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Abstract
Background and aims Crop tolerance to waterlogging
depends on factors such as species sensitivity and the
stage of development that waterlogging occurs. The aim
of this study was to identify the critical period for
waterlogging on grain yield and its components, when
applied during different stages of crop development in
wheat and barley.
Methods Two experiments were carried out (E1: early
sowing date, under greenhouse; E2: late sowing date,
under natural conditions). Waterlogging was imposed
during 15–20 days in 5 consecutive periods during the
crop cycle (from Leaf 1 emergence to maturity).
Results The greatest yield penalties occurred when
waterlogging was applied from Leaf 7 appearance on
the main stem to anthesis (from 34 to 92 % of losses in
wheat, and from 40 to 79 % in barley for E1 and E2

respectively). Waterlogging during grain filling reduced
yield to a lesser degree. In wheat, reductions in grain
numberweremostly explained by reduced grain number
per spike while in barley, by variations in the number of
spikes per plant.
Conclusions The time around anthesis was identified as
the most susceptible period to waterlogging in wheat
and barley. Exposing the crop to more stressful condi-
tions, e.g. delaying sowing date, magnified the negative
responses to waterlogging, although the most sensitive
stage (around anthesis) remained unchanged.
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Introduction

Waterlogging is a global constraint on cropping systems
due to the increased frequency of extreme climate events
(Wollenweber et al., 2003). Many regions of the world
(e.g. Australia, Canada, US) are frequently subjected to
waterlogging, because of heavy rainfall, flat topography,
and/or poor soil drainage (Collaku and Harrison 2002).
Furthermore, in irrigated crops, waterlogging can occur
as a result of poor drainage systems (Van Ginkel et al.
1997), or as a result of subsoil compaction as in the
irrigated rice-wheat rotation, where the soil preparation
for rice frequently results in soil compaction (Samad
et al. 2001).
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Soil is considered waterlogged when excess water
saturates the soil pores (with a very thin—or even with-
out—layer of water on the soil surface), inhibiting gas
exchange between the roots and the atmosphere (Setter
and Waters 2003; Striker 2012). Hence, the negative
effect of waterlogging on crops is caused by low oxygen
concentration in soil (Armstrong 1980). These oxygen
deficient conditions lead plant roots to switch from an
aerobic respiration to an anaerobic fermentation, limit-
ing energy production (Huang and Johnson 1995; Gibbs
and Greenway 2003). Waterlogging also produces in-
creases in stomatal resistance, affecting nutrients and
water uptake (Sairam et al. 2008), and decreasing leaf
photosynthesis rate (Malik et al. 2001); as a conse-
quence, crop growth rate decreases, and plants wilt.

Plant tolerance to waterlogging depends on several
factors, including: i) the sensitivity per se of the species
or variety (Cannell et al. 1984; Setter et al. 1999), ii) the
crop stage of development that waterlogging occurs
(Belford 1981; Setter and Waters 2003), and iii) the
waterlogging event duration (Collaku and Harrison
2002; Malik et al. 2002). From an agronomic point of
view, plant tolerance to waterlogging involves the main-
tenance of a relatively high grain yield under these
conditions.

It has been widely reported that variations in yield
are mainly explained by changes in grain number
with a lesser influence of grain weight (Midmore
et al. 1984; Fischer 1993; Slafer and Andrade 1993;
González et al. 2005 for wheat; Abeledo et al. 2003;
Prystupa et al. 2004 for barley; and Peltonen-Sainio
et al. 2007 for both species). Grain number per unit
area can be analyzed as the product of the number of
spikes per unit area and the number of grains per
spike, but the importance of each sub-component to
determine grain number per unit area differs between
both species. In general, grain number in barley
strongly depends on the number of spikes, because
the structure of the spike in two rowed barley (only
one grain per spikelet) limits the number of grains
that each spike could bear (García del Moral and
García del Moral 1995; Arisnabarreta and Miralles
2006). In wheat, spikes contribution to determine
grain number per unit area is less important than in
barley, due to the compensation capacity of increasing
the grain number per spike (Slafer 2003). The stage
of development that waterlogging occurs may deter-
mine differences in the responses of wheat and barley
to waterlogging. In wheat, the critical period for grain

number determination was defined between 20 days
pre-anthesis and 10 days post-anthesis (Fischer 1975),
while the critical period for grain number determina-
tion in barley occurs earlier than in wheat (i.e. from
40 to 10 days before heading) and it is frequently
associated with the number of spikes per m2 determi-
nation (Arisnabarreta and Miralles 2008). Defining
the critical period of sensitivity to waterlogging in
wheat and barley is hindered by the interactions be-
tween yield components and overlap of the phases
where each component is determined. An alternative
approach to analyzing grain yield variations is con-
sidering its definition in terms of the total above-
ground biomass produced by the crop and its
partitioning to the grain (i.e. harvest index). Cossani
et al. (2009) showed, for Mediterranean environ-
ments, that differences in biomass at maturity be-
tween wheat and barley were correlated to their dif-
ferences in post-flowering biomass accumulation.
Consequently, the timing of waterlogging events can
alter grain yield definition through modifications in
biomass accumulation. The few studies where
partitioning was measured separately between the dif-
ferent plant structures showed that the harvest index
of the main stem was higher than that of the tillers
(Hay 1995; Peltonen-Sainio et al. 2008). Therefore,
different proportions of grain yield from the main
stem or the tillers due to divergence between species
(or cultivars) and/or growing conditions, can affect
wheat and barley susceptibility to waterlogging.

Under farm production systems, barley is considered
more susceptible towaterlogging thanwheat, although few
studies tested this ad hoc. A screening of six wheat varie-
ties and eight of barley grown in field conditions under
natural waterlogging (4 weeks of intermittent
waterlogging) reported yield reductions of 19–82 % in
wheat and 51–84 % in barley, depending on the genetic
variability (Setter et al. 1999). Most studies that analyzed
the effect of waterlogging on wheat or barley focused on
specific stages of the crop cycle such as seedling
(Musgrave 1994; Huang and Johnson 1995; Robertson
et al. 2009), initial vegetative phases (Malik et al. 2001,
2002; Collaku andHarrison 2002) or grain filling (Hossain
et al. 2011; Li et al. 2011). However, there are no published
studies that have tested the susceptibility towaterlogging at
different phenological stages throughout the complete crop
cycle in wheat and barley growing simultaneously in the
same environment, which take into account the physiolog-
ical traits that are affected by waterlogging.
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The aim of this study was to analyze the effect of
waterlogging, applied during different growth stages
throughout the entire crop cycle of wheat and barley,
on grain yield and its components to identify the most
sensitive period in both species.

Material and methods

Growing conditions

Two experiments were carried out at the School of
Agronomy, University of Buenos Aires (34° 35′ S, 58°
29′W) during 2010. Experiment 1 (E1) was carried out
in a greenhouse and included Klein Chajá and Scarlett
as wheat and barley cultivars, respectively. Experiment
2 (E2) was carried out under natural conditions of radi-
ation and temperature and Baguette 13 and Scarlett were
used as commercial cultivars of wheat and barley re-
spectively. The barley cultivar chosen represents more
than 95 % of the total barley area in Argentina (Miralles
2013) and wheat cultivars were chosen because they are
similar to Scarlett in grain yield potential and phenology
(similar time to anthesis). Sowing date was 2nd July for
E1 and 6th September for E2. Both experiments were
carried out using 12 L pots filled with clay loam soil
(E1) or a mixture of sand and clay loam soil in a ratio 3:1
(E2) with a density of six plants per pot. In Experiment
2, carried out under field conditions, a sandy mixture
was used in order to keep the control pots well drained
in case of prolonged or heavy rainfall. In both experi-
ments a layer of gravel (5 cm) was placed on the bottom
of the pots to improve drainage conditions.

Experimental design was completely randomized
with eight replicates for E1 and three replicates for E2.
Both experiments were conducted without biotic stress-
es by applications of insecticides and fungicides. Weeds
were removed by hand. Plants were fertilized with 2.5 g
of Triple 15 (Yara Company) (15 %N:15% P2O5:15%
K2O) per pot.

Waterlogging treatments

Six waterlogging treatments were imposed: one control
well drained during all the crop cycle, and five
waterlogging treatments applied at different stages from
appearance of the first leaf (L1) and physiological ma-
turity viz: (i) from leaf 1 to leaf 4 stages (L1-4), (ii) from
leaf 4 to leaf 7 (L4-7), (iii) from leaf 7 to leaf 10 (L7-10),

(iv) from leaf 10 to anthesis (L10-At), and (v) from
anthesis to physiological maturity (At-PM). The leaf
number at which waterlogging was applied was always
measured on the main stem. Waterlogging duration was
20 (E1) or 15 (E2) days, in order to ensure the pheno-
logical stages at the beginning and ending of
waterlogging treatments were consistent between the
experiments. Higher temperatures and longer day dura-
tions in E2 compared to E1 caused more rapid develop-
ment. Crop phenology was determined following the
decimal code of Zadoks et al. (1974). Anthesis in barley
was determined by opening the spikelets and visualizing
pollen release.

In order to impose waterlogging treatments, pots
were placed into containers (1 m×1 m×0.5 m) with
1 cm layer of free water above the surface of the pots
during the whole period of each waterlogging treatment.
At the end of each waterlogging treatment, pots were
taken out of the containers and remained without irriga-
tion during 10 days, allowing to drain freely, and after
that they were re-watered normally. Control pots, from
sowing to physiological maturity, together with the
waterlogging pots before and after treatments were
maintained at 80 % of field capacity through irrigation.
Volumetric humidity content on the top and bottom of
the pots was continuously monitored (AT Theta Kit
HH2 Moisture content, Delta Devices, UK), and irriga-
tion were applied when necessary (approximately every
3 days in the control situation).

Measurements

At maturity, total above-ground biomass was harvested
in each pot and separated into main stem and tillers, and
within each category, biomass was divided into vegeta-
tive biomass (shoots plus sheaths and leaves) and
spikes. Then, material was oven- dried at 65 °C until
constant weight and dry weight was measured. The
number of spikes from the main stem and from tillers
was counted and threshed. Harvest index (HI) was cal-
culated as the ratio between grain yield and total above-
ground biomass. Average individual grain weight of the
main stem and tillers was measured in two sub-samples
of 50 grains per category and used to calculate grain
number per spike in both strata. Meteorological data (air
minimum and maximum temperature, photosynthetical-
ly active radiation, and relative humidity) were recorded
every hour throughout the crop cycle in both experi-
ments by an automatic meteorological station (Davis
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Vantage Pro2, USA) placed in the same site where each
experiment was carried out. The vapor pressure deficit
(VPD, kPa) was estimated as the difference between the
actual air vapor pressure (ea) and the saturated vapor
pressure (es), following the Clausius-Clayperon equa-
tion:

es ið Þ ¼ eexp 19:0177− 5327* Tm ið Þ þ 273
� �−1� �� ��

where es (i) is the saturated vapor pressure (es, kPa) of the
day i, e is the natural number, Tm(i) is the mean temper-
ature of the day (i) (°C).

ea ið Þ ¼ es ið Þ*HR ið Þ*100−1

where, for the day i, ea (i) is the air vapor pressure (kPa),
es (i) is the saturated vapor pressure (kPa), and HR (i) is
the mean daily relative humidity (%).

Statistical analysis

Statistical differences between treatments were tested
through analyses of variance (ANOVA) using InfoStat
Professional v.1.1 (Di Rienzo et al. 2010). The mean
treatment values were compared using Tukey test with
significance level of 0.05. The degree of association
between different variables was made using linear re-
gression models.

Results

Environmental conditions and phenology

Mean values of temperature, radiation, photoperiod, and
vapor pressure deficit (VPD) during different phenolog-
ical stages and experiments are shown in Fig. 1. The
average temperature during the crop cycle (i.e. between
the appearance of L1 and physiological maturity) in E2
was on average 4.3 °C higher than in E1. This difference
was a consequence of increases in minimum (5.3 °C
higher in E2 than in E1) rather than in maximum tem-
perature (1.1 °C higher in E2 than in E1). Accumulated
global radiation during crop cycle in E1 was
935 MJ m−2 while in E2 was 1,759 MJ m−2. The greater
accumulated radiation in E2 than in E1 (despite the
shorter cycle) was due to E1 being conducted in a
greenhouse where incident radiation was reduced in
ca. 30 % compared to field conditions. Average

photoperiod was almost 2 h longer in E2 than in E1 and
average VPD in E2 was ca. 36 % higher than in E1.

Within each experiment, phenology of the controls
without waterlogging was similar between wheat and
barley, but the duration of the cycle from emergence to
physiological maturity was on average 22 days longer in
E1 than in E2 (111 days in wheat and barley in E1 vs.
93 days in wheat and 85 days in barley in E2) as a
consequence of warmer temperatures and longer photo-
periods in E2. In E1, plants emerged on July 9th for both
species and in E2 seedling emergence of both species
was on September 12th. The duration of the controls
pre-anthesis phase was 83 days in E1 and 62 days in E2,
without significant differences between species
(p>0.10), while the post-anthesis phase lasted 28 and
27 days in E1 and E2, respectively. Waterlogging did
not affect the duration of the phases, except when treat-
ments were applied around the beginning of tillering
(L4-7) where a significant delay (p<0.05) in the time
to anthesis of wheat and barley (of 7 and 13 days re-
spectively, in E1 and E2) was observed.

Fig. 1 Meteorological conditions during the crop cycle in the two
experiments: E1 (early sowing date in greenhouse; upper panel)
and E2 (late sowing date under natural conditions; bottom panel).
Values are daily means of medium (Tm), maximum (Tmax) and
minimum (Tmin) temperature, daily photosynthetic incident radi-
ation (Rad), daily photoperiod (Photop), and air vapor pressure
deficit (VPD). Bars into the graphs indicate the different timing
waterlogging treatments, where L with their numbers refers to the
number of leaves on the main stem when treatments were applied,
At stands for anthesis and PM stands for physiological maturity
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Yield differences between wheat and barley
under control conditions

Grain yield and its components for wheat and barley
under no waterlogging conditions (control treatments)
are described in Table 1. Barley grain yield was signif-
icantly higher (p<0.05) than that of wheat (4.09 g pl−1

for barley vs. 2.73 g pl−1 for wheat, average of the two
experiments) with no interaction between experiments
(p>0.10). Total above-ground biomass at maturity and
harvest index were also higher (p<0.05) for barley than
for wheat. Differences between species in grain number
per plant were not significant; however, grain weight
was higher in barley than in wheat in both experiments
(p<0.05). Grain yield and above-ground biomass per
plant in control treatments were significantly lower in
E2 than in E1 in both species, while HI was not modi-
fied by the delay in sowing date (Table 1).

The contribution to the total grain yield from main
stem or tillers was different between species and exper-
iments (Table 1). In wheat, the contribution to grain
yield or total above-ground biomass under control con-
ditions in E1 was similar between main stem and tillers
(the main stem accounted for ca. 55 % of total grain
yield and ca. 50 % of total biomass per plant), while in
barley grain yield contributionwas mainly from tillers in
both experiments as main stem contribution to total
grain yield and total biomass was only 20 %. In E2 the
differences between species followed the same trend
(i.e. 48 % contribution of main stem in wheat and
34 % in barley). The absolute values of crop growth
presented in Table 1 provide opportunities to calculate
the impacts of waterlogging treatments on growth which
for convenience are expressed in following sections on a
percentage control basis.

Yield reduction by waterlogging

Yield, biomass and partitioning (HI)

There was a greater impact of waterlogging effects on
E2 than on E1, while the magnitude of the reduction in
grain yield due to waterlogging in both experiments
varied according to crop stage (Fig. 2a). In both species,
the greatest losses in yield due to waterlogging were in
the treatments where waterlogging occurred immediate-
ly prior to anthesis (L7-10 and L10-At) and to a lesser
degree during grain filling (At-PM) (p<0.05) (Fig. 2a).
Yield losses (relative to the control) were ca. 34 to 92 %

in wheat and ca. 40 to 79 % in barley, for E1 and E2
respectively. Waterlogging events during early vegeta-
tive stages (L1-4) did not generate significant losses in
grain yield for the early sowing in E1, although in the
later sowing in E2, the losses were ca. 40 % for both
species (p<0.05). In general, the yield loss was greater
as the crop cycle progressed to anthesis (Fig. 2a).

Waterlogging affected the contribution to grain yield
from main stem and tillers differently, depending on the
species and sowing date. In wheat, waterlogging pro-
duced yield reductions in main stem as well as in tillers
in both experiments (Fig. 2b–c). In barley, waterlogging
strongly reduced the yield contribution from tillers more
than from main stems (p<0.05), with maximum losses
in tillers from treatments applied around anthesis (ca.
45 % in E1 and 89 % in E2) (Fig. 2b–c). Only the
treatments L10-At and At-PM significantly reduced
the barley yield from main stem with losses of around
25 % in E1 and 58 % in E2 (Fig. 2b–c).

Waterlogging reduced total above-ground biomass at
maturity in a similar way to that observed for grain
yield: treatments immediately prior to anthesis signifi-
cantly reduced total biomass at maturity (p<0.05)
(Fig. 2d). In fact, the greatest reductions of biomass at
maturity due to waterlogging occurred in treatments L7-
10 and L10-At, and the magnitude of biomass reduc-
tions were from 24 to 66 % for wheat and from 34 to
60 % for barley. Biomass losses in wheat were slightly
higher in tillers than in main stems, especially in E2
(Fig. 2e–f), reaching losses of 60 % in main stem and
70 % in tillers (L7-10). In the case of barley, tiller
biomass was more affected than that of main stems, with
maximum reduction of 37 % in E1 and 72 % in E2 for
tillers and 20 % in E1 and 30 % in E2 for main stems
(Fig. 2e–f). Variations in yield due to waterlogging were
strongly explained by changes in biomass for both spe-
cies and experiments (r2=0.95; p<0.001 for all data set)
(Fig. 3a).

Waterlogging not only reduced the biomass at matu-
rity, but also the partitioning to the grain. Events of
waterlogging from L7 to physiological maturity signif-
icantly reduced wheat HI in both experiments (Fig. 2g),
with a maximum reduction of ca. 27 % in E1 (treatment
At-PM) and ca. 84 % in E2 (treatment L10-At). Those
reductions occurred as a consequence of decreases in HI
of main stem as well as in tillers, and with similar
magnitude (Fig. 2g–i). The decrease in HI due to
waterlogging was lower in barley than in wheat
(Fig. 2g–i). Variations in yield were explained by
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changes in HI but not with a single regression for both
experiments due to the large difference in biomass be-
tween E1 and E2. Thus, for the relationship between
grain yield and harvest index, two linear regressions
were fitted separately for each experiment (Fig. 3b).
E1 showed higher HI than E2, while E2 showed a wider
range of variation.

Yield components

Yield components were also affected differently by
waterlogging (Fig. 4). In wheat, the greatest reductions
in grain number per plant due to waterlogging were
during L7-10 treatment in both experiments, with losses
of 27 % and 74 % in E1 and E2 respectively (p<0.05)
(Fig. 4a). In E1, wheat grain number contribution from
the main stem and tillers was similarly reduced by
waterlogging (25 and 28 % reduction respectively),
but in E2, grain number from tillers showed higher
reductions than those from main stems (64 % reduction
in main stem vs. 82 % in tillers relative to control)
(Fig. 4b–c). Reductions in grain number per plant in
wheat were consistent with decreases in the grain

number per spike in main stems and tillers, especially
in E2, where reductions in grains per spike were ca.
65%with respect to the control in both strata, compared
to ca. 20 % of reduction in E1 (Fig. 4g–i). In both
species, the number of spikes from main stems were
not affected by waterlogging (p>0.10) as no plant mor-
tality was evident in any experiment (Fig. 4e).

In barley, the reductions in grain number per plant
reached 35 % in E1 and 60 % in E2, due to a large
reduction in grain number from tillers (ca. 40 % in E1
and 75% in E2), and less impact onmain stem (ca. 10%
in E1 and 30% in E2) (Fig. 4b–c). Conversely to wheat,
the spike number per plant was the main sub-component
affected by waterlogging in barley, with losses of ca.
40 % in E1 and 63 % in E2 (Fig. 4d–f). Thus, the spike
number per plant was the main component that ex-
plained the variations in the number of grains per plant,
since the grain number per spike was slightly reduced
only in the main stem (10 % in E1, treatment L10-At
and 30 % in E2, treatment L4-7) (Fig. 4d–i).

Grain weight was reduced by waterlogging treat-
ments applied prior to anthesis (L7-10 and L10-At), as
well as during grain filling period (p<0.05), and main

Table 1 Grain yield and its components measured in the total plant and discriminated for main stems or tillers in wheat and barley for the control
treatment (without waterlogging) in two experiments (E1: early sowing date in greenhouse; E2: late sowing date under natural conditions)

Total Main stem Tillers

Wheat Barley Wheat Barley Wheat Barley

E1 GY (g pl−1) 4.0±0.27 5.7±0.40 2.1±0.09 1.2±0.06 1.9±0.26 4.5±0.36

TBM (g pl−1) 9.3±0.45 13.3±1.05 4.7±0.14 2.5±0.10 4.7±0.44 10.8±0.96

HI 0.43±0.01 0.43±0.01 0.46±0.01 0.48±0.01 0.39±0.02 0.42±0.01

GN pl−1 108.3±5.70 132.3±9.69 56.2±1.79 25.0±0.75 52.0±6.01 107.3±9.22

GW (mg grain−1) 37.2±0.81 43.4±0.26 38.3±0.98 47.4±1.12 35.7±1.12 42.3±0.33

Spk pl−1 2.5±0.14 7.3±0.39 1.0±0.00 1.0±0.00 1.6±0.12 6.7±0.46

GNS 44.3±1.04 18.0±0.72 56.2±1.79 25.0±0.75 33.1±2.34 16.1±0.73

E2 GY (g pl−1) 1.4±0.08 2.5±0.31 0.7±0.05 0.8±0.03 0.7±0.03 1.6±0.28

TBM (g pl−1) 3.9±0.12 5.5±0.77 1.6±0.08 1.7±0.09 2.2±0.08 3.9±0.68

HI 0.37±0.01 0.45±0.01 0.42±0.01 0.49±0.01 0.34±0.01 0.43±0.00

GN pl−1 66.8±4.58 73.4±8.17 30.2±2.57 23.6±0.59 36.6±2.01 49.8±7.59

GW (mg grain−1) 21.7±0.95 33.5±0.52 22.9±0.82 34.8±0.41 20.6±1.11 32.7±0.67

Spk pl−1 2.7±0.10 4.6±0.14 1.0±0.00 1.0±0.00 1.7±0.10 3.6±0.14

GNS 25.2±2.59 15.9±1.28 30.2±2.57 23.6±0.59 22.2±2.44 13.7±1.57

Values are mean ± standard error

GYGrain yield, TBM total above-ground biomass at maturity,HI harvest index,GN total number of grains per plant,GWaverage individual
grain weight, Spk pl-1 number of spikes per plant and GNS grain number per spike
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stem and tillers were affected similarly in both species
(Fig. 5). The greatest reductions in grain weight were
observed in waterlogging treatments At-PM and L10-At
in the E1 and E2 experiments, respectively; and in
general, wheat was more affected than barley. In E2,

barley grain weight was 15 mg per grain (55 % reduc-
tion with respect to control) while wheat grains did not
complete their filling and were shriveled, with weights
of 3.6 mg per grain (losses of 83 % with respect to
control).

Fig. 2 Variation in grain yield (a–c), total above-ground biomass
at maturity (d–f) and harvest index (g–i) measured in the total plant
(left panels) and in main stems (central panels) and tillers (right
panels) relative to the control for different waterlogging treatments
applied at different stages throughout the crop cycle. Each point is

indicated as the midpoint of waterlogging period (days from
anthesis) inwheat and barley in two experiments (E1: early sowing
date, under greenhouse, and E2: late sowing date, under natural
conditions). Duration of the waterlogging events was 20 days in
E1 and 15 days in E2. Vertical bars indicate ± standard error
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Variations in yield due to waterlogging were largely
explained by changes in grain number per plant in both
species and experiments and all data were fitted by a
common linear regression (r2=0.89; p<0.001; Fig. 6a).
However, as waterlogging reduced grain weight, varia-
tions in grain yield were also explained by changes in
grain weight, especially in E2 (r2=0.66, p<0.001 for E1
and r2=0.76, p<0.001 for E2; Fig. 6b). In spite of the
fact that waterlogging produced similar reductions on
grain number in both species, the grain number sub-
components were affected differently depending on the
species. In wheat, 99 % of reductions in grain number
were explained by variations in grain number per spike
(Fig. 6d), and there was no relation with the number of
spikes per plant (Fig. 6c). Conversely, barley grain
number reductions by waterlogging were explained
mainly by variations in the number of spikes per plant
(r2=0.96; p<0.001; Fig. 6c) and to a minor extent by the
number of grains per spike (r2=0.76; p<0.001; Fig. 6d).

Discussion

One of the previous main attempts to identify the critical
periods of sensitivity to waterlogging in small grain
crops was by Setter and Waters (2003), who reviewed
several studies about the effects of waterlogging in
wheat and barley, including information on different
varieties, timings and duration of waterlogging. That
review suggested that reproductive stages were more
adversely affected than the vegetative stages of growth.
However, in the experiments included in that revision,
there were no studies where wheat and barley were
exposed to waterlogging either during different stages
of development, or both species simultaneously in the

same environment. In the present study, the effect of
waterlogging on grain yield and its components was
tested during the whole cycle of wheat and barley in
experiments in which both species were exposed to the
same environmental conditions. Our results demonstrate
that the period from the beginning of stem elongation to
anthesis (treatments L7-10 and L10-At) in wheat, as
well as in barley, were the most sensitive to
waterlogging in terms of yield penalties.

Yield reductions were the consequence of decreases
in the total above-ground biomass produced at maturity,
as well reductions in its partitioning to reproductive
organs, especially in E2, where the HI was strongly
depressed. The greatest reductions in biomass at matu-
rity occurred when the waterlogging treatment was ap-
plied during stem elongation, which coincides with the
period of highest crop growth rate under ideal condi-
tions (Miralles and Slafer 2007; Arisnabarreta and
Miralles 2008). Thus, biomass reductions when crops
are waterlogged during the stem elongation phase can
result from reductions in the plant growth rate, as well as
increases in tiller mortality. Waterlogging after stem
elongation reduced maturity biomass contribution from
tillers more strongly than biomass from main stem.

The difference in the magnitude of yield reductions
between the experiments (higher in E2 than in E1) could
be associated with the differences in the environment
experienced by the crops during the cycle, as plants in
E2 had more stressful conditions than in E1. In the
present study, incident radiation was 30 % lower in E1
than in E2, while temperatures and VPD were higher in
E2 than in E1, which increased the atmospheric transpi-
ration demand in E2 and presumably increased plant
stress. The higher temperature in E2 could also raise the
rate of oxygen depletion of soil water by increasing the

Fig. 3 Relationship between
grain yield and a total above-
ground biomass at maturity and b
harvest index for wheat and
barley cultivars exposed to
waterlogging through the crop
cycle in two experiments (E1:
early sowing date, under
greenhouse, and E2: late sowing
date, under natural conditions).
Solid lines represent the linear
regressions for the different data
sets

272 Plant Soil (2014) 378:265–277



biological oxygen demand from roots and microorgan-
ism (Collaku and Harrison 2002). In sunflower, it was
shown that reductions in the environmental demand (by
shading), when crop faced waterlogging during post-
anthesis, decreased the negative effect on grain yield

(Grassini et al. 2007). Moreover, the shorter crop cycle
duration in E2 due to a long photoperiod and high
temperatures resulted in smaller and weaker plants,
thereby amplifying the waterlogging stress effects in
E2 more than in E1.

Fig. 4 Variation in grain number (a–c), spikes per plant (d–f) and
grain number per spike (g–i) measured in the total plant (left
panels), and in the main stems (central panels) and tillers (right
panels) relative to the control for different waterlogging treatments
applied at different stages throughout the crop cycle. Each point is

indicated as the midpoint of waterlogging period (days from
anthesis) inwheat and barley in two experiments (E1: early sowing
date, under greenhouse, and E2: late sowing date, under natural
conditions). Duration of the waterlogging events was 20 days in
E1 and 15 days in E2. Vertical bars indicate ± standard error
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In the present study, waterlogging events during the
initial phases of the crop cycle did not produce signifi-
cant reductions in grain yield in wheat or barley, which
was consistent with the results shown by Cannell et al.
(1980) with early waterlogging in wheat. Nevertheless,
several studies showed a decrease in biomass produc-
tion during vegetative stages with early waterlogging
events (Malik et al. 2001, 2002; Pang et al. 2004). On
the one hand, it is possible to speculate that

waterlogging occurring early in the crop cycle allows
plants to recover from stress through different mecha-
nisms along the crop cycle once the stress has been
removed. In barley, waterlogging during initial phases
could reduce tiller appearance similarly to what happens
with nutrients deficiencies (Alzueta et al. 2012) and
water restrictions (Cossani et al. 2009). However, the
final number of fertile spikes, the principal yield sub
component in this species, depends on tiller appearance
rate (Alzueta et al. 2012) and the percentage of tiller
mortality (Baethgen et al. 1995; García del Moral and
García del Moral 1995). Thus, waterlogging occurring
early during the crop cycle could affect tiller appearance
rate, but tiller mortality could have been reduced, with-
out remarkable reductions in the final spike number per
plant. In wheat, Robertson et al. (2009) showed that
waterlogging during the early stages of the crop delayed
the tillering period promoting the appearance of higher
order tillers and thereby delaying the time to anthesis. In
our experiment, a similar effect, as previously reported
by Robertson et al. (2009) was observed, since anthesis
date was delayed when plants were under waterlogging
during early stages of development, probably associated
with tiller appearance of higher order. Those higher
order tillers could compensate the early tiller mortality
and thereby the final spikes number per plant was equal,
or even slightly higher than in controls. On the other
hand, it is possible to speculate that oxygen depletion
rate in the pots is lower during waterlogging applied
during early developmental stages (when the root sys-
tem is smaller and the oxygen consumption is lower)
than those during more advanced stages. Consequently,
waterlogging events at the beginning of the crop cycle
would be less severe than waterlogging events of similar
duration applied near anthesis, where the root system

Fig. 5 Variation in average individual grain weight (a–c) relative
to the control measured in the total plant (left panels), in main
stems (central panels) and tillers (right panels) for different
waterlogging treatments applied at different stages throughout
the crop cycle. Each point is indicated as the midpoint of

waterlogging period (days from anthesis) in wheat and barley in
two experiments (E1: early sowing date, under greenhouse, and
E2: late sowing date, under natural conditions). Duration of the
waterlogging events was 20 days in E1 and 15 days in E2. Vertical
bars indicate ± standard error

Fig. 6 Grain yield plotted against a grain number and b grain
weight; and relationship between grain number and c spike num-
ber per plant and d grains per spike for wheat and barley cultivars
exposed to waterlogging during the crop cycle in two experiments
(E1: early sowing date, under greenhouse, and E2: late sowing
date, under natural conditions). Solid lines represent the linear
regressions for the different data sets
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has a larger development and the oxygen in the soil
solution could be quickly exhausted compared to the
early stages during the crop cycle. However, many
studies reported that in submerged soils, oxygen in the
soil solution is practically exhausted within few hours of
beginning of the waterlogging event (Ponnamperuma
1972), and during the next few days after waterlogging
was applied (i.e. between 5 and 10 days), the soil redox
potential decreased to levels associated with anoxia
(Striker et al. 2005; Setter et al. 2009).

Waterlogging during the critical period (i.e. from
stem elongation to anthesis) reduced yield in both wheat
and barley cultivars as a consequence of reductions in
grain number and grain weight (although in lesser mag-
nitude for the latter). In our study, the critical period for
reduced grain number as a consequence of waterlogging
was L7-10 and L10-At, coinciding with the critical
periods for grain number determination identified pre-
viously in wheat (Fischer 1975) and barley
(Arisnabarreta and Miralles 2008) by reductions in the
incident solar radiation. In barley, yield reductions due
to waterlogging were mainly due to a diminished grain
number contribution from tillers, and spike number per
plant. Different evidence demonstrated that in barley,
rather than in wheat, the number of spikes per plant is
the main component that explains the variations in grain
number (Abeledo et al. 2003; García del Moral et al.
2003; Alzueta et al. 2012). In the present study, although
spike number per plant explained most of variation in
grain number (96 %), grain number per spike also
explained an important proportion (79 %) of the varia-
tion in grain number per plant due to waterlogging.
However, the variation in grains per spike in barley
due to different waterlogging treatments was narrow
(from 10 to 20 grains per spike) compared to wheat
(from 10 to 45 grains per spike), confirming the low
plasticity to modify this component for abiotic stress
tolerance, compared to wheat (Arisnabarreta and
Miralles, 2006). Thus, the main yield component that
was reduced by waterlogging in wheat was the number
of grains per spike and it was affected equally in main
stems and tillers (ca. 70 %). That sub-component ex-
plained most of the variation in the number of grains per
plant (99 %), as spikes per plant did not show significant
correlation with grains per plant.

In E1, waterlogging occurring during grain filling
(treatment At-PM) also produced reductions in grain
yield of wheat and barley of similar magnitude to those
caused by treatments prior to anthesis. This occurred as a

consequence of reductions in grain weight in both spe-
cies, because grain number was not reduced by
waterlogging during grain filling in any species. The
reduction in grain weight in E1 was ca. 30 %, (similarly
to that reported byHossain et al. 2011whenwaterlogging
was applied during grain filling) which was a relatively
low value considering that waterlogging occurred when
endospermatic cells are being defined (i.e. around 2weeks
after anthesis; Blocklehurst 1977). It is possible to spec-
ulate that most of the source to complete grain weight
came from carbohydrates accumulated in the stems and
translocated to the grains as photosynthetic active leaf
area was severely affected (Serrago et al. 2011). Howev-
er, the reductions in grain weight suggest that transloca-
tion was not enough to fulfill the grains previously
established. In this sense, it was shown that reductions
in grain growth due to waterlogging during grain filling
were attributable to decreased current assimilation and
poor remobilization of water soluble carbohydrates from
the stem to the grains (Jiang et al. 2008; Hossain et al.
2011), suggesting that carbohydrate translocation is also
negatively affected by waterlogging, probably through an
effect on the roots functionality.

The fact that in E2 the greatest reductions in grain
weight occurred during waterlogging treatments prior to
anthesis (L7-10 and L10-At) (84 % in wheat and 55 %
in barley), suggests that grain size potential could be
affected by waterlogging. In wheat, Calderini et al.
(2001) demonstrated that reductions in carpel size de-
termined reductions in potential grain weight. Similarly
in barley, the importance of pre-anthesis environment to
determine potential grain weight was also demonstrated
(Scott et al. 1983; Bingham et al. 2007; Ugarte et al.
2007). Thus, waterlogging around anthesis in E2 was
likely to reduce grain size potential through reductions
in carpel size, as well as in the number of endospermatic
cells determining lighter grain weight, while in the pre-
vious treatment (L7-10) there is an additional effect on
the photosynthetically active leaf area.

Despite the fact that waterlogging conditions affect
grain yield through different pathways in both species,
wheat and barley cultivars used in our experiments (i.e.
Scarlett - barley - and Klein Chajá and Baguette 13 -
wheat -) did not show differences in their sensitivity
when waterlogging treatments were applied at different
stages of the crop cycle. Although barley appeared to be
more chlorotic and wilt than wheat during the early
waterlogging treatments (data not shown), those effects
were not correlated later with greater reductions in grain
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yield. It is known that genotypes differ in sensitivity
(Setter and Waters 2003). However, little information is
known about the mechanisms of tolerance in wheat
(Musgrave 1994; Musgrave and Ding 1998; Setter
et al. 1999; Collaku and Harrison 2002), and especially
of barley (Setter et al. 1999) to waterlogging.

In summary, the time around anthesis was identified
as the most susceptible period to waterlogging in wheat,
as well as in barley, while treatments during initial stages
of the crop cycle did not produce significant reductions
in grain yield. Waterlogging reduced grain yield in both
wheat and barley cultivars to the same magnitude, but
the yield components were affected differently between
the species. The environment experienced during spe-
cific stages of growth modified the magnitude of wheat
and barley responses to waterlogging. Exposing the
crop to a more stressful environment by delayed sowing
magnified the negative responses, although it did not
modify the most sensitive period to waterlogging.
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