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Abstract. Sodicity in Vertosols used for agricultural production can adversely affect the growth and nutrition of cotton
(Gossypium hirsutum L.) plants. Cotton produced in sodic soils has reduced dry matter and lint yield and can develop toxic
plant tissue concentrations of sodium (Na) but limited tissue concentrations of phosphorus (P,) potassium (K), and
micronutrients. Crops produced on sodic soils frequently suffer from aeration stress after an irrigation or rainfall event,
and it was hypothesised that the adverse physical and/or chemical conditions of sodic soils may exacerbate the effects of
waterlogging. We measured the impacts of sodicity on the growth, nutrition, and root recovery time of cotton during and
after waterlogging in two experiments. In the first, cotton plants were subjected to a 7-day period of inundation in Grey
Vertosols with a range of exchangeable sodium percentage (ESP) values from 2 to 25%; 32P was placed in the pots and its
accumulation in the plantwas used to indicate root activity and recovery after thewaterlogging event. In a second experiment,
agar was dissolved in nutrient solutions with a range of Na concentrations (9, 30, and 52mM) matching soil solution Na
concentrations in sodic soils, in order to simulate a waterlogging event. Following the waterlogging event, the solutions
were labelled with 32P, in order to determine the effect of sodic soil solution chemistry on the rate of recovery of cotton root
function after the event. Plant nutrient analysis was used to determine the effects of sodicity and waterlogging on cotton
nutrition. In both experiments, waterlogging reduced root activity and reduced the uptake and transport of labelled P by
the cotton plants, decreased plant P and K concentrations, and increased the plant Na concentrations. Sodicity exacerbated
the effects of waterlogging on root function and cotton nutrition in the soil experiment but not in the nutrient solution
experiment, suggesting that any contribution of waterlogging to the patterns of nutrient accumulation in cotton crops
produced in sodic fields occurs due to soil physical factors rather than soil solution chemistry.
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Introduction

Almost 30% of the Australian landmass, including 80% of the
irrigated agricultural area, is occupied by sodic soils (Rengasamy
and Olsson 1993). More than 50% of soils used for high-value
crops such as cotton (Gossypium hirsutum L.) are affected by
sodicity (Rengasamy 2002). Despite the prevalence of sodic soils
in cotton production systems, the nature of their impact on cotton
plants is poorly understood. Cotton crops produced on sodic
soils commonly have reduced concentrations of phosphorus (P)
and potassium (K) and increased concentrations of sodium (Na)
in their tissues, although the mechanisms behind these patterns
of nutrient accumulation are not fully understood (Rochester
2010).

The dispersive nature of sodic soils can result in a low level of
macroporosity and, thus, reduced hydraulic conductivity. Crops
produced on sodic soils frequently suffer aeration stress after
irrigation or rainfall (Jayawardane et al. 1987). Restricted water
intake during rainfall or irrigation results in waterlogging in the

surface soil layers on flat lands, and restricted internal drainage
results in waterlogging in sodic subsoils (McIntyre 1979;
McIntyre et al. 1982).

Gases diffuse slowly in solution, and so waterlogging results
in several changes in the soil, including decreases in oxygen
and increases in ethylene concentration, and increases in CO2

concentrations (Wiengweera and Greenway 2004). The
consequences of waterlogging for the plant may include
reduced or ceased growth, the death of root apices, and
changes to the patterns of nutrient accumulation (Trought and
Drew 1980a, 1980b, 1980c). In corn grown under aerobic
conditions, roots actively accumulate P and K and partially
exclude Na over a wide range of Na chloride concentrations.
Under anoxic conditions, uptake of P and K is severely reduced,
and increased levels of Na accumulate in plant tissues (Drew
and Dikumwin 1985; Drew and Lauchli 1985). It has been
hypothesised that the active components of P and K uptake
and Na exclusion are eliminated by root anoxia due to a rapid
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decline in root ATP levels. Extended periods of anoxia have
an impact on the root cell membrane integrity, and thus ions
pass through non-selectively (Trought and Drew 1980a).

There have been some discrepancies between the patterns
of nutrient accumulation observed in cotton produced in
sodic field situations (Rochester 2010) and that produced
under experimental glasshouse situations (Dodd et al. 2013),
with the field-grown plants having significantly higher
concentrations of Na and lower concentrations of P in their
tissues than those produced in the glasshouse. This
inconsistency is hypothesised to be due to the interaction
between the sodic soil conditions and waterlogging events.
The soil solution Na concentration at which the plant becomes
impaired may be appreciably lower in waterlogged conditions
than in aerobic conditions due to increased Na accumulation.
The rate of recovery of the plant fromwaterloggingmay be lower
in sodic soils due to the poor physical condition of the soil or to
increased levels of root damage occurring under conditions of
high Na. An understanding of the impact of anoxic soil/solution
conditions on the nutrient uptake and growth of cotton and its
interaction with high levels of soil Na may aid in understanding
the patterns of nutrient accumulation that we observe in cotton
crops grown under sodic conditions.

This paper reports two glasshouse experiments, one using a
Grey Vertosol with an artificially created range of sodicity levels
and one using nutrient solutions with a range of Na levels. A
waterlogging treatment was applied in each experiment and
the application of 32P to the soil/nutrient solution after the
completion of the waterlogging period allowed assessment of
the impact of sodicity on the length and rate of recovery of the
plants fromwaterlogging. The impact ofwaterlogging onnutrient
accumulation at different levels of sodicity was also assessed
through plant nutrient analysis. We hypothesised that plants
waterlogged under sodic soil conditions would take longer to
recover and accumulate less P and K and more Na, and that
higher solution Na concentrations would further exacerbate
problems associated with the growth and nutrition of cotton.

Methods
Experiment 1

The soil used in this experiment was created in 50-kg,
exchangeable sodium percentage (ESP) treatment batches
according to the method outlined in Dodd et al. (2010b). The
soil was equilibrated in batches with a range of solutions of
various sodium adsorption ratio (SAR) values (0, 45, 100 and
200) before the removal of excess salt by equilibration
with solutions of equivalent SAR but lower total cation
concentrations, to create soils with a consistent salinity level.
The experiment consisted of four ESP treatments (~2, 12, 16 and
25%) with six 2.5-kg replicates of each control and waterlogging
treatment.

The experiment was carried out in a glasshouse at the
University of New England, Armidale, New South Wales. The
temperature in the glasshouse was maintained within the range
20�358C. Before planting, fertiliser was incorporated in the soil
for each replicate; 100mg/kg of nitrogen (N) as urea, 10mg/kg
of P as mono-ammonium phosphate, and 1mg/kg of zinc as
ZnSO4. The soil for each replicate was then weighed into

free-draining pots 25 cm in height and 10 cm in diameter. The
soil and pot were weighed and the soil was brought to field
capacity (~42% w/w). Ten cotton seeds (variety Sicot 289BRR,
CSD Pty Ltd, Wee Waa, NSW) were planted in each pot, and
the pot was then covered with a plastic bag to prevent excessive
evaporation. Upon plants reaching the 2-leaf stage, the plastic
bags were removed and the plants were thinned to six per pot.

Throughout the first 4 weeks of the experiment, each pot
was watered by weight to field capacity every second day. When
the plants had reached a height of 20 cm, half of the replicates
of each ESP treatment were waterlogged by placing each pot in a
10-L plastic bucket filled with de-ionised water. The remaining
replicates continued to be watered by weight to field capacity
every day. After 7 days, the waterlogged plants were removed
from the buckets. Two replicates from each sodicity and
waterlogging treatment were harvested by cutting their stems
just above the soil level. The non-waterlogged pots continued
to be watered by weight to field capacity, and this process was
re-applied to the waterlogging pots once a water content of
~30% w/w was reached.

Preparation of 32P and application

A 0.37MBqmL–1 solution of 32P in deionised water was
made. To apply the isotope to the soil 35 days after planting, five
fine holes were placed in each pot to a depth of 10 cm with a
metal skewer ~3mm in diameter. In each hole, 1mL of 32P was
applied with a syringe and 10-cm tip. The cotton plants were
assessed for 32P uptake daily by placing a Geiger counter on the
youngest mature leaf (YML).

Plant harvest and nutrient determination

Fourteen days after the removal of thewaterlogging treatment,
all remaining plants were harvested by cutting the stems just
above the soil surface. The plants were dried in a fan-forced oven
at 808C, weighed, ground to <2mm, and digested with perchloric
acid and hydrogen peroxide, using the sealed chamber method
outlined by Anderson and Henderson (1986). The total nutrient
composition of the samples was determined using inductively
coupled plasma-atomic emission spectroscopy (ICP-AES).
Isotope activity was measured using standard methods in a
liquid scintillation counter.

Experiment 2

Three nutrient solutions were developed, varying in Na
concentration (9, 30, and 52mM) (Table 1). Phosphorus was
included in the nutrient solutions at concentrations ~10 times
those found in the soil to avoid the rapid depletion of P commonly
observed in hydroponic plant culture where low P concentrations
are used. A maximum electrical conductivity (EC) of 5 dSm–1

Table 1. Nutrient solution electrical conductivity (EC), sodium to
calcium Na :Ca ratio, and Ca and Na concentration in the three soil

solution treatments used

Treatment EC (dS/m) Na : Ca ratio Ca (mM) Na (mM)

1 5 0.2 45 9
2 5 3.75 8 30
3 5 46 1 52
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was chosen because it was below the level of 7.7 dSm–1 at which
ionic strength reduces the growth of cotton by 10% (Maas and
Hoffman 1977). A maximum Na : calcium (Ca) molar ratio of
46 : 1 was chosen as it allowed the inclusion of the range of
Na concentrations found in the soil solutions of Vertosols
(Table 2) at commonly occurring soil ESP values of 2–25%
(Norrish et al. 2001; Dang et al. 2004; Rochester 2010), while
maintaining Ca concentrations to prevent Ca deficiency (Blair
and Taylor 2004).

Basal macronutrients were applied at the following
concentrations (mM): K 0.3, Mg 1.2, P 0.3, S 0.8. These
nutrients were included as a mixture of nitrate, sulfate,
phosphate, and chloride salts. The solution Cl– concentrations
were maintained at relatively constant levels (�5mM) of 40mM.
Ammonium-N and nitrate-N were applied at 0.03 and 5.3mM,
respectively. Micronutrients were applied at the following
concentrations (mM): Fe 65, Cu 28, B 83, Zn 11, Mo 0.7. The
above nutrient treatments were each dissolved in 260 L of
distilled water. The pH values of the nutrient solutions were
maintained at 6.2–6.8 using a balance of NO3

– and NH4
+ ions

taken up by roots, with the optimum level of NH4
+ ions needed

to stabilise the pH of the solution found to be ~0.8% of total
solution N (mM).

The oxic control treatments were established by bubbling
air through the nutrient solutions. The nutrient solutions for the
waterlogging treatments were created according to the method
outlined by Wiengweera et al. (1997) by dissolving 0.1% (w/w)
agar (Difco Bacto, Difco Laboratories Pty Ltd, Mt Pritchard,
NSW) in each of the nutrient solutions. This process was
undertaken by heating the agar and nutrient solution with a
magnetic stirrer. Both the aerated and waterlogging treatment
nutrient solutions were then autoclaved at 1208C for 15min and
then cooled with magnetic stirring to prevent the formation of
lumps.

The experiment was a randomised block design, with cotton
grown in 36 jars containing nutrient solutions with three different
Na levels. Two aeration regimes were applied during the
experiment, including a control treatment that was aerated
throughout the experiment and a waterlogging treatment that
was treated with agar for a period of 7 days. Two replicates of
each sodicity and waterlogging treatment were harvested
immediately after the waterlogging event and the remaining
four were harvested 2 weeks later.

Plant culture

This experiment was conducted in a glasshouse at the
University of New England. The temperature range of the
glasshouse during the experimental period was maintained at
20�358C. Seeds of cotton cv. Sicot 289BRR were germinated

in moist sand in the glasshouse. After 7 days, the seedlings were
transferred into tubs of solutions containing all of the basal
nutrients but no Na. The plants were suspended above the
nutrient solutions using a wooden board and plastic cups filled
with non-wetting cotton wool.

On day 24 after germination, the plants were transferred to
individual foil-wrapped jars filled with 750mL of treatment
solution. The plants were suspended above the nutrient
solutions using a small hole cut in the jar lid and non-wetting
cotton wool. Air was bubbled through each jar using a small
pump and plastic tubing. Twelve replicates of each treatment
solution were used and the plants were allowed to grow under
aerated conditions for 12 days. The nutrient solutions for all
treatments were renewed after 6 days.

On day 37 after germination, the nutrient solutions of the
six replicates of each Na level in the control treatments were
renewed and the application of aeration was continued. In the
six replicates of each Na level in the waterlogging treatments,
agar-treated nutrient solutions were applied and aeration was
removed. The plants were allowed to grow in these solutions for
7 days.

Preparation and application of 32P

Following the 7-day period of waterlogging, two plants from
each Na level in the control and waterlogging treatments were
harvested. The nutrient solutions of all of the remaining plants
were renewed with non-agar-treated solutions and aeration was
applied to all plants. Labelled P was applied to each replicate
immediately following the renewal of the nutrient solution. In
total, 0.15MBq of 32P was applied to each treatment by adding
10mL of an 0.015MBqmL–1 isotope solution to each replicate.
Theuptakeof the 32Pby the cottonplantswas assessed every 1.5 h
by placing a Geiger counter on the YMLs, with the rest of the
plant shielded behind a Perspex screen. The plants were allowed
to grow until all replicates were producing Geiger counter
readings of >10 counts s–1, which took ~24 h.

Plant harvest and nutrient determination

An Australasian Soil and Plant Analysis Council (ASPAC)
plant sample was included in the analysis, in order to ensure the
accuracy of the results. Isotope activity, dry weight, and tissue
concentrations were measured as described in Expt 1.

Statistical analyses

The replicates in the experiments were arranged in a randomised
block design. Analyses of variance (ANOVA) were used to test
the significance of treatment differences (P < 0.05), with nutrient
solution Na/ESP and waterlogging as factors, and two replicate
plants per treatment at the initial harvest date and four plants per

Table 2. Soil solution nutrient concentrations (mM) observed in a Grey Vertosol when sodicity (exchangeable
sodium percentage, ESP) was increased

Soil ESP Ca K Mg Na S P

2 3.2 ± 0.1 0.2 ± 0.0 1.6 ± 0.0 3.7 ± 0.1 1.1 ± 0.0 0.010± 0.01
12 2.0 ± 0.1 0.2 ± 0.0 0.8 ± 0.1 20.9 ± 0.9 1.1 ± 0.0 0.013± 0.01
16 3.0 ± 0.1 0.2 ± 0.0 1.3 ± 0.0 35.8 ± 0.0 1.1 ± 0.1 0.016± 0.00
25 4.5 ± 0.2 0.3 ± 0.1 2.2 ± 0.1 50.7 ± 0.7 1.1 ± 0.0 0.016± 0.01
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treatment at the final harvest date. Where interactions between
the effects of Na and the effects of waterlogging were found,
differences between individual treatment combinations were
further evaluated by least significant difference (l.s.d.)
(P < 0.05).Statistical analyses were carried out using the
GENSTAT program (7th edn, Lawes Agricultural Trust) (Payne
1987).

Results

Experiment 1

Soil sodification produced ESP values ranging from 2 to 25%
(P < 0.001) but without changing effective cation exchange
capacity (ECEC) (P = 0.61) (Table 3). The exchangeable Ca
and Mg concentrations of the soil decreased with increasing
sodicity (P < 0.001), but there was no difference in
exchangeable K between the soils (P= 0.11). The pH of the
soil increased with increasing soil sodicity (P< 0.001),
although this increase was smaller when measured in an
appropriate solution matrix with matched Ca and Na
concentrations. There was no difference in the EC of the soils
among the four sodicity treatments (P= 0.11).

Increasing soil ESP reduced the dry matter accumulation of
cotton at the initial harvest (P = 0.05) (Table 4). At the final
harvest, cotton dry matter accumulation was reduced by ESP
(P < 0.001), decreasing by 19% between the 2% and 25% ESP
treatments when averaged over waterlogging regimes.

Waterlogging did not interact with ESP to reduce dry matter
accumulation further (P> 0.05).

Rate of recovery from waterlogging

Uptake of labelled P was observed 2 days after application
in the aerated non-sodic pots and at increasing intervals with
increasing soil sodicity (P < 0.001) (Table 4). As soil ESP
increased, uptake of labelled P took 225% longer in the
control treatments and 183% longer in the waterlogged
treatments. Waterlogging also delayed the uptake of labelled P
(P< 0.001). There was an interaction of sodicity�waterlogging
on the time taken for uptake of labelled P to be observed
(P< 0.001), with waterlogging reducing P uptake greatest in
the moderately sodic soils. The time to reach a Geiger counter
reading of 2 counts s–1 increased with increasing soil sodicity
(P< 0.001) and waterlogging (P< 0.001) (Table 4). There was
no sodicity�waterlogging interaction on the time taken to reach
the Geiger counter reading of 2 counts s–1 (P> 0.05). Both
increasing soil sodicity and waterlogging decreased the
concentrations (P < 0.001) and total accumulation (P < 0.001)
of 32P in the cotton plants (Table 4). There were interactions
of sodicity�waterlogging on the concentrations (P= 0.05) and
accumulation (P= 0.04) of 32P in the cotton plants. Isotope
recoveries were ~50% lower in the highest ESP treatments
regardless of waterlogging, but were also lower where ESP
was 16% when waterlogged.

Table 3. Chemical characteristics of theGreyVertosolwith anartificially created range of sodicity (exchangeable sodium
percentage, ESP) levels

ECEC, Effective cation exchange capacity. Values are means of four replicates. Within columns, means followed by the same
letters are not significantly different (P< 0.05)

Soil ESP Ca Mg K ECEC ESP (%) pH EC (dSm–1)
(cmol kg–1) H2O Soil soln

2 27.2a 9.79a 1.50 38.0 2.6a 8.2a 7.8 2.7
12 25.3b 9.83a 1.68 39.8 11.7b 8.3a 7.8 2.7
16 23.5c 8.87b 1.55 38.6 16.2c 8.5b 7.9 2.8
25 21.2d 8.08c 1.54 38.6 24.9d 8.7c 7.9 2.8

Table 4. Effect of sodicity (ESP, exchangeable sodiumpercentage) andwaterlogging ondryweight, timebefore 32P uptakewas observed, time taken to
reach a Geiger counter reading of 2 counts s–1 in the youngest mature leaves, and concentration and total accumulation of 32P in cotton (Gossypium

hirsutum L.) produced on a Grey Vertosol
Values are means of four replicates� standard errors. Within columns, means followed by the same letter are not significantly different (P> 0.05); n.s., no

significant sodicity�waterlogging interaction

Treatment ESP
(%)

Initial dry
weight (g)

Harvest dry
weight (g)

Time before 32P uptake
observed (days)

Time to reach Geiger reading
of 2 counts s–1 (Days)

32P concentration
(Bq g–1)

32P uptake
(kBq)

Control 2 8.4 ± 0.6 21.8 ± 0.2 2.0 ± 0.0a 3.8 ± 0.9 2690 ± 140b 58.7 ± 3.6a
12 7.6 ± 0.4 19.1 ± 0.0 3.5 ± 0.3a 6.0 ± 0.4 3310 ± 190a 63.3 ± 3.5a
16 7.9 ± 0.7 19.3 ± 0.3 3.5 ± 0.6a 7.8 ± 0.3 2680 ± 340b 51.8 ± 6.6ab
25 6.2 ± 0.5 17.9 ± 0.6 6.5 ± 1.0b 8.5 ± 0.3 1690 ± 200cd 29.9 ± 2.5de

Waterlogging 2 8.7 ± 0.2 21.8 ± 0.0 3.0 ± 0.4a 7.3 ± 1.1 2050 ± 210c 44.7 ± 4.6bc
12 8.0 ± 1.0 19.3 ± 0.2 8.3 ± 0.5bc 9.5 ± 1.0 2010 ± 150c 38.6 ± 2.7cd
16 8.6 ± 0.1 18.6 ± 0.4 9.3 ± 0.5c 10.5 ± 0.3 1400 ± 80d 25.9 ± 1.1e
25 7.4 ± 0.4 17.5 ± 1.1 8.5 ± 0.9c 11.0 ± 1.0 1540 ± 290cd 25.9 ± 4.6e

l.s.d. (P= 0.05) n.s. n.s. 1.8 n.s. 580 11.6
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Nutrient concentrations and accumulation

Cotton plant Na concentrations and total accumulation
increased with increasing soil sodicity in both the control and
waterlogged treatments, at the first and second harvest dates
(P < 0.001) (Table 5), and accumulated more Na between the
initial and final harvest date (P< 0.001). Total Na uptake was
40–50%higher when cottonwaswaterlogged at 16 and 25%ESP
(Table 5).

Sodicity decreased the K concentrations of cotton at both
the first (P= 0.003) and second (P< 0.001) harvest dates
(Table 5). The total K accumulation of cotton between the
initial and final harvests also decreased with higher sodicity
(P < 0.001). Waterlogging decreased the cotton K
concentrations at both the initial (P = 0.01) and final
(P < 0.001) harvests and reduced the accumulation of K by
the cotton plants during this period (P < 0.001). Tissue K
concentrations were reduced more by moderate sodicity when
waterlogged (Table 5).

Waterlogging reduced the P concentrations of cotton at both
the initial and final harvest date and the total accumulation of P
during this period (P < 0.001) (Table 5). At the final harvest,
waterlogging reduced cotton P concentrations by an average of
20% and P accumulation by an average of 28%, across the range
of ESP levels. Although the 16% ESP initial P concentration in
the control treatmentwas elevated, overall tissueP concentrations
displayed no regular pattern.

Experiment 2

Nutrient solution Na concentrations did not have any effect on
the shoot (P = 0.13) or root (P = 0.87) dry weight of cotton at the
final harvest (Table 6). Waterlogging decreased both the shoot
and root dry weights of cotton (P < 0.001).

Rate of recovery from waterlogging

Waterlogging greatly reduced (P < 0.001) cotton root activity,
with the plants in the control treatment all generating Geiger
counter readings of 2 counts s–1 within the first 1.5 h after
application of the isotope, compared with 2.6–4.5 h for plants
in the waterlogged treatments (Table 6). Waterlogging also
reduced uptake by 6–8 times after 12 or 24 h (P < 0.001) and
this was reflected in less than half the isotope activity in cotton
tissue (P < 0.001) (Table 6). There was no significant effect of
nutrient solution Na on the time taken for the cotton plants to
generate Geiger counter readings of 2 (P= 0.13) or 10 (P = 0.26)
counts s–1, or on Geiger counts after 12 or 24 h, or on isotope
concentration and accumulation (Table 6).

Nutrient concentrations and accumulation

Cotton plant Na concentrations increased with increasing
nutrient solution Na concentrations, at both the initial and final
harvest (P < 0.05) (Table 7). Although there was no initial
interaction of waterlogging� solution Na, at final harvest Na
concentrations were 34% higher at 30mMNa when waterlogged.
TissueKconcentrationwas reduced bywaterlogging (P < 0.001).
However, the interaction of waterlogging� solution Na on total
K was to increase K uptake initially in the controls, but reduce it
when waterlogged (Table 7). Waterlogging initially reduced P
concentrations, but there were no treatment effects at final T
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harvest associated with solution Na or waterlogging on tissue P
(Table 7).

Discussion

This experiment aimed to identify whether the adverse effects of
waterlogging on root growth and function were exacerbated by
increasing soil ESP or by increasing solution Na concentrations
directly associated with sodic soils. The use of isotopes as an
indicator of recovery of root function demonstrated that activity
and uptake of P took up to twice as long when roots were
waterlogged in sodic environments. This delay in recovery is
most likely associated with soil physical conditions and delayed
drainage of micropores, as elevated solution Na concentrations
had minimal effect on root P uptake. When a soil becomes
waterlogged, the pore space in the soil structure that usually
allows the exchange of gas between the soil and atmosphere is
filled with water, and diffusion of oxygen is limited. Root and
microorganism respiration can then totally deplete the soil of
oxygen within 24 h and build up CO2, ethylene, and H2S
concentrations (Trought and Drew 1980a). These anaerobic
conditions in the root environment can lead to a cessation of
root growth, changes to the patterns of nutrient accumulation,
and root death (Jackson and Drew 1984; Wiengweera and
Greenway 2004). Use of 32P is an appropriate technique to
measure the recovery of the root from these conditions, as
more isotope will be taken up by healthy, functioning, and
actively growing roots.

The observed impact of waterlogging on the accumulation
of 32P by cotton provides evidence of reduced growth and/or
functioning of the cotton roots. Accumulation of 32P by
waterlogged cotton plants never reached levels equivalent to
the control treatments in the 2-week recovery period. The lack
of a measured increase in the rate of 32P accumulation in the latter
part of the recovery period indicates that, although these plants
accumulated 32P at the same rate as the other treatments at this
stage, they could not compensate for the reduced rates of uptake
immediately after the waterlogging events due to the delay in
the return of oxic conditions. Milroy et al. (2009) also observed
that waterlogging early in cotton development resulted in a
consistent reduction in nutrient accumulation over the life of
the crop compared with waterlogging later in growth, where
redistribution presumably mitigates the adverse root-uptake
environment. The frequency of cotton irrigation under a field
situation is commonly as low as 7–8 days during the peak of the
growing season, and as such, these plants could expect to be
inundated again within the 2-week recovery period, and P
accumulation would never reach the control levels.

Soil sodicity was a significant factor in determining the root
activity of cotton after a waterlogging event. Although none
of the plants affected by waterlogging achieved the 32P
accumulation of their control counterparts, the sodic soils were
more affected. The 2% ESP treatment accumulated more 32P
than the 12% treatment, and this treatment accumulated more 32P
than the most sodic treatments. The 32P accumulation of the
cotton produced in the ESP treatments of 16 and 25% in the
waterlogged treatments was not different, and low throughout
the measurement period.
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The sodicity�waterlogging interaction resulted in the
greatest decrease in uptake where sodicity was up to 16%.
This includes the range of sodicity values commonly observed
in Vertosols used for cotton production in Australia. Where ESP
was 25%, the adverse environment reduced uptake regardless
of whether it was under prolonged inundation. This result was
reflected in tissue P concentrations where non-sodic soil and
highly sodic soil both had similar P concentrations, and the
greatest difference occurred at ESP 12 and 16%. A secondary
outcome of monitoring the 32P uptake of cotton allowed
observation of the effect of sodicity on P uptake under optimal
moisture. Root recovery was slowed even under optimal
conditions of moisture, where access and uptake of the applied
isotope took 2–3 times longer as sodicity increased (Table 4).
Only under the highest sodicity level was the delay significant
enough to reduce total accumulated isotope.

That these effects are associated with slower drainage and
adverse physical conditions for plant growth are best illustrated
by the absence of any effect of increased solution Na
concentration on isotope uptake under either aerated or
anaerobic solution culture conditions (Table 6). Waterlogging
again increased the time taken for roots to acquire 32P, but soil
solution chemistry did not exacerbate that delay. This is
consistent with the solution culture experiment of Dodd et al.
(2010a), in which solution chemistry had minimal effects on
growth of cotton in sodic solutions, but contrasts with studies
of other species where elevated solution Na concentration
changed internal P requirements (Awad et al. 1990).

Plant dry matter

Waterlogging of cotton reduces dry matter accumulation in
mature cotton plants (Hocking et al. 1987; Bange et al. 2004).
However, no impact of waterlogging on the early season dry
matter accumulation of cotton has been reported in field
experiments (Hodgson 1982). Thus, it is not surprising that no
impact of waterlogging on the dry matter accumulation of cotton
was observed in this experiment. Soil sodicity has also been
reported to reduce the dry matter accumulation of cotton plants,
even at low ESP levels, but these reductions are not generally
apparent until fruit production has begun (Dodd et al. 2013). The

significant decrease in dry matter accumulation that occurred in
this experiment, regardless of waterlogging, with increasing ESP
was not expected, given the early growth stage of the harvests. A
likely explanation for this discrepancy is that multiple plants and
smaller soil volumes used in this experiment increased the rate
of water depletion from the pots and thus the required frequency
of irrigation events and exposure of the plants to conditions
outside their non-limiting water range.

Nutrient concentrations and accumulation

Sodicity increased tissue Na concentrations, as expected by a
species that commonly increases Na uptake and sequesters it as
a tolerance mechanism (Lauchli and Stelter 1982; Leidi and Saiz
1997). Waterlogging increased Na uptake at sodicity values
>12% initially, and >16% at the final harvest, most likely due
to breakdown in the energy-dependent Na exclusionmechanisms
(Drew and Sisworo 1979). Values of Na in mature YML >0.20%
are often associated with reduced growth (Dodd et al. 2013;
Rochester 2010), and tissue Na concentrations above this
concentration were reached in these, admittedly younger,
plants at ESP values >12, and were considerably higher in
waterlogged conditions. This reduced cotton growth may have
been related to K nutrition, as only when ESP were >12 did
tissue K concentrations fall significantly in both control and
waterlogged pots (Table 5). However, very high tissue Na in
the solution culture experiment did not affect tissue K (or P)
concentrations in the same manner (Table 7). This provides
evidence that the effect of sodicity on K and P nutrition does
not act competitively through soil solution composition at the
root surface reducing K (or P) uptake, but acts through
physical conditions that reduce root extension or reduce
aerobic respiration and hence K and P uptake. These processes
may act independently of plant Na status, and even soil P and K
availability. Similar conclusions were alluded to by Milroy et al.
(2009) where elevated tissue Na and reduced tissue P and Kwere
observed, butK andP statusweremore sensitive towaterlogging.

Conclusion

Amelioration of the adverse effects of waterlogging, exacerbated
by soil physical conditions associated with sodicity, is of

Table 7. The effect of sodium and waterlogging on the concentration of sodium, potassium and phosphorus in cotton
(Gossypium hirsutum L.) produced in a nutrient culture system

Initial values are means of two replicates� standard errors. Final values are means of four replicates� standard errors. Within
columns, means followed by the same letter are not significantly different (P> 0.05); n.s., no significant sodium�waterlogging

interaction (P> 0.05)

Na (mM) Na concentration (%) K concentration (%) P concentration (%)
Initial Final Initial Final Initial Final

Control
9 0.56 ± 0.09 0.63 ± 0.15ab 2.33 ± 0.16b 2.60 ± 0.19 0.54 ± 0.03 0.44 ± 0.02
30 1.27 ± 0.22 0.76 ± 0.16b 2.31 ± 0.01bc 2.36 ± 0.17 0.55 ± 0.01 0.46 ± 0.02
52 2.19 ± 0.17 1.61 ± 0.05d 2.76 ± 0.00a 2.53 ± 0.04 0.55 ± 0.00 0.49 ± 0.02

Waterlogging
9 0.52 ± 0.11 0.42 ± 0.02a 2.04 ± 0.01cd 1.84 ± 0.07 0.49 ± 0.00 0.41 ± 0.02
30 1.25 ± 0.15 1.15 ± 0.05c 2.03 ± 0.04d 1.85 ± 0.09 0.47 ± 0.02 0.44 ± 0.01
52 1.76 ± 0.23 1.64 ± 0.14d 1.78 ± 0.10d 1.87 ± 0.18 0.45 ± 0.01 0.46 ± 0.01

l.s.d. n.s. 0.31 0.28 n.s. n.s. n.s.
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considerable interest to cotton producers. Modifying soil
physical conditions is more difficult than applying extra P and
K fertiliser to cope with reduced root function and uptake during
waterlogging. A recent study reported improved cotton growth
due to K supplementation during prolonged waterlogged
conditions, in what appears to be a non-sodic soil (Ashraf
et al. 2011). However, in furrow/flood irrigated conditions,
the results of this study suggest that root activity recovers
more slowly as sodicity increases, and that this is further
exacerbated by waterlogging due to the longer time taken for
aerobic conditions in the root-zone to return. We consider it
unlikely that simply adding more fertiliser to yield-limited,
sodic cotton fields will overcome effects that are more closely
related to soil physical conditions. It should be noted that these
results were gathered on young cotton plants grown in pots, and
field verification is warranted. However, further research is
required into cost-effective means of improving the soil
physical condition of sodic soils where furrow/flood irrigation
practices are likely to continue.
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