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Abstract
Background and aims Although phosphorus (P) appli-
cation is known to affect the zinc (Zn) nutrition of crops,
the underlying mechanisms and effects of soil type are
unclear.
Methods A greenhouse pot experiment was conducted
with wheat, two soils (calcareous and acid), and nine P
fertilizer rates (0, 50, 100, 200, 400, 1000, 2000, 3000,
and 5000 mg P2O5 kg

−1 soil).
Results The effects of P application on the Zn content of
shoots and roots in wheat and on the levels of available
Zn in soil differed on the two soils. The wheat dry weight
on both soils was highest with 2000 mg P2O5 kg

−1. Total
Zn accumulation was reduced above 2000 mg P2O5 kg

−1

on the acid soil and above 100 mg P2O5 kg−1 on the
calcareous soil. Available soil Zn declined when the
Bray-P concentration reached about 34 mg kg−1 in the
acid soil and when the Olsen-P concentration exceeded
200 mg kg−1 in the calcareous soil. Shoot Zn

concentrations were negatively related to available soil
P on the two soils.
Conclusion The negative effects of increasing P appli-
cation rates on Zn accumulation by wheat differed be-
tween the two soils. The effects showed no close rela-
tionship to available soil Zn.

Keywords Acid soil . Calcareous soil . Phosphorus .

Available soil Zn . Zn nutrition .Wheat

Introduction

Millions of hectares of cropland around the world are
affected by low concentrations of available soil zinc (Zn),
and approximately one-third of the global human popu-
lation suffers from an inadequate Zn intake (Alloway
2009; Brown et al. 2004). Thus, Zn deficiency is a
widespread nutritional problem for both crops and
humans. As one of the Bbig three^ cereal crops world-
wide, wheat and its products have a strong impact on
human nutrition (Shewry 2009). They provide about 22
and 20% of the daily human Zn intake in rural and urban
regions of China, respectively (Ma et al. 2008). Also in
developed countries such as the UK, wheat and other
cereals are significant sources of human Zn nutrition,
contributing 25%of the daily Zn intake (11% from bread)
(Henderson et al. 2003). Thus, human Zn nutrition can be
improved by enhancing Zn density in wheat grains.

Grain yields depend on an adequate supply of phos-
phorus (P) (George et al. 2016; Nesme et al. 2014), but
excessive P application can reduce Zn uptake by crop
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plants (Imran et al. 2016; Wang et al. 2008; Zhang et al.
2012, 2015). Gao et al. (2011) found that P fertilizer
application at a rate of 80 mg P kg−1 soil decreased
shoots Zn concentration in pot-grown durum wheat to
12.8 mg kg−1. In another study, 20 kg P ha−1 applied as
triple superphosphate, decreased the grain Zn concen-
tration of wheat by 33–39% (Ryan et al. 2008).

There is more than one mechanism involved in the
interaction. Biswapati and Mandal (1990) found that the
decrease of Zn concentration in shoots and roots of rice
in response to P application was related to a decrease in
available Zn on a Haplustalf soil with pH 6.6. Saeed
(1977) reported that the availability of soil Zn was not
affected by interactions between Zn and P in three
calcareous soils with pH 8.0. He also reported that P
application increased Zn availability in calcareous soils
by increasing its desorption under low levels of P appli-
cation. Available soil Zn content as affected by P appli-
cation may play an important role in the negative effect
of P on Zn nutrient in crops. In his book on soil nutrient
bioavailability, Barber (1995) concluded that Zn avail-
ability in soil is affected by soil pH. In other two studies,
Zn adsorption increased (and the concentration of avail-
able Zn decreased) with P application on acid soils
because of the abundance of iron and aluminium oxides
(Pérez-Novo et al. 2011; Stanton et al. 1970). Another
study, however, reported that increases in P application
did not influence Zn solubility when the soil pH was <5
(Agbenin 1998) and that Zn adsorption changed little
with increasing P application rates up to 2000mg P kg−1

on a sandy loam Orthic Acrisol and up to 40 mg P kg−1

on an Alfisol, an Oxisol, and a Vertisol with soil pH >7
(Agbenin 1998; Rupa and Tomar 1999).

The effect of P application on the Zn nutrition of
crops can be partially attributed to the effect of P on the
uptake of Zn by roots (Yang et al. 2011; Zhang et al.
2016). For example, Zhang et al. (2016) reported that P
application decreased Zn uptake by wheat under field
conditions. In a pot experiment, the total amount of Zn
(the product of concentration and weight) in roots and
shoots of maize was positively correlated with root
biomass, which was affected by P application, and by
soil properties as well (Zhang et al. 2017a). In a field
experiment conducted on a calcareous soil, the biomass
of wheat roots increased when P application was in-
creased from a low to a moderate rate, until it plateaued
when the rate exceeded 50 kg P ha−1 (Teng et al. 2013).
In a pot experiment with an acid soil, the biomass of
wheat roots increased as the P application increased

from 0 to 160 mg kg−1, but then decreased at higher
application rates (Rupa et al. 2003). These results
suggest that the involvement of root biomass in
how P application affects Zn uptake warrants ad-
ditional research.

P application also affects Zn concentrations in shoots.
Zhang et al. (2015) reported that accumulation of Zn in
wheat shoots on calcareous soil increased as the P
application rate increased up to a threshold; at P appli-
cation rates above that threshold, Zn accumulation de-
creased. Yang et al. (2011), in contrast, found that Zn
accumulation in shoots of wheat growing in an acid
medium decreased as the P application rate increased.

The papers cited in the previous paragraphs show that
Zn uptake by crop plants can be influenced by the rate of
P fertilizer application, depending on soil acidity. Acid
soils accounts for nearly 21 and 50% of arable soils in
China and worldwide, respectively (Kochian et al. 2004).
On the other hand, calcareous soils with low Zn avail-
ability dominate on the North China Plain (Xiang et al.
1995). Although it is known that the high pH of calcar-
eous soils and the low pH and high iron-aluminum oxide
concentration of acid soils limit crop Zn nutrition (Saeed
and Fox 1979; Pérez-Novo et al. 2011), there is a lack of
knowledge on how P application affects Zn accumulation
by wheat on typical acid and calcareous soils.

This study had two objectives. The first objective
was to investigate how P application affects the growth
and Zn accumulation of wheat growing on a typical acid
soil and a typical calcareous soil from China. The sec-
ond objective was to clarify to what extent P application
effects on wheat Zn accumulation are related to avail-
able soil Zn concentrations.

Materials and methods

Experimental design

A pot experiment with wheat (Triticum aestivum L., cv.
Liangxing 99) was conducted in a greenhouse at China
Agriculture University. Two soils were used: an acid
purple Regosol (according to WRB classification) with
low pH from Sichuan Basin and a calcareous Fluvisol
(according to WRB classification) with high pH from
the North China Plain. The soils were air-dried and
passed through a 3-mm plastic sieve before they were
filled into the pots. Information about soil properties is
presented in Table 1.
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Both soils were treated with nine levels of P (0, 50,
100, 200, 400, 1000, 2000, 3000, and 5000 mg P2O5

kg−1 soil) in the form of Ca(H2PO4)2·H2O. Before sow-
ing, the following nitrogen (N), potassium (K), and zinc
(Zn) fertilizers were mixed into the soil: 150 mg N kg−1

soil as urea, 150 mgK2O kg−1 soil as K2SO4, and 10mg
Zn kg−1 soil as ZnSO4·7H2O. Each pot (5 L) received
4 kg of soil. Each P level was represented by four
replicate pots, which were arranged on a greenhouse
bench in a random design. Fifteen germinated seeds
were sown in each pot, and the seedlings were thinned
to 10 per pot after 1 week. Pots were irrigated with tap
water as needed.

Sample collection and nutrient analysis

At the stem elongation stage (65 days after sowing), the
shoots and roots of the wheat plants were harvested, and
soil samples were collected. The shoots were separated
from the roots using stainless steel scissors. Then the
roots were collected by gently shaking off the soil
adhering to the root system and individually collecting
visible small roots that remained detached in the soil
after the shaking. After the plant samples were washed
with tap water and then with deionized water, they were
dried at 60-65°C to a constant weight and weighed. The
dried shoots and roots samples were ground with a
stainless-steel grinder for P and Zn analysis. All plant
samples were digested with HNO3-H2O2 (6 ml HNO3

and 2 ml H2O2) in a microwave-accelerated reaction

system (CEM, Matthews, NC, USA), and the P and
Zn concentrations in the digesting solutions were deter-
mined by inductively coupled plasma optical emis-
sion spectroscopy (ICP-OES, OPTIMA 3300 DV,
Perkin-Elmer, USA). Standard materials for P and
Zn (IPE126) were obtained from Wageningen
Evaluation Programs for Analytical Laboratories
(WEPAL, Netherlands).

The collected soil samples were air dried and passed
through a 1 mm plastic sieve to determine pH, available
P and Zn. Soil pH (1:2.5 w/v in water) was determined
using a pH meter (PB-10, Sartorius, GER) which was
sensitive to 0.01 pH units. Olsen-P, Bray-P, and CaCl2-
extractable soil P (CaCl2-P) concentrations were mea-
sured by the molybdovanado phosphatase method based
on extraction with 0.5 mol L−1 NaHCO3 (Olsen 1954),
0.03 mol L−1 ammonium fluoride and 0.025 mol L−1

HCl (Bray and Kurtz 1945), and 0.01 mol L−1 CaCl2
(Schofield 1955), respectively. Bray-P and CaCl2-P
concentrations were determined to indicate the available
P concentration in the acid soil, while Olsen-P and
CaCl2-P concentrations were determined to indicate
the available P concentration in the calcareous soil.
DTPA-extractable (DTPA = diethylene triamine
pentacetic acid) Zn, Fe, Cu, and Mn concentrations
(denoted as DTPA-Zn, DTPA-Fe, DTPA-Cu, DTPA-
Mn) were extracted with 5 mmol L−1 DTPA at
pH 7.3 (180 rpm, 25 °C) and analyzed by induc-
tively coupled plasma optical emission spectrosco-
py (ICP-OES, OPTIMA 3300 DV, Perkin-Elmer, USA)

Table 1 Basic physical and chemical properties of the test soils

Soil properties Method used Acid soil Calcareous soil

Soil pH 1:2.5 w/v in water 5.57 7.96

Organic matter (g kg−1) Walkley and Black wet acid dichromate digested 20.6 17.2

Olsen-P (mg kg−1) 0.5 mol L−1 NaHCO3- extractable 10.8 14.4

Bray-P (mg kg−1) 0.03 mol L−1 NH4F-0.025 mol L−1 HCl- extractable 0.7 –

Total P (g kg−1) 2.0 mol L−1 H2SO4–70% HClO4 digested 1.0 0.8

DTPA-Zn (mg kg−1) 5 mmol L−1 DTPA- extractable 2.3 0.8

DTPA-Mn (mg kg−1) 5 mmol L−1 DTPA- extractable 48 7.0

DTPA-Cu (mg kg−1) 5 mmol L−1 DTPA- extractable 1.6 1.1

DTPA-Fe (mg kg−1) 5 mmol L−1 DTPA- extractable 193 6.6

Total N (g kg−1) Semi-micro Kjeldahl digestion 1.0 0.9

NH4OAc-K (mg kg−1) 1.0 mol L−1 NH4OAc-extractable 118 256

CaCO3 (g kg−1) 0. 5 mol L−1 HCl - 0.25 mol L−1 NaOH 6.0 65
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as proxies of available soil Zn, Fe, Cu and Mn (Lindsay
and Norvell 1978).

Statistical analysis

Two-factor analyses of variance (ANOVAs) were used to
evaluate the effects of soil type and P application on root
and shoot dry weight and Zn accumulation. SAS soft-
ware (SAS 8.0, USA) and SPSS software (SPSS 20.0,
China) were used for the statistical analysis. When the
effects were significant according to ANOVA, treatments
were compared with the Duncan’s test at P < 0.05.

Results

Plant biomass

On the acid soil, shoot dry weight (DW) increased as the
P application rate increased from 0 to about 2000 mg
P2O5 kg

−1 and then plateaued at higher application rates
(Fig. 1a), and root DW increased as the P application
rate increased from 0 to 100 mg kg−1 and then decreased
at higher application rates (Fig. 1b). On the calcareous
soil, shoot DW peaked at 2000 mg P2O5 kg

−1 and then
declined at higher P application rates (Fig. 1a), but root
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DW was not significantly affected by the P application
rate (Fig. 1b).

Plant P and Zn contents

P application significantly increased the concentration of
P in shoots (Fig. 1c) and roots (Fig. 1d) on both soils. On
the acid soil, shoot P concentrations were not increased
by P application rates <400 mg P2O5 kg−1. Shoot Zn
concentrations decreased as the P application rate

increased in both soils (Supplementary Fig. 1a). Root
Zn concentrations were not significantly affected by P
application on the acid soil, but they were decreased by P
application on the calcareous soil (Supplementary
Fig. 1b). On both soils, there was a negative correlation
between shoot Zn and P concentrations (Fig. 2).

The P application effects on the P and Zn concentra-
tions of roots and shoots and their biomasses translated
into the following effects on the amounts of P and Zn
accumulated by the plants. Shoot P and total P
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accumulation were significantly increased as the P appli-
cation rate increased from 0 to 5000 mg P2O5 kg

−1 on the
acid soil and from 0 to 2000 mg P2O5 kg−1 on the
calcareous soil (Supplementary Table 1). On the acid soil,
specific P uptake (P uptake per unit of root DW) changed
only weakly as the P application rate increased from 0 to
200 mg P2O5 kg−1, but increased strongly at higher P
application rates. On the calcareous soil, specific P uptake
increased as the P application increased from 0 to
2000 mg P2O5 kg

−1 and then plateaued (Supplementary
Table 1).

On the acid soil, shoot Zn and total Zn accumulation
increased with increasing P application rate until reaching
a plateau at rates between 400 and 2000 mg P2O5 kg

−1

and then slightly declined again with further increase
(Fig. 3a, c). Root Zn accumulation peaked at a P appli-
cation rate of 100 mg P2O5 kg

−1. On the calcareous soil,
shoot and root Zn accumulation and total Zn accumula-
tion remained unchanged when the P application rate was
<100 mg P2O5 kg

−1 but declined at higher rates (Fig. 3a,
b and c). On the acid soil, specific root Zn uptake (total
plant Zn uptake per unit of root DW) did not significantly
differ among P application rates between 0 and 200 mg
P2O5 kg

−1 and between 400 and 5000 mg P2O5 kg
−1, but

increased from 200 to 400 mg P2O5 kg
−1. On the calcar-

eous soil, specific root Zn uptake decreased with increas-
ing P application rate (Fig. 3d).

Available soil P and Zn

Increasing P application significantly increased the
Bray-P concentration in the acid soil (Fig. 4a) and the
Olsen-P concentration in the calcareous soil (Fig. 4b).
The increases were similar in the two soils. Increasing P
application also increased the CaCl2-P concentration in
both soils. In the acid soil, the CaCl2-P concentration
increased slower at low (< 2550 mg P2O5 kg

−1) than at
high P application rates (Fig. 4c). In the calcareous soil,
the CaCl2-P concentration increased rapidly as the P
application rate increased from 0 to 1850 mg P2O5

kg−1 and then plateaued (Fig. 4c).

The DTPA-extractable soil Zn (DTPA-Zn) concen-
tration of the acid soil increased as the P application rate
increased from 0 to 400 mg P2O5 kg−1 and then de-
creased (Fig. 5a). The DTPA-Zn concentration of the
calcareous soil remained nearly unaffected by P appli-
cation in the range from 0 to 1000 mg P2O5 kg

−1, but
showed a significant decrease with increasing P appli-
cation at rates exceeding 1000 mg P2O5 kg

−1 (Fig. 5a).
DTPA-Zn was first positively and then negatively relat-
ed in the acid soil to the increasing Bray-P and CaCl2-P
(Fig. 5c, d). It was also negatively related to Olsen-P and
CaCl2-P in the calcareous soil, but only above a thresh-
old of about 200 mg kg−1 and 30 mg kg−1 (Fig. 5e, f),
respectively. The pH of the acid soil was not affected by
the P application rate, while the pH of the calcareous soil
showed a slightly increasing trend at P application rates
from 0 to 200 mg P2O5 kg−1 and slight decrease at
higher rates (Fig. 5b).

Relationship between plant Zn and available soil Zn
and P

The relationships between root and shoot Zn concentra-
tions and the concentrations of available soil P and Zn
differed between the two soils. On the acid soil, root and
shoot Zn concentrations were not related to the DTPA-
extractable soil Zn concentration (Fig. 6a), while shoot
Zn but not root Zn was negatively related to Bray-P and
CaCl2-P (Fig. 6c, e). On the calcareous soil, root and
shoot Zn concentrations were positively related to
DTPA-Zn (Fig. 6b) and negatively related to Olsen-P
and CaCl2-P (Fig. 6d, f).

Discussion

Available soil P and Zn response to P application

Close positive relationships were found between P ap-
plication rate and the indicators of available soil P (with
the exception of CaCl2-P at the highest two application
rates) on both soils, in line with many previous studies
(Peck et al. 1971; Zhang et al. 2014, 2017b; ). However,
in the latter studies, the available soil P concentrations
did not extend to so high values as in our study. The
negative correlations between available soil P and
DTPA-Zn in our two soils were not consistent with the
results of some other studies that found positive rela-
tionships between available soil P and DTPA-Zn

Fig. 5 Effects of P application (rates given in mg P2O5 kg
−1 soil)

on (a) the concentration of DTPA-extractable soil Zn and (b) soil
pH, and relationships of DTPA-extractable soil Zn with (c) Bray-P
and (d) CaCl2-P in the acid soil andwith (e) Olsen-P and (f) CaCl2-
P in the calcareous soil. Log scale of x-axis was used in Fig. 5c-f.
Values are means ± SE. Within each soil, means followed with
different lowercase letters are significantly different at P < 0.05.
*** indicates that the model is significant at P < 0.001
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(Rahman et al. 2007; Rezapour 2014). However, the
available soil P concentrations in their experiments were
not so high to represent the results from present study.
The changes in available soil Zn were always associated
with P condition in soil.

Increasing P application initially increased but then
decreased available soil Zn in the acid soil, which agrees
with analogous findings by Rupa et al. (2003). An
increase in available soil Zn with P application at low
rates was also observed by Drissi et al. (2015), who
found that available soil Zn increased upon application
of 72 mg P2O5 kg

−1 in form of diammonium phosphate
at a soil pH of 6.1. In our case, it may have been at least
partly caused by competition between Zn and Ca cation
for cation-exchanging sites, as we had used calcium
superphosphate as P source in our experiment.
Desorption of Zn due to competition with Ca has been
reported for example by García-Miragaya and Dávalos
(1986) and Escrig and Morell (1998). Besides, the com-
plexes of ZnHPO4 and ZnH2PO4

+ might, which are
known to exist in soil solutions (Mattigod and Sposito
1977), might have increased the total Zn concentration
in solution with increased P application rate in the acid
soil, while at higher P application rates immobilizing
effects became dominant. Negative influence of P ap-
plication on available soil Zn may not appear at low
application rate. A well-known major Zn immobiliza-
tion effect of P on soil Zn is the formation of ternary Zn-
phosphate-surface complexes (Sadiq 1991). In soil so-
lutions, the main forms of P are HPO4

2− and H2PO4
−

(Havlin et al. 2005), and an increasing concentration of
H2PO4

− has been found to increase the adsorption of Zn
to Fe and Al oxides (Jurinak and Inouye 1962). Thus, it
can be expected that the increased concentration of the
phosphate anion with increasing P application rate en-
hanced Zn sorption in the acid soil, counteracting the
opposite effect of soluble Zn phosphate complex forma-
tion, and that above some threshold around 400 mg
P2O5 kg

−1 this immobilization effect became dominant
over the mobilizing effect.

In contrast to the acid soil, DPTA-Zn was relatively
constant in the calcareous soil at P application rates
below 1000 mg P2O5 kg−1, but also here it decreased

with P application at higher rates. This result differs
from the finding of Saeed (1977) that P application
increased available soil Zn concentration in a calcareous
soil by decreasing Zn adsorption. The reason for the
disagreement may be that the concentrations of avail-
able soil P (11–35 mg kg−1 NaHCO3-extractable P) and
Zn were lower than in our study. Stukenholtz et al.
(1966) found that P application rates between 0 and
1000 mg kg−1 did not affect the HCl-extractable Zn
concentration of a calcareous soil, but increased it in
an acid soil. In our study, DTPA-Zn decreased in the
calcareous soil when the P application rate exceeded
1000 mg P2O5 kg−1 and Olsen-P reached about
200 mg kg−1 and CaCl2-P about 30 mg kg−1. At
high rates of P application, precipitation of hopeite
has been considered important for understanding
the interaction between P and Zn in calcareous soils
(Lindsay 1979).

Plant Zn concentration, accumulation, and uptake

Consistent with previous reports (Kizilgoz and Sakin
2010; Zhang et al. 2012, 2016), the shoot Zn concentra-
tion of our wheat plants was reduced by P application on
both the acid and calcareous soil. The decrease in shoot
Zn concentration was greater on the calcareous soil than
on the acid soil though, as P application affected Zn
accumulation more on the calcareous soil than on the
acid soil at the same level of P application. The negative
P effect on root Zn concentration on the calcareous soil
agreed with the results of a recent field experiment in
which it was attributed to increased soluble soil P
(Olsen-P) and decreased root arbuscular mycorrhizal
fungi (AMF) colonization (Zhang et al. 2016). The lack
of a P treatment effect on root Zn concentration on the
acid soil indicates that here the negative effect on shoot
Zn was not due to reduced root Zn uptake.

While a similar negative relationship as found for
both soils between available soil P and shoot Zn was
found also between available soil P and root Zn in the
case of the calcareous soil, there was no relationship
between available soil P and root Zn in the acid soil.
This finding is in line with the results of a pot experi-
ment conducted by Zhu et al. (2001), who found that
root Zn was not affected or even slightly increased with
increasing P application on a slightly acid soil, and with
similar results reported by Youngdahl et al. (1977).
It is also consistent with the findings of Sharma
et al. (1968), who reported that added P influenced Zn

Fig. 6 Relationships of Zn concentrations in wheat shoots and
roots with (a) DTPA-Zn, (c) Bray-P, and (e) CaCl2-P in the acid
soil and with (b) DTPA-Zn, (d) Olsen-P, and (f) CaCl2-P in the
calcareous soil. Log scale of x-axis was used in Fig. 6c-f. ** and
*** indicate that the model is significant atP < 0.01 and P < 0.001,
respectively
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concentrations of shoots much more than those of roots
in maize and tomato.

The responses of Zn accumulation to the P treatment
were partially quite different from the responses of plant
Zn concentrations, due to the fact that P application also
had strong effects on biomass. On the calcareous soil, P
application decreased shoot Zn accumulation and total
Zn accumulation, as the decrease in shoot and root Zn
concentration was not compensated by respective vari-
ations in biomass under our experiment condition. Also
Kizilgoz and Sakin (2010) found that the Zn accumula-
tion in wheat shoots decreased with increasing P appli-
cation rate in a pot experiment with alkaline soil. In
contrast, shoot Zn accumulation increased with P appli-
cation on the acid soil at low P application rates, as the
decrease in shoot Zn concentration was more than com-
pensated by a substantial increase in shoot biomass. The
change of Zn accumulation in the whole plant was
similar to that in the shoot. Our results are in line with
those of Stukenholtz et al. (1966), who found that low P
application rates did not reduce Zn uptake by corn on an
acid soil. As the P effect on shoot biomass levelled off at
high P application rates, Zn accumulation reached a
peak and then decreased also on the acid soil, following
the respective trend in shoot Zn concentration.We found
no other studies on shoot Zn accumulation in crops at
similarly high rates of P application for comparison.

There are various reports in the literature indicating
that high rates of P application can inhibit Zn uptake by
roots (Rengel et al. 1999; Liu et al. 2000; Yang et al.
2011). In our study, P application significantly de-
creased specific Zn uptake by roots on the calcareous
soil, which was consistent with recent field studies on
wheat and maize (Zhang et al. 2016, 2017a). In a previ-
ous pot study using calcareous soil, P application did not
greatly affect root growth, but as in our study also
reduced Zn uptake (Gao et al. 2011). This effect was
related to decreasing root colonization by AMF (Ova
et al. 2015; Ryan et al. 2008). In contrast to the calcar-
eous soil, total plant Zn uptake per unit mass of roots
was not decreased by P application on the acid soil in
our study, which may relate to the slightly increased
available soil Zn on the acid soil. The result did not
agree with the finding by Zhu et al. (2001) who found
that an increase in P application caused a significant
reduction in Zn uptake per unit of root weight on a
slightly acid soil. The discrepancy may be due to the
relatively low levels of P in the research of Zhu et al.
(2001) compared with this study.

The relationships between soil P and Zn and plant Zn
uptake

The decrease in total Zn uptake at the highest P appli-
cation rates could have been at least partially due to the
decrease in available soil Zn concentration observed in
both soils. These high levels are not representative for
agricultural practices in China, however. They were
only chosen here to determine potential threshold levels
for P effects on available soil Zn, wheat biomass and Zn
uptake. Under normal field conditions less than 90 kg P
ha−1 are applied per year in wheat-maize cropping sys-
tems in Northern China (Vitousek et al. 2009). In addi-
tion, from 1980 to 2007, the average concentration of
Olsen-P increased from 7.4 to 24.7 mg kg−1 in Chinese
agricultural soils (Li et al. 2011). Based on the results of
our study, this increase in available soil P would not
have decreased DTPA-Zn.

While our study did not give specific clues on the
mechanisms that were responsible for the decrease in
shoot Zn concentrations at lower P application, the
results nonetheless suggest that the observed negative
effects of P application on Zn uptake by wheat
can be reduced by avoiding excessive P fertiliza-
tion, especially on acid soils. The Zn nutrition of
crops can also be improved by the application of
Zn fertilizers, on calcareous soils in particular by foliar
Zn application (Zhang et al. 2012; Cakmak 2008;
Cakmak et al. 2010).

Conclusions

P application affected root and shoot Zn concentrations
more on calcareous soil than on acid soil at the same
level of P application. The critical P application level
that reduced Zn accumulation in wheat was 2000 mg
P2O5 kg

−1 on the acid soil and 100 mg P2O5 kg
−1 on the

calcareous soil. DTPA-extractable soil Zn declined
when Bray-P exceeded 34 mg kg−1 in the acid soil and
Olsen-P exceeded 200 mg kg−1 in the calcareous soil.
Such levels of available P are usually not reached in
soils under current agricultural management practices
though. On the acid soil, the decrease in shoot Zn
density with increasing P application rate was associated
with a substantial increase in shoot biomass. On the
calcareous soil, in contrast, the decrease in shoot Zn
density with increasing P application rate appeared to
be mainly due to a decrease in Zn uptake by the roots.
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