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Abstract. As phosphorus deficiency limits the productivity of many plan-
tation forests in Asia, there is considerable interest in developing phos-
phorus-efficient clones for the region through targeted breeding programs.
Therefore, we determined growth, nutrient concentrations and nutrient
absorption and utility efficiencies of four Betula alnoides clones (C5, C6,
1-202 and BY'1) in response to six phosphorus levels of 0, 17, 52, 70, 140
and 209 mg P plant' coded as Pl to P6, respectively. Maximum growth
occurred in the P4, PS5 and P6 plants since they had the largest height, bio-
mass, leaf area and branch number. Phosphorus application increased the
phosphorus concentrations of all clones. Nutrient loading was achieved with
the P6 treatment because growth and biomass were not significantly higher,
but root, stem and leaf phosphorus concentrations were approximately twice
those of P4 plants. Clone BY1 had the highest phosphorus-efficiency, and is
recommended for field application due to its maximum root collar diameter,
biomass, root/shoot ratio, leaf area, nutrient absorption and utility efficien-
cy among the four clones. The findings will help to improve the nutrient
efficiency of this species in plantation forestry in Asia.
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ly in phosphorus-poor soils (Elser et al. 2007,
Vitousek et al. 2010). Applying phosphorus

Phosphorus is a major element constraining fertilizer is a common practice to overcome
the growth of fast-growing species, particular-  the phosphorus limitation and to promote the
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successful establishment and productivity of
tree species (Bown & Van den Driessche 2005,
DesRochers et al. 2006, Singh & Singh 2011).
However, only 10-25% of inorganic phospho-
rus applied in fertilizer is taken up by plants,
which can lead to serious soil and water pol-
lution (Syers et al. 2008) if the bulk of the
phosphorus is not strongly adsorbed by soil
surfaces. Thus, efforts to develop high nutri-
ent-efficient plants through breeding programs
have been undertaken exploring inter- and in-
tra- specific variations for plant growth, phys-
iology and nutrient efficiency (Lamhamedi et
al. 2000, Mari et al. 2003, Pang et al. 2010,
Urich et al. 2003).

Phosphorus efficiency has been shown to be
closely linked to the ability to absorb phospho-
rus from the soil and the efficiency of alloca-
tion of phosphorus within the plant (Hidaka &
Kitayama 2011, van de Wiel et al. 2016). For
example, superior clones of white spruce (Pi-
cea glauca) had faster height growth, longer
needles, different tannin structure and distribu-
tion, greater N, P and K use efficiencies, high-
er root growth potential and net photosynthesis
compared to the parent family (Lamhamedi et
al. 2000). The nutrient-efficient hybrid aspen
clone (Populus tremula x P. tremuloides) with
high growth saved around 5% of nutrients in
the short term, but different nutrient storage
strategies between clones may be regarded as
a possible way to save nutrients in the long run
(Rytter & Stener 2003). For two Chinese fir
clones (Cunninghamia lanceolata) with high
phosphorus efficiency, the adaption of these
clones to low phosphorus condition was at-
tributed to increased phosphorus acquisition
and utilization efficiencies (Wu et al. 2011).

Betula alnoides Buch.-Ham. ex D. Don is
a broad-leaved and fast-growing species in
southern China which is favored for refor-
estation in recent years because of its wood
quality and ecological functions (Zeng et al.
2006). The nitrogen loading requirement of B.
alnoides has been studied (Chen et al. 2010),
however the phosphorus requirement of this
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species being considered for further reforesta-
tion is unknown. Generally, the soils of south-
ern China limit the growth of plantation tree
species (Xu et al. 2002). Therefore, we inves-
tigated the growth and nutrition responses of
four B. alnoides clones to phosphorus. The ob-
jectives of this study are to: (1) determine the
optimal phosphorus requirement for maximum
growth and nutrient uptake of B. alnoides; and
(2) identify any superior clones with high
phosphorus efficiency and favorable biomass
production in order to improve the establish-
ment success of B. alnoides in the field.

Materials and methods

Four clones of Betula alnoides ex D. Don, co-
ded as C5, C6, 1-202 and BY1, were selected
with good performance in the nursery and re-
cent employment in reforestation. Clones C5,
C6 and BY | were from Longzhou County and
clone 1-202 was from Baise City, in Guangxi,
China. Clonal plants were initially grown in a
mixture of 60% composted bark, 30% com-
posted sawdust and 10% charred bark (bark
charcoal) in the nursery of the Experimental
Center of Tropical Forestry, CAF at Pingx-
iang City, Guangxi, China. After two months,
healthy plants with equal height of about 4
cm were selected on April 25, 2011, the roots
rinsed clean by tap water followed by deion-
ized water, then transplanted into plastic pots
(17.5 x 11 x 12 cm, height, upper and bottom
diameters) filled with a high-pressure steam
pasteurized mixture of peat, vermiculite, per-
lite (viviv, 3:2:2). The pots were lined with
two plastic bags to prevent water and nutrient
leaching. During the experimental period, the
average daily light intensity, temperature and
relative humidity of the greenhouse ranged
from 72 to 376 umol photon m? s, 26 to 34°C
and 55 to 80%, respectively. To avoid pests
and disease, the media surface was sprayed
weekly with 2%o carbendazim or chlorpyrifos
solution from 2 weeks after transplanting.
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A split-plot experiment design was conduct-
ed with four replications, the main plot con-
sisted of six phosphorus levels: 0, 17, 52, 70,
140 and 209 mg P plant™, coded as P1, P2, P3,
P4, P5 and P6, respectively, and the subplot in-
cluded four B. alnoides clones: C5, C6, 1-202
and BY1. Each subplot had 12 plants, thus a
total of 288 plants (12 plants x 6 P treatments x
4 replications) for each clone. The plants were
watered with equal amounts of deionized wa-
ter by the method of Chen et al. (2012). Fer-
tilization started at eighteen days after trans-
planting. Plants were supplied with 50 ml of
nutrient solutions once a week for 12 weeks.
The basal nutrient solution contained 6 mM
KNO,, 4 mM Ca(NO,),.4H,0, 2 mM MgSO,,
0.1 mM Fe-EDTA, 0.05 mM H,BO,, 0.01 mM
MnCl,.4H,0, 0.0008 mM ZnCl,, 0.0003 mM
CuCl,.2H,0, 0.0001 and mM MoO,. Phospho-
rus was supplied as NaH,PO,.2H,O as a series
of concentrations which doubled every three
weeks from initial 0, 0.25, 0.75, 1, 2 and 3 mM
to final 0, 2, 6, 8, 12 and 24 mM for the six
treatments, respectively. The nutrient solutions
were poured onto the surface of the potting
mix carefully avoiding any contact with the
shoot.

Just prior to fertilization, 10 representative
plants were chosen from each clone and com-
bined to determine the initial dry weight (0.07g
plant? on average), and then for analyzing the
initial plant concentrations of total nitrogen
(12.83 g kg'), phosphorus (7.83 g kg') and
potassium (15.79 g kg'). One week after the
last fertilization, the height, root collar diam-
eter and number of branches were measured.
Furthermore, five plants were randomly se-
lected from each subplot and then divided into
roots, stems and leaves separately. The whole
plants were emerged in tap water and washed
carefully by hand to remove the fine roots from
the peat mixture. Leaf area was measured for
each plant according to Chen et al. (2012).
After that, these components were separately
composited for each subplot, and dried at 80°C
for 48 h to determine root, stem and leaf dry
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weight, and ground by a portable crusher for
subsequent chemical analysis. Plant materi-
al was wet-digested in a block digester using
H,SO,-HCIO, mixture solutions. The digests
were analyzed for total N by the titration meth-
od, total P by the molybdenum blue method
and total K by atomic absorption spectroscopy
(Chen et al. 2012).

Normality of data was checked with
one-sample K-S test, and homogeneity of vari-
ance test was done. These tests confirmed that
the data were of normal distribution and equal
variance. Two-way ANOVAs were then con-
ducted with general linear model to examine
the main and interaction effects of phosphorus
and clone at aspects of growth, nutrient con-
centrations, nutrient absorption efficiencies
(NAE, PAE and KAE) and nutrient utility effi-
ciencies (NUE, PUE and KUE) by SPSS 16.5
(SPSS Institute Inc. 2003). Significant treat-
ment means were further compared by Dun-
can’s multiple range tests at the 5% level. The
NAE, PAE and KAE were defined as nitrogen,
phosphorus and potassium contents in every
plant, and NUE, PUE and KUE as dry weight
divided by nitrogen, phosphorus and potassi-
um contents of each plant, respectively.

Results
Growth performance

Plant height, root collar diameter, biomass,
leaf area and number of branches differed sig-
nificantly with phosphorus supply and clone
(P<0.01, Table 1). Additionally, there was an
interaction between phosphorus supply and
clone for height and branch number (P<0.05,
Table 1) but not for the other growth parame-
ters (P>0.05, Table 1).

With increase in phosphorus supply, the root
to shoot ratio decreased significantly from
0.35in P1 to 0.22 in P2 but was not affected at
higher phosphorus supply (Table 1). However,
other growth parameters increased gradually
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Table 1 Effects of phosphorus supply and clone on growth of Betula alnoides

Growth indices

Height 'Root collar Biomass Root/shoot Leaf area Branch number
(cm) diameter (mm) (g plant') ratio (cm? plant™!)
Phosphorus supply
Pl 18.2 (0.4)¢ 2.31(0.04) 0.87(0.23)¢  0.35(0.01)* 19.2 (3.9} 6.5 (0.2)¢
P2 34.8 (0.4) 3.40 (0.04)¢ 3.66 (0.23) 0.22 (0.01)* 139.3 (4.0)° 16.1 (0.2)°
P3 37.5(0.4)" 3.73 (0.04)¢ 4.34(0.23)° 0.21(0.01) 170.7 (4.0)° 17.0 (0.2)°
P4 38.5 (0.4)* 3.84 (0.04)° 4.59(0.23)® 0.19 (0.01)° 184.9 (3.4) 18.0 (0.2)
P5 39.1 (0.4) 3.98 (0.04)°  4.89(0.23)*® 0.20(0.01)° 192.4 (4.0)? 18.1 (0.2)*
P6 39.3 (0.4) 4.18 (0.04) 5.07 (0.23)*  0.20 (0.01)° 190.1 (4.0) 18.2 (0.2)
Clone
Cs5 32.1(0.3)¢ 3.35(0.04)¢ 3.08 (0.34) 0.21 (0.01)° 128.6 (3.5) 14.9 (0.1)
Cé6 36.5(0.3)° 3.70 (0.04)° 3.95(0.34)* 0.23 (0.01)" 159.0 (3.1)° 16.4 (0.1)
1-202  34.2(0.3) 3.43 (0.04)° 3.57 (0.34)* 0.21(0.01)° 149.0 (3.2)° 15.6 (0.1)°
BY1 35.4(0.3)" 3.82 (0.04) 5.01(0.34)* 0.28 (0.01)* 161.2 (3.1 15.5(0.1)°
ANOVA
Ph. s. 0.000%** 0.000%** 0.000%** 0.000%** 0.000%* 0.000%**
Cl. 0.000%** 0.000%** 0.000%** 0.000%** 0.000%** 0.000%**
I:(hcf 0.002%* 0.153 0.922 0.077 0.259 0.025*

Notes. P1, P2, P3, P4, P5 and P6 treatments represent supply of 0, 17, 52, 70, 140 and 209 mg P plant’', respec-
tively. Figures in parentheses are standard errors. Values followed by the same letters in a column are not signifi-
cantly different among treatments at 0.05 level according to Duncan’s multiple range tests. “*” and “**” represent
signi- ficant difference among treatments at 0.05 and 0.01 levels, respectively. Abbreviations: Ph. s. - phosphorus

supply, CL. - clone.

and then remained stable, with plateau values
reached in P4 for height, biomass, leaf area
and number of branches. The P6 plants had the
highest root collar diameter (Table 1).
Compared with the control (P1), phospho-
rus additions increased the height, root collar
diameter, biomass, leaf area and number of
branches by 91-116%, 47-81%, 321-483%,
626-902% and 148-180%, respectively (Ta-
ble 1). Of the four clones, clone C5 had the
poorest growth performance. Clone BY 1 had
superior root collar diameter, biomass, root to
shoot ratio, and leaf area, being approximately
14%, 63%, 33% and 25% higher than those of
clone C5, respectively. However, clone C6 had
maximal height and number of branches, about
14% and 10% higher, respectively, than those
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of clone CS5 (Table 1).
Nutrient concentrations

There were significant effects of phosphorus
supply on root, stem and leaf nutrient concen-
trations (P<0.05, Table 2). However, the clones
did not differ with respect to phosphorus con-
centrations (P>0.05, Table 2) but differed
strongly for nitrogen concentrations in root
and leaf as well as potassium concentrations in
leaf and stem (P<0.01, Table 2). Overall, there
were significant interactions between phos-
phorus supply and clone for root, stem and leaf
phosphorus concentrations as well as for stem
nitrogen concentration (P<0.05, Table 2).

The root, stem and leaf nutrient concentra-
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Table 2 Effects of phosphorus supply and clone on nutrient concentrations of Betula alnoides

Nutrient concentration (g kg™!)

Root Stem Leaf
N P K N P K N P K
Phosphorus
Pl 14.0 (0.3)* 1.2(0.1)* 13.7(0.4) 12.8(0.3)* 0.8(0.1)' 13.8(0.3)° 19.2(0.3)* 1.1(0.1)* 16.2(0.2)
P2 12.6 (0.3)° 1.5(0.1) 15.0(0.4 8.1(0.3)° 1.2(0.1)* 15.3(0.3)> 17.6 (0.3 1.6(0.1)¢ 17.5(0.2)°
P3 12.4 (0.3)° 2.5(0.1)¢ 16.2(0.4) 7.8(0.3)° 2.5(0.1)¢ 16.5(0.3)* 18.2(0.3)* 2.2(0.1)° 17.6(0.2)°
P4 11.7(0.3)* 3.5(0.1) 15.7(0.4)® 7.9(0.32)* 3.3(0.1)° 16.7(0.3)* 17.9(0.3)°* 2.4 (0.1 17.7(0.2)°
P5 11.4 (0.3 5.7(0.1)° 14.6 (0.4)* 7.6(0.3)"° 52(0.1)®> 16.9(0.3)* 17.6(0.3)* 3.6(0.1)* 18.1(0.2)
P6 11.0 (0.3 7.1 (0.1)* 13.7(0.4 7.3(0.3)° 6.4(0.1)* 16.9(0.3)* 17.3(0.3)> 4.9(0.1)* 18.7(0.2)
Clone
C5 12.8(0.3)* 3.7(0.1) 14.7(0.3) 8.7(0.3) 3.3(0.1) 16.7(0.2)* 18.5(0.2* 2.7(0.1) 17.2(0.2)°
C6 11.2(0.3) 3.4(0.1) 144(03) 83(0.3) 3.2(0.1) 162(0.2)® 18.6(0.2)* 2.7(0.1) 17.4(0.2)
1-202  12.3(0.3)* 3.6(0.1) 149(0.3) 9.1(0.3) 3.1(0.1) 159(0.2)* 18.4(0.2)* 2.6(0.1) 17.3(0.2)°
BY!l 12.3(0.3)* 3.6(0.1) 152(0.3) 83(03) 3.3(0.1) 153(0.2) 16.5(0.2)° 2.6(0.1) 18.6(0.2)
ANOVA
Ph.s. g goo*+ 0.000*%*  0.000** 0.000**  0.000**  0.000%* 0.000%*  0.000**  0.000%*
CL 0.001%* 0.277 0.262 0.122 0.256 0.000%** 0.000%** 0.900 0.000%**
I:(hci 0.656 0.002** 0.670 0.005%* 0.020%* 0.092 0.998 0.002** 0.191

Notes. P1, P2, P3, P4, P5 and P6 treatments represent supply of 0, 17, 52, 70, 140 and 209 mg P plant™, respective-
ly. Figures in parentheses are standard errors. Values followed by the same small letters in a column are not signif-
icantly different among treatments at P<0.05 according to Duncan’s multiple range tests. “*” and “**” represent
significant difference among treatments at 0.05 and 0.01 levels, respectively. Abbreviations: Ph. s. - phosphorus

supply, CL. - clone.

tions showed a similar trend among clones as
the amount of phosphorus addition increased.
For example, phosphorus concentrations in-
creased gradually with the increase in phos-
phorus supply, reaching the maximum at P6
(Table 2). In contrast, stem and leaf nitrogen
concentrations decreased rapidly and then
tended to be stable above P2. The potassium
concentrations gradually increased from P1 to
P3, and then declined in the roots or remained
stable in the stem and leaf potassium. Of four
clones, clone BY 1 had the lowest leaf nitrogen
and stem potassium concentrations but highest
leaf potassium concentration (Table 2).

Nutrient absorption and utility efficien-
cies

Nitrogen, phosphorus and potassium absorp-

tion efficiencies (NAE, PAE and KAE) and
utility efficiencies (NUE, PUE and KUE)
were all significantly influenced by phospho-
rus supply (P<0.01, Table 3). Moreover, there
were marked differences in the NAE, PAE,
KAE and NUE (P<0.01, Table 3), unlike for
PUE and KUE, among clones (P>0.05, Table
3). However, the only significant interaction
between phosphorus supply and clone was in
KUE (P<0.05, Table 3).

With the increase in phosphorus supply,
NAE, PAE and KAE of the four clones in-
creased first, and then NAE and KAE tended
to be constant after P3 or P4, while the PAE in-
creased continuously (Table 3). As for nutrient
utility efficiencies, PUE and KUE decreased
gradually as phosphorus addition increased,
and then maintained stable after PS5 and P2,
respectively. However, NUE increased with
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Table 3 Effects of phosphorus supply and clone on nutrient absorption efficiency (nitrogen, NAE; phos-
phorus, PAE; potassium, KAE) and nutrient utility efficiency (nitrogen, NUE; phosphorus, PUE;

potassium, KUE) of Betula alnoides

NAE PAE KAE NUE PUE KUE
(mgplant')  (mgplant')  (mgplant’) (g mg") (g mg") (g mg")
Phosphorus supply
Pl 13.68 (2.64)° 097 (1.47)¢  12.83 (3.64)¢ 0.06 (0.00)° 1.08 (0.03)*  0.07 (0.00)*
P2 4934(2.53) 5.14(125¢  59.67 (3.64¢  0.07 (0.00)*  0.70 (0.03)>  0.06 (0.00)"
P3  59.15(2.53)* 9.96 (1.25)°  73.53(3.64)®  0.07 (0.00)®  0.43 (0.03)  0.06 (0.00)°
P4 62.04(2.53)* 1291 (1.20) 77.99 (3.64)®  0.07 (0.00)° 0.35(0.03)¢  0.06 (0.00)°
P5  64.74(2.53)* 22.13(1.20)° 83.89 (3.64)®  0.07 (0.00)®  0.22(0.03)*  0.06 (0.00)"
P6  64.65(2.53) 30.15(1.25)¢ 87.22(3.64)  0.08 (0.00)*  0.18(0.03)c  0.06 (0.00)"
Clone
C5 4347 (2.07¢ 11.13(1.13)*  51.59 (2.97) 0.07 (0.00)° 0.48 (0.03) 0.06 (0.00)
C6  53.61 (2.07)> 13.55(0.98) 66.50(2.97)*  0.07 (0.00) 0.48 (0.02) 0.06 (0.00)
1-202  49.37 (2.13)°  12.36 (0.98)°  59.25(2.97)*  0.07 (0.00)*  0.48 (0.02)  0.06 (0.00)
BY1 62.61(2.07)* 17.13(1.06)* 86.07 (2.97) 0.08 (0.00)® 0.54 (0.03) 0.06 (0.00)
ANOVA
Ph.s. 0.000** 0.000** 0.000** 0.000** 0.000** 0.000**
CL 0.000%** 0.001** 0.000** 0.000%** 0.203 0.587
EhCT 0.950 0.555 0.825 0.636 0.526 0.014*

Notes. P1, P2, P3, P4, P5 and P6 treatments represent supply of 0, 17, 52, 70, 140 and 209 mg P plant™, respective-
ly. Figures in parentheses are standard errors. Values followed by the same small letters in a column are not signif-
icantly different among treatments at P<0.05 according to Duncan’s multiple range tests. “*” and “**” represent
significant difference among treatments at 0.05 and 0.01 levels, respectively. Abbreviations: Ph. s. - phosphorus

supply, CL. - clone.

the increase in phosphorus supply up to P2
and then was unchanged. Notably, clone BY1
showed the highest NAE, NUE, PAE and KAE
among the four clones (Table 3), which was
in agreement with its superior growth perfor-
mance (Table 1).

Discussion

Phosphorus addition strongly promoted growth
of the four B. alnoides clones, indicating that
phosphorus deficiency was a major limiting
factor for plant development in the nursery
environment (Warren & Adams 2002) similar
to studies on aspen and its hybrids (Liang &
Chang 2004), and three Leucadendron culti-
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vars (Silber et al. 2000). However, the root to
shoot ratio of B. alnoides plants showed little
response to phosphorus addition in the present
study. This might be attributed to an insensi-
tive response of root to shoot ratio to variable
amounts of phosphorus where the nitrogen
supply remains constant (Garrish et al. 2010).
The survival and early performance of out-
planted nursery stock at the establishment
stage are likely to be more influenced by in-
ternal nutrient retranslocation than by the cur-
rent nutrient supply, hence the benefit of nu-
trient loading in nursery production (Bown et
al. 2012, Folk & Grossnickle 2000, Salifu &
Timmer 2003). The P4, PS5 and P6 treatments
all resulted in maximum growth measured
as height, biomass, leaf area and number of
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branches. This implies that the P4 treatment
(70 mg P plant') was sufficient for the growth
of B. alnoides clones. Furthermore, as the P6
treatment (209 mg P plant') did not cause
phosphorus toxicity symptoms even though
phosphorus concentrations were twice those in
P4 plants, this suggests that B. alnoides clones
had high phosphorus uptake ability, and nu-
trient loading can be achieved at the highest
phosphorus treatment (Salifu et al. 2009, Tim-
mer et al 1997). One probable mechanism to
prevent the accumulation of inorganic phos-
phorus (Pi) reaching toxic concentrations in B.
alnoides was the conversion of Pi into organic
storage compounds, e.g. phytic acid (Schacht-
man et al. 1998). As the phosphorus supply in
soils in south China is commonly limiting for
tree growth (Tan et al. 2015, Xu et al. 2002),
it is recommended that luxury phosphorus
additions be applied to nursery stock prior to
outplanting in nutrient-poor or weed-prone
sites. Apart from the amount of fertilizer, the
nutrient addition ratio and rate should also be
considered to improve nutrient efficiency in
the future (Isaac et al. 2011, Kelly & Ericsson
2003).

Variations often occur in growth and nutri-
ent use efficiency among clones, which pro-
vides a potential advantage for developing
nutrient-efficient plants through breeding
programs (Baligar et al. 2001). For example,
some clones of poplar (Populus deltoides x P.
cathayana and P. deltoides x P. simonii) were
selected for reforestation under low phospho-
rus stress because they absorbed more phos-
phorus and thus grew better than other clones
through increasing rhizosphere acidification
and affinity of roots to capture phosphate
(Zhang et al. 2003a, 2003b). Natural hybrid
clones (e.g. Eucalyptus PF1) were progres-
sively replaced by artificial hybrid clones (E.
urophylla x E. grandis) around Pointe-Noire
in Congo since they had lower biomass and
nutrient use efficiencies but greater nutrient
contents loss when harvesting compared to
artificial hybrid clones (Safou-Matondo et al.
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2005). In Betula, clone BY1 had the largest
root collar diameter, dry weight, leaf area, root
and shoot ratio among the four clones tested.
The allocation of more resources to the root, so
as to absorb more water and nutrients to sup-
port plant growth, helps to explain the greater
productivity in this clone (Zhang et al. 2013).
This can also be confirmed from its higher nu-
trient absorption efficiencies and NUE (Bown
et al. 2012; Folk & Grossnickle 2000). Clone
BY1 had lower leaf nitrogen concentration but
higher leaf potassium concentration compared
with other clones, suggesting that nitrogen di-
lution and synergism between phosphorus and
potassium ions were occurred in the fast-grow-
ing clones of B. alnoides.

Conclusions

The growth, nutrient concentrations and nutri-
ent efficiencies were more influenced by phos-
phorus supply than clones or the interaction
effect. Although phosphorus supply with 70
mg P plant! (P4) was sufficient for B. alnoi-
des plants, supply with 209 mg P plant! (P6) is
recommended for higher quality clones of this
species, so they have greater fitness to endure
phosphorus-deficient soils commonly distrib-
uted in south China after out-planting. Clone
BY1 performed the best with the maximum
biomass, root to shoot ratio and internal nutri-
ent supply. Further research on physiological
plasticity, such as leaf traits, organic acid and
mycorrhizal responses of B. alnoides clones
to phosphorus supply should be undertaken to
better understand the adaptive mechanisms of
plants to low phosphorus contents of growing
media or soils (Plassard & Dell 2010, Niu et al.
2013, Richardson et al. 2011, Xie et al. 2014,
Zhao et al. 2013).
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