrid
across SD. Regression analysis was used to
evaluate the response of standardized values
to the YOR, and the computed progress was
expressed in percent gain per year (% year-1).

(1) ETc= Δ Water Storage+Effective Rainfall+Irrigation

RESULTS
Results from ANOVA detected a significant (P<0.01) (i) E effect on ETc, (ii) hybrid
effect on ETc, WUEETc,BT, and RUEBT, and (iii)
E×SD effect on WUEETc,BT and RUE. No SD×H
as E×H were founded for all traits. ETC had (i)
a large variation across environments (range
between 430 and 593 mm), with the greatest
records obtained in 2014 and the smallest at
the N0 rainfed conditions in 2015-16 and 201617 (Fig. 1A), and (ii) a less marked variation
(range between 495 and 516 mm) among hybrids (Fig. 1B). The greatest WUEETc,BT record
corresponded to (i) the largest SD, except in
the N0 rainfed condition of 2015-16 and irrigated 2016-17(Fig. 2A), and (ii) the newest

hybrid (Fig. 2B). A similar trend was detected for RUE values, for which the greatest records corresponded to the largest SD (data
not shown) and the newest hybrid (Fig. 3C).
Significant breeding effects were detected
for all standardized traits (sETc, sWUEETc,BT
and sRUE). The response to the YOR was (i)
negative for sEtc from 1993 onwards (Fig.
3A), at a rate of -0.4% year-1, and (ii) positive
for sWUEETc,BT (Fig. 3B) and sRUE (Fig. 3C),
at rates of 0.4 and 0.5% year-1, respectively.

Figure 1. ean crop evapotranspiration (ETC) registered (A) at
each evaluated environment
and (B) for each year of release
(YOR). IR: Irrigate, RF: Rainfed,
N0: no N added, N200: 200 kg
N ha-1. Means ± SEM.
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DISCUSSION AND CONCLUSION
Based on a large range of growing conditions tested in the target
environment for temperate maize breeding in Argentina, results from
current research indicate a trend to reduce ETc during part of the evaluated period, which was accompanied by a more clear trend to increase
WUEETc.BT. Our findings are opposite to Nagore et al. (2014) reports for
Balcarce and estimates of Hammer et al. (2009) for the US Corn Belt.
Differences are probably linked to soil types included in each study as
well as to the particular combination of soil water retention and evaporative demand (Dardanelli et al., 1997), which may stimulate (Balcarce,
US Corn Belt) or limit (Pergamino) root expansion and ETc. On the other
hand, we detected clear positive effects on RUE, which confirm previous findings obtained in the same environment (Luque et al., 2006).
In conclusion, breeding of temperate maize based on GY and aimed
to the central producing area of Argentina had indirect effects on ETc
(negative) and evaluated resource use efficiencies (positive). Nevertheless, observed trends may vary for the same hybrids depending upon
the testing location (e.g. Balcarce vs Pergamino), alerting on the importance of genotype by location interactions for guiding breeding as well
as crop management decisions.
Figure 2. Mean water use efficiency (WUEETc,BT) values computed for each (A) E×SD combination, and B) year of release
(YOR). IR: Irrigate, RF: Rainfed,
N0: no N added, N200: 200 kg
N ha-1. Means ± SEM.

Figure 3. Response to the year of release (YOR) of standardized values of (A) crop evapotranspiration (sETc), (B) water use efficiency (sWUEETc,BT), and (C) radiation use efficiency (sRUE). sETc, sWUE
y sRUE indicate the equation fixed for each traits.
**
indicate significant at p<0,05.
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