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Abstract Inorganic fertilisers need to be applied only
when the inherent soil fertility alone cannot supply the
plant nutrient demand for rice. When managing such sys-
tems, identification of the most sensitive morphological
and/or physiological characteristics of a rice plant and the
growth stage at which those responses appear when soil
phosphorus (P) and potassium (K) availabilities have
declined are important. Such a practice will increase fer-
tiliser-use efficiency and enhance environmental suste-
nance. Experiment was conducted in a field differing in
initial soil P and K availabilities due to the application of
four fertiliser treatments for three consecutive seasons.
Observations in this experiment were made in the fourth
season. Four fertiliser treatments were the application of
(i) both P and K (P1K1), (ii) only P (P1KO), (iii) only K
(POK1), and (iv) no P and K (POKO). Rice variety Bg300
was grown. Shoot samples were obtained at two-week
intervals, while root and soil samples were collected using
a soil core up to 80 cm depth at physiological maturity. At
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physiological maturity, root length, diameter, and root
length density were not responsive to the declined soil P
and K availability, whereas the total above-ground dry
weight (DW) reduced in P- and K-deficient plots. Shoot
physiological responses [i.e. reduced green leaf P and K
concentrations, and increased phosphorus-use efficiency
(PUE) and potassium-use efficiency (KUE)] were more
prominent than shoot morphological responses (i.e. plant
height, number of tillers, and total above-ground DW),
throughout the growth cycle. The intensity (i.e. statistical
significance) and duration of the appearance of K defi-
ciency symptoms were lower than those of P. The most
sensitive growth stage of rice to slight deficiencies of P and
K was the tillering stage. This knowledge on the morpho-
logical and physiological shoot and root responses that can
be observed during the lifecycle of a rice plant, and the
growth stage(s) at which those responses are prominent in
response to declining soil P and K availability can be used
when identifying the development of soil P and K limita-
tions hindering the optimal growth of rice plant, and sus-
taining rice cropping systems.

Keywords Fertiliser-use efficiency - Root - Soil fertility -
Sustainability

Introduction

Rice (Oryza sativa L.) provides staple food for more than
half of the world’s population (Ainsworth 2008; Shimono
2011), and most of the rice fields in Asia are supplied with
inorganic fertilisers (Rose et al. 2010). Total fertiliser
application for rice is estimated to be 27.3 million t in 2015
and is expected to increase further up to 29.3 million t by
2030 (FAO 2000). The efficiency of fertilisers applied is
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50% or less for nitrogen (N), less than 10% for phosphorus
(P), and 40% for potassium (K) (Baligar et al. 2001). Due
to the continuous and/or excess application of inorganic
fertilisers, most of the lowland rice soils are rich in P and K
(Ando 1983; Swarup and Chhillar 1986; Lee et al. 2004).
Therefore, those rice crops do not show P and/or K defi-
ciency symptoms at present (Lee et al. 2004; Vinod and
Heuer 2012). Moreover, long-term application of high rates
of inorganic fertilisers to rice fields has caused undesirable
environmental consequences (Ju et al. 2009; Ye et al.
2014).

Even though farmers apply high rates of inorganic P and
K fertilisers at present, due to the expected increase in
fertiliser prices and reduction in their quality, farmers may
not be able to continue the current rates of P and K fer-
tiliser application in future (Fixen 2009; Pame et al. 2015;
Shepherd et al. 2015). Thus, the soil P and K fertility would
decline gradually. However, the productivity of lowland
rice cultivation has to be increased or maintained at the
current rate to satisfy the growing demand for rice.
Therefore, farmers should strategically design P and K
fertiliser application plans, i.e. application of P and K
fertilisers only when the inherent soil fertility is not suffi-
cient enough to maintain or increase the rice crop pro-
ductivity (Kirk et al. 1998). In such instances, it is
important to know the critical soil P and K concentrations
that begin to hinder the plant growth and yield. Together,
knowledge on initial responses of a rice plant (i.e. at early
growth stages), and the growth stage(s) at which those
responses occur in response to the reduction in soil P and K
availability are required. This understanding will have
important implications to farmers, managers, and
researchers when deciding the P and K fertiliser application
plans, only in required quantities and times. Moreover, this
practice will enhance the use efficiency of P and K fer-
tilisers applied, while minimising the negative impacts to
the environment.

Reduction in plant height, shoot dry weight, grain yield,
root diameter, number of roots and tillers, shoot: root DW
ratio, tissue P and K concentrations, and the amount of P
and K taken up are known to be the widely observed
morphological and physiological responses of rice to the
reduction in soil P and/or K availability (Li et al. 2009;
Suriyagoda et al. 2014; Wu and Cheng 2014). However, to
date the most sensitive morphological and/or physiological
response(s) of a rice plant that can be considered as an
indicator to the declining soil P and/or K availability (i.e.
below the optimal level causing deficiency), and the growth
stage at which those responses can be observed are not
known.

Root plasticity is known to be a key trait for adaptation
to nutrient deficiency (Lafitte et al. 2001; Kano et al. 2011;
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Somaweera et al. 2015; Weerarathne et al. 2015). How-
ever, adaptive responses of rice roots to declining soil P
and K availability, relative importance of root responses in
comparison to shoot responses, and adaptive responses that
appear in early growth stages of a rice plant are not well
known (Somaweera et al. 2015).

Patterns of nutrient uptake and biomass increment may
vary along the life cycle of a rice plant (Garcia et al. 2003;
Somaweera et al. 2015). Nevertheless, the uptake pattern,
use efficiency, and partitioning of P and K among different
tissues (i.e. flag leaves, green leaves, dead leaves, stems,
and panicles) during the life cycle of a rice plant grown in
lowland flooded field conditions under different P and K
availabilities have received less attention (Dobermann
et al. 1998; Li et al. 2014; Somaweera et al. 2015).
Therefore, periodic uptake, accumulation, and partitioning
of P and K to different tissues of a rice plant under variable
soil P and K availabilities in flooded lowland soil condi-
tions should receive urgent attention. This understanding
would assist researchers, agronomists, and managers to
implement efficient and effective P and K nutrient man-
agement strategies to ensure sustainable rice production
(Buresh et al. 2010; Ye et al. 2014; Somaweera et al. 2015).
Data generated from pot experiments on adaptive respon-
ses cannot be directly extrapolated to field level plant
responses as the volume of a pot, density, water and
nutrient management, movement and availability of nutri-
ents in soil, and intra-specific competition may influence
those adaptive responses greatly (Poorter et al. 2012; Sur-
iyagoda et al. 2012; Rose et al. 2013). Therefore, this
experiment was conducted in a lowland rice field con-
taining plots differing in their availability of P and/or K.
The objectives of the present experiment were to identify
the most responsive morphological and/or physiological
characteristics of a rice plant, and the growth stage(s) at
which those responses appear when the soil P and K
availabilities began to decline causing deficiency. We
hypothesised that (i) root system of rice would be more
sensitive to slight reduction in soil P and/or K availability
and therefore would show early adaptive morphological
responses (i.e. root length and root DW would be higher
and root diameter would be lower, particularly in surface
soil layers) than shoot responses, (ii) shoot physiological
responses of rice (i.e. reduction in tissue P and K con-
centrations and increase in P and K-use efficiencies) are
better indicators of reduction in soil P and/or K availability
than shoot morphological responses (i.e. reduction in
height, tillering and DW), and (iii) responses in rice plant
to reduction in soil P and/or K availability would be
prominent during the flowering stage as both vegetative
(e.g. appearance of new tillers) and reproductive processes
demand more P and K than early growth stages.
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Materials and methods

Establishment and management of the field
experiment

Field experiment was conducted at the Rice Research and
Development Institute, Bathalagoda (07°31'32.65"N,
80°26'20.75"'E), Sri Lanka during the period from October
2013 to February 2014 as a randomised complete block
design with four blocks (Fig. S1). Each block consisted of
four fertiliser treatments: P1K1—both P and K fertilisers
were applied; POKl—only K fertiliser was applied;
P1KO—only P fertiliser was applied; and POKO—both P
and K fertilisers were not applied (Fig. S1). Application of
P and K fertilisers was made as recommended by the
Department of Agriculture (DOA), Sri Lanka using triple
superphosphate and muriate of potash, respectively (So-
maweera et al. 2015). These experimental plots had pre-
viously been used for three consecutive seasons with the
application of same fertiliser treatments as explained above
for a different objective. As the current experiment was
conducted on those same plots, the initial P and/or K
concentrations among plots differed. Initial soil character-
istics before the beginning of the present experiment and
applying inorganic fertilisers are given in Table 1. As
expected, P and K concentrations were lower in the defi-
cient range in plots which did not receive P and K,
respectively. Each plot had dimensions of 6 x 3 m” in
length and width, respectively. Drains were established
around each plot to avoid the movement of fertilisers
among plots. For all the plots, both nitrogen (N- as urea)
and zinc (Zn- as zinc sulphate) fertilisers were applied as
recommended by the DOA (Somaweera et al. 2015). Rice
variety Bg300 was used as the test variety as it is one of the
widely grown rice variety in the country. Ten-day-old
Bg300 seedlings were transplanted at a spacing of
15 cm x 15 cm using one seedling per hole. Insect pests,
diseases, and weeds were managed as recommended by the
DOA when required. Throughout the cropping season,
plots were maintained under flooded condition through
irrigation unless rained. Irrigation water was collected at
the inlet to the field at two-week intervals for the

determination of P and K concentrations in irrigation water.
Three plants selected randomly from the central
5 x 2.5 m? area of each plot were used to measure the
height from the base of the plant to the tip of the highest
leaf at two-week intervals. Those three plants per plot were
cut at the base and transferred immediately to the labora-
tory. Plants from each plot were partitioned to green leaves,
dead leaves, stems, flag leaves (only after flowering), and
panicles (only after flowering) to measure the dry weight
(DW), P and K concentrations of each component sepa-
rately. Physiological maturity (i.e. time of harvest) was
determined when green-coloured grains in an erect panicle
were filled, became golden colour, and the panicle turned
down (Suriyagoda et al. 2014).

Soil and root sample collection

Before the beginning of the experiment, three soil samples
were collected from the top 10-cm soil layer of each plot in
the central 4 x 2 m” area. The three samples from each
plot were combined to make a composite sample and used
for the determination of initial soil characteristics. At
physiological maturity, four randomly selected plant bases
from the central 4 x 2 m? area of a plot were used to
obtain soil and root samples. An auger with a diameter of
2.5 cm was inserted at the base of the plant down to 80 cm
depth in the soil profile. Soil column with 80 cm length
was partitioned into four segments, 20 cm each, and
labelled as 0-20, 2040, 40-60, and 60-80 cm from the
soil surface. Soil samples obtained from similar depth
classes of two plant bases (out of four) were combined to
make a composite sample. Those soil samples were
immediately transferred to the laboratory for chemical
analyses (i.e. determination of soil solution P and K,
available P and exchangeable K concentrations). Soil
samples obtained from similar depth classes of the other
two plant bases of a plot were combined to make a com-
posite sample to extract roots for the determination of root
length, surface area, diameter, and DW. Roots from each
soil layer were extracted by sending the soil through a
series of sieves as explained by Suriyagoda et al. (2014).
Root length, surface area, and diameter were determined

Table 1 Soil characteristics in

. Character Fertiliser treatments

the top 10-cm soil layer before

the beginning of the experiment, (PIK1) (P1KO0) (POK1) (POKO)

Mean &+ SE, n = 4
Total P- pg g~ 246 + 36 190 + 38 184 + 12 170 + 26
Available (Olsen) P- mg kg™ 13.7 £ 1.6 11.7 £ 0.8 74 £ 13 73 +£20
Exchangeable K- mg kg™' 63 +4 43+£6 57T+2 42 £ 8
Total N- mg g™ ! 0.98 £ 0.01
Solution P- mg L™ 0.1 &£ 0.01
Solution K- mg L™ 2+03
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using a root scanner (Regent Instruments Inc. Quebec,
Canada, 2000, with the software package WinRHIZO 4.1).
Each root sample was then dried at 70 °C for one week
(Memmert and PRECISION PS Scientific Co. model17) for
the determination of root DW at each soil layer separately.
Root length density (RLD) at each soil layer was calculated
as the ratio of root length and soil volume (cm cm ™).

Laboratory analyses

The DWs of shoot components were determined separately
after oven drying at 70 °C for one week (Memmert and
PRECISION PS scientific Co., modell7) and expressed per
plant. To determine P and K concentrations, stems, green
leaves, flag leaves, dead leaves, and panicles of each plot were
ground separately. For the determination of tissue P concen-
tration, approximately a 100 mg subsample was taken,
digested in nitric/perchloric acid, and analysed using the
molybdo-vanado-phosphate method (Kitson and Melon
1944). For the analysis of K concentration in the plant tissues,
samples were digested in nitric acid and tested using a flame
atomic absorption spectrophotometer (GBC model 932AA)
(Van Ranst et al. 1999). The amount of P and K taken up by a
rice plant was calculated by multiplying the corresponding
DW and tissue concentrations. The phosphorus-use efficiency
(PUE) was calculated as the ratio of shoot DW and P content in
the shoot (g DW g~' P). Similar approach was used when
calculating K-use efficiency (KUE).

Soil samples collected from the top 10-cm soil layer
before the experiment began and from four depth classes of
each plot at harvest were used to determine the plant-
available and soil solution P concentrations, exchangeable
K concentration, total N concentration, pH, and organic
matter content (%). Plant-available P concentration in soil
was determined as explained by Olsen et al. (1954). Total
soil P concentration was analysed by using the dry ash
method—drying the sample in a muffle furnace (THER-
MOLYNE 62700) at 450-550 °C for 2 h followed by the
general method/colorimetric method (Allen 1940). Soil N
concentration was measured using the Kjeldahl method and
organic matter by Walkley and Black method (Walkley and
Black 1934). The pH was measured in 1:5 water extracts
(HM 20S, TOA Electronics Ltd, Japan). Exchangeable K
was determined after extracting in ammonium acetate
(NH40ACc) and testing using flame photometry (Kitson and
Melon 1944).

Statistical analyses
Data collected from shoots were subjected to two-way
analysis of variance in SAS/STAT software Version 6.1

(SAS Institute Inc., Cary, NC, USA) to examine the impact
of ‘fertiliser treatments’, ‘harvesting time’, and their
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interactions using PROC MIXED (SAS 1995). As the
interaction effect was significant for most of the variables
studied, subsequent analyses were conducted for each
‘harvesting time’ event separately to find the difference
between ‘fertiliser treatments’ (Table 2). Similarly, data
collected from soil and root characteristics at physiological
maturity were subjected to two-way analysis of variance to
examine the impact of ‘fertiliser treatments’, ‘soil profile
depth class’, and their interactions using PROC MIXED.
As the interaction effect was significant for most of the
variables studied, subsequent analyses were conducted for
each ‘soil profile depth class’ separately to find the dif-
ference between ‘fertiliser treatments’ (Table 3). No data
transformations were needed to meet ANOVA assump-
tions. Comparisons between means were made using
Tukey’s honest significant difference procedure. Means
were presented with standard error and significance is
expressed at o = 0.05.

Results

Plant height was similar among fertiliser treatments in most
of the weeks in their growth cycle except for 4th and 10th
week after establishment (Fig. 1a). At 4th and 10th weeks,
height of P1K1 plants was higher than POK1 and POKO
plants. For all the fertiliser treatments, maximum tillering
was reached at 6 weeks after crop establishment and then
reduced until the 10th week (Fig. 1b). The number of tillers
per plant was similar among fertiliser treatments except for
4, 6, and 8 weeks after establishment (Fig. 1b). During the
period from 4 to 8 weeks, the number of tillers per plant by
P1K1 was higher than that in POK1 and POKO plants.
Above-ground DW increased until maturity for all the
fertiliser treatments (Fig. 1c). When comparing fertiliser
treatments, above-ground DW of P1K1 was higher than
that of POK1 and POKO throughout the growth cycle. This
resulted 11 and 10% higher DW in P1K1 at maturity than
that in POK1 and POKO, respectively. However, P1KO had
an intermediate growth response.

Above-ground (i.e. shoot) P content of a rice plant
increased until maturity (i.e. 14th week) in all fertiliser
treatments (Fig. 2a). When comparing fertiliser treatments,
above-ground P content of P1K1 and P1KO plants was
higher than that in POK1 and POKO plants until the 8th
week after establishment. At maturity, P content of all the
fertiliser treatments was similar.

Above-ground (i.e. shoot) K content of rice plants
increased until the 12th week from establishment and then
decreased until maturity (i.e. 14th week) for all the fer-
tiliser treatments (Fig. 2b). When comparing fertiliser
treatments, above-ground K content of plants which
received P1K1 was higher than that in plants received
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Table 2 Effect of fertiliser
treatments on above-ground
characteristics of rice plants at 2 4 6 8 10 12 14
each harvest separately

Character Weeks after establishment

Height (cm) ns Hk ns ns * ns na

Number of tillers (plantfl) na * * w ns ns ns

DW (g plant™")
Flag leaves na na na na ns ns ns
Green leaves ns ns * * ns ns ns
Dead leaves na na ns ns ns ns ns
Stem na na ns ns ns ns ns
Panicle na na na na * * ns
Total above ground * * * * * * *

P concentration (mg g~ ")

Flag leaves na na na na ns ns ns
Green leaves ok * #k * * * ns
Dead leaves na na ns * ns ns ns
Stem na na ns * * * *

Panicle na na na na ns ns ns

K concentration (mg g’l)

Flag leaves na na na na ns ns ns
Green leaves ns wk wk ns ns ns ns
Dead leaves na na ns ns ns ns ns
Stem na na ns ns * * ns
Panicle na na na na ns ns ns
Above-ground P content (mg plant_l) Hk Hk ok * ns ns ns
Above-ground K content (mg plant_l) * * wk ns ns ns ns
PUE (g g ") *E * ok ns ns * ns
KUE (g g™ " ns wx *E ns ns ns ns

ns not significant, na not applicable
Significant effects are indicated as follows: * P < 0.05; ** P < 0.01; *** P < 0.001

Table 3 Effect of fertiliser

. Character Soil profile depth from the soil surface (cm)

treatments on soil and root

characteristics at each soil depth 0-20 20-40 40-60

separately
Soil solution P (mg LY ns ns ns
Plant-available (Olsen) P (mg kgfl) * ns ns
Soil solution K (mg Lf') ns ns ns
Exchangeable K (mg kg™") * ns ns
Root DW (g cm™) ns ns ns
RLD (cm cm_3) ns ns ns
Root surface area (cm2 cm_3) ns ns ns
Root diameter (mm) ns ns ns
ns not significant
Significant effects are indicated as follows: * P < 0.05; ** P < 0.01; *** P < 0.001

P1KO, POK1, or POKO until the 6th week after establish- Phosphorus-use efficiency of a rice plant decreased until

ment. However, from the 6th week of establishment the 6th week from establishment and then maintained at a
onwards, tissue K content among fertiliser treatments was  constant level until maturity at 14th week in all the fer-
similar. tiliser treatments (Fig. 3a). When comparing fertiliser
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Fig. 1 a Plant height, b number of tillers, and ¢ above-ground DW
per plant from the establishment until physiological maturity of rice
under the application of both P and K (P1K1), absence of only K
(P1KO0), absence of only P (POK1), and absence of both P and K
(POKO) fertilisers. Mean £ SE, n = 3

treatments, PUE of rice plants in PIK1 and P1KO was
lower than that in POK1 and POKO plants until the 6th week
after establishment. The highest PUE was observed at 4th
week in POKO plants. From the 6th week after establish-
ment, PUE of P1K1-treated plants was lower than that in
POK1 plants, while PIKO and POKO had an intermediate
response.

Potassium-use efficiency of a rice plant decreased until
the 10th week from establishment and then increased until
maturity at 14th week in all the fertiliser treatments
(Fig. 3b). When comparing fertiliser treatments, KUE of
rice plants in P1K1 and POK1 was lower than that in P1KO
and POKO during 4-6 weeks after establishment. From
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Fig. 2 Above-ground a phosphorus, and b potassium contents of a
rice plant from the establishment until physiological maturity under
the application of both P and K (P1K1), absence of only K (P1KO0),
absence of only P (POK1), and absence of both P and K (POKO)
fertilisers. Mean &= SE, n = 3

10th to 14th week from establishment, KUE of all the rice
plants increased.

In all fertiliser treatments, panicle DW increased until
the 12th week and remained constant until the 14th week
(Fig. 4). Panicle DW of P1K1 plants was higher than POK1
and POKO plants during the period from 10th to 12th weeks
after crop establishment. Stem could not be separated from
green leaves until the 4th week. However, it increased from
4 to 8 weeks and then remained constant until maturity.
Throughout the growing period, stem DW was similar
among fertiliser treatments. In all fertiliser treatments,
green leaf DW increased until the 6th week after crop
establishment and then gradually decreased until the 12th
week and remained constant until maturity. When com-
paring fertiliser treatments, plants in PIK1 and P1KO had a
higher green leaf DW than those in POK1 and POKO during
the period from 6th to 8th weeks after establishment. In all
the fertiliser treatments, dead leaf DW increased from 6th
week until maturity and was similar among fertiliser
treatments. Flag leaf DW remained constant from the time
of flowering to maturity and was similar among fertiliser
treatments.

Panicle P concentration increased from 8 to 14 weeks
after establishment in all fertiliser treatments (Fig. 5).
When comparing fertiliser treatments, panicle P
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Fig. 3 a Phosphorus- and b potassium-use efficiency of a rice plant
from the establishment until physiological maturity under the
application of both P and K (P1K1), absence of only K (P1KO),
absence of only P (POK1), and absence of both P and K (POKO)
fertilisers. Mean &= SE, n = 3

concentration among treatments was similar. Stem P con-
centration decreased from 8th week to maturity in all the
fertiliser treatments. Moreover, when comparing fertiliser
treatments, stem P concentration of plants which received P
fertiliser was higher than those that did not receive P fer-
tiliser until the 12th week. Green leaf P concentration
remained at a low concentration until the 4th week, rapidly
increased from 4 to 6 weeks, and then gradually decreased
until the maturity for all the fertiliser treatments. When
comparing fertiliser treatments, plants receiving P fertiliser
had a higher green leaf P concentration throughout the
growth period, except at maturity, in comparison to those
that did not receive P fertiliser. Dead leaf P concentration
decreased from 10th week until maturity in all fertiliser
treatments. When comparing fertiliser treatments at the 8th
week, dead leaf P concentration in plants receiving P fer-
tiliser was higher than those in plants not receiving P fer-
tiliser. Flag leaf P concentration decreased from 8th week
until maturity and was similar among fertiliser treatments.

Panicle K concentration increased from 8th to 10th week
after crop establishment in all the treatments (Fig. 6).
However, the decrease in panicle K concentration occurred
from the 10th week onwards in plants receiving K, whereas
it was delayed until the 12th week in plants not receiving K
(Fig. 6). When comparing fertiliser treatments, panicle K
concentration among treatments was similar on all dates of

measurement. Stem K concentration increased from 8th to
12th week and this response was prominent in plants
receiving K fertiliser. When comparing fertiliser treat-
ments, stem K concentration of plants which received K
fertiliser was higher than plants which did not receive K
fertiliser at the 10th to 12th week. Green leaf K concen-
tration remained at a constant level from the crop estab-
lishment until maturity for plants which did not receive K.
However, for P1K1 and POK1, green leaf K concentration
increased until 10th and 8th week after crop establishment,
respectively, and then decreased until maturity. Dead leaf
K concentration decreased from 10th week until maturity
for all the plants and was similar among fertiliser treat-
ments. Flag leaf K concentration decreased from the 8th
week until maturity for all the fertiliser treatments and was
similar among fertiliser treatments.

Root DW, RLD, root diameter, and root surface area in
the top 0-20, middle 2040, and bottom 40-60 cm in the
soil profile were similar among fertiliser treatments
(Table 3). Roots were not present below the 60-cm depth in
the soil profile. More than 90% of the roots were located in
the top 20-cm soil profile, and root diameter did not change
with the soil profile depth (Table 4).

Discussion

Opportunities are limited for breeding rice varieties that
acquire more P, and K from soil or have higher internal
nutrient-use efficiencies, and therefore, long-term man-
agement strategies must focus on maintaining adequate
nutrient balances in the topsoil layer (Dobermann et al.
1998; Suriyagoda et al. 2012). Therefore, identification of
the most sensitive morphological and/or physiological
characters of a rice plant, and the growth stage(s) at which
those responses appear when soil P and K availabilities are
declined are of prime importance when improving system
productivity, increasing fertiliser-use efficiency, and
enhancing environmental sustenance. In order to address
these uncertainties, three hypotheses were tested.

The first hypothesis that root system of a rice plant
would be more sensitive to reduction in soil P and/or K
availability and therefore, would show early adaptive
morphological responses than shoot responses was not
supported. Even though reductions in soil P and/or K
concentrations in plots which did not receive P and/or K
fertilisers for four consecutive seasons were observed, root
length, root DW, RLD, and the percentage of roots present
in the top soil layer did not increase, and root diameter did
not decrease in plots deficient in P and/or K at physio-
logical maturity. However, shoot DW of POK1- and POKO-
treated plots was reduced in comparison to that in P1Kl1
indicating that shoot growth was more sensitive to
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Fig. 4 Panicle, stem, green leaves, dead leaves, and flag leaves dry
weights of a rice plant from the establishment until physiological
maturity under the application of both P and K (P1K1), absence of

reductions in soil P and/or K availabilities than root
responses. Due to practical difficulties, root system of
plants harvested from 2 to 12 weeks after establishment
could not be extracted in the present experiment. More-
over, instead of extracting the total root system of a rice
plant, only the core samples were obtained in the present
study at physiological maturity. Therefore, expansion of
root length in the horizontal direction, away from the base
of a plant, total root length and root DW of a plant could
not be studied. Even though root system did not show any
morphological response to declined soil P and/or K status
at physiological maturity, rice roots may have adaptive
responses at its early growth stages (Somaweera et al.
2015). Therefore, the root growth responses to the declined

@ Springer

only K (P1KO0), absence of only P (POK1), and absence of both P and
K (POKO) fertilisers. Mean &+ SE, n = 3

soil P and/or K availability at early growth stages have to
be studied further. As more than 90% of the root length is
located within the top 0-20 cm soil layer, long-term
strategies for P and K management in intensive rice
growing systems must focus on sustaining soil fertility in
this layer (Dobermann et al. 1998; Suriyagoda et al. 2014).
Therefore, more emphasis should be given to the study of
root system plasticity in the top 20-cm soil layer through-
out the life cycle to identify rice plant’s responses to
declined P and/or K availability in comparison to taking
core samples from deeper soil layers and only at physio-
logical maturity.

The second hypothesis that shoot physiological respon-
ses of a rice plant are better indicators of reduction in soil P
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Fig. 5 Panicle, stem, green leaves, dead leaves, and flag leaves P
concentrations of a rice plant from the establishment until physio-
logical maturity under the application of both P and K (P1Kl),

and/or K availability than shoot morphological responses
was supported. Green leaf P concentration (from 2 to
12 weeks) and shoot P content (from 2 to 8 weeks) were
reduced, and PUE (from 2 to 6 weeks) increased with a
greater significance (P < 0.01) from the second week of
crop establishment in P-deficient plots. In contrast, sup-
porting the second hypothesis the reduction in plant height
(at 4th week), tiller count (from 4 to 8 weeks), green leaf
DW (from 6 to 8 weeks), panicle DW (10-12 weeks), and
shoot total DW (from 2 to 14 weeks) in P-deficient plots
had a lesser significance (P < 0.05) and began at a later
growth stage than shoot physiological responses (Table 2;
Fig. 7). Even though P concentration was determined in

absence of only K (P1K0), absence of only P (POK1), and absence of
both P and K (POKO) fertilisers. Mean + SE, n = 3

different leaf types, only the green leaf P concentration was
reduced when grown in P-deficient plots. Therefore, the
reduced P content and increased PUE was mainly due to
the reduction in green leaf P concentration. This further
indicates that dead leaves, flag leaves, or stems (until 10th
week) are not suitable tissues to be used in determining
early stages of soil P deficiency of a rice plant as a phys-
iological measurement. Green leaf, dead leaf and panicle P
concentrations, panicle K concentrations, above-ground P
content per plant, PUE, and KUE observed in the present
study at physiological maturity are comparable with pre-
vious observations (Dobermann et al. 1996; Witt et al.
1999; Haefele et al. 2003; Naklang et al. 2006; Ye et al.
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Fig. 6 Panicle, stem, green leaves, dead leaves, and flag leaves K
concentrations of a rice plant from the establishment until physio-
logical maturity under the application of both P and K (P1K1),

absence of only K (P1KO0), absence of only P (POK1), and absence of
both P and K (POKO) fertilisers. Mean + SE, n = 3

Table 4 Nutrient distribution,
root growth, and root

distribution in the soil profile,
Mean £+ SE, n = 4

Character Top 0-20 cm Middle 20-40 cm Bottom 40-60 cm
Soil solution P (mg L™ 0.1 £0.05 0.04 £ 0.07 0.01 £ 0.007
Plant-available (Olsen) P (mg kg_l) 10 + 4 4+ 2.1 03 +0.1

Soil solution K (mg L") 1.7 £ 0.6 1.0 £ 09 0.6 £0.2
Exchangeable K (mg kg™") 49 £ 42 36 £ 5.7 23 £ 3.6

Root DW (mg cm ™) 1.9+£02 0.039 £+ 0.025 0.016 £+ 0.01
Root length density (RLD-cm cm™>) 258 £5.1 25+£08 1.0 £ 0.5

Root diameter (mm) 0.26 £+ 0.02 0.22 + 0.02 0.26 £+ 0.04
Root surface area (cm?) 1.8 £ 04 0.2 £ 0.04 0.1 £ 0.03
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2014; Somaweera et al. 2015; Xu et al. 2015). The most
sensitive morphological character to reductions in soil P
and/or K availability changed with plant age, i.e. plant
height only at the fourth week, tiller count and green leaf
DW at tillering stage, and panicle DW at grain filling stage.
Due to the reduction in DW of different shoot components
at different growth stages, plant total DW was reduced
throughout the crop growth cycle. Therefore, depending on
the growth stage at which observations are made to
determine whether a soil has begun to limit P availability to
a rice plant, the morphological character that requires to be
studied is different.

For K, green leaf K concentration reduced and KUE
increased in K-deficient plots from 4 to 6 weeks with a
greater significance (P < 0.01) than shoot morphological
responses (P < 0.05) which supported the second hypoth-
esis. However, the significances of the reduction in shoot K
content from 2 to 6 weeks and stem K concentration from
10 to 12 weeks were similar to the significance of shoot
morphological responses (P > 0.05) which did not support
the hypothesis. Even though different leaf types were
studied to detect tissue K deficiency, only the green leaf K
concentration was reduced in plots which did not receive
K. This may have caused a reduction in shoot K content
and an increase in KUE in those plots. Unlike P, the
duration of appearance of K deficiency symptoms was
narrower and limited only to the early tillering stage,
except for stem K concentration at grain filling stage. Lack
of rice plant response to K deficiency in comparison to P as
observed in the present study was previously reported
(Swarup and Chhillar 1986). Prevalence of such responses
in most of the rice cropping systems may be due to the
presence of high K concentration in irrigation water and/or

supply from unexchangeable K pools in soil (Greenland
1997; Wihardjaka et al. 1999; Shen et al. 2004; Buresh
et al. 2010).

The third hypothesis that responses of a rice plant to
reduction in soil P and/or K availability would be more
prominent at flowering stage due to the demand for P and K
from both vegetative and reproductive processes than early
or late growth stages was not supported. At flowering stage,
only the number of tillers per plant, total above-ground
DW, green leaf P concentration, and above-ground P
content were reduced for plants grown in P- and K-defi-
cient plots. Apart from the above responses, plant height,
green leaf K concentration, and above-ground K content
were also reduced, and PUE and KUE increased at the
tillering stage indicating that rice plants were more sensi-
tive to slight reductions in P and K availability at tillering
stage than at other growth stages. Moreover, responses
observed at tillering stage were more prominent (P < 0.01)
than those observed at flowering (P < 0.05). This may be
due to the rapid growth rate during the tillering phase. A
rapid uptake of P and K during the tillering phase from rice
plants treated with different water treatments was recently
reported (Somaweera et al. 2015). The observed reduction
in stem P and K concentrations at grain filling stage of rice
plants grown in P- and/or K-deficient plots may be due to
the reduced partitioning of P and K to stems or increased
retranslocation from stems to grains. However, this
requires further attention.

Even though Dobermann et al. (1998) compared the
sensitivity of different plant tissues to K deficiency at til-
lering, flowering, and maturity stages, the K concentration
reported in their study was lower than the values observed
in the present study. This may be the reason for limited K
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deficiency-related responses observed in the present study
and also only during a narrow window of the growth cycle.
Moreover, as reported by Dobermann et al. (1998 and
references there in) flag leaf was the most sensitive tissue
to P deficiency at the time of flowering. However, such a
response was not observed in the present study. This may
also be due to the lower soil P concentration observed in
their study than that reported in the present study, despite
soil P concentrations in both studies being in the deficient
range.

Concluding remarks

Identification of the most sensitive morphological and/or
physiological characters of a rice plant, and the growth
stage(s) at which those responses appear when soil P and K
availabilities are declined are important when increasing
fertiliser-use efficiency and enhancing environmental sus-
tenance. Under the tested reduced soil P and K availabili-
ties to a rice plant, root system was not responsive despite
the reduction in shoot DW at physiological maturity.
However, rice roots may have adaptive, plastic growth
responses during the early stages of the life cycle and that
has to be studied further. Shoot physiological responses
such as green leaf P and K concentrations and shoot P
content decreased, and PUE and KUE increased with a
greater significance from the second week of crop estab-
lishment in P- or K-deficient plots than the shoot mor-
phological responses (i.e. reduction in plant height, tiller
count, green leaf DW, panicle DW, and shoot total DW).
Therefore, shoot physiological responses were more sen-
sitive to the reduction in soil P and K availabilities than
shoot morphological responses. However, the intensity (i.e.
based on the statistical significance presented in Table 2)
and duration of K deficiency symptoms that appeared were
lower than those of P. The most sensitive growth stage of a
rice plant to deficiencies in soil P and K availabilities was
the tillering stage as the plant height, number of tillers,
dead leaf DW, total above-ground DW, green leaf P and K
concentrations and above-ground P and K contents were
reduced, and PUE and KUE increased for plants grown in
P- and K-deficient plots. Knowledge on the morphological
and physiological shoot and root responses, and the growth
stage(s) at which those responses are prominent in response
to declining soil P and K availability are of immense
importance when identifying the development of soil P and
K deficiencies hindering the optimal growth of rice, and
sustainable fertiliser management of rice cropping systems.
Therefore, tissue P and K concentrations tested at the til-
lering stage can be considered as the earliest measurements
in rice plants to detect the occurrence of soil P and K
deficiencies.
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