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Abstract

Aims Many soil scientists think that soil phosphate
availability is highest at near-neutral pH and decreases
with decreasing pH. This belief does not appear to have
ever been subjected to experimental test.

Methods In a pot trial, we measured response curves to
phosphate at seven pHcacz) values ranging from 3.99 to
7.26 using three plant species: mustard (Brassica
campestris), lucerne — also known as alfalfa — (Medicago
sativa) and rice (Oryza sativa). We used a form of the
Mitscherlich equation that allowed us to estimate the
phosphate contribution from the soil as well as the slope
of the response curve and the maximum yield.

Results Plants grew best near pH 5.5 and worst at near-
neutral pH. We think the large decrease in growth with
increasing pH was caused by decreasing rate of P uptake
by plants. There was a smaller decrease in growth as pH
decreased below 5.5. We think this was caused by
aluminium toxicity.

Conclusions The conventional belief that phosphate
availability is greatest near neutral pH is wrong.
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Introduction

Most textbooks teach that phosphate availability in-
creases with increasing pH reaching a maximum at near
neutral pH. This is based on the idea that phosphate
reaction with soil is controlled by precipitation of iron
phosphate at low pH, aluminium phosphate at medium
pH and calcium phosphate at high pH leaving a mini-
mum at near neutral pH (Price 2006, Penn and
Camberato 2019). Thus phosphate is thought to be
present as discrete particles and we refer to this as the
particle hypothesis. The alternative view is that phos-
phate reaction involves specific adsorption of phosphate
ions onto variable charges surfaces followed by diffu-
sive penetration; the adsorption-penetration hypothesis
(Barrow 1999). The two hypotheses can be distin-
guished by observing the effects of the background
electrolyte. When measured in a dilute solution of a salt
of a monovalent cation there is a large decrease in
sorption with increasing pH. As the concentration of
salt increases, or if a divalent cation is used, the decrease
is much smaller and may be reversed at high pH
(Barrow 1984, Barrow and Debnath 2015). According
to the adsorption-penetration hypothesis this is the con-
sequence of compression of the double layer as a result
of which the negative potential becomes less negative
and reaction is increased. The particle hypothesis has no
means to explain this. We therefore argue that the
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commonly accepted effect of pH on availability is based
on a false hypothesis.

There are two further reasons for querying the effects
of pH on phosphate availability. One derives from the
argument that it is desorption not adsorption that con-
trols release of phosphate. Available evidence is that
phosphate desorption is least near pH 5 and increases
at lower and higher pH (Barrow 2017). Increasing de-
sorption as pH decreased was also observed by Saleque
and Kirk (1995). These observations were dismissed by
Penn and Camberato (2019) largely because they
thought them inconsistent with their theories. In the
work reported here we show that the phosphorus sup-
plied by soil to plants, and therefore desorbed, is indeed
affected by pH and that there is a minimum near pH 5.

The other reason is that uptake of phosphate from
solution by plant roots decreases with increasing pH. It
was noted that the rate of phosphate uptake closely
matched the proportion of phosphate present as a mono-
valent H,PO, ion and this was interpreted as showing
that the uptake mechanism was specific to this ion
(Vange et al. 1974). Subsequently, in a comprehensive
review, Rausch and Bucher (2002) considered several
lines of evidence and concluded that the mechanism of
phosphate uptake involves H*/Pi co-transport and this
explains why it is not favoured at high pH.

It seems that the belief that phosphate availability
increases with increasing pH is widely accepted but, as
far as we are aware, it has never subjected to experi-
mental test. The limited data that are available come
from experiments designed for different purposes. In
the work reported here we grew three species of plants
at 10 levels of supplied phosphate and at pH(caciz)
values ranging from 3.99 to 7.26.

Methods
Soil

We used a soil of low phosphorus status and high
buffering capacity for P from the Regional Research
Station of Bidhan Chandra Krishi Viswavidyalaya at
Jhargram in West Bengal, India (22°26'58.99" N,
86°59'49.23"E). This soil was also used by Barrow
et al. (2020). The site was well-drained and not used
for cultivation. The average annual rainfall is 1400 mm,
81% of which falls in the monsoon months from June to
early October. The average maximum temperature in
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summer is 37 °C and average minimum in winter is
15 °C. We collected 250 kg of the soil in January 2019,
when the soil was dry, to a depth of about 20 cm using a
spade. The soil was thoroughly mixed; ground to pass
through a 2 mm sieve and stored at 25 °C prior to use.
The soil is classified as a coarse loamy Typic Haplustulf
in the red and lateritic soil zone. Some of its properties
are: Colwell P, 11.36 mg kg (Colwell 1963); Bray P,
3.17 mg kg ' (Bray and Kurtz 1945); cation exchange
capacity, 9.2 cmol (p*) kg ™' (Dewis and Freitas 1984);
water holding capacity 28% (Piper 1966); organic C
content, 3.1 g kg ' (Walkley and Black 1934). The
effects of pH and period of reaction on P sorption by
this soil were described by Barrow et al. (2020).

Design of the experiment

In designing our experiment we followed the advice of
Webster (2007). “In experiments with graded treatments
do not make multiple comparisons of any kind; instead
fit a response curve and analyse the data by regression®.
We fitted a “surface” in which observed yield is related
to both pH and P level. If we do not wish to compare
pairs of observations, nothing is gained by replicating
the observations and much is lost for there would be
fewer treatments and the surface would be less well
defined. When a regression is found to be significant it
can be taken that any change in the independent variable
will produce a change in the dependent variable — with a
confidence that depends on the goodness of fit as
reflected in R%.

Preparation of the treatments

We applied our treatments to subsamples of the soil with
the aim of adding a band of treated soil to each pot. We
initially altered the pH of six 2 kg subsamples of the soil.
To each of these six subsamples we added powdered
CaCOs at 4, 7, 10, 15, 20 and 30 mmol kgﬁl. We then
moistened the soil (26%) and incubated at 60 °C for
2 days. The 60 °C temperature was used to accelerate
the rate of reaction with lime (Barrow and Cox 1990).
The sequence of pH values obtained after treatment was:
3.99 (untreated), 4.55, 5.19, 5.90, 6.40, 6.95 and 7.26.
We divided each subsample into 10 lots each weighing
200 g. To each 200 g lot we added solutions of KH,PO,
to give: 0, 20, 50, 100, 200, 300, 400, 600, 800 and
1000 mg P kg .
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Cultivating the plants

We used pots with a surface diameter of 115 mm. We
first added 700 g of bulk soil. We then added (in
sequence) to each pot: the 200 g test soil samples, 50 g
of bulk soil, seeds, and a further 50 g of bulk soil. After
each addition, the soil surface was levelled. The advan-
tage of this approach was that most of the soil in which
plants were grown had not been incubated at high tem-
perature and therefore would not have sustained any
adverse effects from this treatment. We grew three spe-
cies: rice (Oryza sativa. L. IET 4786, mustard (Brassica
campestris L. ‘B9’) and lucerne (Medicago sativa L.
commercial source). The variety of rice used is recom-
mended for rain fed agriculture and is widely grown on
acid to neutral soils in West Bengal. After germination,
seven healthy plants were kept for rice, six plants for
mustard and ten plants for lucerne in respective pots
maintaining equal spaces as far possible. Rice plants
were sown during the second week of September, mus-
tard in the first week of November and lucerne in the
first week of December, 2019. Seven days after emer-
gence, we added a solution which gave the following
additions as basal nutrient (mg nutrient kg ' soil): Mn 4,
Mo 1,Cu1,B0.2,Zn 10, K 100, Mg 6, and N 100. Half
the N was added as NH4Cl and half as NaNOs. Soils
were irrigated each day to maintain 50% of water hold-
ing capacity. Plants were grown in the dry season for
30 days in the open air on a rooftop.

The seeds added only negligible amounts of P
(Table 1). At the end of the experiment, the above-
ground parts of plants were collected, washed with
0.2% solution of phosphate—free detergent (ARIEL
powder, Worlee-Chemie India Pvt. Ltd) to remove any
waxy or greasy material, then with dilute HSO,4, and
finally with distilled water, air dried and then oven dried
at 60 °C until a constant weight was reached.

The dried above-ground plant parts were pulverized
and the P concentration in the ground leaf was deter-
mined by digestion with a mixture of acids

Table 1 Details of seed weight and P concentration

(HNO3:H,SO4:HCIO4— 10:1:4 by volume). The P con-
tent in the extract was analysed using the vanado-
molybdo-phosphoric acid method (Singh et al. 1999)
using a UV-vis-spectrophotometer to measure the yellow
colour.

Aluminium was determined by Atomic Absorption
Spectrophotometer (AAS, Perkin Elmer).

Analysis of the data

For each pH treatment and for each plant species, we
fitted response curves in the form

y = m{1=exp(—c(x + d)] (1)

where y is the yield; x is the phosphorus applied; and
m, ¢, and d are parameters. The parameter m indicates
the maximum yield to which the data trend; the param-
eter ¢ indicates the slope of the response curve; and the
parameter d indicates the P coming from the soil and
seed. We could therefore separate the effects of pH on
the supply of P from the soil (d) from those on the
uptake and utilisation of P (¢). The parameter ¢ can be
regarded as a measure of the effectiveness of the
fertiliser; the larger its value, the smaller the amount of
fertiliser needed for a given response.

We wrote a program in QB64, a BASIC language, to
fit equations in which the parameters of Eq. (1) were
replaced by functions of pH. The program uses the
Simplex algorithm to find the values of the parameters
that give the smallest value of residual sums of squares.
Each cycle of the program involves 300 iterations. We
restarted the cycle 200 times giving a total of 60,000
iterations. We compared different functions of pH and
chose functions that most efficiently described the data.
Thus we fitted surfaces such that plant yield was related
to both pH and P level.

Weight per 100 seeds P concentration Number of seedlings per pot P from seeds
© (mgg™) (mg pot )
Lucerne 0.28 2.35 10 0.0461
Rice 1.68 1.73 0.2034
Mustard 0.27 1.10 0.0208
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Results 10
Lucerne
For all three species, largest yields were obtained for the %81
pH 5.19 treatment. There were small decreases in yield
when the pH was decreased and large decreases in yield 061
when the pH was increased. Even so, the yields for the
lowest pH were appreciably greater than for the highest 04 1 PH caciz)
pH (Fig. 1). Our confidence in this and other statements ® 399
in this section is based on the close fit of the surface to 021 : Zﬁlﬁ
the data. This is evident in Fig. 1 and in the values for the v 726
correlation coefficients; these were: rice 0.990, mustard 0.0 - T T T T T
0.992, and lucerne 0.988 (» < 0.00001). 0 200 40 %0 &0 1000
There was a broad similarity in the components of the 06 - °

response across the three species (Fig. 2). For all spe-
cies: there was a small decline in the fitted value for the
maximum sorption with increasing pH; there was a
maximum value for the effectiveness for the pH 5.19
treatment with a small decrease at lower pH and a large
decrease at higher pH; and for rice and mustard there
was a minimum of the d parameter for the pH 5.19
treatment with increases at both higher and lower pH.

The most marked difference between the species was
in the values for the parameter d. As the amount of P
supplied by the seeds was trivial, this parameter reflects
the amount coming from the soil. Before P can be
accessed by plant roots, it has to be desorbed. We
therefore interpreted this parameter as reflecting the
amounts of desorption. The values were in the sequence:
mustard > rice > lucerne. Further, the effects of pH on
desorption were marked for both rice and mustard but
not discernible for lucerne.

Smaller, but nevertheless important, differences
existed between the species in the value of the slope
term (c). This reflects the ability of the plants to utilise
the phosphate supplied. The sequence for this property
was: rice > lucerne > mustard. Thus mustard was very
good at obtaining the soil phosphate but poor at using it.
We found that “broken-stick” functions closely and
efficiently described the relationships. Such functions
are consistent with different processes controlling the
response at high and at low pH.

When plots of plant weight against P concentration
fall about a common line, it can be assumed that they
have an equivalent source of phosphate (Black and Scott
1956) and that growth is not limited by anything else.
Figure 3 shows that this was the case for most of the pH
treatments. However, for the most-acid treatments this
was not so. For the three lowest pH values for lucerne
and for the two lowest pH values for the other species
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Fig. 1 Effect of the initial pH on the response of three species of
plants to 10 levels of phosphate. Response curves for pH 4.55,
5.90, and 6.95 (which were intermediate in value) have been
omitted to improve clarity. The curves are not fitted to the data
points for each pH; they are lines for each pH on the surface
obtained when the data are described by y=m [1 — exp (—c(x +
d)] where y is the yield; x is the phosphorus applied; and m, a, and
d are functions of pH as indicated in Fig. 2. (Values for R? are: rice
0.990, mustard 0.992, and lucerne 0.988)

the points fell below the common line. That is, a higher
concentration was needed to produce the same yield.
This indicates that response was affected by something
else.
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Fig. 2 Effect of pH on functions used to describe the data. Points
are values of the parameters obtained for the equation y=m [1 —
exp (—c(x + d)] where y is the yield and x is the phosphorus applied

There was appreciable aluminium present in the plant
tissue (Fig. 4). Values were highest for rice and lowest
for lucerne. The aluminium concentration decreased
with increasing pH, but did not decline to very low
levels because roots had access to the bulk soil which
was at a low pH. Figure 5 shows that the decrease in
yield at low pH was associated with increasing alumin-
ium concentrations. Rice had highest aluminium con-
centration; lucerne the lowest.

Discussion

Largest yields occurred near pH 5 and lowest at neutral
or near neutral pH. Thus there are now five species of
plants for which similar results have been observed; the
three species used here plus Trifolium subterranean and
Zea mays (Barrow 2017). The effects on

which was fitted to the data of Fig. 1 for each pH. Curves illustrate
the functions used to describe the surface for which yield is related
to both pH and P supplied

T. subterranean were dismissed by Penn and
Camberato (2019) — arguing that “certain plants prefer
acid conditions”. This dismissal is hard to sustain espe-
cially with a plant such as lucerne which has a reputation
for preferring neutral pH and, as shown here, is sensitive
to aluminium. We think that the low effectiveness at
higher pH can be attributed to effects on the uptake
mechanism by plant roots. This involves H*/Pi co-
transport (Rausch and Bucher 2002). As far as is known,
this mechanism is common to all plant roots. It would be
reasonable to expect the direction of the effect to be the
same no matter which plant was used. The magnitude of
the effect may however differ between plants as it did
for the plants used here.

On the other hand, the smaller depression in yield at
low pH can be attributed to aluminium toxicity. Plants
differ in their sensitivity to aluminium and soils differ in
the extent to which they supply aluminium. It would
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025 | “u-shaped” curve with a minimum near pH 5 (Barrow
etal. 2020). That is, sorption was faster at both high and
020 + low pH. This was characterised using a mechanistic
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Fig. 3 The relationships between the weight of the above ground
parts of the indicated plants and the phosphorus concentration in
the tissue. In all cases, including the data for the next lowest pH
significantly increased the residual sums of squares p < 0.01

therefore be reasonable to expect slightly different re-
sults with different combinations of plants and soils. We
also suspect that if the bulk soil were not as acid, the
decrease in growth at low pH may not have been as
large.

The form in which nitrogen is supplied is known to
have a large effect on the pH of the rhizosphere (Riley
and Barber 1971). Here we used an equal mixture of
nitrate and ammonium. If we had supplied nitrogen
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Fig. 5 Relationship between aluminium concentration in plant
tissue and the decrease in yield for the most acid treatments all
of which had received 400 mg P kg '
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model in which the rate was assumed to be limited by
the rate of diffusive penetration and this was
characterised by a diffusion coefficient. Figure 6 shows
that values of the desorption term obtained here are well
correlated with values of the diffusion coefficient. That
is, the rates of desorption and the rates of sorption are
similarly affected by pH.

Many plants are observed to acidify the rhizo-
sphere especially when P is limiting. This observa-
tion is difficult to explain if phosphate availability
increases with increasing pH but is consistent with
our results. In many cases organic acids are secret-
ed and these would be expected to sequester alu-
minium thus decreasing the effects of aluminium
toxicity at low pH.

500
® Mustard
® Rice
400 - ® Lucerne ®
— o
'*6 { ]
o
()]
§, 300 H
5 [ )
£
§ { ]
5
= 200
e
2
3 [ ]
[a)]
[ )
100{ ¢
0 T T T T

0.009 0.010 0.011 0.012

Diffusion coefficient (day ™)

Fig. 6 Plots of desorption as measured in this experiment against
the diffusion coefficient for P sorption from Barrow et al. (2020).
Desorption is reflected in the value of the parameter d when the
equation y =m [1 —exp (—c(x + d)] where y is the yield and x is the
phosphorus applied was fitted to the several values for pH as
shown in Fig. 1. In the work of Barrow et al. (2020), four levels
of phosphate were incubated with soil for periods between one and
30 days and at pH values ranging from 3.01 to 7.95. The
mechanistic model of Barrow (1983) closely described the results.
In that model, the rate of sorption is determined by the rate of
diffusion into the adsorbing particle characterised by the diffusion
coefficient

Conclusions

The conventional view is wrong. It is based on a theory
that is both wrong and irrelevant. The optimum pH for
phosphate availability is not close to 7 but much lower.
The optimum pH for growth depends on the interplay
between decreasing rate of uptake as pH is increased and
increasing aluminium toxicity as it is decreased. For the
soil, plants and nitrogen supply used here it was some-
what above 5.
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