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Abstract
Background and aims Phosphorus (P) deficiency is a
major problem for alfalfa (Medicago sativa) productiv-
ity on alkaline soils on the Loess Plateau, China. Our
aim was to investigate growth, morphological and phys-
iological responses of alfalfa to P supply in two alkaline
soils when water supply is limited.

Methods A pot experiment was carried out to grow
alfalfa in two alkaline soils supplied with different rates
of P. Parameters of plant growth and root morphology,
rhizosphere pH and carboxylates, and plant concentra-
tions of mineral nutrients were measured.
Results Plant growth and nutrient uptake were en-
hanced by supplying P, but shoot growth was not further
increased when P supply was >20μg P g−1 soil. Specific
root length was only responsive to changes in soil P
when P supply was low in the loessial soil. The rhizo-
sphere carboxylate amount was significantly greater
when no P was supplied than when P was supplied to
the loessial soil. The rhizosphere pH was lower than the
bulk soil pH, but did not vary with soil P.
Conclusions AP supply of 20 μg P g−1 soil was optimal
for alfalfa growth. The responses of specific root length
and rhizosphere carboxylates depended on soil type.

Keywords Alfalfa (Medicago sativa) . Mineral
nutrients . Phosphorus uptake . Rhizosphere
carboxylates . Root morphology

Introduction

Phosphorus (P) plays a vital role in plant growth and
physiology, and P deficiency is one of the most limiting
factors to crop production in many soils worldwide
(Hinsinger 2001; Lambers et al. 2008; Richardson
et al. 2011). The major problem with P deficiency is
not the total P content in soil, but P availability to plants.
In soils, P is often tightly bound to soil particles such as
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iron (Fe) and aluminum (Al) oxides and hydroxides in
acid soils and calcium (Ca) carbonates in alkaline soils,
and hence P is relatively immobile and often poorly
available to most plants. Orthophosphate (Pi), which is
taken up by plants, occurs in soil solutions at very low
concentrations, i.e. < 0.6 to 11 μM (Hossner et al. 1973;
Yanai 1991; Ron Vaz et al. 1993; Johnston et al. 2014),
far lower than the intracellular Pi concentrations (5–
20 mM) required for optimal growth of many crop
plants (Vance et al. 2003; Fang et al. 2009).

Large amounts of P fertilizers have been applied to
many soils globally to improve agricultural productivity.
However, much of the P fertilizers applied to agricultur-
al soils in soluble forms are quickly sorbed to the surface
of soil particles, or precipitates with Ca, Al, and Fe, and
becomes sparingly-available to plants (Simpson et al.
2011; Simpson et al. 2015). Phosphate fertilizers are
often applied to soils in excess of plant requirement,
andmany soils have accumulated large stores of residual
P and non-labile inorganic P over time (Vu et al. 2008).
Large P inputs to agricultural soils not only increase the
cost of production, but also cause serious environmental
problems such as eutrophication of terrestrial and aquat-
ic ecosystems (Carpenter 2005; Ulrich et al. 2016).
Furthermore, phosphate rock, which is the world’s main
source of P, is a non-renewable resource (Cordell et al.
2009; Fixen and Johnston 2012), it is urgently necessary
to use P fertilizers in a sustainable way, and improve the
P-acquire and use efficiency of cropping systems
(Johnston et al. 2014; Cordell and White 2015).

Under P deficiency, plants may alter their root mor-
phology and physiology to improve their capacity for P
acquisition. Typical growth and morphological re-
sponses to P deficiency include a larger root mass ratio
(RMR, the ratio of root dry mass to total plant dry mass),
thinner roots and increased specific root length (SRL,
root length per unit root dry mass), more and longer root
hairs, and formation of mycorrhizal associations. All of
these morphological responses are expected to increase
total surface area for soil exploration and P acquisition at
minimal energy cost (Vance et al. 2003; Lambers et al.
2006). An important physiological mechanism plants
use to increase the rate of P absorption per unit root
mass and length is the exudation of carboxylates such as
citrate, oxalate, and malate, which can increase the
mobilisation of sparingly-soluble soil P in the rhizo-
sphere and result in enhanced P uptake (Lambers et al.
2006; Richardson et al. 2011). Some plants can increase
P availability by altering the rhizosphere pH, e.g. P

availability in alkaline soils is enhanced by rhizosphere
acidification resulting from proton release during N2-
fixation by some legumes (Hinsinger et al. 2003).

The levels of P supply in soils also affect the accu-
mulation ofmineral nutrients other than P by plants. At a
high P supply, when more P is taken up, the uptake of
some cations is also increased, and a high P concentra-
tion in shoots of some plants is accompanied by high
concentrations of potassium (K), Ca, magnesium (Mg),
and manganese (Mn) (Suriyagoda et al. 2012a; Aziz
et al. 2015). The strategies plants deploy to enhance P
acquisition can also result in increased uptake of other
mineral nutrients (Lynch 2007). Carboxylates released
by roots can mobilize micronutrients such as Fe, Mn,
copper (Cu), and zinc (Zn) in soil, and, as a conse-
quence, may lead to higher concentrations of these
elements in plants (Page et al. 2006; Lambers et al.
2015). Rhizosphere acidification can make Fe, Mn,
Cu, and Zn in alkaline soils more available for uptake
by roots (Dakora and Phillips 2002). At neutral to alka-
line pH, protons released by roots can enhance the
dissolution of calcium carbonates to increase Ca2+ for
plant uptake (Dakora and Phillips 2002). However, a
few organic acids such as citric acid can decrease Ca
uptake by roots due to their strong capacity to form
stable complexes with Ca in solution at pH 6.0, and
roots may not absorb Ca from organic complexes
(Nunes et al. 2009).

Alfalfa (Medicago sativa L.) is an important peren-
nial herbaceous forage legume, which has been cultivat-
ed for at least 150 years on the Chinese Loess Plateau,
where i t is an important component of the
agroecosystem (Deng et al. 2014; Fan et al. 2015).
Most soils on the Loess Plateau are typically alkaline
and calcareous, and the productivity of alfalfa is limited
by P deficiency and drought on these soils (Fan et al.
2015). Previous studies have demonstrated that, under P
deficiency in both acid and alkaline soils, alfalfa can
improve its P acquisition by increasing SRL and exud-
ing carboxylates into the rhizosphere (Pang et al. 2010a;
Suriyagoda et al. 2010; Fan et al. 2015). In the current
study, we carried out a pot experiment to grow alfalfa in
two alkaline soils supplied with different rates of P
under low soil moisture conditions. The objectives of
this study were to explore possible mechanisms that
could enhance P acquisition by alfalfa grown in two
alkaline soils under a range of P supplies with more
emphasis on the deficiency range when soil water sup-
ply is limited, and investigate the effects of P supply
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levels and strategies deployed by plants to enhance P
acquisition on the uptake of other mineral nutrients. We
hypothesized that the plants would (1) show larger
RMR under low P supply; (2) show increased SRL
under low P supply; (3) exude more carboxylates into
the rhizosphere under low P supply; (4) acidify the
rhizosphere under low P supply; and (5) show increased
uptake of other mineral nutrients when more P was
taken up.

Materials and methods

Plant material and growth conditions

Two alkaline soils, i.e. an aeolian sandy soil (40°02′41″
N, 111°22′22″E) and a loessial soil (39°47′35″N,
111°17′19″E) were collected from the top 40-cm layers
of two undisturbed sites in the northern part of the Loess
Plateau and used as the substrate for the pot experiment.
Both the aeolian sandy soil and loessial soil were air-
dried and passed through a 2-mm sieve before filling the
pots; their physicochemical properties were analyzed
and listed in Table 1. Concentration of bicarbonate-
extractable P, also considered Bplant-available P ,̂ of
the aeolian sandy soil and loessial soil was 2.4 and
1.1 μg P g−1 soil, respectively. External P was supplied
as calcium superphosphate (chemical pure, Sinopharm
Chemical Reagent Co. Ltd., Shanghai, China) at seven
rates, i.e. 0, 5, 10, 20, 40, 80, and 160 μg P g−1 dry soil
(hereafter referred to as 0P, 5P, 10P, 20P, 40P, 80P, and
160P treatment, respectively) for both soils, with no
other fertilizer being supplied throughout the experi-
ment. To prepare the substrate with the designated P-
application rates, calcium superphosphate was ground
to a powder and weighed, then thoroughly mixed with
1.5 kg of the aeolian sandy soil or loessial soil, and filled
to non-transparent PVC tubes, which were of 11-cm
diameter and 15-cm height and lined with a plastic bag
inside; no drainage was allowed during the experiment.
Tubes filled with the aeolian sandy soil were watered to
4% gravimetric soil water content (about 35% field
capacity) daily, while tubes filled with the loessial soil
were watered to 12% gravimetric soil water content
(about 35% field capacity) every two days throughout
the experiment, and all substrates prepared were incu-
bated for eight days before sowing the seeds.

Medicago sativa L. cv Golden Empress, an intro-
duced cultivar of alfalfa was used in this study. Seeds

were sterilized in 30% (v/v) hydrogen peroxide (H2O2)
solution for 5 min, rinsed with cold sterile water three
times and then soaked in cold sterile water overnight
(Kereszt et al. 2007). Nine seeds were sown in each pot
and seedlings were thinned to three plants per pot two
weeks after sowing. For each treatment, there were three
pots in which plants were grown, and there were three
control pots without growing plants. The experiment
was carried out from April to July in 2015 in a transpar-
ent rain shelter at ambient temperature in the Institute of
Soil and Water Conservation (34°16′33″N, 108°04′13″
E), Yangling, Shaanxi, China.

Collection and analyses of rhizosphere carboxylates

When plants were harvested 110 days after sowing,
shoots were severed at the base first, then the plastic
bags were lifted from the pots to separate the roots from
soil. Soil that was still attached to the roots after gently

Table 1 Physicochemical properties of the aeolian sandy soil and
loessial soil

Parameter Aeolian sandy soil Loessial soil

Sand (%) 87.5 45.0

Silt (%) 5.3 41.6

Clay (%) 7.2 13.4

Field capacity (%) 11.5 35.0

pH (H2O, 1:5) 8.5 8.7

Organic C (mg g−1) 1.7 4.2

NH4-N (μg g−1) 7.5 5.0

NO3-N (μg g−1) 3.5 1.2

Plant-available P (μg g−1) 2.4 1.1

Total P (μg g−1) 290 340

Total K (mg g−1) 0.8 1.5

Total S (mg g−1) <0.2 <0.2

Total Ca (mg g−1) 17.9 55.3

Total Mg (mg g−1) 3.7 6.3

Total Fe (mg g−1) 13.1 19.3

Total Mn (μg g−1) 257 373

Total Cu (μg g−1) 7.5 12.9

Total Zn (μg g−1) 23.3 34.4

Total Mo (μg g−1) 0.2 0.4

Total Ni (μg g−1) 14.0 22.1

Total B (μg g−1) 2.0 4.3

Concentrations of total P, K, Ca, Mg, S, Fe, Mn, Cu, Zn, Ni, Mo
and B were obtained using a modified aqua regia digestion. Plant-
available P concentration was obtained using a bicarbonate extrac-
tion. Values are means of three replicates
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shaking was defined as rhizosphere soil (Veneklaas et al.
2003). For each pot with plants, about 1.0 g fresh roots
and rhizosphere soil was transferred to a beaker contain-
ing 20 mL of 0.2 mMCaCl2 solution. Roots were gently
stirred in the solution for about 20 min to ensure cell
integrity and to remove the rhizosphere soil as much as
possible. A 1-mL subsample of the rhizosphere extract
was filtered using a 0.22-μm syringe filter into a 1-mL
HPLC vial, then acidified with one drop of concentrated
phosphoric acid, and kept in a − 20 °C freezer until
HPLC analysis. pH of the remaining extract in the
beaker was measured. Carboxylates in the rhizosphere
extracts were analyzed using a Waters E2695 HPLC
equipped with a Waters 2998 detector and Waters X
select columns T3 (Waters, Milford MA, USA). The
working standards included oxalic, malic, citric, and
malonic acids to identify carboxylates at 210 nm
(Cawthray 2003). Amounts of rhizosphere carboxylates
were expressed per unit root dry mass (RDM), and per
unit root length (RL) as well.

Measurement of bulk soil pH

When plants were harvested, bulk soil samples were
collected from each pot in which plants were grown,
and from each control pot without growing plants. All
bulk soil samples were air-dried and passed through a 2-
mm sieve, and their pH in a 1:5 soil:water suspension
was measured using a pH meter (Little 1992).

Measurement of plant biomass and root morphology

Roots used for rhizosphere carboxylate collection and
those not extracted were washed separately, first with
tap water then with deionized water to remove soil
particles, and scanned separately using an Epson
Perfection V750 Pro scanner. Root length (RL) and root
surface area (RSA) were measured using the
WinRHIZO image analysis system (Regent
Instruments, Quebec, Canada). Shoots and non-
extracted roots were oven-dried at 60 °C for 48 h, ex-
tracted roots were oven-dried at 60 °C for 24 h, and
weighed separately. Total RDM, RL and RSA was the
sum of the respective parameter of the extracted roots
and non-extracted roots, and specific root length (SRL)
was calculated as total root length divided by total
RDM. Root mass ratio (RMR) was calculated as total
RDM divided by the sum of total RDM and shoot dry
mass (SDM).

Analyses of mineral nutrients in plants

Oven-dried shoots and non-extracted roots were finely
ground. For each sample, about 0.1 g subsample was
weighed and digested with aqua regia and H2O2 (Sastre
et al. 2002; Lomonte et al. 2008), and analyzed with
Inductively Coupled Plasma Mass Spectrometry (ICP-
MS) NexION 300 (PerkinElmer, Inc., Waltham, MA,
USA) for concentrations of P, K, Ca, Mg, sulfur (S), Fe,
Mn, Cu, Zn, nickel (Ni), molybdenum (Mo), and boron
(B). Total plant content of each element in each pot was
calculated as the sum of shoot element content (SDM
per pot × shoot element concentration) and root element
content (RDM per pot × root element concentration).
Uptake of each element per unit RDM or RL was
calculated as total plant content of each element divided
by RDM or RL, without considering the content of each
element in seeds.

Calculation of P-uptake efficiency and P-utilisation
efficiency

For each treatment with external P supply, P-uptake
efficiency was calculated as the difference in total plant
content of P between this treatment and the 0P treatment
divided by the difference in the amount of P applied
between this treatment and the 0P treatment (Pang et al.
2010a). P-utilisation efficiency, which is defined as
plant biomass production per unit of P uptake
(Richardson et al. 2011), was calculated as total plant
dry mass (SDM plus RDM) per pot divided by total
plant content of P per pot in this study.

Statistical analyses

For all parameters, including plant growth and root
morphological parameters, concentrations of mineral
nutrients in shoots and roots, total plant contents of
mineral nutrients, P-uptake efficiency and P-utilisation
efficiency, rhizosphere and bulk soil pH, amounts of
rhizosphere carboxylates, and uptake of mineral nutri-
ents per unit RL, the data of three replicates in each
treatment were analyzed by performing a one-way (P-
application rate) analysis of variance (ANOVA) for the
aeolian sandy soil and the loessial soil separately, and
the differences between treatments were determined to
be significant when P < 0.05, according to the least
significant difference (LSD) test for post-hoc means
comparisons. For the loessial soil, the data of malonate
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were only available for one replicate of the 40P treat-
ment; therefore, the 40P treatment was not included in
post-hoc means comparisons of the one-way ANOVA
for malonate. Correlations between concentrations of
different mineral nutrients in shoots and between those
in roots, correlations between total plant content of
different mineral nutrients, correlations between total
plant content of mineral nutrients and root morpholog-
ical parameters, and correlations between uptake of
mineral nutrients per unit RDM or RL and rhizosphere
carboxylate amount per unit RDM or RL were analyzed
using bivariate Pearson correlations, and the correlations
were considered to be significant when P < 0.05. All
statistical analyses were performed using the IBM SPSS
Statistics 22.0 software package (IBM, Montauk, New
York, USA).

Results

Plant growth

For the aeolian sandy soil, the 5P and 10P treatments did
not result in a significant increase in shoot dry mass
(SDM) (Fig. 1a); all ≥20P treatments significantly
(P < 0.01) increased SDM, with SDM reaching a max-
imum when P was supplied at 20 μg P g−1 soil and
remaining the same or decreasing slightly when P-
application rate was further increased; SDM in all
≥20P treatments, except the 160P treatment, were mark-
edly (P < 0.02) greater than those in the 5P and 10P
treatments. For the loessial soil, SDM was always sig-
nificantly (P < 0.001) increased by all ≥5P treatments,
i.e. by 315–699%; SDM in all ≥20P treatments were
similar, being significantly (P ≤ 0.002) greater than
those in the 0P and 5P treatments; SDM in the 10P
treatment was significantly (P = 0.040) greater than that
in the 5P treatment, and markedly (P = 0.043) less than
that in the 40P treatment, but was not significantly
different from those in all other ≥20P treatments.

Root dry mass (RDM) of plants grown in the
aeolian sandy soil was not significantly affected by
any of the ≤20P treatments (Fig. 1b), but was
significantly (P ≤ 0.01) increased by all ≥40P
treatments, by 74% on average; no significant dif-
ference in RDM was found between any two of
the ≥5P treatments. For the loessial soil, RDM was
always significantly (P ≤ 0.01) increased when P
was applied, being 4.1–7.9 times greater than in

the 0P treatment; RDM reached a maximum at
10P, and decreased slightly when more P was
supplied, with RDM being similar in all ≥10P
treatments, but only the 10P treatment showed
significantly (P = 0.017) more RDM than the 5P
treatment.

Root mass ratio (RMR) of plants grown in the aeolian
sandy soil and loessial soil was 0.42–0.54 and 0.34–
0.48, respectively (Fig. 1c). For both the aeolian sandy
soil and the loessial soil, there was no significant differ-
ence in RMR between any two treatments, except that
the 10P treatment showed a markedly (P = 0.038) great-
er RMR than the 40P treatment for the loessial soil.

Fig. 1 a Shoot dry mass, b Root dry mass, and c Root mass ratio
of alfalfa grown in an aeolian sandy soil and a loessial soil supplied
with different rates of phosphorus (P). Data are presented as means
± SE (n = 3). Ps-significance (P-value) of P treatment for plants
grown in the aeolian sandy soil; LSDS-LSD of P treatment for
plants grown in the aeolian sandy soil. PL-significance of P treat-
ment for plants grown in the loessial soil; LSDL-LSD of P treat-
ment for plants grown in the loessial soil
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Root morphology

For plants grown in the aeolian sandy soil, root length
(RL) was significantly increased by the 80P and 160P
treatments (P = 0.022 and 0.027, respectively), but was
not considerably affected by any of the ≤40P treatments;
there was no significant difference in RL between any
two of the ≥5P treatments (Fig. 2a). When P was applied

to the loessial soil, RL was considerably (P < 0.01)
increased, i.e. by 1.2–2.2 times, with all ≥5P treatments
having similar RL.

Root surface area (RSA) of plants grown in the
aeolian sandy soil was significantly (P < 0.04) increased
by all ≥40P treatments; there was no significant differ-
ence in RSA between any two of the ≥5P treatments,
except that the 80P treatment showed a significantly
(P = 0.046) greater RSA than the 5P treatment
(Fig. 2b). For plants grown in the loessial soil, RSA in
all ≥5P treatments was significantly (P ≤ 0.006) greater
than that in the 0P treatment, it increased with increasing
P-application rate from 0P to 10P, but slightly decreased
when more P was applied, with all ≥5P treatments
showing similar RSA, except that the 10P treatment
showed a significantly (P = 0.020) greater RSA than
the 5P treatment.

There was no significant difference in specific root
length (SRL) between any two treatments for plants
grown in the aeolian sandy soil (Fig. 2c). For plants grown
in the loessial soil, SRL was significantly (P ≤ 0.001)
reduced by all ≥5P treatments, i.e. by up to 60–70%
compared with the 0P treatment; there was no significant
difference in SRL between any two of the ≥5P treatments.

Amounts of rhizosphere carboxylates

For the aeolian sandy soil, the amount of oxalate,
malate, malonate, and the total amount of rhizo-
sphere carboxylates measured relative to RDM was
9–23, 50–104, 32–70, and 103–191 μmol g−1

RDM, respectively (Fig. 3a); there was no signif-
icant difference between treatments in the amount
of any rhizosphere carboxylate measured relative
to RDM, except that the amount of oxalate relative
to RDM in the 20P and 160P treatments was
significantly greater than that in the 10P treatment
(P = 0.029 and 0.036, respectively). For the loess-
ial soil, the amount of oxalate, malate and
malonate, and the total amount of rhizosphere car-
boxylates measured relative to RDM was 23–53,
19–67, 2–103, and 55–224 μmol g−1 RDM, re-
spectively; there was no significant difference be-
tween treatments in the amounts of oxalate and
malate relative to RDM; the 5P, 10P, 20P, and
80P treatments showed significantly (P < 0.04)
less malonate than the 0P treatment, but all ≥5P
treatments (except the 40P treatment) showed sim-
ilar amounts of malonate; the total amounts of

Fig. 2 a Root length, b Root surface area, and c Specific root
length of alfalfa grown in an aeolian sandy soil and a loessial soil
supplied with different rates of phosphorus (P). Data are presented
as means ± SE (n = 3). Ps-significance (P-value) of P treatment for
plants grown in the aeolian sandy soil; LSDS-LSD of P treatment
for plants grown in the aeolian sandy soil. PL-significance of P
treatment for plants grown in the loessial soil; LSDL-LSD of P
treatment for plants grown in the loessial soil
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rhizosphere carboxylates measured in all ≥5P treat-
ments were similar and significantly (P < 0.05)
less than that in the 0P treatment.

For the aeolian sandy soil, the amount of oxalate,
malate and malonate, and the total amount of rhizo-
sphere carboxylates measured relative to RL was
0.06–0.14, 0.31–0.58, 0.19–0.45 and 0.64–1.10 μmol
m−1 RL, respectively (Fig. 3b); there was no significant
difference between treatments in the amount of any
rhizosphere carboxylate measured relative to RL, except
that the amount of oxalate relative to RL in the 20P
treatment was significantly (P = 0.037) greater than that
in the 10P treatment. For the loessial soil, the amount of

oxalate, malate and malonate, and the total amount of
rhizosphere carboxylates measured relative to RL was
0.16–0.34, 0.11–0.50, 0.01–0.70, and 0.32–1.53 μmol
m−1 RL, respectively; no significant difference between
treatments in the amount of oxalate and malate relative
to RL was found; the 5P, 10P, and 80P treatments
showed significantly (P < 0.05) less malonate than the
0P treatment, but all ≥5P treatments (except the 40P
treatment) showed similar amounts of malonate; the
total amounts of rhizosphere carboxylates measured in
all ≥5P treatments were similar, and all except that in the
20P treatment were significantly (P < 0.05) less than
that in the 0P treatment.

Fig. 3 a Amounts of carboxylates recovered in 0.2 mM CaCl2
extracts from the rhizosphere of alfalfa grown in an aeolian sandy
soil and a loessial soil supplied with different rates of phosphorus
(P), expressed on a root dry mass basis. bAmounts of rhizosphere
carboxylates expressed on a root length basis. Data are presented
as means ± SE (n = 3). Psox, Psma, Psmo, and Pst was the signif-
icance (P-value) of P treatment for the amount of oxalate, malate,
malonate, and the total amount of rhizosphere carboxylates mea-
sured for the aeolian sandy soil; LSDSox, LSDSma, LSDSmo, and

LSDSt was LSD of P treatment for the amount of oxalate, malate,
malonate, and the total amount of rhizosphere carboxylates mea-
sured for the aeolian sandy soil. PLox, PLma, PLmo, and PLt was
significance of P treatment for the amount of oxalate, malate,
malonate, and the total amount of rhizosphere carboxylates mea-
sured for the loessial soil; LSDLox, LSDLma, LSDLmo, and LSDLt

was LSD of P treatment for the amount of oxalate, malate,
malonate, and the total amount of rhizosphere carboxylates mea-
sured for the loessial soil
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Bulk soil and rhizosphere pH

For the aeolian sandy soil, bulk soil in pots with plants
had the highest pH, followed by the soil in control pots
without plants, and the rhizosphere pH was the lowest
(Fig. 4). The 5P treatment did not significantly affect
soil pH of the control pots without plants, but all ≥10P
treatments markedly (P ≤ 0.002) reduced the pH, i.e. by
0.24–0.96 unit, with the pH decreasing with increasing
P-application rate, and the 160P treatment reducing the
pH most (P < 0.001). Bulk soil pH in pots with plants
was not significantly affected by the 5P and 40P treat-
ments, but was markedly (P < 0.05) reduced (by 0.27–
0.49 unit) by all other ≥10P treatments, with the 10P,
20P, and 80P treatments showing similar bulk soil pH
with both the 40P and 160P treatments, but the 160P
treatment showing a significantly (P = 0.013) lower
bulk soil pH than the 40P treatment did. There was no
significant difference in rhizosphere pH between any
two treatments.

For the loessial soil, soil in the control pots without
plants and bulk soil in pots with plants showed a similar
pH, which was much higher than the rhizosphere pH
(Fig. 4). Soil pH of the control pots without plants was
not significantly changed by the 5P and 80P treatments,
but was markedly (P ≤ 0.002) affected by all other ≥10P
treatments, with the 10P, 20P, and 40P treatments in-
creasing the pH significantly to similar degrees, i.e. by
0.16–0.20 unit, and the 160P treatment showing the
lowest pH among treatments (P < 0.001). Bulk soil pH
in pots with plants was only significantly affected by the
160P treatment (P = 0.040); there was no significant

difference in bulk soil pH between any two of the ≥5P
treatments, except that the 80P and 160P treatments
showing considerably lower pH than the 5P treatment
(P = 0.050 and 0.026, respectively). Rhizosphere pH
was not significantly different between any two
treatments.

Total contents of mineral nutrients in plants

For plants grown in the aeolian sandy soil, there were
significant differences among treatments in total con-
tents of all mineral nutrients measured (Fig. 5).
Compared with the 0P treatment, total P content was
not significantly affected by the 5P and 10P treatments
(Fig. 5a), but was considerably (P ≤ 0.001) increased
(by 1.6–2.6 times) by all ≥20P treatments, which also
showed significantly (P ≤ 0.034) greater total P contents
than the 5P and 10P treatments. The 10P treatment did
not influence total K content significantly (Fig. 5b), but
the 5P and all ≥20P treatments markedly (P ≤ 0.043)
increased total K content to similar degrees, i.e. by 39–
51%. Neither total Ca content nor total Mg content was
considerably affected by the 5P and 10P treatments
(Fig. 5c and d), but both were increased by all ≥20P
treatments (P ≤ 0.003 for Ca, and P ≤ 0.006 for Mg) to
similar degrees, i.e. by 82–90% for Ca and by 86–111%
for Mg; the 20P and 40P treatments showed significant-
ly (P ≤ 0.036) greater total Ca contents than the 5P and
10P treatments did, and the 80P and 160P treatments
showed considerably greater total Ca contents than the
10P treatment did (P = 0.040 and 0.038, respectively);
total Mg contents in all ≥20P treatments were

Fig. 4 Rhizosphere and bulk soil pH of an aeolian sandy soil and
a loessial soil supplied with different rates of phosphorus (P). SR-
rhizosphere aeolian sandy soil, LR-rhizosphere loessial soil, SB-
bulk aeolian sandy soil in pots with plants, LB-bulk loessial soil in
pots with plants, SC-aeolian sandy soil in control pots without
plants, LC-loessial soil in control pots without plants. Data are

presented as means ± SE (n = 3). PSR, PSB, and PSC was signifi-
cance (P-value) of P treatment for SR, SB, and SC; LSDSR,
LSDSB, and LSDSC,was LSD of P treatment for SR, SB, and SC.
PLR, PLB, and PLC was significance (P-value) of P treatment for
LR, LB, and LC; LSDLR, LSDLB, and LSDLC,was LSD of P
treatment for LR, LB, and LC
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significantly (P ≤ 0.041) greater than that in the 5P
treatment; those in the 40P and 80P treatments were
also markedly greater than that in the 10P treatment
(P = 0.024 and 0.026, respectively). Total S contents
were significantly (P ≤ 0.024) greater in all ≥10P treat-
ments than in the 0P treatment (Fig. 5e), with all ≥20P
treatments showing similar total S contents, which were
significantly (P ≤ 0.018) greater than that in the 5P
treatment. Total Fe contents in the 20P and 40P

treatments were significantly greater than that in the
0P treatment (P = 0.049 and 0.036, respectively)
(Fig. 5f), but there was no significant difference in total
Fe content between any other two treatments. Total
contents of Mn, Zn and Ni were not significantly affect-
ed by the 5P and 10P treatments (Fig. 5g, i, and j), but
were all markedly increased by all ≥20P treatments
(P ≤ 0.015 for Mn, P ≤ 0.041 for Zn, and P ≤ 0.030
for Ni), with no significant difference between any two

Fig. 5 Total plant content of mineral nutrients of alfalfa grown in
an aeolian sandy soil and a loessial soil supplied with different
rates of phosphorus (P). Data are presented as means ± SE (n = 3).
Ps-significance (P-value) of P treatment for plants grown in the

aeolian sandy soil; LSDS-LSD of P treatment for plants grown in
the aeolian sandy soil. PL-significance of P treatment for plants
grown in the loessial soil; LSDL-LSD of P treatment for plants
grown in the loessial soil
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of the ≥20P treatments. There was no significant differ-
ence in total Cu content between treatments, except that
the 160P treatment showed a significantly greater total
Cu content than the 0P, 10P and 80P treatments
(P = 0.030, 0.010, and 0.041, respectively) (Fig. 5h).
Total Mo content was only considerably (P = 0.013)
affected by the 40P treatment (Fig. 5k), which showed a
markedly (P ≤ 0.044) greater total Mo content than all
other treatments, except the 20P treatment. Total B
content was not significantly affected by the 5P and
10P treatments (Fig. 5l), but was markedly (P ≤ 0.003)
increased by all ≥20P treatments, for which total B
content generally increased with increasing P-
application rate, being the greatest in the 160P treatment
and significantly (P ≤ 0.046) greater than those in the 5P
and 10P treatments.

For plants grown in the loessial soil, total contents of
all mineral nutrients measured were significantly affect-
ed by P-application rate (Fig. 5). Total P content was
significantly (P ≤ 0.014) increased by all ≥5P treat-
ments, i.e. by 5.6–20.3 times, reaching a maximum at
160P (Fig. 5a); total P contents in the 20P, 40P and 80P
treatments were similar, being markedly (P ≤ 0.011)
greater than those in the 5P and 10P treatments, which
were not markedly different. Total K content was mark-
edly (P ≤ 0.023) increased by all ≥5P treatments, i.e. by
3.1–7.2 times (Fig. 5b); total K contents in the 10P, 40P,
80P and 160P treatments were similar, being significant-
ly (P ≤ 0.038) greater than that in the 5P treatment; total
K content in the 20P treatment was not significantly
different from that in any other of the ≥5P treatments.
Total Ca content was considerably (P ≤ 0.008) in-
creased, i.e. by 3.5–6.5 times, when P was applied
(Fig. 5c); total Ca contents in almost all ≥5P treatments
were similar, except that the 20P treatment showed a
markedly (P = 0.016) greater total Ca content than the
5P treatment did. Total Mg and S contents were signif-
icantly (P ≤ 0.001 for Mg, P ≤ 0.005 for S) increased by
all ≥5P treatments, i.e. by 3.6–7.5 times for Mg and 3.1–
6.7 times for S, respectively (Fig. 5d and e); for bothMg
and S, the total contents in all ≥10P treatments were
similar, being considerably (P ≤ 0.001 forMg, P ≤ 0.003
for S) greater than that in the 5P treatment. Total Fe
content was not significantly affected by the 5P and
160P treatments (Fig. 5f), but was considerably
(P ≤ 0.046) increased by all other ≥10P treatments, i.e.
3.6–5.4 times; all ≥5P treatments showed similar total
Fe contents. Total Mn content was significantly
(P ≤ 0.016) affected by the 10P, 20P and 40P treatments

(Fig. 5g), which increased total Mn content to similar
degrees, i.e. by 5–7 times; there was no significant
difference in total Mn content between any two of the
≥5P treatments, except that the 20P treatment had a
considerably (P = 0.042) greater total Mn content than
the 160P treatment. When P was supplied, total Cu
content was always significantly (P ≤ 0.024) increased,
i.e. by 1.9–3.9 times (Fig. 5h); the 10P, 40P and 80P
treatments had markedly (P ≤ 0.041) greater total Cu
contents than the 5P treatment; there was no significant
difference in total Cu content between any two of the
≥10P treatments. Total Zn content was markedly
(P ≤ 0.031) increased by all ≥10P treatments, i.e. by
3.3–6.0 times, but was not significantly affected by the
5P treatment (Fig. 5i); the 40P and 80P treatments
showed considerably greater total Zn contents than the
5P treatment (P = 0.045 and 0.034, respectively); no
significant difference was found between any two of the
≥10P treatments. Total Ni content was always signifi-
cantly (P ≤ 0.018) increased when P was supplied, i.e.
by 3.3–6.0 times (Fig. 5j); the 10P treatment showed a
significantly (P = 0.044) greater total Ni content than the
5P treatment did; there was no significant difference in
total Ni content between any two of the ≥10P treat-
ments. Total Mo content was increased (P ≤ 0.047) by
all ≥5P treatments, i.e. by 1.2–2.4 times (Fig. 5k); al-
most all ≥5P treatments showed similar total Mo con-
tents, except that the 20P treatment had a significantly
(P = 0.036) lower total Mo content than the 10P treat-
ment did. The 5P treatment did not markedly affect total
B content (Fig. 5l), but all ≥10P treatments significantly
(P ≤ 0.001) increased total B content to similar degrees,
i.e. by 10–14 times, and showed markedly (P ≤ 0.024)
greater total B contents than the 5P treatment did.

Uptake of mineral nutrients per unit root length

For plants grown in the aeolian sandy soil, uptake of K,
Ca, Mg, Fe, Mn, Cu and Zn per unit RL was not
significantly affected by P-application rate (Fig. 6).
Uptake of P per unit RL was significantly (P ≤ 0.016)
increased by the 20P, 40P and 80P treatments, but was
not affected by other treatments (Fig. 6a); the 20P, 40P
and 80P treatments also showed significantly
(P ≤ 0.033) greater P uptake per unit RL than the 5P
treatment; there was no significant difference in P up-
take per unit RL between any two of the ≥10P treat-
ments, except that the 80P treatment showed a consid-
erably (P = 0.041) greater P uptake per unit RL than the
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10P treatment. Uptake of S per unit RL was not signif-
icantly different between any two treatments, except that
the 20P treatment showed a significantly greater S up-
take per unit RL than the 0P and 5P treatments
(P = 0.021 and 0.026, respectively) (Fig. 6e). Uptake
of Ni per unit RL was not significantly affected by P-
application rate in almost all cases, except that the 20P
treatment showed a markedly (P = 0.030) greater Ni
uptake per unit RL than the 10P treatment (Fig. 6j).

Uptake of Mo per unit RL was considerably
(P ≤ 0.037) reduced by the 5P, 80P and 160P treatments,
but was not markedly affected by other treatments
(Fig. 6k); the 40P treatment showed a significantly
(P ≤ 0.050) greater Mo uptake per unit RL than the
10P, 80P and 160P treatments; Mo uptake per unit RL in
the 160P treatment was significantly (P = 0.047) less
than that in the 5P treatment. Uptake of B per unit RL
was considerably (P ≤ 0.046) increased by all ≥20P

Fig. 6 Uptake of mineral nutrients per unit root length by alfalfa
grown in an aeolian sandy soil and a loessial soil supplied with
different rates of phosphorus (P). Data are presented as means ±
SE (n = 3). Ps-significance (P-value) of P treatment for plants

grown in the aeolian sandy soil; LSDS-LSD of P treatment for
plants grown in the aeolian sandy soil. PL-significance of P treat-
ment for plants grown in the loessial soil; LSDL-LSD of P treat-
ment for plants grown in the loessial soil
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treatments to similar degrees (Fig. 6l), but was not
significantly affected by the 5P and 10P treatments; all
≥40P treatments showedmarkedly (P ≤ 0.038) greater B
uptake per unit RL than the 5P treatment; the 40P and
160P treatments also showed significantly greater B
uptake per unit RL than the 10P treatment (P = 0.035
and 0.003, respectively).

For plants grown in the loessial soil, uptake of all
mineral nutrients measured, except Mo, per unit RL
were significantly affected by P-application rate
(Fig. 6). The 5P and 10P treatments did not result in
significant change in P uptake per unit RL (Fig. 6a), but
all ≥20P treatments significantly (P ≤ 0.020) increased P
uptake per unit RL similarly, i.e. by 5.0–8.6 times, with
the 160P treatment showing much greater P uptake per
unit RL than the 5P and 10P treatments did (P = 0.004
and 0.008, respectively). The 5P treatment did not sig-
nificantly affect K uptake per unit RL (Fig. 6b), but all
≥10P treatments markedly (P ≤ 0.042) increased K
uptake per unit RL to similar degrees, i.e. by 80–
200%. Uptake of Ca and Mg per unit RL was not
markedly affected by the 5P treatment (Fig. 6c and d),
but was significantly (P ≤ 0.037 for Ca, and P ≤ 0.016
for Mg) increased by all ≥10P treatments to similar
degrees, i.e. by 1.1–2.0 times for Ca and 1.7–2.4 times
for Mg, with the 20P and 160P treatments showing
significantly greater Mg uptake per unit RL than the
5P treatment did (P = 0.046 and 0.045, respectively).
Uptake of S per unit RL was significantly (P ≤ 0.023)
increased by all ≥10P treatments to similar degrees, i.e.
by 1.6–2.3 times (Fig. 6e), with the 160P treatment
showing markedly (P = 0.038) greater S uptake per unit
RL than the 5P treatment did. Uptake of Fe per unit RL
was not considerably affected by P-application rate in
almost all cases, except that the 20P treatment showed
significantly (P = 0.023) greater Fe uptake per unit RL
than the 0P treatment did (Fig. 6f). The difference in Mn
uptake per unit RL was not significant between any two
treatments, except that the 20P treatment showed a
considerably greater Mn uptake per unit RL than the
0P, 80P and 160P treatments (P = 0.006, 0.039, and
0.047, respectively) (Fig. 6g). There was no significant
difference in Cu uptake per unit RL between any two
treatments, except that the 80P treatment showed a
markedly (P = 0.049) greater Cu uptake per unit RL
than the 0P treatment did (Fig. 6h). The difference in Zn
uptake per unit RL was not significant between any two
treatments, except that the 40P and 80P treatments
showed considerably greater Zn uptake per unit RL than

the 0P treatment did (P = 0.027 and 0.019, respectively)
(Fig. 6i).The 5P and 160P treatments did not signifi-
cantly affect Ni uptake per unit RL, but all other ≥10P
treatments significantly (P ≤ 0.043) increased Ni uptake
per unit RL to similar degrees, i.e. by 95–166% (Fig. 6j).
Uptake of B per unit RL was not markedly affected by
the 5P treatment, but was significantly (P ≤ 0.024) in-
creased by all ≥10P treatments to similar degrees, i.e. by
2.9–5.3 times, with the 20P treatment showing a con-
siderably (P = 0.004) greater B uptake per unit RL than
the 5P treatment did (Fig. 6l).

P-uptake efficiency and P-utilisation efficiency

For the aeolian sandy soil, the 5P, 10P and 20P treat-
ments showed similar P-uptake efficiency (Fig. 7a),
which was significantly (P ≤ 0.020) greater than that
in the 160P treatment;, the 20P treatment also showed a
considerably (P = 0.036) greater P-uptake efficiency
than the 80P treatment; P-uptake efficiency in the 40P
treatment was not significantly different from that in any

Fig. 7 P-uptake efficiency and P-utilisation efficiency of alfalfa
grown in an aeolian sandy soil and a loessial soil supplied with
different rates of phosphorus (P). Data are presented as means ±
SE (n = 3). Ps-significance (P-value) of P treatment for plants
grown in the aeolian sandy soil; LSDS-LSD of P treatment for
plants grown in the aeolian sandy soil. PL-significance of P treat-
ment for plants grown in the loessial soil; LSDL-LSD of P treat-
ment for plants grown in the loessial soil
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other treatments, and all ≥40P treatments had similar P-
uptake efficiency. For the loessial soil, P-uptake effi-
ciency generally decreased with increasing P-
application rate (Fig. 7a), with the difference between
any two treatments, except that between the 80P and
160P treatments, being significant (P ≤ 0.014).

For the aeolian sandy soil, P-utilisation efficiency
was not significantly affected by the 5P treatment
(Fig. 7b), but was markedly (P ≤ 0.024) reduced by all
≥10P treatments, i.e. by 19–50%; the 5P treatment
showed a considerably (P ≤ 0.011) greater P-utilisation
efficiency than all ≥20P treatments; P-utilisation effi-
ciency in the 10P treatment was markedly greater than
those in the 40P and 80P treatments (P = 0.020 and
0.001, respectively); the 160P treatment had a markedly
(P = 0.039) greater P-utilisation efficiency than the 80P
treatment. For the loessial soil, P-utilisation effi-
ciency was significantly (P ≤ 0.003) reduced by
all ≥5P treatments (Fig. 7b), i.e. by 33–67%; the
5P treatment showed a markedly greater P-
utilisation efficiency than the 20P and 160P treat-
ments (P = 0.048 and 0.003, respectively); the 10P
treatment had a significantly (P = 0.004) greater P-
utilisation efficiency than the 160P treatment; P-
utilisation efficiency in the 20P, 40P and 80P
treatments were similar to those in the 10P and
160P treatments.

Correlations between parameters

There were numerous strong correlations between total
plant content of mineral nutrients and root morpholog-
ical parameters (Table 2). For the aeolian sandy soil,
total plant contents of all mineral nutrients measured,
except those of Cu andMo, were significantly positively
correlated with both RL (0.494 ≤ r ≤ 0.684, P ≤ 0.023)
and RSA (0.521 ≤ r ≤ 0.742, P ≤ 0.015); there was no
strong correlation between total plant content of any of
the mineral nutrients studied and SRL. For the loessial
soil, total plant contents of all mineral nutrients studied
were significantly positively correlated with both RL
(0 .527 ≤ r ≤ 0 .799 , P ≤ 0.023) and RSA
(0.465 ≤ r ≤ 0.860, P ≤ 0.023); of note, however, the
correlations between total plant contents of all mineral
nutrients studied and SRL turned out to be strongly
negative (−0.790 ≤ r ≤ −0.574, P ≤ 0.007) rather than
positive. Correlations between total plant contents of
mineral nutrients per unit RDM and rhizosphere carbox-
ylate amount per unit RDMwere not significant in most T
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cases (Online Resource 1); for both the aeolian sandy
soil and loessial soil, there was no significant correlation
between plant P content and rhizosphere carboxylate
amount.

There were a number of significant correlations be-
tween concentrations of other mineral nutrients and P
concentration in shoots and roots, and between total
plant contents of other mineral nutrients and total plant
P content (Table 3). In shoots of plants grown in the
aeolian sandy soil, concentrations of Mg (r = 0.579 and
P = 0.006) and B (r = 0.753 and P ≤ 0.001) significantly
positively correlated with P concentration, but K con-
centration and P concentration showed a significant
negative correlation (r = −0.479 and P = 0.028). In roots
of plants grown in the aeolian sandy soil, Mg concen-
tration was strongly positively (r = 0.649 and P = 0.001)
correlated with P concentration, but concentrations of
Ca (r = −0.449 and P = 0.041), Cu (r = −0.659 and
P = 0.001) and Zn (r = −0.478 and P = 0.029) were
significantly negatively correlated with P concentration.
For the aeolian sandy soil, total plant contents of all
other mineral nutrients measured, except those of Cu
a n d Mo , w e r e s i g n i f i c a n t l y p o s i t i v e l y
(0.554 ≤ r ≤ 0.933, P ≤ 0.009) correlated with total plant
P content. The concentration of any other mineral nutri-
ents measured in shoots of plants grown in the loessial
soil did not correlate significantly with P concentration,
but shoot Fe (r = −0.481 and P = 0.027), Zn (r = −0.434
and P = 0.049), and Ni (r = −0.718 and P ≤ 0.001)
concentrations showed significant negative correlations
with shoot P concentration (Table 3). For roots of plants
grown in the loessial soil, there was no significant
positive correlation between concentration of any other
mineral nutrients measured and P concentration, but
there were significant negative (−0.488 ≤ r ≤ −0.721,
P ≤ 0.025) correlations between concentrations of all
other mineral nutrients measured, except those of Mg
and S, and P . For the loessial soil, total plant content of
all other mineral nutrients, except those of Fe and Mo,
showed significant positive (0.437 ≤ r ≤ 0.835,
P ≤ 0.048) correlations with total plant P content.

Discussion

By carrying out a pot experiment growing alfalfa in two
alkaline soils supplied with different rates of P when soil
water supply was limited, parameters of plant growth,
root morphology, and physiology were measured. The T
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aims were to better understand rhizosphere processes
and nutrient dynamics, to reveal possible mechanisms
that could enhance P acquisition by alfalfa under P
limitation, and investigate the effects of these mecha-
nisms on the uptake of other mineral nutrients. The
results and relevant implications are discussed below.

Plant growth in response to soil P

When soil P is limiting, plants tend to show a positive
growth response to P addition (Elser et al. 2007). When
alfalfa was grown in river sand at three P supply levels
(3, 10 and 30 μg P g−1 dry sand), maximum plant
growth (both SDM and RDM) was achieved at 30 μg
P g−1 dry sand (Suriyagoda et al. 2010). Pang et al.
(2010b) found that alfalfa achieved maximum growth
(the sum of SDM and RDM) at 24 μg P g−1 dry sand
when it was grown in river sand supplied with 0, 6, 12,
24, 48, 96, 192 and 384 μg P g−1 dry sand. By growing
an introduced and a locally-selected cultivar of alfalfa in
an alkaline loessial soil on the Loess Plateau supplied
with four rates of P (0, 4.2, 8.4 and 16.8 μg P g−1 dry
soil), Fan et al. (2015) found that plant growth was
maximal at the highest P supply. In the present study,
for both the aeolian sandy soil and the loessial soil,
SDM was considerably increased in most cases when
external P was supplied. Applying P significantly in-
creased RDM of plants grown in the aeolian sandy soil
when P supply was ≥40 μg P g−1, and considerably
increased RDMof plants grown in the loessial soil when
P supply was ≥5 μg P g−1. However, SDM did not
further increase when P supply was >20 μg P g−1 in
both soils, and RDM did not further increase when P
supply was >40 μg P g−1 in the aeolian sandy soil and
>10 μg P g−1 in the loessial soil. Pang et al. (2010b) also
found that total DM of alfalfa was relatively constant
when P supply was >24 μg P g−1 sand, and plants did
not show visual P-toxicity symptoms at high P supply,
similar to what was observed in our study. As the water
supply in our study and that of Pang et al. (2010b) was
low (about 35% and 50% of the field capacity, respec-
tively), it is very likely that drought was another impor-
tant factor limiting alfalfa growth (Suriyagoda et al.
2010, 2014; Fan et al. 2015). If the plants were provided
with sufficient water, even greater SDM and RDM
might have been achieved at higher P supply. Under
the conditions of the current experiment, 20 μg P g−1

soil can be considered as optimal for shoot growth of
alfalfa grown in both the aeolian sandy soil and the

loessial soil, while 40, 80 and 160 μg P g−1 soil were
supra-optimal.

Under P deficiency, root growth is less inhibited than
shoot growth, and increased relative allocation to root
growth, i.e. higher RMR, is thought to be beneficial for
P acquisition (Lynch and Ho 2005; Marschner and
Rengel 2012). However, we observed that RMR was
not significantly affected by soil P levels, so our first
hypothesis that plants would show larger RMR under
low P supply was not supported. When chickpea (Cicer
arietinum) was grown in soil supplied with four rates of
P (0, 1, 5 and 40 μg P g−1 dry soil), Wouterlood et al.
(2004b) found that RMR was only markedly reduced at
40 μg P g−1 dry soil, while there was no response of
RMR at 1 and 5 μg P g−1 dry soil. Fan et al. (2015)
observed that, for two alfalfa cultivars grown in an
alkaline soil, higher P supply resulted in larger RMR
under severe drought stress (30–35% field capacity).
Our experiment was carried out under severe drought
stress (35% field capacity), but showed different results
of RMR in response to soil P supply from those of Fan
et al. (2015), possibly because different alfalfa cultivars
and soil types were used.

Relationships between root morphology, soil P,
and uptake of mineral nutrients

The nutrient-acquisition capacity of plants, especially P-
acquisition capacity, is often closely associatedwith root
morphological parameters such as RL, RSA, SRL, and
mycorrhizal associations (Vance et al. 2003; Lambers
et al. 2006; Lynch 2007). For most plants grown in P-
deficient soils, Broot-foraging strategies^ can enable the
plant to explore large volumes of soil and thereby ac-
quire more P from an enlarged P-depletion zone around
the roots (Richardson et al. 2011). Plants tend to have
greater SRL to maximize exploitation of soil P under P
deficiency (Lambers et al. 2006; Pang et al. 2010a; Fan
et al. 2015). In the present study, SRL of plants grown in
the aeolian sandy soil was not significantly affected by
P-application rate. For plants grown in the loessial soil,
SRL was significantly reduced when P was supplied,
but all ≥5P treatments had similar SRL. The results
indicate that SRL was only responsive to changes in
soil P when P supply was low; such response also
depended on soil type, and the same may be applicable
to RL and RSA. The lack of significant response in SRL
to changes in soil P supply in the aeolian sandy soil was
very likely because the soil water content was very low,
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and drought stress may haveweakened the effects of soil
P levels on SRL. It has been reported that SRL increases
significantly with decreasing soil P availability, but de-
creases with decreasing water availability (Fan et al.
2015), and we would expect the same for the lack of
responses in RL and RSA. Our second hypothesis that
plants would show increased SRL under low P supply
was only partly supported.

Total contents of most mineral nutrients in plants
grown in the aeolian sandy soil, and those of all mineral
nutrients in plants grown in the loessial soil were signif-
icantly positively correlated with RL and RSA, indicat-
ing that both RL and RSA played an important role in
nutrient acquisition (Vance et al. 2003; Lambers et al.
2006). No significant positive correlation was found
between SRL and total plant content of any of the
mineral nutrients, suggesting that SRL was not a key
factor in determining the uptake of these mineral nutri-
ents. We did not investigate the mycorrhizal coloniza-
tion status of the roots, and hence we do not know how
much mycorrhizas contributed to the acquisition of P
and other mineral nutrients.

Relationships between rhizosphere carboxylates, soil P,
and uptake of mineral nutrients

Exudation of carboxylates is a P-mining strategy plants
use to enhance desorption or solubilisation of P from
sparingly-available sources in soil (Lambers et al. 2006;
Richardson et al. 2011). A number of plant species,
including alfalfa, show an increased exudation of car-
boxylates into the rhizosphere in response to P deficien-
cy (Pang et al. 2010a; Suriyagoda et al. 2012a; Fan et al.
2015), as well as Fe and Zn deficiency (Broadley et al.
2010; Carvalhais et al. 2011). In the present study, the
amounts of carboxylates recovered from the rhizosphere
of the aeolian sandy soil did not vary considerably
among treatments, but the amount of malonate and the
total amount of rhizosphere carboxylates were greater
when no P was supplied than when P was supplied to
the loessial soil. Therefore, our third hypothesis, that
plants would exude more carboxylates into the
rhizosphere under small P supply, was partly
supported. Pang et al. (2015) reported that amounts of
rhizosphere carboxylates of three herbaceous perennial
legumes either increased or did not change in response
to increased P supply. Suriyagoda et al. (2012a) found
that with increasing soil P supply, rhizosphere carbox-
ylate amounts decreased for alfalfa, but first increased

and then decreased for Kennedia nigricans (Fabaceae),
and did not change for Ptilotus polystachyus
(Amaranthaceae). Wouterlood et al. (2004a) found that
amounts of carboxylates in the rhizosphere of lateral
roots of chickpea increased during plant development,
but were not correlated with soil or plants P status, and
suggested that plant development is more likely to in-
fluence exudation of carboxylates into the rhizosphere
of chickpea than P concentration, and carboxylate exu-
dation in chickpea is a constitutive property evolved as
an adaptation to the infertile soils of its native habitat.
There are a number of studies suggesting that the qual-
itative and quantitative compositions of rhizosphere car-
boxylates are affected by abiotic factors such as pH, type
and nutrient availability of soil, as well as biotic factors
such as microorganisms in the soil, plant species and
plant age (Mimmo et al. 2011; Suriyagoda et al. 2012b;
Pang et al. 2015). Our results suggest that the response
in carboxylate exudation to soil P supply depended on
soil type and carboxylate type as well.

Carboxylates with three carboxyl groups, such as
citrate, are more effective than carboxylates with two
carboxyl groups, such as malate, oxalate, and malonate,
at mobilizing P from soil particles (Oburger et al. 2009;
Mimmo et al. 2011). In a number of studies, plants
exude mainly citrate and malate under P deficiency,
and citrate is the main contributor to the positive rela-
tionship between total P uptake by plants and rhizo-
sphere carboxylates (Ryan et al. 2012; Kidd et al.
2016). However, in our study, citrate was below the
detection limit, but oxalate, malate, and malonate were
exuded in great amounts, with malate being the predom-
inant carboxylate measured in most cases. Oxalate can
mobilize P as effectively as citrate and malate, and
synthesis of the two-carbon oxalate requires less carbon
than that of the six-carbon citrate; therefore, plants with
a large oxalate fraction of total root-exuded carboxylates
have a low P-mobilisation cost (Dong et al. 2004;
Hoffland et al. 2006; Abrahao et al. 2014). Malonate
exuded by alfalfa in our study was considerable in most
cases. Under P deficiency, malonate is the main carbox-
ylate exuded by chickpea (Wouterlood et al. 2004b) and
non-mycorrhizal Scots pine (Pinus sylvestris) (van
Scholl et al. 2006). Pang et al. (2010a) reported that
Kennedia prorepens and Macroptilium bracteatum re-
duced citrate and increased malonate exudation when P
supply was lower. Fan et al. (2015) also found that
alfalfa exuded more malonate than citrate. Kidd et al.
(2016) reported that Ornithopus spp. had a mixture of
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citrate (about 40%) and malonate (about 60%). It has
been suggested that malonate may have a role in
protecting other carboxylates from microbial degrada-
tion (Li and Copeland 2000). However, Oburger et al.
(2009) found that at high concentrations, malonate de-
creased sorption of citrate, malate and oxalate on soil
particles, and malonate had an additive rather than
synergistic effect on P mobilisation by these carbox-
ylates. Furthermore, a high concentration of malonate
in the rhizopshere might be sufficient to mobilize P
when citrate concentration was not high enough
(Kabir et al. 2015).

A few studies have reported positive relationships
between amount of rhizosphere carboxylates and plant
P uptake (Veneklaas et al. 2003; Ryan et al. 2012). The
contribution of rhizosphere carboxylate exudation to P
mobilisation varies among both soil type and carboxyl-
ate type (Oburger et al. 2009). The ability of rhizosphere
carboxylates to mobilize P also depends partly on the
amount and form of P present in soil (Lambers et al.
2002; Pang et al. 2015), soil water content (Suriyagoda
et al. 2010; Suriyagoda et al. 2012a), and temperature
(Suriyagoda et al. 2012b). The amount of carboxylates
recovered from the rhizosphere of alfalfa in our study
was much greater than that in the study of Pang et al.
(2010a) and Fan et al. (2015) which was 25–40 and 6–
14 μmol g−1 RDM, respectively, but there is no evi-
dence that carboxylate exudation in alfalfa is constitu-
tive. There was no strong correlation between total
rhizosphere carboxylate amount per unit RDM or per
unit RL and uptake of P per unit RDM or per unit RL
(Online Resource 1), and there was no strong correlation
between rhizosphere carboxylate amount per unit RDM
or per unit RL and total plant P content (data not shown).
However, significant positive correlations were ob-
served for a few other mineral nutrients. In alkaline
soils, rhizosphere carboxylates such as oxalate may not
promote P mobilisation due to a high free Ca2+ concen-
tration and the formation of sparingly-soluble calcium
oxalate minerals (Wang et al. 2012; He et al. 2014).
Therefore, rhizosphere carboxylate exudation may not
be a key factor in determining the uptake capacity of P
and other mineral nutrients by alfalfa under the current
experimental conditions.

Roles of rhizosphere pH

Soil pH is a major factor determining the availability of
mineral nutrients in soils (Lambers et al. 2008). In the

present study, the pH drop of the bulk soil at high P
supply was very likely the result of soil acidification
caused by superphosphate application (Bolan et al.
2003). The loessial soil had a finer texture and a higher
calcium carbonate content and thus greater pH-buffering
capacity, so its pH may have been less affected than that
of the aeolian sandy soil (Wang et al. 2015).
Furthermore, the presence of plants could partly offset
the effects of external P application on bulk soil pH.
Hassan et al. (2012) reported that, when plants of five
grain legumes were at flowering and maturity, pH of the
bulk soil from the unplanted pots and the rhizosphere
was significantly less than the initial pH (8.8) of a non-
calcareous loamy sand with a P supply of 80 μg P g−1

soil. In our study, rhizosphere pHwas always lower than
bulk soil pH in pots with plants, very likely due to
acidification resulting from release of protons during
rhizosphere processes such as carboxylate exudation,
greater uptake of cations relative to anions, and root
respiration (Hinsinger et al. 2003). However, rhizo-
sphere pH did not vary considerably among treatments
for either the aeolian sandy soil or the loessial soil. The
uptake of phosphate anions could also cause alkaliniza-
tion of the rhizosphere, due to the net release of hydrox-
yl ions to balance the charge. It is likely that the alka-
linization caused by phosphate uptake negated the acid-
ification resulting from greater uptake of cations by
more robust root systems at higher P supply
(Hinsinger et al. 2003). Therefore, our fourth hypothesis
that plants would acidify the rhizosphere under low P
supply was not fully supported.

For many plant species, variation in pH induced by
roots is considered to have the most significant effects
on the availability of mineral nutrients such as P, Mn, Cu
and Zn in the rhizosphere (Rengel and Marschner 2005;
Marschner and Rengel 2012). Rhizosphere acidification
could increase dissolution of poorly-available P forms
such as Ca-P (Hinsinger et al. 2003). Furthermore, in the
present study, rhizosphere pH was always neutral, rang-
ing between 6.8 and 7.2, a range within which a few
mineral nutrients such as P, K, Ca, Mg, and Mo are
optimally available to plants (Lambers et al. 2008).

Uptake of mineral nutrients

Accumulation of one element often has consequences
for the accumulation of others which seems to be partly
driven by a need to maintain charge balance (Conn and
Gilliham 2010; Aziz et al. 2015). When P (as an anion)
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is taken up in greater quantities, uptake of cations such
as K, Ca, and Mg is also increased (Suriyagoda et al.
2012a; Aziz et al. 2015). In the present study, concen-
trations of some mineral nutrients in shoots and roots
(Online Resource 2 and Online Resource 3), and total
plant content of almost all mineral nutrients were sig-
nificantly affected by soil P supply. The P concentration
in plants was generally higher at higher P supply. For
both the aeolian sandy soil and loessial soil, the corre-
lations between concentrations of other mineral nutri-
ents and P concentration in both shoots and roots were
not significant inmost cases, but the correlation between
total plant contents of almost all other mineral nutrients
was strongly and positively correlated with total plant P
content. Therefore, our fifth hypothesis that plants
would show increased uptake of other mineral nutrients
when more P was taken up was substantially supported.

Conclusions

Plant growth, tissue P concentrations and total plant P
content were increased when P was supplied. A P sup-
ply of 20 μg P g−1 soil to the aeolian sandy soil and the
loessial soil should be optimal for shoot growth of
alfalfa when soil water content is low. The response of
root mass ratio and rhizosphere pH did not vary signif-
icantly with soil P supply. Specific root length, root
length, and root surface area were only responsive to
soil P when P supply was low, and such responses also
depended on soil type. Rhizosphere carboxylates were
exuded in relatively large amounts (130 μmol g−1 RDM
on average for the total amount of carboxylates mea-
sured), mainly including malate, oxalate and malonate,
and possibly contributed to P mobilisation in the loessial
soil when soil P supply was low. The response in car-
boxylate exudation and carboxylate type to soil P supply
depended on soil type. Rhizosphere pHwas much lower
than bulk soil pH and always neutral, and such a de-
crease in pHwould enhance the availability of a range of
mineral nutrients including P. Total plant contents of
almost all other mineral nutrients were also increased
when P was supplied, and positively correlated with
total plant P content, mainly because increasing P sup-
ply promoted plant growth and increased the nutrient
acquisition area of the root systems.
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