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Abstract

A field experiment was conducted to investigate the effects of intermittent waterlogging on the nutrient
status of cotton (Gossypium hirsutum cv. Deltapine 61). The crop was grown in a sloping plot of soil in which
a gradient of water-table depth ranging from 0.04 m above to 0.60 m below the soil surface was established
during two periods of waterlogging in mid summer and early autumn. The first waterlogging lasted 8 days;
the second lasted 16 days.

Dry matter increases were less for severely waterlogged plants than for plants with well-aerated root
systems during the first flooding, but the increases were similar during the second. Waterlogging impaired
uptake of most nutrients by young plants in the first flooding, but had much less effect on nutrient uptake
by older plants in the second. Waterlogging consistently reduced concentrations of P and K in the petioles
and laminae of young fully-expanded leaves, and severely waterlogged plants were deficient in these nutrients
by the end of the first flooding. Mn did not accumulate to toxic levels in waterlogged plants. During each
flooding, waterlogged plants gained in total content of all nutrients studied, but the gains of each nutrient,
except for Na, were proportionally smaller than for well-aerated plants. Fluxes of K-, Cl- and HPO,- ions
in xylem sap exuded from stumps of detopped plants which had been waterlogged were lower than those
from plants with well-aerated root systems. Seed cotton yields and concentrations of nutrients in mature
bolls were not affected by the two periods of waterlogging. It is concluded that although intermittent
waterlogging induced nutrient stress in cotton plants, especially for P and K in young plants before flowering,
they recovered with no detrimental effect upon yield.

Introduction zone anaerobiosis can injure roots and result in a
variety of stress symptoms including reduced shoot
Irrigated summer crops are frequently subjected growth, leaf epinasty and wilting (Drew, 1983). A
to periods of waterlogging and low O, availability major physiological effect of waterlogging is re-
in the root zone as a consequence of poor drainage, duced uptake and transport of mineral ions by
heavy rainfall following irrigation, and fluctuating roots (Devitt and Francis, 1972; Drew and Sis-
shallow water-tables (Smith et al., 1983). In par- woro, 1979; Slowik et al., 1979). This can result in
ticular, many of the fine-textured soils suitable for mineral nutrient stress in shoots which may be
growing irrigated cotton in eastern Australia are accompanied by internal redistribution of certain
characterised by poor surface drainage and low nutrients and premature senescense of older leaves
saturated hydraulic conductivity (Hodgson and (Drew et al., 1979; Trought and Drew, 1980).
Chan, 1982). Cotton seems to be susceptible to short-term
Short-term waterlogging and associated root waterlogging. For example, lint yields decreased by
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42% after 32h of flooding (Hodgson, 1982), and
seed + lint yields decreased by 42% after flooding
for 4 days (De Bruyn, 1982). However, apart from
a study using static water-tables (Meek er al., 1980),
there is little information on how waterlogging
affects the nutritional status of cotton, especially
with respect to rapidly-imposed short-term water-
logging. This paper describes nutrient responses of
cotton to intermittent waterlogging using a sloping
plot facility in the field which allowed several de-
fined water-table heights to be rapidly imposed on
the crop. The results reported here extend recent
work on the effects of intermittent waterlogging on
the water status (Reicosky et al., 1985) and N
nutrition (Hocking et al., 1985; Schaefer et al.,
1987) of cotton.

Materials and methods
Sloping plot water-table facility

The sloping plot used to obtain a gradient of
severity of waterlogging has been described
previously (Reicosky et al., 1985). In summary, it
was a trench 45m long by 5m wide with a slope of
1.78% which was excavated in Hanwood Loam
(Butler, 1979) (Typic Palexeralf) of pH 6.9-7.8 at
the CSIRO Centre for Irrigation Research, Grif-
fith, N.S.W., Australia. The sloping plot was lined
with impermeable plastic sheeting, and the soil was
repacked to give 0.2m of top soil over 0.4m of
subsoil. A gravel layer 0.15m thick beneath the
repacked soil but on top of the plastic sheeting
facilitated movement of water during flooding or
draining. Water entered the sloping plot through a
slotted PVC pipe buried in the gravel layer, and a
float valve maintained the water level.

Six water-table depths were selected for plant
sampling along the sloping plot: these were +0.04
(highest), —0.05, —0.17, —0.27, —0.38 and
—0.60 (lowest) m with respect to the soil surface.
Free surface water was visible for 4-5m from the
lower end of the sloping plot during each period of
flooding. Profiles of soil matric potentials along the
sloping plot as measured by tensiometers have been
reported previously (Reicosky et al., 1985). Roots
of plants growing in the section where the water-
table was 0.60 m below the soil surface were con-
sidered well aerated, and those where the water-

table was (.04 m above the soil were severely water-
logged.

Two periods of flooding were imposed on the
same cotton crop in mid summer and early autumn.
The first lasted 8 days from 17 to 24 January, 1983,
and began when the plants were 0.6 m high and had
just started flowering. The second lasted 16 days
from 7 to 23 March, 1983, and began when the
plants were about 1 m high and had young bolls.
The duration of the first flooding was determined
by the onset of visible symptoms of waterlogging
(wilting). The second flooding aimed at producing
similar symptoms, but was terminated after 16 days
because the waterlogged plants showed no symp-
toms of stress, although differences in leaf growth
rates were obtained between plants from the high-
est and lowest water-table depths in the sloping plot
(Reicosky et al., 1985). Water was drained from the
sloping plot at the end of each flooding by pumping
it from the gravel layer.

Establishment of cotton plants

Cotton (Gossypium hirsutum L.) cv. Deltapine 61
was sown in October 1982 in rows 0.25m apart.
Fertilizer was broadcast at the rate of 130 kg N and
44kgPha', and incorporated into the top 0.1 m
of soil before sowing the cotton. Seedlings were
thinned to 19 plants m~2; weeds were controlled by
herbicides or hoeing.

To check that the cotton plants in the non-water-
logged section of the sloping plot were typical of
field-grown plants, a comparison plot the same size
as the sloping plot was established 15 m to one side
of and parallel to the sloping plot. The soil in the
comparison plot was deep-ripped to simulate the
soil disturbance in the sloping plot, but there was
no impermeable plastic-sheet barrier so that free
soil drainage occurred. The water-table in the com-
parison plot was about 2.5m below the surface,
and it was not in the root zone of the cotton plants
(Reicosky et al., 1985).

Except for the periods of waterlogging, plants in
the sloping and comparison plots received the same
P fertilizer and irrigation treatments. Only half of
the comparison plot, however, was given the same
N fertilizer treatment as the sloping plot; the
second half received no N to assess crop response
to the applied N fertilizer (Hocking et al., 1985). A
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Table 1. Selected weather data for first and second floodings. Values are means for time intervals indicated for each flooding

Climatic parameter

Number of days from start of flooding

First flooding 1-2
Air temp. (°C) max. 27.2
min. 12.1
mean 19.7
Rel. humidity (%) max. 66.5
min. 17.5
mean 41.0
Solar radiation (MJm~?) 31.3
Rainfali (mm) 0
Second flooding 1-3
Air temp (°C) max. 35.8
min. 22.1
mean 29.5
Rel. humidity (%) max. 64.0
min. 19.8
mean 39.3
Solar radiation (MIm™2) 218
Rainfall 0

34 5-6 7-8
33.0 38.2 34.0
12,5 16.2 17.2
232 28.1 25.0
67.6 76.9 76.0
17.5 11.0 14.5
409 36.5 39.1
30.1 29.7 313
0 0 0
46 7-9 10-12 13-16
337 30.1 30.0 24.0
16.6 19.0 15.5 15.6
24.9 24.2 238 19.5
68.9 743 80.1 92.0
247 332 311 56.9
45.0 52.1 55.0 78.6
20.5 14.9 225 10.0
0 0 0 9.3

-1

supplementary dressing of 75kgNha™" was ap-
plied to the sloping plot to assist plant recovery
after the first flooding, and to the high-N half of the
comparison plot. Only results from the high-N part
of the comparison plot are presented in this paper.

Plants in the sloping plot were irrigated by
sprinklers before and after each period of waterlog-
ging. Irrigation was applied to plants in the sloping
plot and in the comparison plot when tensiometers
at a soil depth of 0.15m indicated — 30kPa. The
amount of water applied at each irrigation was
equal to the cumulative pan evaporation measured
at a meteorological station 500 m from the experi-
mental site. Other weather data were also collected
at this station, and these are given in Table 1 for the
two periods of waterlogging.

Harvest of plant material

A narrow walkway was placed across the sloping
plot at each of the selected water-table depths to
facilitate plant sampling. The day before the flood-
ings began and at the end of each period of water-
logging, 6 representative plants were cut at soil level
from a zone 1.5m either side of the walkway at
each water-table depth for tissue analysis, and

separated into stems + petioles, leaf laminae and
bolls. Samples of 6 representative plants were also
harvested from the high-N section of the com-
parison plot.

In addition, two representative samples each of
12 youngest fully-expanded leaves were collected
from the main axes of plants at each water-table
depth along the sloping plot and from plants in the
high-N part of the comparison plot, and separated
into petioles and laminae. This was done because
the youngest fully-expanded leaf is often used to
diagnose the nutritional status of cotton (Hearn,
1981). The leaf samples were collected daily during
the first flooding and every 2 or 3 days during the
second.

Collection of root exudate

Xylem sap was collected at each water-table
depth from stem stumps of 3 plants cut off about
2 cm above the surface at the end of the first flood-
ing, and at the beginning and end of the second, as
described previously (Hocking ez al., 1985). All sap
collections were made between 11.00 and 13.00 h to
avoid possible diurnal fluctuations in ion con-
centrations.
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Nutrient analyses

Plant material was dried at 80°C and ground to
pass a 20 mesh (0.84 mm) screen. Concentrations of
P, K, Ca, Mg, Na and Mn in the ground material
were determined from diluted 1:1 nitric/perchloric
acid digests by an autoanalyser (P), flame
photometer (K, Na) and atomic absorption spec-
trophotometer (Ca, Mg and Mn). Phosphorus in
xylem sap was determined on the autoanalyser or
by fon chromatography. Chloride was estimated by
silver ion titration after extracting plant material
with a nitric/acetic acid mixture.

Analysis of data

Because the experiment was restricted to one
sloping plot water-table facility, it is only possible
to provide sampling errors for each water-table
treatment. Data are presented for plants from the
high-N section of the comparison plot, but this plot
should not be regarded as a control plot because
the soil was not treated in exactly the same way as
that in the water-table facility. As mentioned
above, its purpose was to provide a check that the
growth and nutrition of plants in the non-water-

logged section of the sloping plot were typical of
field-grown cotton,

Results
Plant growth

The appearance and leaf growth responses of the
plants during the two flooding events have been
described previously (Reicosky et al, 1985).
Briefly, in the first flooding leaf growth rates had
decreased in waterlogged plants by 4 days after
flooding began and, by day 8, about 80% of the
plants from these treatments had wilted. During
the second flooding, leaf growth rates decreased in
waterlogged plants, but these plants did not wilt or
show other symptoms of stress.

Plants from all treatments gained dry matter
during both floodings (Table 2). Severely water-
logged plants accumulated proportionally less dry
matter than plants with well-aerated root systems
during the first flooding, but the proportional gains
in dry matter were similar for waterlogged and
well-aerated plants during the second flooding. Dry
matter gains by young plants during the first flood-
ing were proportionally greater than those of older

Table 2. Amounts of dry matter in whole tops of cotton plants immediately before and after short-term waterlogging. Developing bolls
made up approximately 30% of the dry matter of tops from each treatment at end of second flooding. Values are means of 6

plants + S.E.

Water-table Whole plant top dry wt(g) Dry wt gain by plant

depth (m) top during flooding (%)
Before flooding End of flooding

First flooding

+0.04 248 + 3.3 308 + 3.2 24

—0.05 263 + 29 372 £ 4.2 41

-0.17 29.1 + 3.8 408 £ 3.9 40

-0.27 256 + 2.7 41.2 + 4.1 61

—0.38 274 + 30 475 + 53 73

—0.60 28.6 + 3.1 49.5 + 5.7 73

CP* 341 + 39 574 + 6.5 68

Second flooding

+0.04 848 + 9.5 109.7 + 11.0 29

—0.05 855 + 9.0 107.6 + 10.9 26

—-0.17 834 + 9.1 109.9 + 10.0 32

-0.27 89.5 + 8. 1134 + 8.6 27

—0.38 86.6 + 8.9 117.7 + 12.7 36

—0.60 91.2 + 10.5 122.3 + 109 34

CP 89.2 + 8.7 124.1 + 11.2 39

2 CP: plants from high-N part of comparison plot.



Table 3. Effect of water-table depth on boll number and seed
cotton yields at maturity. Values are means of 10 samplings of
1m? + S.E.

Water-table No. bolls Seed cotton
depth (m) m™2 yield (kgm™?)
+0.04 69 +9 0.24 + 0.02
-0.05 9% + 10 035 + 0.02
-0.17 110 + 14 0.41 + 0.03
-0.27 104 + 9 0.37 + 0.03
-0.38 2 +9 0.26 + 0.02
~0.60 84 + 8 0.23 + 0.02
cp? 110 + 8 0.29 + 0.02

? CP: plants from high-N part of comparison plot.

plants during the second flooding, with the excep-
tion of plants which were severely waterlogged.
Yield data for plants harvested at maturity are
shown in Table 3. Numbers of bolls and seed cot-
ton yields in the sloping plot were highest where the
intermittent water-table was between 0.05 and
0.27 m below the surface, and did not appear to be
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Fig. 1. Time courses of decline in concentrations of total P in
petioles or laminae of youngest fully-expanded leaves of cotton
subjected to intermittent waterlogging at selected water-table
depths along the sloping plot water-table facility. Data have
been normalised to a common percentage scale in which a rating
of 100 designates the concentration of P in leaf laminae or
petioles immediately before the start of each period of waterlog-
ging. Each point is the mean of two samples each of 12 leaf
laminae or petioles. (A) leaf laminae, first flooding (B) petioles,
second flooding. Symbols for water-table depths are as follows:
o—@ + 004m; ® W, —0.27m; A——a, —0.60m.
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related to the observed vegetative growth responses
during the two periods of waterlogging.

Concentrations of nutrients in youngest
Sfully~expanded leaves

First flooding. Concentrations of P, K and Mn
decreased in laminae of the youngest fully-expan-
ded leaves during the first flooding in all but the
lowest water-table treatment (—0.60m) and the
comparison plot (Table 4); the decreases were usu-
ally greatest in the higher water-table treatments
(Table 4 and Fig. 1A). By contrast, concentrations
of Cl, Ca, Mg and Na increased in laminae, with
the greatest increases usually in plants from the
lower water-table treatments.

Concentrations of all nutrients except for Na
decreased in petioles from waterlogged plants. De-
creases in concentrations also occurred in petioles
of plants from the lowest water-table treatment and
the comparison plot for P, K, Ca, Mg and Mn, but
not for Cl and Na. As found for laminae, decreases
in petiolar nutrient concentrations were usually
greatest in severely waterlogged plants.

Second flooding. Changes in concentrations of nu-
trients in laminae and petioles of the youngest fully-
expanded leaves during the second flooding were
generally consistent with those of the first flooding
(Table 5). The most notable differences between the
second and first floodings were the increases in Mn
concentrations in petioles from waterlogged plants
in contrast to decreases in the first flooding, and the
decreases in concentrations of Na in laminae and
petioles of all plants as opposed to the substantial
increases during the first flooding. Again, decreases
in nutrient concentrations in laminae and petioles
during the period of flooding were usually greatest
and most rapid in severely waterlogged plants
(Table 5; Fig. 1B).

Concentrations of nutrients in plant tops

During the first flooding, concentrations of P, Cl,
K and Mg declined in leaves and stems of plants
from all water-table depths as well as the high-N
comparison plot, and concentrations of Ca and Mn
declined in stems but not in leaves (data not
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Table 4. Effects of first flooding on concentrations of selected
nutrients in the lamina and petiole of the youngest fully-expan-
ded leaf of cotton. Values are the % increase or decrease in
concentration of a particular nutrient in the leaf lamina or
petiole during the 8 days of the first flooding, and are the means
of two bulk samples each of 12 leaves. Range of values for both
samples within + 10% of mean value. Values in parentheses are
concentrations of a particular element for plants from the high-
est water-table treatment at the end of the flooding expressed as
mgg~' dry wt or ugg~' dry wt (Mn)

Water-table Change in concn during period of flooding (%)
depth (m)

Lamina Petiole Lamina Petiole
Phosphorus Chloride
+0.04 —32(13) -—58(14) 12(44) -33(74)
—0.05 -31 —50 7 -30
—-0.17 -35 —S55 5 —16
-0.27 —-24 —46 5 —12
—0.38 -20 —43 16 —13
—0.60 0 —40 26 It
CP* 5 —-22 44 9
Potassium Calcium
+0.04 —47(7.3) —37(23.2) 16(254) —41(15.8)
—0.05 —-32 —26 S -8
—0.17 ~20 -27 13 -3
-0.27 -25 -31 11 -7
—0.38 0 —-27 40 —10
—0.60 30 -19 31 —-12
CP 28 —15 24 —15
Magnesium Sodium
+0.04 5(56) —39(54) 18(14) 11 (1.2)
—0.05 1 —-34 51 70
~0.17 10 -25 53 67
—-0.27 10 -27 35 76
—0.38 5 —33 51 80
—0.60 6 -13 51 102
CP 1 —11 4 4
Manganese
+0.04 —14 (458) —-9(34.9)
—-0.05 —8 —4
-0.17 —11 —12
—-0.27 —15 —16
—0.38 —12 -8
—0.60 1 -3
CP 6 -7

2 CP: plants from high-N part of comparison piot.

shown). Concentrations of Na increased in leaves
and stems of all plants from the sloping plot during
the first flooding, but the increases were usually
proportionally greater for plants from the higher
water-table treatments.

Patterns of change in concentrations of nutrients
in leaves and stems during the second flooding were
similar to those of the first, except for increases
rather than decreases in concentrations of Ca and
Mn in stems (data not shown).

Amounts of nutrients in plant tops

Within the sloping plot, plants that were not
waterlogged made the greatest gains in all nutrients
except for Na during the first flooding (Table 6).
Severely waterlogged plants lost P and K, possibly
due to leakage of HPO,- and K-ions from dam-
aged roots.

Although plants gained in nutrient content
during the second flooding, the magnitude of the
increase in content of a particular nutrient was usu-
ally proportionally less than during the first flood-
ing (Table 6). Plants from the comparison plot
made greater gains in all nutrients than plants from
the lowest water-table treatment of the sloping plot
during the second flooding.

At the end of the second flooding, developing
bolls contained from about 5% (Na) to 45% (P) of
the quantity of a specific nutrient in plant tops
(Table 7). The content of most nutrients in bolls as
a proportion of the content in the whole shoot was
usually higher in plants which had been severely
waterlogged (Table 7).

Concentrations and amounts of nutrients in mature
bolls

Concentrations and amounts of nutrients in mat-
ure bolls did not show consistent patterns with
respect to severity of plant waterlogging. Con-
centrations of P and Mg were higher in the lint +
seeds than in the boll residue, but the opposite
occurred for Cl, K, Ca and Na (data not shown).

Minerals in xylem sap

In the first flooding, the performance of roots of
waterlogged plants was impaired because xylem
sap did not exude from their stumps when they
were detopped. However, xylem sap exuded from
freshly-cut stumps of plants from all water-table



Table 5. Effects of second flooding on concentrations of selected
nutrients in the lamina and petiole of the youngest fully-expan-
ded leaf of cotton. Values are the % increase or decrease in
concentration of a particular nutrient in the leaf lamina or
petiole during the 16 days of the second flooding, and are the
means of two bulk samples each of 12 leaves. Range of values
for both samples within 4+ 10% of mean value. Values in paren-
theses are concentrations of each nutrient for plants from the
highest water-table treatment at the end of the flooding ex-
pressed as mgg ™' dry wt or ugg™' dry wt (Mn)

Water-table Change in concn during period of flooding (%)
depth (m)

Lamina Petiole Lamina Petiole
Phosphorus Chloride
+0.04 —41 (24) —-54(1.3) -9(9.2) -3939)
—0.05 —47 —53 —14 —44
—-0.17 —31 -39 —1 —28
—-0.27 —28 —31 7 —13
—0.38 —20 -35 4 -6
—0.60 19 -8 9 7
cp? 15 -5 30 6
Potassium Calcium
+0.04 —34 (124) —45(29.6) —11(30.5) —27(15.2)
-0.05 -39 —35 -8 -29
—-0.17 -29 —24 1 6
—-0.27 -33 -27 4 7
—0.38 —15 -17 1 9
—0.60 —11 —-23 8 8
Cp - 14 —15 4 9
Magnesium Sodium
+0.04 ~30(50) —-41(44 -—-23(20) —-20602.0
—0.05 -32 —27 —23 —4
—-0.17 -27 —-12 —11 0
-0.27 -9 - 19 —4 —13
—-0.38 -9 -8 -5 -2
—0.60 —11 -5 —4 —14
CP -4 -7 -3 —12
Manganese
+0.04 5(69.3) 50 (58.7)
—0.05 2 25
—-0.17 2 17
—0.27 1 22
—0.38 0 3
—0.60 2 8
CP 0 —10

* CP: plants from high-N part of comparison plot.

depths in the sloping plot at the end of the second
flooding (Table 8).

At the end of the first flooding, concentrations of
K-, Cl- and HPO, - ions were highest in sap exuded
from stumps of partially waterlogged plants (Table
8), but the opposite occurred with fluxes of these
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ions from roots because of the low rates of sap
exudation from the waterlogged plants.

Although the cotton plants had visually re-
covered from the first flooding by the start of the
second, concentrations of K- and HPO,- ions
(Table 8) in xylem sap from plants of the highest
water-table treatment were lower than in sap from
plants of the other treatments or the comparison
plot.

Concentrations of K- and HPO,- ions in xylem
sap decreased during the second flooding, not only
in waterlogged plants but also in those from the
lowest water-table treatment and the comparison
plot (Table 8). Concentrations of Cl- ions, how-
ever, increased in sap from all plants in the sloping
plot and the comparison plot. Fluxes of ions from
roots decreased in all plants irrespective of water-
table depth during the second flooding, but the
decreases were greatest for plants which had been
severely waterlogged.

Discussion

A major advantage of the variable water-table
depth facility is that it enables study of the mineral
nutrition of plants subjected to a continuum of
degrees of waterlogging of their root systems, rang-
ing from complete inundation to the absence of a
water-table within the rooting zone. In our experi-
ment, cotton plants in the non-waterlogged section
of the sloping plot appeared to be typical of field-
grown plants, as evidenced by their similar growth
and nutrition to those from the high-N part of the
comparison plot.

The results presented here indicate that uptake of
P and several other nutrients was impaired in wat-
erlogged cotton, especially in young plants just
before flowering. In the second flooding, the plants
showed no symptoms of stress despite over two
weeks of waterlogging (Reicosky et al., 1985), and
plant nutrient status was not as perturbed as in the
first flooding, so it is likely that the cotton root
systems had become more tolerant of or had adjus-
ted to waterlogging, as found in a study with soy-
bean (Stanley er al., 1980).

The most consistent and dramatic differences
between severely waterlogged plants and those with
well-aerated root systems occurred with P and K.
Concentrations of these nutrients were always re-
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Table 6. Amounts of selected nutrients in cotton plants at the beginning and end of two short-term periods of waterlogging. Amounts
expressed as mg per plant top. Values are means of 6 plants. S.E. of means within + 12% of mean values

Nutrient Water-table depth (m)
+0.04 —0.05
First flooding
P start 63 67
finish 55 73
% gain or loss —13 9
Cl start 165 155
finish 166 179
% gain or loss 0 15
K start 532 669
finish 463 707
% gain or loss —13 6
Ca start 470 573
finish 590 839
% gain or loss 26 46
Mg start 140 172
finish 148 197
% gain or loss 6 15
Na start 25 22
finish 44 53
% gain or loss 76 141
Mn start 1.26 1.50
finish 1.32 1.73
% gain or loss 5 15
Second flooding
P start 235 227
finish 238 238
% gain or loss 1 5
Cl start 660 620
finish 659 653
% gain or loss 0 5
K start 1553 1637
finish 1604 1687
% gain or loss 3 3
Ca start 1336 1405
finish 1387 1444
% gain or loss 4 3
Mg start 350 367
finish 349 370
% gain or loss 0 0
Na start 138 147
finish 163 170
% gain or loss 18 16
Mn start 4.56 5.42
finish 5.60 6.74
% gain or loss 23 24

-0.17 —0.27 —0.38 ~0.60 cp
80 68 82 76 110
82 81 113 108 148

2 19 38 42 35
170 163 185 183 206
192 196 253 285 288

13 20 37 56 40
687 572 616 680 881
705 714 740 838 972

3 25 20 23 10
645 560 613 625 744
836 780 978 1082 1151

30 39 60 73 55
215 192 204 210 236
242 226 252 305 317
13 18 24 45 34
24 23 21 2 40
52 39 42 51 89
17 70 100 132 123
1.55 1.61 1.77 171 1.80
1.83 1.75 2.13 231 2.39
18 9 20 35 33
223 232 246 243 261
243 254 256 291 355

9 9 4 20 36
578 740 663 777 648
643 761 712 813 902

10 3 7 5 39

1676 1934 1905 2117 1994

1812 2031 2064 2256 2353

8 5 8 7 18

1371 1390 1382 1375 1345

1421 1409 1525 1517 1642

4 2 10 10 2
384 371 319 380 382
378 278 348 409 434

0 2 9 8 14
127 146 138 159 127
154 168 158 191 156

21 15 15 20 23
5.12 5.93 4.56 442 4.50
6.28 6.23 5.63 4.98 5.41
23 5 23 13 20

* CP: plants from high-N part of comparison plot.

duced in waterlogged plants in both floodings, whe-
reas changes in concentrations of other nutrients
such as Mg and Ca were less consistent. Of all the
nutritional effects reported in studies on waterlog-
ging and poor root-zone aeration, decreased con-

centrations of P and K are the most common
(Devitt and Francis, 1972; Drew and Sisworo,
1979; Drew et al., 1979; Trought and Drew, 1980),
whereas with Ca and Mg the results range from
decreased concentrations (Labanauskas et al.,
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Table 7. Proportion (%) of amounts of nutrients in plant tops present in developing bolls at end of second flooding. Values are means

of 6 plants + S.E,

Water-table

Nutrient
depth (m) T T

P Cl K Ca Mg Na Mn
+0.04 49 1+ 4.1 29 + 1.6 44 + 28 10+ 08 25 + 2.1 8 + 06 24 + 29
—0.05 50 £ 49 22 + 24 36 + 2.7 8 + 0.5 24 + 1.5 6+ 03 154+ 1.8
—-0.17 46 + 33 22 + 1.8 33 + 35 7+05 19 +£ 1.2 5+ 05 13 + 06
—0.27 43 + 40 20 + 1.7 33419 7+ 04 16 + 1.0 4 +02 4 +£25
—0.38 39 + 35 20 £ 1.3 29 + 23 6+ 05 20 + 1.1 6+ 03 19 + 2.1
—0.60 41 + 2.7 16 +14 30+ 1.5 6+ 05 18 + 2.3 3402 19 + 0.9
cp* 36 + 3.0 16 + 1.2 26 + 2.0 5+ 03 17 £ 09 2 4+ 0.1 17 +

* CP: plants from high-N part of comparison plot.

Table 8. Volume of sap exuded and concentrations and fluxes of
K-, Cl- and HPO,- ions in xylem sap from detopped cotton
plants subjected to intermittent waterlogging. Volumes of sap
expressed as ul plant~'h™'; concentrations expressed as
pugml~! and fluxes as ugh™'. Values are means of three plants
from each water-table depth. S.E. of means within +15% of
mean values

Water- Vol K Ct

HPO,

;Zt;:fh 4P Concn  Flux Conen Flux Conen  Flux
(m)
End flooding 1

+0.04 [\ - - - - -
-0.05 0 - - - - - -
-0.17 0 - - - - - -
-0.27 0 - - - - - -
-033 116 727 84 139 16 57 7
~0.38 199 1718 143 133 27 66 i3
—0.52 237 688 163 124 29 42 10
—0.60 1642 437 718 119 195 39 64

cp? 2873 409 1216 84 250 40 119

Start flooding 2

+0.04 273 318 87 64 17 234 64
—-0.05 422 377 159 59 25 350 148
—-0.17 476 402 191 83 40 365 174
—-027 572 437 250 76 43 440 252
—033 _ _ - _ - _

—-038 S36 432 232 88 47 355 190
—0.52 - - - - - ~ -

—0.60 612 455 278 72 4 374 229
CP 641 490 314 68 44 360 231

End flooding 2

+0.04 6 194 1 105 1 142 ]
—0.05 62 269 17 114 7 196 12
—-0.17 113 378 43 126 14 180 20
—0.27 124 407 50 116 14 163 20
—0.33 - - - - - - -

—0.38 214 383 82 107 23 186 40
-052 - - - - - - -

—0.60 284 398 113 95 27 178 St
cp 372 369 137 101 38 170 63

# CP: plants from high-N part of comparison plot.

I
T

1972; Meek et al., 1980; Trought and Drew, 1980)
to no change (Letey ef al., 1961; Singh and Ghild-
yal, 1980; Stanley et al., 1980). Although severely
waterlogged plants usually gained in nutrient con-
tent during the floodings, total uptake of all nu-
trients except for Na was less than for plants which
had not been waterlogged, as found in other studies
(Labanauskas et al., 1972; Lal and Taylor, 1970).

The decreased nutrient concentrations in water-
logged cotton plants are probably attributable to
(1) aging effects, as plants from the lowest water-
table treatment and the comparison plot often
showed reductions in concentrations during both
floodings, and (2) a greater proportional reduction
in nutrient uptake by waterlogged roots and trans-
port to the shoot than in dry matter accumulation
by the shoot. The reduced uptake of nutrients by
waterlogged plants may have been due to death of
roots. Evidence that the first flooding was severe
enough to result in some root death has been
presented in a previous paper (Reicosky et al.,
1985). Even so, it is difficult to know the extent that
root death may have contributed to reduced nu-
trient uptake by waterlogged cotton plants in our
study. It is also possible that reduced uptake of
nutrients by the waterlogged cotton plants could
have been due to unavailability of these nutrients
from the soil solution during both floodings. How-
ever, a number of studies (Trought and Drew,
1980; Orchard and So, 1985) have indicated that
there is little change in concentrations of plant-
available P, K, Ca and Mg in the soil solution
during intermittent waterlogging.

There is evidence that Na uptake and its trans-
port to shoots increase during waterlogging or
anaerobiosis of the root zone, and increased Na
concentrations have been reported in shoots of a
wide variety of waterlogged plants (Letey et al.,
1961; Labanauskas ez al., 1972), including cotton
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(Meek et al., 1980). It has been suggested that this
is because Na- ion extrusion pumps in roots are
dependent upon aerobic respiration (Drew, 1983).
Our results show that Na concentrations and con-
tents increased in stems and leaves of waterlogged
plants to a greater extent than the other nutrients in
both floodings. There are reports of Cl concentra-
tions also increasing in waterlogged plants (Laba-
nauskas et al., 1972; Meek et al., 1980), but the
reverse usually occurred in our study.

Waterlogging can result in the release of heavy
metals such as Mn from bound forms in the soil to
the plant-avatlable pool (Bjerre and Schierup, 1985;
Orchard and So, 1985), and it has been proposed
that these metallic ions may injure plant roots, or
shoots if taken up (Drew, 1985). However, incon-
sistent results have been reported for the effects of
intermittent waterlogging on concentrations of Mn
in the soil solution, ranging from a substantial
increase (Bjerre and Schierup, 1985) to no change
(Leyshon and Sheard, 1974). Equally inconsistent
results have been reported for Mn concentrations
in plants subjected to waterlogging or root-zone
anoxia, ranging from increases (Bjerre and Schier-
up, 1985) to no change (Leyshon and Sheard, 1974)
or decreases (Slowik et al., 1979). In our study,
concentrations of Mn increased in leaves but not
stems of waterlogged plants in the first flooding,
and increased in both leaves and stems in the
second flooding. However, concentrations of Mn in
leaves of waterlogged plants at the end of both
floodings were well below the level of 2.0mgg™" at
which toxicity occurs in cotton (Hearn, 1981).

Concentrations of P, K, Ca and Mg in laminae
and petioles of the youngest full-expanded leaves
were adequate at the start of each flooding, but
concentrations of P and K were close to deficiency
levels (Hearn, 1981) by the end of the first flooding,
and P was marginally deficient at the end of the
second. Concentrations of NO;-N had also reached
deficiency levels by the end of both floodings
(Hocking et al., 1985). Deficiencies of N, P and K
are known to modify stomatal behaviour in maize
(Peaslee and Moss, 1966) and cotton (Radin and
Parker, 1979), and the concurrence in the experi-
ment reported here of decreased leaf growth (Rei-
cosky et al., 1985) and incipient deficiencies of P
and K indicates that nutritional stress may have
been involved in regulating stomatal responses and
leaf growth of the waterlogged cotton plants.

There was no effect of waterlogging on con-
centrations of nutrients in mature bolls, and similar
results have been reported for grain from water-
logged wheat (Labanauskas et al., 1975). However,
the total quantity of N, P, K and Na in grain of
waterlogged wheat decreased by about 50% be-
cause of yield reductions (Labanauskas et al.,
1975), but this did not occur in our cotton.

Waterlogging reduced the volume of xylem sap
exuded from stumps of detopped plants, and de-
creased the fluxes of K-, Cl- and HPO,- ions. Re-
ported decreases in exudation rates from detopped,
waterlogged plants have been attributed to de-
creased cell membrane permeability to the radial
passage of water, and lack of active accumulation
of osmotica to drive root pressure (Drew, 1983). In
the first flooding of our study, the increased con-
centration of ions associated with low flux rates
suggests decreased permeability to the radial pass-
age of water across roots of severely waterlogged
plants.

Although the waterlogged cotton plants had wil-
ted and were deficient in some nutrients at the end
of the first flooding, these stresses appear to have
had beneficial effects in that they accelerated boll
production (Reicosky er al., 1985), so that seed
cotton yields were highest for plants which had
been moderately waterlogged during the two flood-
ings (Table 2). We do not know why the moderately
waterlogged plants gave the highest yields. Acc-
elerated boll development and yield increases have
been reported when cotton plants were stressed
before flowering (Hearn, 1980), and in the present
experiment the main flowering period occurred
after the first flooding when plants had apparently
recovered from the effects of waterlogging. It is
unlikely that plants from the lowest water-tables
(—0.38 and —0.60 m) were subjected to water defi-
cits which would have reduced yields because
sprinkler irrigation based on tensiometer readings
ensured that plants in these treatments and the
comparison plot were kept adequately watered
during both flooding events. We can only speculate
that the first flooding reduced the vegetative growth
of the moderately waterlogged plants but promoted
their reproductive development and boll produc-
tion, and that this effect persisted through to mat-
urity of the plants.

In conclusion, the evidence from this and other
studies (Meek er al., 1980; Hocking et al., 1985)



indicates that active uptake of key nutrients such as
N, P'and K is impaired in waterlogged cotton
plants. This reduction in nutrient uptake occurs
quite soon after cotton becomes waterlogged (see
Fig. 1), and can result in the plants becoming defi-
cient for certain nutrients such as N and P. It is
clear, however, that under the conditions of our
experiment, cotton can recover from intermittent
waterlogging and its associated nutrient stresses
with no yield penalty.
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