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Abstract Plant nitrogen (N)—phosphorus (P) stoichiometry
is associated with important ecological processes. How-
ever, NP stoichiometry in soil and plants and adaptive
mechanisms of plants to infertile soils in the soil erosion
areas remain unclear. We selected 15 plots with Masson
pine forest of varying stand ages in typical subtropical soil
erosion areas of Southern China. The total nitrogen (TN)
and total phosphorus (TP) concentrations in green leaves of
Masson pine forest (9.2 and 0.61 g/kg) were significantly
lower than the national averages in China (18.6 and 1.21 g/
kg). The N:P ratio (TN:TP) of green leaves (15.1:1) was
higher than the national (14.4:1) and the global levels
(11.8:1 or 11.0:1). Forest soil TN, TP concentrations (0.41
and 0.14 g/kg) were lower than the national averages. The
high N:P ratio of green leaves and low soil TP, AP con-
centrations indicated that P was important in limiting
Masson pine forest growth, especially for forests with stand
age less than 10 years. Leaf TN, TP resorption efficiencies
of Masson pine forests were 26.5 and 64.9 %, and TP in
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senesced leaves of Masson pine with different stand ages
was completely resorbed, suggesting that Masson pine was
effective at adapting to nutrient-poor soils. Differences in
leaf N-P stoichiometry among different stand ages indi-
cated that nutrient demand varied with Masson pine forest
growth stages. Changes in forest soil N—P stoichiometry
suggested that Masson pine forest afforestation could
greatly improve the soil quality in the eroded lands.
However, the significant improvement would take at least a
30-year-long period.

Keywords N-P stoichiometry - Resorption efficiency -
Pinus massoniana (Lamb.) - Subtropical soil erosion

Introduction

Ecological stoichiometry considers the relationship
between organism, ecosystem structure, and function and
multiple chemical elements in the environment (mainly
carbon, nitrogen, and phosphorus) (Sterner and Elser 2002;
Elser et al. 2010; Sardans et al. 2012). The elements carbon
(C), nitrogen (N), and phosphorus (P) are the fundamental
chemical elements of an organism. The stoichiometry of an
organism is closely related to the important ecological
processes such as ecosystem species composition and
diversity, adaptation of organisms to environmental stress,
and interspecific relationships (Venterink et al. 2003;
Woods et al. 2003; Aerts et al. 2003; Giisewell et al. 2005).

Although plant has effective ability to maintain stoi-
chiometric characteristics of its own (Elser et al. 2005;
Feller et al. 2007), it can be affected by stoichiometry of
the habitat (Giisewell et al. 2003; Hall et al. 2005).
Availability and supply of nutrients in its habitat can sig-
nificantly affect biosis (at the species level), biotic
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populations, biotic communities, and even ecosystems
(Sardans et al. 2012). Large quantities of C were synthe-
sized through photosynthesis, and N and P were consumed
during plant growth, and the concentrations of these ele-
ments in habitats directly affect plant growth, thereby
limiting ecosystem productivity (Vitousek and Howarth
1991; Elser et al. 2010).

Many studies showed that the concentrations of avail-
able N and P significantly influence plant growth (Aerts
et al. 2003). High P leaching may lead to limitation of P for
plant growth in areas with high rainfall and intense soil
erosion, while N might restrict plant growth in those areas
with low rainfall, weak soil erosion and thus relatively low
P leaching (Aerts et al. 2003; Reich and Oleksyn 2004). In
recent years, atmospheric N deposition results in an
imbalance of the N:P ratio and an impact on the stoi-
chiometry of ecosystems (Galloway et al. 2003; Feller et al.
2007; Elser et al. 2009). N can promote plant uptake effi-
ciency and utilization of P in tropical and subtropical
regions (Houlton et al. 2008). However, P becomes a main
limiting factor for terrestrial ecosystems in these areas due
to high P leaching (Reich and Oleksyn 2004). Therefore,
many plants adapt to barren soil by resorption of nutrients
from senesced leaves to relieve nutrient deficiency
(Killingbeck 1996).

Soil and water loss is one of the global environmental
problems that have long caused many concerns (Singha
et al. 2006; Gu et al. 2013). Afforestation has been the most
widespread policy for severely eroded areas in the world
(Chirino et al. 2001; Deng et al. 2012). About 6-7 % of
global forests are plantations, established to provide a
variety of ecosystem services (Pawson et al. 2013; Sun
et al. 2016). Afforestation offers great potential to improve
soil quality of degraded or marginal lands by reducing soil
disturbance and providing perennial ground cover (Zhou
et al. 2002; Meira-Castro et al. 2012; Sauer et al. 2012).
However, forest plantations are often limited by soil
nutrient availability (Vitousek and Howarth 1991; Magnani
et al. 2007) and also encounter increasing anthropogenic
fertilizations (Galloway et al. 2008). The balance between
nutrients supply and nutrient requirements for tree growth
often changes following the developments of planted
stands (Peri et al. 2006; Sun et al. 2016).

Evaluation of stand development and soil nutrient
availability interact to affect plantations’ internal nutrient
cycling and demand is positive over the potential role of
plantations in global climate warming. Masson pine [Pinus
massoniana (Lamb.)] is one of the major pioneer species of
afforestation in the erosion areas of Southern China (Cao
et al. 2015). However, the relationship between Masson
pine leaf N and P resorption capabilities, their stoichio-
metric characteristics and soil nutrients in these areas
remains unclear. Therefore, this study aimed to: 1)
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investigate ecological stoichiometry of N and P in leaves
and soil of Masson pine forest with different stand ages and
2) analyze the resorption characteristics of N and P in the
senesced leaves of Masson pine forest at different stand
ages.

Materials and methods
Study area

The research was conducted in Hetian Town, Changting
County, Fujian Province of China (25°33'-25°48'N,
116°18'-116°31’E). This site belongs to a subtropical
monsoon climate with an average annual temperature of
19 °C, an average frost-free period of 260 days, an annual
precipitation of 1621 mm with over 50 % falling in April-
June and an annual evaporation of 1444 mm (Gu et al.
2011, 2013). Soils with a high sand content (about 45 % of
>1 mm gravel) are developed from coarse-grained granite
and classified as humic Planosols (FAO-WRB). As a typ-
ical soil erosion area in the mid-subtropics of Southern
China, it has an area of serious water loss and soil erosion
of 158. 4 km? accounting for 46.7 % of the total land area.
Masson pine forests were reconstructed since the primary
evergreen broadleaf forests were destroyed in the early
1980s, which had contributed to the development of Mas-
son pine plantations with different stand ages.

The Masson pine forests selected for this study had
stand ages of <10 years (PF0), 10-20 years (PF1),
20-30 years (PF2), and >30 years (PF3) with different
vegetation properties (Table 1). The PFO forests were
dominated by Masson pine in the tree layer, with scattered
distributed shrubs, a minimal quantity of herbs, and large
areas of bare soil surfaces. The PF1 forests were Masson
pine in the tree layer, with some shrubs and herbs which
were tolerant to drought and barren. The PF2 forests had
mostly Masson pine and occasionally other tree species in
the tree layer, and a high amount of shrubs and herbs with
the covers more than 80 %. The PF3 forests were domi-
nated by Masson pine accompanying with diversified tree
species and had more than 90 % coverage of understory
vegetation dominated by Masson pine saplings, a high
amount of shrubs and herbs.

Leaf and soil sampling

In August of 2011 and 2012, Masson pine forests were
selected from sites with similar conditions such as altitude,
slope, and aspect. Fifteen plots (each with dimensions of
20 m x 20 m, 4 plots for PFO, PF1, PF2, respectively, and
3 plots for PF3) were selected that was more than 30 m
away from the forest edge, in which Masson pine grew
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Table 1 Vegetation properties of the experimental plots in the study area

Stand  Density of Dominant tree species Dominant shrub species Dominant herb species
ages trees
(plants/
hm?)
PFO 650-750 Pinus massoniana (Lamb.) Syzygium buxifolium Hook et Arn, Dicranopteris dichotoma (Thunb.)
Baeckea frutescens Linn Bernh., Eulalia speciosa (Debeaux)
Kuntze, Eriachne pallescens R. Br
PF1 900-1100  Pinus massoniana (Lamb.) Lespedeza bicolor Turcz., Syzygium Dicranopteris dichotoma (Thunb.)
buxifolium Hook & Arn, Adinandra Bernh., Eulalia speciosa (Debeaux)
millettii (Hook & Arn) Benth & Kuntze
Hook f. ex Hance
PF2 1200-1400  Pinus massoniana (Lamb.), Schima Lespedeza bicolor Turcz. and Dicranopteris dichotoma (Thunb.)
superba Gardner & Champ Syzygium buxifolium Hook & Arn Bernh., Digitaria longiflora (Retz.)
Pers
PF3 1300-1400  Pinus massoniana (Lamb.), Sophora  Masson pine saplings, Camellia Dicranopteris dichotoma (Thunb.)

Jjaponica L., Sapium sebiferum (L.)
Roxb., Liquidambar formosana
Hance, Cunninghamia lanceolata

oleifera Abel, Gardenia jasminoides
J. Ellis, Syzygium buxifolium Hook
& Arn, Lespedeza bicolor Turcz.,

Bernh., Melastoma dodecandrum
Lour., Woodwardia japonica (L.f.)
Sm., Digitaria longiflora (Retz.) Pers

(Lamb.) Hook, Schima superba
Gardner & Champ

Adinandra millettii (Hook & Arn)
Benth & Hook f. ex Hance

PF0 <10 years, PFI1 10-20 years, PF2 20-30 years, PF3 >30 years

well. For estimation of forest stand age, the cores of
selected Masson pine trees were taken using growth
cones based on the diameter class (5 cm as a diameter
class, 3 replicates for each class), and the tree with a
diameter at breast height < 5 cm was removed from its
trunk at ground level. The basal area of all selected trees
was also measured. The stand age of the Masson pine
forest was determined by a weighted average method,
and the forest was classified by 10 years as an age class
(Meng 1996).

In each plot, three well-growing Masson pine trees were
taken, and 12 branches of each sample tree were harvested
from four opposite compass sides of the crown with three
branches from each side. Mature needles without pests
were collected from the 12 branches and evenly mixed to
make up a composite sample. Additionally, senesced
leaves that had just fallen off from the sampled trees to
ground were collected. Five soil samples (0-30 cm depth)
were randomly taken from each plot using a soil auger
(30 mm in diameter) and mixed uniformly as a composite
sample.

Laboratory procedure

Soil samples were air-dried after removal of seeds, roots,
gravel, and other debris. The leaf samples were dried at
75 °C in an oven to a constant weight. Then, leaf and soil
samples were ground and passed through a 100-mesh sieve.
The leaf and soil samples were digested using the Kjeldahl
procedure for total nitrogen (TN) and total phosphorus (TP)

concentration determinations. Available soil nitrogen (AN,
ammonium, and nitrate) was determined using a KCI
extracting technique (Stubbs and Pyke 2005). A soil sub-
sample (about 20 g) was extracted with 50 mL of NH,4F
(0.03 M)-HC1 (0.025 M) and shaken for 30 min. The
available soil phosphorus (AP) was measured by the
molybdenum blue method with ascorbic acid as a reductant
(Murphy and Riley 1962). A soil subsample (about 20 g)
was extracted with 50 mL of NaHCO; (0.5 M) and shaken
for 30 min. TN and TP of leaf and soil samples, AN and
AP of soil samples were determined on a continuous flow
analyzer (SEAL AutoAnalyzer 3, SEAL Analytical Ltd,
Norderstedt, German). Soil bulk density, total porosity, and
capillary porosity were measured following the methods
proposed by Liu (1996).

Data analysis

All data analyses were performed using PASW Statistics
18.0 (SPSS Inc.), and figures were generated by Sigma-
plot 10.0 (Systat Software Inc). Significances of differ-
ences in the leaf TN and TP, and measured soil physical
and chemical properties among forest stand ages were
analyzed by least square difference (LSD) tests. Leaf N
and P resorption efficiencies (RE) were calculated by the
formula proposed by Du et al. (2011): RE, = (A; — Ay)/
A; x 100 %, where RE, represents the resorption effi-
ciency of a certain nutrient, A; and A, represent the
nutrient concentration of green matured and senesced
leaves (g/kg).
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Results

N, P concentrations of leaves and soil quality
at different stand ages of Masson pine forest

As the Masson pine forest stands developed, leaf TN
concentration first declined and then increased, and leaf TP
concentration first increased and then decreased (Fig. 1).
The leaves of PFO, PF1, PF2, and PF3 had 8.9-10.6,
7.2-8.8, 8.5-8.8, 11.4-12.6 g/kg for TN, and 0.4-0.46,
0.62-0.85, 0.6-0.63, 0.66-0.76 g/kg for TP, respectively.
The leaf TN concentrations of PFO and PF3 were signifi-
cantly higher than that of PF1 and PF2 (P < 0.05), while
the PF1 had the lowest leaf TN concentration. The leaf TP
concentration was lowest in PFO and highest in PF1.

The planted Masson pine forests improved the soil
quality significantly in the study area (Table 2). The soil
TN, TP concentrations of PF3 were higher than those of
other stand ages (P < 0.05). The soil AN and AP con-
centrations of PF2 and PF3 were higher than those of PFO
and PF1 (P < 0.01). The soil bulk density decreased
gradually following increased Masson pine forest stands.
The soil total porosity increased slowly, while the capillary
porosity did not show significant improvement.

N:P ratio patterns of leaves and soils at different
stand ages of Masson pine forest

With increasing forest stand age, leaf N:P ratio (TN:TP)
showed a first downward then upward trend, while soil N:P
ratio (TN:TP) showed a gradual upward trend (Fig. 2).
Leaf N:P ratios of PFO, PF1, PF2, and PF3 were 22.0-25.1,
9.1-13.0, 13.9-14.2, and 16.6-18.8, respectively. Soil N:P
ratio of PFO, PF1, PF2, and PF3 is 1.3-2.7, 1.9-3.1,
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Forest at different stand ages

Fig. 1 TN, TP concentrations of green leaves in different stand ages
of Masson pine forest
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2.1-2.9, and 3.9-4.8, respectively. The PF0O showed the
highest leaf N:P ratio than those of other stand ages, while
the lowest ratio was in the PF1. The soil N:P ratio of the
PF3 was significantly higher than those of other stand ages
(P < 0.001). However, the soil N:P ratio between PFO,
PF1, and PF2 did not show significant fluctuation.

Nutrient resorption of senesced leaves at different
stand ages of Masson pine forest

Senesced leaves revealed a first downward then upward
trend in TN, TP concentrations with increasing forest stand
age (Fig. 3a), while both the REy and REp showed first
upward then downward trends (Fig. 3b). TN concentrations
in senesced leaves of PF0, PF1, PF2, and PF3 were 6.8-9.0,
4.3-5.3, 4.8-6.0, and 8.2-9.3 g/kg, while the REy were
11.4-3.9, 28.8-46.7, 31.3-42.8, and 25.9-29.5 %, respec-
tively. TP concentrations in senesced leaves of PFO, PF1,
PF2, and PF3 were 0.14-0.23, 0.14-0.22, 0.14-0.18, and
0.23-0.28 g/kg, while the REp were 44.6-68.9, 71.6-81.0,
71.7-76.5, and 62.4-65.1 %, respectively.

Both the PFO and PF3 showed significant higher TN, TP
concentrations in senesced leaves than those of PF1 and
PF2 (P < 0.05). The highest TN, TP concentrations were
found in senesced leaves of PF3. The senesced leaves of
PFO revealed the lowest REy and REp, but the REy and
REp between other stand ages showed non-significant
differences.

Discussion

Fluctuation of TN, TP concentrations in green leaves
of Masson pine forest

Leaf TN and TP concentrations reflect nutrient demands of
plants in different stages of growth and nutrient conditions
in its habitat. Geometric means for green leaf TN and TP
concentrations of the Masson pine in our study area were
9.2 and 0.61 g/kg, which were significantly lower than the
national averages in China (18.6 and 1.21 g/kg) (Han et al.
2005), and the global averages of the genus Pinus (11.5 and
1.21 g/kg or 11.3 and 1.22 g/kg) (Reich and Oleksyn 2004;
Wright et al. 2004). Moreover, the results were also lower
than the averages of the Masson pine in the subtropical
regions of China (11.1 and 0.81 g/kg) (Han et al. 2005).
The changes in TN, TP concentrations of the Masson pine
leaves were closely associated with plant growth. In the
early stages, plant growth is slow with small biomass, but
has a potent ability to undergo cell division, and thus
requires a large amount of protein (Gorokhova and Kyle
2002), resulting in relatively high TN concentration in
plant leaves. The Masson pine forest at 13-20 years in the
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Table 2 Physical and chemical properties of soil in the experimental plots

Stand Bulk density Total porosity Capillary porosity Total Available Total Available

ages (g/em®) (%) (%) nitrogen nitrogen phosphorus phosphorus
(g/ke) (mg/kg) (g/kg) (mg/kg)

PFO 1.51 £ 0.05a 43.47 £ 1.90b 33.98 &+ 1.77b 021 £0.04b 11.36 £ 0.85¢c  0.10 £ 0.01c 0.07 £ 0.02¢

PF1 1.35 £ 0.02b 49.13 + 0.73a 38.49 £+ 1.12a 033 £0.03b 1396 £ 099 0.14 + 0.01b 0.17 £ 0.016b

PF2 1.34 + 0.01b 49.79 & 0.09a 36.51 % 0.49ab 0.37 £0.03b 65.11 £ 1.62b 0.15 £ 0.0lba  0.28 + 0.02a

PF3 1.29 + 0.06b 50.97 + 1.71a 36.29 + 2.31ab 0.84 & 0.16a 101.11 4 20.29a 0.19 % 0.03a 0.38 £ 0.05a

Different lowercase letters in the same column indicate significant differences (P < 0.05) with a least significant difference test
PFO <10 years, PF1 10-20 years, PF2 20-30 years, PF3 >30 years

Green leaf N:P ratio
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Fig. 2 N:P ratio of green leaves (a) and soil (b) in different stand ages of Masson pine forest. The ratios of leaf and soil refers to TN:TP. Error
bars are SEM. Different capital letters indicate significant differences (P < 0.05) with a least significant difference test
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Fig. 3 TN, TP concentrations (a) and resorption efficiency (b) in senesced leaves of Masson pine forest at different stand ages. Error bars are
SEM. Different capital or lowercase letters indicate significant differences (P < 0.05) with a least significant difference test
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mid-subtropics of China is in fast-growing stages and can
accumulate biomass rapidly (Zhou 2001). Its high growth
rate can lead to increased TP concentration, which is
consistent with the previously proposed growth rate
hypothesis (Sterner and Elser 2002; Elser et al. 2003).
Also, changes in the growth rate can alter the leaf TN
concentration of the fast-growing Masson pine (Sun and
Chen 2001). In the mature stages, the growth rate and the
TP concentration of the Masson pine decreased, but TN
concentration in the pine had increased. However, as the
soil TP, AP concentrations increased, the leaf TP concen-
tration remained higher than that found in the early stages
of growth.

The improvement in soil quality
with the developments of Masson pine forest stands

TN, TP, and AP concentrations in the surface soil averaged
0.41 g/kg, 0.14 g/kg, and 0.20 mg/kg, respectively, which
were lower than the averages (0.71-1.73 g/kg, 0.8-1.7 g/
kg, and 3.7-6.7 mg/kg, respectively) of red soil in China
(Gong et al. 2014). The trends of soil nitrogen and phos-
phorus in our study area were associated with local com-
munity growth conditions and the sources of soil nitrogen
and phosphorus in different stand ages of the Masson pine
forest.

In the early growth stages, low soil nutrients were
associated with low understory vegetation coverage and
plant litter quantity which induced large exposed soil sur-
face area and high soil nutrient leaching. As the forest
stand age increased, the understory vegetation of the
Masson pine forest gradually developed, the litter
increased, and broadleaf species such as S. japonica, S.
sebiferum, L. formosana, S. superba developed. Therefore,
soil nitrogen concentrations gradually enhanced as the
forest stand age increased with the development of
understory plant by reducing soil erosion and increasing
inputs of organic materials. However, soil phosphorus
released from the weathering of rocks is very slow and
gentle (Aerts and Chapin 2000; Reich and Oleksyn 2004),
and the biological process has weak regulation on the
process. Furthermore, high concentrations of Fe and Al in
red soil will reduce the availability of P through the syn-
thesis of Fe—P and Al-P (Solomon et al. 2002; Yang et al.
2005). These factors led to low concentration and non-
significant fluctuation of phosphorus in the study area.

The development of Masson pine forest facilitated the
functional restoration of soils by increasing surface vege-
tation coverage and plant litter. However, the improvement
in soil quality was slow following the development of the
Masson pine forest stands. The bulk density of soil
decreased 11.26 %, and total porosity, TN, and AN
increased 14.53, 76.19, and 50.00 % in PF2 compared to
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PFO. Most of the soil physical and chemical properties
showed significant improvement at the stage of PF3 which
indicated the practice of afforestation in erosion area to
restore the soil quality would take a very long process.

N-P stichometry and nutrient limitation in leaves
and soil

In most terrestrial ecosystems, N-P availability can limit
plant growth and affect plant traits, community composi-
tion, and biodiversity (Aerts et al. 2003; Giisewell et al.
2005). Thus, the plant N:P ratio is one of the most simple
and effective indicators for assessing limiting elements in
plant growth (Koerselman and Meuleman 1996; Giisewell
2004). In our study area, leaf N:P ratio had a geometric
mean of 15.1:1, which was higher than the national average
of China (14.4:1) (Han et al. 2005) and the global average
(11.8:1 or 11.0:1) (Reich and Oleksyn 2004; Wright et al.
2004). However, it was lower than the leaf N:P ratio
(16.3:1) of the Masson pine in the subtropics of China (Han
et al. 2005), and higher than the global average (10.0:1 or
9.6:1) of the genus Pinus species (Reich and Oleksyn 2004;
Wright et al. 2004).

The leaf N:P ratio averaged 23.2:1 in the PF0, 10.3:1 in
the PF1 and PF2, and 15.7:1 in the PF3. According to the
breakpoints proposed by Koerselman and Meuleman
(1996) and Giisewell (2004), Masson pine growth in PFO
was markedly limited by P because large area of bare soil
surface induced high phosphorus loss in the soil at the early
stages of plant growth. Nitrogen became the limit elements
of Masson pine at fast-growing stages due to the high
growth rate-induced phosphorus increases and nutrient
dilution (Sun and Chen 2001; Gorokhova and Kyle 2002).
Although the growth rate of the Masson pine in PF3
decreased, its large biomass and different sources of
nitrogen and phosphorus could cause phosphorus to
become a limiting factor for the Masson pine growth. The
growth of the Masson pine was mostly limited by the
availability of phosphorus in our study areas, which was
concordant with the law of P deficiency in the low-latitude
region (Hedin 2004; Han et al. 2005; Zhang et al. 2005).

The mean soil N:P ratio under the Masson pine forest
was 2.5:1, which was lower than that reported by the
previous study in the same area and in the southern sub-
tropics of China (Huang 2009; Liu et al. 2010; Hou et al.
2012). The soil N:P ratio under the Masson pine forest of
PFO, PF1, PF2, and PF3 averaged 1.9:1, 2.4:1, 2.5:1, and
4.4:1, respectively. The soil N:P ratio under the Masson
pine forest had increased with increasing forest stand age,
and at least two reasons might account for this. One reason
was that vegetation restoration increased vegetation cov-
erage and reduced surface runoff, thereby increasing the
concentration soil nitrogen and decreasing phosphorus
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release from the soil parent material (Yan et al. 2008). The
other reason was due to differences in nutrient turnover rate
caused by different sources of soil nitrogen and phosphorus
(Yan et al. 2008; Liu et al. 2010).

Adaptation strategy of leaf TN, TP resorption
to nutrient limitation

Leaf nutrient resorption is an important strategy that
enables plants to maintain appropriate nutrition levels,
which can affect its interspecific competition, nutrient
uptake and productivity (Killingbeck 1996; Liu et al.
2010). The changes in TN, TP concentration and RE in
senesced leaves are closely related to the growth of the
Masson pine forest. Studies indicate that stands with higher
growth potential require more nutrients to support biomass
production, and therefore should have a higher RE (Nam-
biar and Fife 1991; Sun et al. 2016).

In early and mature growth stages, the RE was low due
to the low nutrient consumption induced by lower growth
potential of the Masson pine forest. The nutrient demands
of the Masson pine forests were high in the fast-growing
stage. Therefore, the RE was high due to high senesced
leaf nutrient transfer to Masson pine. Content of 0.7 %
TN and 0.04 % TP in senesced leaves represents ultimate
nutrient resorption (Killingbeck 1996). According to the
proposed breakpoints, the senesced leaf TN of the Masson
pine forest could be considered as incomplete resorption
in PFO and PF3, but TP of senesced leaf could be regarded
as ultimate resorption in all the study sites. The REp was
higher than that of TN, which reflected the deficiency
of phosphorus in soils of low-latitude regions, or differ-
ences in the relative amounts of nitrogen and phosphorus
that were leached from the leaves. Some studies believe
that the high RE of evergreen leaves reflect the adaptation
of plants to oligotrophic habitats, and can help plants to
gain a competitive advantage in barren soils (Aerts and
Chapin 2000; Du et al. 2011). However, others argue that
high RE of nitrogen or phosphorus is not an important
adaptive mechanism of plants to oligotrophic habitats
(Yan et al. 2008), but instead represents an inherent
characteristic of the phylogenetic position. The differ-
ences in leaf RE of different plants depend on genetic
differences of individual plant species rather than
important adaptive mechanisms of plants to barren habi-
tats (Killingbeck 1996).

Conclusions
With increasing forest stand age, leaf TN, TP concentra-

tions of the Masson pine in the study area showed opposite
trends in that TN concentrations first decreased and then

increased, while TP concentrations increased then
decreased. These trends might be caused by differences in
nutrient demands of plants at different growth stages. Leaf
TN, TP concentrations of the Masson pine forest were
significantly lower than the national averages in China,
while the N:P ratio was higher than the national and global
averages. This result suggested that the growth of the
Masson pine forest was mainly limited by the availability
of phosphorus in the study area. Concordant with the stand
age, the study showed that soil TN, AN, TP and AP con-
centrations and soil N:P ratio under the forest canopy
increased. The soil phosphorus in the study area was sig-
nificantly lower than the national average in China and was
one of the key limiting factors of plant growth. Masson
pine forest revealed high nutrient RE to adapt to such
barren soils. Complete TP resorption of senesced leaves at
different growth stages also indicated phosphorus defi-
ciency in this area.
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