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Abstract

The aim of this study was to analyse (i) the crop attributes that determine flower-

ing time (i.e. final leaf number, FLN; and phyllochron, Phy), (ii) the dynamics of

tiller appearance and (iii) the synchrony between leaf and tiller appearance in

wheat and barley plants exposed to waterlogging. Two experiments were carried

out in pots, in which wheat and barley cultivars were exposed to five waterlogging

treatments, during different periods throughout the crop cycle, from emergence

to maturity. The appearance of leaves and tillers on the main stem was measured

twice a week in labelled plants. Waterlogging from emergence to flag leaf appear-

ance significantly delayed time to flowering. The delay was greater when water-

logging occurred at the beginning of tillering, lengthening the period from

emergence to flowering 24 % (13–15 days) in barley and 10–15 % (6–10 days)

in wheat, as compared to control. Phy was the main attribute explaining the delay

in flowering, as FLN was not altered. Waterlogging during the early stages of

development reduced tiller appearance rate (TAR) in both species, but this effect

was partially counterbalanced by a lengthening of the tillering phase, so the effect

on final tiller number at maturity was limited. In conclusion, the exposure of

wheat and barley to waterlogging during early stages of development delayed time

to flowering and reduce TAR in both species. Waterlogging during more

advanced crop stages produced slight effects on tillering dynamics, which would

indicate that waterlogging affected structure generation more than mortality.

Introduction

Waterlogging is an important constraint that affects crops

worldwide. The main origin of this stress is when water

from precipitation or irrigation accumulates in the soil

profile for a period of time, as a consequence of heavy rain-

fall, soil compaction, flat topography or bad drainage sys-

tems (Van Ginkel et al. 1997). Many agricultural soils of

the world destined to wheat and barley cultivation are fre-

quently exposed to waterlogging (Sayre et al. 1994, Samad

et al. 2001, Reussi Calvo and Echeverria 2006; Shaw et al.

2013, de San Celedonio et al. 2014a), affecting crop yield,

and causing economic losses. Moreover, it is expected in

the near future that there will be more risk of waterlogging

due to an increase of occurrence of more intense precipita-

tions and extreme events of high rainfall around the world,

as a result of climate change (Wollenweber et al. 2003,

Trenberth et al. 2007, IPCC 2014).

The negative effects of waterlogging on the attributes

related to growth (i.e. biomass accumulation and its parti-

tion) in wheat and barley have been widely described in the

literature (Cannell et al. 1980, Musgrave 1994, Setter and

Waters 2003, de San Celedonio et al. 2014b, Marti et al.

2015). However, its effects on crop development have been

analysed to a lesser extent. The final number of leaves that

appeared on the main stem, as well as the leaf appearance

rate, determine the duration of the phase from emergence

to flowering (Em–Fl). Changes in the rate of leaf appear-

ance or phyllochron (i.e. thermal time required between

the appearance of two successive leaves; Cao and Moss

1989) influence the dynamics of tiller appearance (Hay and

Kirby 1991), which in turn affects yield, through the
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determination of spike number per plant (Garc�ıa del Moral

and Garc�ıa del Moral 1995, Elhani et al. 2007, de San

Celedonio et al. 2014b).

Tillering is a process that takes place throughout the

entire crop cycle. In wheat and barley, under potential

conditions (i.e. a crop growing without abiotic restrictions

or biotic adversities), the first tiller emerges when the first

2–3 leaves have appeared on the main stem and afterwards

tillers continue appearing regularly until the maximum

number of tillers is reached. After that, some of the tillers

die (this process being quantified via the rate of tiller mor-

tality), until the final tiller number (FTN) is reached

(Kirby and Riggs 1978, Hay and Kirby 1991, Ishag et al.

1998, Alzueta et al. 2012). Waterlogging significantly

reduces biomass accumulation in wheat, this associated

with negative effects on initiation and growth of tillers

(Malik et al. 2001, Collaku and Harrison 2002), and, as a

consequence, decreases in the number of spikes per plant

occur, thus affecting yield (de San Celedonio et al. 2014b).

In wheat and barley several authors have reported a coun-

terbalance between the rate of tiller appearance and the

rate of tiller mortality, as the more tillers initiated the

fewer tillers survive (Garc�ıa del Moral and Garc�ıa del

Moral 1995, Berry et al. 2003, Salvagiotti and Miralles

2007).

Most of works that evaluate the effect of waterlogging

on tillering focused the studies into a particular moment

of the crop cycle, in general at the end of the treatment, or

after some time of recovery. For example, exposing wheat

plants to 14 days of waterlogging during tillering reduced

the number of initiated tillers from 62 % to 70 % (Malik

et al. 2001, 2002); and even 3 days of waterlogging

reduced the number of tillers 40 %, after 25 days of recov-

ery (Malik et al. 2002). In barley, 2 weeks of waterlogging

during tillering resulted in reductions in the number of til-

lers established per plant from 20 % to 40 % at the end of

treatment, depending on the genotype, while after 2 week

of recovery the reductions were from 28 % to 53 % (Pang

et al. 2004). However, waterlogging effects on number of

tillers initiated, do not reflect necessarily the penalizations

on the number of tillers at the end of the crop cycle. Under

field conditions, Collaku and Harrison (2002) evaluated

the number of tillers at maturity, after applying waterlog-

ging during tillering, and found reductions respect to the

control from 8 % to 66 %, depending on the genotype.

Robertson et al. (2009) found a 50 % reduction in the

number of tillers initiated when wheat plants suffered

waterlogging during tillering, but at maturity there was no

difference in the number of fertile tillers between water-

logged and drained treatments, due to the production of

higher order tillers in waterlogged plants. The previous

evidence shows the importance of evaluating the effect of

waterlogging on tiller dynamics, considering the whole

cycle, from the emergence of the first tiller until the final

number of tillers is reached. The analysis carried out in the

present study will allow to understand which of the phases

of tillering dynamic is affected by waterlogging, especially

when it is applied at different moments of the crop cycle.

It is well-known that temperature, day length and vernal-

ization are the main environmental factors that govern the

rate of development in wheat and barley, and determine

the duration of the different phenological phases (Hay and

Kirby 1991, Slafer and Rawson 1994, Kernich et al. 1995).

However, several papers have demonstrated that abiotic

stress, such as nutrient deficiency, can also modify the

duration of the phenological phases in wheat and barley,

although the responses are controversial (Rodr�ıguez et al.

1998, Prystupa et al. 2003, Arisnabarreta and Miralles

2004, Guarda et al. 2004, Salvagiotti and Miralles 2007). In

a recently published review, Hall et al. (2014) concluded

that the currently available evidence concerning the

response of time to flowering to the level of nitrogen in

both species is not unanimous.

Although several works have been published about the

effect of abiotic stress on crop development, extremely few

have studied the effect of waterlogging. Robertson et al.

(2009) reported that waterlogging during tillering increased

the production of higher order tillers, despite a reduction

in the number of tillers initiated, contributing to delayed

ear emergence in wheat. Similar results were found by Amri

et al. (2014), who reported a delay of ca. 10 days in flower-

ing time when six cultivars of wheat were exposed to water-

logging during tillering. For barley the evidences are scarce;

in a recent study, de San Celedonio et al. (2014b) showed

that flowering time was delayed ca. 15 days compared to

control plants, when wheat and barley crops were water-

logged early during the crop cycle (i.e. previous to the

beginning of stem elongation). However, what remains

unknown is which of the attributes regulating time to flow-

ering, either the number of final leaves appeared on the

main stem and/or the rate of leaf appearance, were affected

by waterlogging.

The process of leaf appearance regulates the dynamics

of tiller emergence (Kirby et al. 1985). The total number

of tillers appeared per plant in relation to the number of

leaves appeared on the main stem is called synchrony

(Abeledo et al. 2004, Salvagiotti and Miralles 2007,

Alzueta et al. 2012). The synchrony between leaf and til-

ler appearance is in general affected by the environment,

because the tillering process is strongly influenced by

resource availability. Different works have shown that the

number of tillers appeared per emerged leaf increased

under high nutritional levels (Abeledo et al. 2004, Salva-

giotti and Miralles 2007, Alzueta et al. 2012) and the

effect was higher in barley than in wheat (Abeledo et al.

2004, Salvagiotti and Miralles 2007, Alzueta et al. 2012).
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However, the synchrony between leaf appearance and til-

ler emergence has not been evaluated under waterlogging

conditions.

The aim of this study was to analyse (i) the crop attri-

butes that determine flowering time [i.e. final leaf number

(FLN) and phyllochron], (ii) the dynamics of tiller appear-

ance, and (iii) the synchrony between leaf and tiller appear-

ance in wheat and barley plants exposed to waterlogging

treatments applied during different moments of the crop

cycle. The study will allow a better understanding of the

effects of waterlogging on attributes regulating crop devel-

opment comparatively in both species. We hypothesized

that, (i) if a delay in flowering time occurred as a conse-

quence of waterlogging, it would be explained by an effect

on leaf appearance rate (phyllochron) more than by an

effect on FLN, as the phyllochron involves growth and

development attributes; (ii) waterlogging events would

affect the tillering phase taking place during the stress [i.e.

waterlogging during early stages of development would

reduce tillering appearance rate, while waterlogging during

late stages of development would affect tiller survival (TS)];

(iii) finally, the effect of waterlogging would be higher on

tillering than on leaf appearance rate and, as a consequence,

it would affect the coordination of appearance of leaves

and tillers (synchrony).

Materials and Methods

Growing conditions

Two experiments (Exp 1 and Exp 2) were conducted at the

School of Agronomy of the University of Buenos Aires

(34° 350 S, 58° 290 W) during the 2010/11 growing season.

In order to explore contrasting environmental condi-

tions between experiments, Exp 1 was sown in an early

sowing date (2nd July) and conducted in a greenhouse,

while Exp 2 was sown in a later sowing date (6th Septem-

ber) under natural field conditions. Both experiments were

carried out in 12 l plastic pots (24 cm depth), filled with

5 cm gravel starting at the bottom and then completed

with clay loam soil (Typic Arguidoll, USDA) in Exp 1 and

a mix 3 : 1 of sand and clay loam soil (Typic Argiudoll,

USDA) in Exp 2. A mixture with sand was chosen for Exp

2 to facilitate the drainage in the control pots and waterlog-

ging pots when necessary in case of heavy rainfall. The

seeds were uniformly placed 2 cm deep at a rate of 6 seeds

per pot. At sowing, 2.5 g of fertilizer 15 % N : 15 %

P2O5 : 15 % K2O (Triple 15; Yara Argentina S.A., Buenos

Aires, Argentina) was applied per pot. The level reached of

soil nutrients was 42 ppm of N and 19 ppm of P in Exp 1,

and 34 ppm of N and 19 ppm of P in Exp 2, enough to

reach an optimal crop yield under the explored conditions.

Both experiments were conducted without biotic stresses

by applications of insecticides and fungicides. Weeds were

periodically removed by hand.

Treatments

Treatments were arranged following a completely random-

ized design with four replications in Exp 1, and three repli-

cations in Exp 2. In each experiment, treatments consisted

of the combination of one wheat and one barley cultivar

and six waterlogging conditions, including a control with-

out waterlogging. The wheat cultivars used in Exp 1 and

Exp 2 were Klein Chaj�a and Baguette 13, respectively. The

barley cultivar was Scarlett in both experiments. Under

non-waterlogging conditions, these cultivars have similar

phenology (measured as days to flowering) and high yield

potential, according to the Argentinean National Evalua-

tion Trials (Conti et al. 2013, INTA 2013, INASE 2014).

Six waterlogging treatments were imposed during five

different periods throughout the crop cycle: (i) from leaf 1

to leaf 4 appeared on the main stem (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 flowering (L10–Fl), (v) from flowering to

maturity (Fl–M) and (vi) control without waterlogging

throughout the entire crop cycle (Ctl). To match the phe-

nological stages at the beginning and end of each waterlog-

ging treatment, duration of each waterlogging treatment

was 20 days in Exp 1 and 15 days in Exp 2.

In order to impose waterlogging treatments, pots were

placed into containers (1 m 9 1 m 9 0.5 m) with 1 cm

layer of free water above the surface of the pots during the

whole period of each waterlogging treatment. Out of the

waterlogging treatment, pots were maintained at 80 % field

capacity through irrigation. Once each waterlogging treat-

ment was finished, the pots were taken out of the contain-

ers and remained without irrigation during ca. 10 days,

allowing free drainage, and after that they were re-watered

normally. Control pots, from sowing to maturity, were

always maintained at 80 % field capacity. Volumetric

humidity content was continuously monitored on the top

and bottom of the pots (AT Theta Kit HH2 Moisture con-

tent; Delta Devices, Cambridge, England).

Measurements

Crop phenology was determined following the decimal

code of Zadoks et al. (1974). Phenological stages measured

were emergence (Z10), first visible node (Z31; exclusively

measured in Exp 1) and flowering time (Z65). As in barley

the true flowering (when pollen of anthers is released over

the stigma of the ovary) occurs in general when the spike is

in the sheath of flag leaf (Fern�andez G�omez and Wilson

2012), flowering time in the barley cultivar was determined

by opening the spikelets and visualizing pollen release. At
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emergence, one plant per pot (representative of the pot)

was labelled to follow the dynamics of leaf and tiller

appearance throughout the crop cycle. Leaf number

appearance in main stems was measured twice a week from

seedling emergence to complete flag leaf appearance using

the scale proposed by Haun (1973). Twice weekly the tiller

number per plant was measured from the appearance of

the first tiller to maturity. The tiller per plant dynamics was

done on the same plants in which leaf number was charac-

terized.

Data analysis

The duration of the phenological stages was expressed

using thermal time units, calculated as the cumulative dif-

ference between mean daily temperature and a base tem-

perature of 0°C (Cao and Moss 1989). Daily air

temperature was recorded every hour throughout the crop

cycle in both experiments by an automatic meteorological

station (Davis Vantage Pro2, Hayward, California, USA)

placed in the same site where each experiment was carried

out. Daily values of maximum, minimum and average air

temperature and photoperiod during crop cycle in both

experiments are presented in Fig. 1.

Phyllochron was calculated as the inverse of the slope of

the linear relationship between the cumulative number of

emerged leaves on the main stem and the thermal time

from seedling emergence (Fig. 2a), according to the follow-

ing equation:

Y ¼ aþ bx; ð1Þ

where Y represents the number of leaves on the main stem

(leaf pl�1), x the cumulated thermal time from seedling

emergence (�Cd), a the intercept (leaf pl�1), and b the rate

of leaf appearance (leaf pl�1 �Cd�1). Phyllochron (�Cd
leaf�1; Phy) was estimated as the inverse of b parameter.

The dynamics of tillering during the crop cycle was anal-

ysed using a tetra-linear model (Fig. 2b), according to the

following equation:

Y ¼ aþ bxðx� cÞ þ bcðx[ cÞ þ eðx � dÞðx� dÞ
þ eðf � xÞðx� f Þ;

ð2Þ
where Y represents the tiller number per plant (tiller pl�1),

x the cumulated thermal time from seedling emergence

(�Cd), a the intercept (tiller pl�1), b the tiller appearance

rate (tillers pl�1 �Cd�1; TAR), c the thermal time at which

the maximum tiller number was reached (�Cd; TT MTN),

d the thermal time at the beginning of tiller mortality (�Cd;
TT BTM), e the tiller mortality rate (tillers

dead pl�1 �Cd�1; TMR) and f the thermal time at which

the final tiller number was defined (�Cd; TT FTN). This

model also allowed to determine the thermal time at the

beginning of tillering (�Cd; TT BT), the maximum tiller

number per plant (tillers pl�1; MTN) and the final tiller

number per plant (tillers pl�1; FTN). Tiller survival (%;

TS) was calculated as the ratio between the MTN and the

number of fertile tillers (i.e. with a spike) at maturity (as an

average of the pot). The number of spikes per plant was

measured at maturity.

The synchrony between leaf and tiller appearance was

estimated adjusting a bi-linear regression model between

the number of total tillers appeared per plant and the num-

ber of leaves appeared on the main stem (Fig. 2c), accord-

ing to the following equation:

Y ¼ aþ bxðx� cÞ þ bcðx[ cÞ; ð3Þ

where Y represents the tiller number per plant (tiller pl�1),

x the leaf number on the main stem, a the intercept

(tiller pl�1), b the synchrony (tillers leaf�1; Sync) and c the

number of leaves at which the maximum tiller number per

Fig. 1 Daily values of mean (Tm), maximum (Tmax) and minimum (Tmin)

air temperature and photoperiod during crop cycle in Exp 1 (upper

panel) and Exp 2 (bottom panel). Bars indicate timing of waterlogging

treatments, where L stands for the number of leaves appeared on the

main stem, Fl flowering and M maturity.
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plant was reached (leaf pl�1; LMTN). This model also

allowed to determine the number of leaves at which tiller-

ing began (leaf pl�1; LBT).

Parameters of Eqns 1–3 were iteratively estimated using

an optimization model (Motulsky and Christopoulos

2003).

Statistical analysis

Statistical differences between treatments were tested

through analyses of variance (ANOVA) using INFOSTAT PRO-

FESSIONAL v.1.1 (Di Rienzo et al. 2011). The mean treatment

values were compared using Tukey test with significance

level of 0.05.

Results

Phenology and leaf appearance

There was a significant interaction on the duration of the

Em–Fl phase between waterlogging treatments and the spe-

cies (P < 0.001). Waterlogging significantly (P < 0.001)

delayed flowering time of wheat and barley when it was

applied in L1–4, L4–7 and L7–10 in Exp 1 while in Exp 2

the delay in flowering was only detected in barley for water-

logging treatments applied in L1–4 and L4–7 (Table 1).

Although waterlogging from L1 to L10 delayed flowering

time, the treatment that produced the highest effect in both

species and experiments was L4–7, barley being more

affected than wheat. In barley, the delay of the Em–Fl
phase, when waterlogging was applied in L4–7, was ca.

260 �Cd compared to the control in both experiments

(P < 0.05), while in wheat the delay was 152 �Cd and only

observed in Exp 1 (P < 0.05). Those delays in flowering

time represented around 13–15 days for barley and

6–10 days for wheat, compared to the control. Waterlog-

ging treatments most affected the first visible node to flow-

ering (FVN–Fl) sub-phase which was 41 % longer in barley

and 33 % in wheat, compared to the control, and in all

cases associated with the L4–7 treatment (Exp 1). When

waterlogging was applied later in the ontogeny (L10–Fl and
Fl–PM), the duration of the Em–Fl phase or time to matu-

rity were not affected (P > 0.05; Table 1).

The analysis of the traits associated with the duration of

time to flowering (i.e. number of leaves and phyllochron)

showed that barley initiated one leaf more than wheat in

Exp 1 (P < 0.001), but waterlogging treatments did not

modify FLN in any species or experiment (P > 0.10)

(Table 1). However, phyllochron was significantly affected

by waterlogging, in L4–7 phyllochron was 13 % higher

than the control in both species, in Exp 2 (P < 0.001). In

Exp 1, there was also an increase in phyllochron of 9 % in

wheat and 5 % in barley, but the difference was not signifi-

cant in statistical terms (P > 0.05; Table 1). Thus, phyl-

lochron was the trait that better explained the delay in

flowering due to waterlogging during pre-flowering

(r2 = 0.47; P < 0.01), as the FLN was not associated to

time of flowering (r2 = 0.09; P > 0.1).

Tillering dynamics

Tillering dynamics followed a pattern of four phases: (i) til-

ler appearance, (ii) maintaining of the maximum number

of tillers per plant, (iii) tiller mortality, and (iv) the phase

from the definition of the final number of tillers per

plant (fertile plus non-fertile tillers) to maturity (Fig. 3).

Fig. 2 Diagrams showing the models used to determine the parameters of: (a) phyllochron (�Cd leaf�1), according to Eqn 1 (a, intercept; b, rate of

leaf appearance), estimated as the inverse of b parameter; (b) tillering dynamics in wheat and barley according to Eqn 2 (a, intercept; b tiller appear-

ance rate; c thermal time at which the maximum tiller number (MTN) was reached; d thermal time at the beginning of tiller mortality; e tiller mortality

rate; f thermal time at which the final tiller number was defined) and (c) the synchrony between the number of tillers appeared per plant and the

number of leaves appeared on the main stem according to Eqn 3 (a, intercept; b, synchrony; c, number of leaves at which MTN was reached).
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The parameters of tillering dynamics estimated using Eqn 3

are described in Table 2 (r2 > 0.90 in all cases). With the

exception of treatment L1–4 in barley (Exp 1), where the

phase of tiller mortality was not evident, tillering dynamics

was well represented in all cases by this four phase model.

In the case of barley treatment L1–4 in Exp 1, the appear-

ance of later tillers (from immediately previous to flower-

ing to advanced grain filling) made it impossible to capture

the moment in which tillers began to die. These later tillers

were included in Fig. 3 (bicolour squares), but were no

considered for the description of tiller mortality in barley

(Table 2). For that reason, parameters of tiller mortality

(TT BTM; TMR; TT FTN and FTN) in treatment L1–4 in

both species were not included in the statistical analysis of

variance (ANOVA) (Table 2).

Waterlogging significantly affected TT BT in both exper-

iments (P < 0.01). L1–4 was the treatment that most

delayed the beginning of tillering, especially in barley

(76 �Cd and 99 �Cd later than the control in Exp 1 and

Exp 2, respectively) (Table 2). In the rest of the treatments

there was no clear pattern of waterlogging on TT BT, as in

some cases waterlogging accelerated the beginning of tiller-

ing compared to the control, while in others it produced a

slight delay in TT BT. TAR was also reduced ca. 20 % in

average by waterlogging treatments (P < 0.01). In both

species, the treatments producing the greatest reductions

in TAR were L1–4 (�47 % compared to the control) in

Exp 1, and L4–7 (�57 % compared to the control) in Exp.

2. The moment MTN was reached (TT MTN) did not dif-

fer between wheat and barley under control conditions

(P > 0.05). However, in barley, waterlogging treatments

applied early in the crop cycle (L1–4 and L4–7) signifi-

cantly delayed the TT MTN (Table 2). Although the gen-

eral trend was the earlier the waterlogging treatment the

longer the delay in TT MTN, the impact varied depending

on cultivar and experiment. In three of the four cases, the

longest delays in TT MTN were in the L1–4 treatment

(Table 2). Thus, the negative effect of waterlogging on

TAR was partially counterbalanced by a lengthening of the

tillering phase. For example, in the case of barley, the

reductions in the MTN in treatments L1–4 (Exp 1) and

L4–7 (Exp 2) were 15 % and 30 %, respectively, which

were lower in proportion than the reduction in TAR

(Table 2).

Tiller mortality was analysed excluding treatment L1–4
of wheat and barley in Exp 1 because, as previously

explained, this treatment did not fit a tetra-linear model in

barley, due to the appearance of later tillers during grain

filling. The beginning of tiller mortality (TT BTM) was

10 % later in barley than in wheat, independently of the

treatment (P < 0.05). Waterlogging treatments did not sig-

nificantly modify TT BTM in Exp 1 (P > 0.05), but in Exp

2 TT BTM was earlier in general in waterlogging treatments

than in the control. In Exp 1, the TMR was accelerated by

Table 1 Duration of the phase measured in thermal time (�Cd) from emergence to first visible node (Em–FVN), from first visible node to flowering

(FVN–Fl) and from emergence to flowering (Em–Fl), phyllochron (Phy; �Cd leaf�1) and final leaf number on the main stem (FLN; leaf pl�1) in wheat

and barley cultivars (Cv) exposed to waterlogging during different moments of the crop cycle in Exp 1 (early sowing date under greenhouse condi-

tions) and Exp 2 (late sowing date under natural conditions). Waterlogging treatments (WL) indicate the moment of the crop cycle in which waterlog-

ging was applied: L stands for the number of leaves appeared on the main stem, Fl flowering, M maturity and Ctl control without waterlogging.

Linear regression used to calculate phyllochron showed a coefficient r2 > 0.95 in all replicates (P < 0.001)

Cv. WL

Exp 1 Exp 2

Em–FVN FVN–Fl Em–Fl Phy FLN Em–Fl Phy FLN

Wheat Ctl 667 371 1038 89.7 10.0 1168 90.3 10.0

L1–4 697 430 1127 96.3 9.5 1168 92.6 10.0

L4–7 697 493 1190 97.3 10.3 1287 101.8 10.3

L7–10 637 468 1105 91.0 9.8 1241 94.1 10.5

L10–Fl 713 325 1038 83.8 10.0 1113 90.9 10.0

Fl–M 637 412 1050 89.3 9.8 1195 85.4 10.7

Barley Ctl 667 417 1084 92.1 11.8 1031 90.8 10.3

L1–4 697 478 1176 97.7 11.3 1195 91.3 11.0

L4–7 757 589 1346 96.8 12.0 1287 102.0 10.3

L7–10 697 493 1190 99.6 11.8 1148 95.6 10.7

L10–Fl 757 327 1084 96.6 11.5 1031 87.3 10.3

Fl–M 727 357 1084 95.8 11.5 1031 92.9 9.7

h.s.d. WL 79.1 85.7 30.8 7.4 ns 84.6 7.2 ns

h.s.d. Cv 30.8 ns 12.0 2.9 0.3 32.6 ns ns

h.s.d. WL 9 Cv ns ns 50.5 12.2 ns 139.5 ns ns

h.s.d., honest significant difference for Tukey’s test at P = 0.05; ns, not significantly different (P > 0.05).
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waterlogging in barley (P < 0.05). However, in Exp 2 no

significant differences (P > 0.05) were found in TMR when

the Ctl was compared with the waterlogging treatments,

even when waterlogging was applied during this process

(L10–Fl; Fl–PM; Table 2). Finally, tiller mortality rate

(TMR) did not differ between wheat and barley in any

experiment or treatment.

The moment in which the final tiller number was

reached (TT FTN) and the FTN were not significantly

affected by waterlogging treatments. There was a significant

cultivar effect on FTN, which was in average higher in bar-

ley than in wheat in both experiments (P < 0.05), but in

Exp 1 the cultivar effect depended on the waterlogging

treatment (interaction Cv 9 WL; P < 0.05). Tiller survival

was also higher in barley than in wheat in both experiments

(P < 0.05) and was different between waterlogging treat-

ments L4–7 (38 % average for both species) and L7–10
(17 % average for both species) in Exp 2 (P < 0.05),

although differences were not significant when compared

to the control (Fig. 4). The number of spikes per plant at

maturity was also higher in barley than in wheat in both

experiments (P < 0.001). Spikes were affected by waterlog-

ging only in Exp 2 (P < 0.05), L7–10 treatment mostly

reducing the number of spikes per plant (Fig. 4).

Synchrony between leaf and tiller dynamics

The coordination between the appearance of leaves and til-

lers (synchrony) was higher in barley than in wheat in Exp

1 (as barley produced 0.3 more tillers per appeared leaf

than wheat; P < 0.01). However, in Exp 2 synchrony was

similar in wheat and barley (Table 3). Waterlogging

applied during the early stages affected synchrony

(P < 0.01), by reducing the number of tillers appeared per

emerged leaf in both species. However, treatments produc-

ing the more negative effects varied with experiments. In

Exp 1, L1–4 treatment produced the lowest synchrony in

both species (P < 0.01), whereas in Exp 2 L4–7 treatment

significantly reduced synchrony (P < 0.01). In Exp 2,

waterlogging applied in L4–7 significantly anticipated the

beginning of tillering compared to leaf appearance, as the

first tiller emerged when plants had one leaf less than the

Fig. 3 Dynamics of tiller appearance and mortality throughout the crop

cycle from seedling emergence for wheat (W) and barley (B) cultivars

exposed to waterlogging in different moments during the crop cycle (L

stands for the number of leaves appeared on the main stem, Fl flower-

ing, M maturity and Ctl control without waterlogging), in two experi-

ments (Exp 1, left panels; Exp 2, right panels). Bicolour symbols in L1–4

Exp 1 represent new tillers emerged during grain filling, that were not

considered in the adjustment. Full horizontal bars indicate the timing of

waterlogging treatments. The lines were fitted following Eqn 2; results

of the adjustments are shown on Table 2. Standard errors are repre-

sented by vertical lines.
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control in both species (P < 0.01) (Table 3). In that treat-

ment, not only was the beginning of tillering anticipated in

comparison to leaf appearance, but the end of tillering was

also delayed, since plants had approximately two leaves

more than the control at the beginning of tillering mortal-

ity, in both experiments (Table 3). Similarly, in Exp 1,

waterlogging treatment L4–7 also delayed the end of tiller-

ing compared to leaf appearance in barley, as the last tiller

appeared when plants had 1.8 leaves more than the control

(P < 0.05).

Discussion

Waterlogging applied early during the crop ontogeny (from

emergence to appearance of leaf 10) significantly affected

phenological development in wheat and barley by delaying

the time to flowering, although its effect differed according

to the timing of exposition to waterlogging (Table 1). The

effect on phenology was more pronounced when waterlog-

ging occurred at the beginning of tillering (L4–7), length-
ening the Em–Fl period 24 % in barley and 10–15 % in

wheat. Thus, waterlogging delayed flowering time 13–
15 days in barley and 6–10 days in wheat, compared to the

control. In wheat, Robertson et al. (2009) showed that

waterlogging during the early stages of wheat delayed time

to anthesis; however, in a flooding tolerant species such as

rice, there was no difference in time to flowering under

continuous flooding compared to non-flooding conditions

(Stuerz et al. 2014). Contrasting these results with those

observed under other abiotic stresses, such as nutrient defi-

Table 2 Thermal time from seedling emergence to beginning of tillering (TT BT; �Cd), tiller appearance rate (TAR; tillers pl�1 �Cd�1), thermal time

from seedling emergence to maximum tiller number (TT MTN; �Cd), maximum tiller number per plant (MTN; tillers pl�1 �Cd�1), thermal time from

seedling emergence to beginning of tiller mortality (BTM; �Cd), tiller mortality rate (TMR; tillers pl�1 �Cd�1), thermal time from seedling emergence

to the moment in which the final tiller number was reached (TT FTN; �Cd) and final tiller number per plant (FTN; tillers pl�1) in wheat and barley culti-

vars (Cv) exposed to waterlogging in different moments during the crop cycle in Exp 1 (early sowing date under greenhouse conditions) and Exp 2

(late sowing date under natural conditions). Waterlogging treatments (WL) indicate the moment of the crop cycle during which waterlogging was

applied: L stands for the number of leaves appeared on the main stem, Fl flowering, M maturity and Ctl control without waterlogging.

Exp. Cv. WL TT BT TAR TT MTN MTN BTM TMR TT FTN FTN

Exp 1 Wheat Ctl 153 0.021 492 7.0 797 0.013 1172 2.3

L1–4 155 0.012 609 4.8 8781 0.0101 11741 1.81

L4–7 111 0.015 490 5.3 860 0.014 1137 2.5

L7–10 202 0.021 379 3.8 769 0.019 953 1.0

L10–Fl 151 0.019 477 6.0 792 0.018 982 2.7

Fl–M 155 0.019 493 6.3 810 0.014 1092 2.5

Barley Ctl 172 0.029 459 8.3 873 0.007 1212 6.5

L1–4 248 0.015 714 7.0 – – – –

L4–7 176 0.024 643 12.0 895 0.024 1111 7.0

L7–10 185 0.029 508 9.5 1073 0.017 1449 6.3

L10–Fl 188 0.025 496 7.8 884 0.017 1150 4.3

Fl–M 190 0.025 534 8.8 784 0.009 1202 6.3

h.s.d. WL 50 0.008 93 2.4 ns 0.009 ns ns

h.s.d. Cv 19 0.003 36 0.9 77 ns 89 0.8

h.s.d. WL 9 Cv 82 ns 153 4.0 ns ns 335 1.7

Exp 2 Wheat Ctl 256 0.021 632 8.0 984 0.026 1220 2.3

L1–4 274 0.022 707 9.3 942 0.019 1355 3.7

L4–7 176 0.011 647 5.0 968 0.012 1409 1.7

L7–10 250 0.019 691 8.5 839 0.023 1263 2.0

L10–Fl 212 0.012 659 5.3 924 0.016 1179 1.7

Fl–M 258 0.017 677 7.3 911 0.030 1085 1.7

Barley Ctl 306 0.022 624 7.7 1009 0.015 1230 4.7

L1–4 405 0.024 674 6.7 948 0.024 1074 4.3

L4–7 242 0.008 914 5.3 1148 0.010 1396 3.3

L7–10 235 0.017 660 7.0 970 0.015 1261 3.3

L10–Fl 341 0.020 638 6.0 992 0.018 1278 2.0

Fl–M 281 0.016 631 5.7 896 0.018 1029 3.0

h.s.d. WL 82 0.009 99 ns 155 ns ns ns

h.s.d. Cv 32 ns ns ns 60 ns ns 1.0

h.s.d. WL 9 Cv ns ns 163 ns ns ns ns ns

h.s.d., honest significant difference for Tukey’s test at P = 0.05; ns, not significantly different (P > 0.05).
1Data was not included in the ANOVA due to the absence of the corresponding values for barley.
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ciencies, the effect of waterlogging on development was of

higher magnitude. Under P deficiency, a delay of 10 % in

time to flowering was reported in barley (Prystupa et al.

2003) and 14 % in wheat (Rodr�ıguez et al. 1998), while no

phenological differences were found by Alzueta et al.

(2012) in wheat or barley, due to different N and S nutri-

tion levels. Other studies, however, showed a delay in flow-

ering time in barley due to N deficiencies (Arisnabarreta

and Miralles 2004). In general terms, and as highlighted in

Hall et al. (2014), changes in time to flowering in wheat

and barley triggered by N responses, are in general of lower

magnitude (<5 %).

Delays in time to flowering can occur as a result of a

greater number of leaves on the main stem or a higher

phyllochron. Number of leaves on main stem is usually a

very conservative trait under stressful conditions, but exist

evidences where the FLN was reduced by abiotic stresses, as

Al toxicity in wheat (Valle and Calderini 2010). In the pre-

sent study, waterlogging did not modify the FLN in any

case, and this response was consistent with those recorded

under other abiotic stresses, like nutrient deficiencies

(Salvagiotti and Miralles 2007, Alzueta et al. 2012). Phyl-

lochron appeared to be more susceptible to be modified, as

under waterlogging conditions it tended to be higher than

in the control (Table 1), similarly to what was shown for

wheat under water shortage (Cabeza et al. 1993) or in

wheat as well as barley under N (for wheat: Longnecker

et al. 1993, Salvagiotti and Miralles 2007, for barley:

Arisnabarreta and Miralles 2004) or P deficiencies (for

wheat: Rodr�ıguez et al. 1998, for barley: Prystupa et al.

2003). Moreover, in the case of rice, the emergence of

leaves under complete submergence was delayed more in a

cultivar without the submergence tolerant Sub1 gene, than

in one having this gene (Gautam et al. 2014). In Exp 2,

phyllochron was 13 % higher when waterlogging was

applied at the beginning of tillering (L4–7) than in the con-

trol, and it could partly explain the delay in flowering

observed in the same treatment. In Exp 1, the effect of

waterlogging on phyllochron was lower and did not differ

statistically from the control, despite the fact that the Em–
Fl period was longer under waterlogged conditions. Water-

logging is expected to affect phyllochron more than FLN,

as the latter is an attribute of development (affected by

photoperiod and vernalization), while the former, although

considered a developmental trait, can be influenced by

Fig. 4 Number of spikes per plant at maturity (spikes pl�1; bars) and

tiller survival (%; lines), quantified as the ratio between the maximum

tiller number and the number of fertile tillers (i.e. with a spike) at matu-

rity in wheat (empty bars) and barley (full bars) cultivars (Cv) exposed to

waterlogging during different moments of the crop cycle in Exp 1

(upper panel) and Exp 2 (bottom panel). Waterlogging treatments (WL)

indicate the moment of the crop cycle in which waterlogging was

applied: L stands for the number of leaves appeared on the main stem,

Fl flowering, M maturity and Ctl control without waterlogging.

Table 3 Synchrony between tiller and leaf appearance (Sync; tillers

leaf�1), number of leaves appeared on the main stem at the beginning

of tillering (LBT; leaf pl-1) and number of leaves appeared on the main

stem when tillering ended (LMTN; leaf pl-1) in wheat and barley culti-

vars exposed to waterlogging during different moments of the crop

cycle in Exp 1 (early sowing date under greenhouse conditions) and Exp

2 (late sowing date under natural conditions). Waterlogging treatments

(WL) indicate the moment of the crop cycle in which waterlogging was

applied: L stands for the number of leaves appeared on the main stem,

Fl flowering, M maturity and Ctl control without waterlogging.

Cv. WL

Exp 1 Exp 2

Sync LBT LMTN Sync LBT LMTN

Wheat Ctl 1.7 3.2 6.3 1.8 4.0 7.5

L1–4 1.0 3.0 7.1 1.9 4.0 8.0

L4–7 1.6 3.2 5.4 1.0 3.0 7.3

L7–10 1.6 3.7 5.0 1.7 3.9 8.0

L10–Fl 1.5 3.3 6.3 1.0 3.3 7.4

Fl–M 1.6 3.4 6.3 1.3 4.0 8.2

Barley Ctl 1.9 3.6 7.0 2.2 4.6 6.8

L1–4 1.5 4.5 8.3 2.0 5.3 7.9

L4–7 1.9 5.5 8.8 0.8 3.8 9.6

L7–10 2.0 3.8 7.5 1.6 4.1 7.4

L10–Fl 1.7 3.4 7.2 1.7 4.9 7.2

Fl–M 1.9 3.8 7.5 1.6 4.3 6.9

h.s.d. WL 0.5 ns 1.0 0.8 0.8 1.2

h.s.d. Cv 0.2 0.3 0.4 ns 0.3 ns

h.s.d. WL 9 Cv ns 1.1 1.5 ns ns ns

h.s.d., honest significant difference for Tukey’s test at P = 0.05; ns, not

significantly different (P > 0.05).
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abiotic stresses (e.g. nutrients and water restrictions), as it

involves growth and development attributes (Dreccer et al.

2013).

Phyllochron was the main attribute analysed in our

work that explained the delay in flowering, when wheat

and barley were exposed to early waterlogging events.

However, as the effect of waterlogging on phyllochron is

not consistent enough to explain the delays observed in

flowering, and the FLN did not change with waterlogging

treatments, we hypothesize that other attributes could also

be involved in explaining the delay in flowering time. On

the one hand, it is possible to speculate that waterlogging

also affected the phase of peduncle elongation, determining

a longer period from the appearance of the last leaf (flag

leaf) to flowering time. On the other, as the flowering time

was recorded when 50 % of the stems of the pot reached

anthesis, the appearance of higher order tillers in the

waterlogging treatment applied during tillering phase (L4–
7), with a delayed rate of development compared to main

stems, could be responsible for this delay in flowering time.

In this way, Robertson et al. (2009) reported that waterlog-

ging during tillering increased the production of higher

order tillers and contributed to delayed ear emergence in

wheat.

The beginning of tillering was earlier in wheat than in

barley in both experiments, independently of the waterlog-

ging treatments, but when plants were exposed to waterlog-

ging very early during the cycle (i.e. L1–4) the appearance

of the first tiller tended to be delayed, especially in barley

(Table 2). Moreover, waterlogging during early stages of

development (L1–4 and L4–7) significantly reduced TAR in

both experiments. This is consistent with the literature, that

shows that waterlogging during tillering of wheat severely

decrease the number of tillers produced at the end of the

waterlogging treatment compared to plants grown under

continuously drained soil (Malik et al. 2001, 2002). In bar-

ley, our results showed compensation between the reduc-

tion of TAR and the duration of the tillering period (TT

MTN), by lengthening the phase of tillering appearance

40–55 % (depending on the treatment and the experi-

ment). Similarly, wheat also showed a lengthening of the

tillering phase, when waterlogging was applied during til-

lering, but of a lower magnitude than that observed in bar-

ley (24 % and 12 %, for Exp 1 and Exp 2, respectively).

Thus, the negative effect of waterlogging on TAR, when

plants were exposed during tillering, was partially counter-

balanced by a lengthening of the phase, diminishing the

effects of waterlogging on MTN.

The BTM occurred subsequently to the beginning of

stem elongation in all situations, in agreement with what

was stated in the literature (Davidson and Chevalier 1990,

Hay and Kirby 1991) and was independent of the waterlog-

ging condition in both species (Table 2). Although previ-

ous evidence showed that different abiotic stresses as water

deficits (Davidson and Chevalier 1990, Elhani et al. 2007)

or nutritional deficiencies (Alzueta et al. 2012) increased

tiller mortality, in our study waterlogging did not signifi-

cantly modify nor TMR or MTN.

Considering that waterlogging at early stages of devel-

opment produces significant reductions in the TAR, the

negative effect of this abiotic stress was more important

for initiation than for mortality of tillers. It is consistent

with the results of Alzueta et al. (2012) that proposed

that the final number of tillers (FTN) is pre-established

from an early stage of the crop cycle, and is determined

by the TAR. In our work, FTN did not differ between

the control and the waterlogging treatments, despite the

fact that TAR was significantly reduced (Table 2). How-

ever, it is important to highlight that in our study FTN

does not mean fertile tillers at maturity, but jointed til-

lers. The number of fertile tillers (spikes pl�1; Fig. 2)

was affected in a greater extent than FTN by waterlog-

ging treatment. Moreover, there was a compensation of

the lower TAR through a longer tillering period, as was

described above.

The reduction in the TAR that occurred under early

waterlogging also affected the coordination between the

emergence of tillers and the appearance of leaves. A signifi-

cant reduction in the synchrony occurred when wheat and

barley plants were exposed to waterlogging during L1–4
and L4–7 (Table 3), similarly to plants of winter cereals

exposed to nutritional deficiencies (Prystupa et al. 2003,

Abeledo et al. 2004, Salvagiotti and Miralles 2007). More-

over, treatment L4–7 delayed tillering compared to leaf

appearance in barley, as the last tillers appeared when

plants had two or three leaves more in the main stem,

under waterlogging conditions than in the control. How-

ever, this delay of tillering could not compensate for the

reduction of TAR, as the synchrony in this treatment was

significantly lower than that of the control.

In conclusion, exposure of wheat and barley cultivars

to waterlogging during early stages of development (i.e.

from leaf 1 to leaf 7 appeared in the main stem) signifi-

cantly delayed flowering time, barley being the most

affected. This delay was explained in part by reductions

in the leaf appearance rate (higher phyllochron), but

other mechanisms (e.g. elongation rate of the peduncle

or production of higher order tillers) could be involved

in the phenology delay. Even though waterlogging

affected the leaf appearance rate, the TAR was reduced

to a greater extent, affecting the coordination between

tillering and emergence of leaves. The exposure of wheat

and barley to waterlogging during more advanced stages

of development produced lower effects, indicating that

waterlogging affected structure generation more than

mortality.
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