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Growth and nutrient stoichiometry responses to N and P 
fertilization of 8‑year old Masson pines (Pinus massoniana) 
in subtropical China

Ben Wang · Jihao Chen · Guan Huang ·  
Shuai Zhao · Fangwei Dong · Yangyang Zhang ·  
Wei He · Pengcheng Wang · Zhaogui Yan 

Methods  To determine the effects of nutrient ferti-
lization on plant growth and nutrient stoichiometry, 
we conducted a nitrogen and phosphorus fertilization 
experiment in an 8-year old Masson pine plantation 
in subtropical Hubei Province, China. Plant growth 
and nutrient stoichiometry responses to fertilization 
were determined over 12 months.
Results  Tree growth in height and trunk diameter 
and resorption efficiency of both N and P responded 
positively to N and/or P fertilization. Soil total P 
concentration was low (0.32  mg/g). Leaf N:P ratio 
was high and increased (>20) in N fertilization but 
decreased (<9) in P fertilization.
Conclusions  Our results show that Masson pine 
plantations of the study area are severely P limited, 
with low soil P concentration, high leaf N:P ratio, 
and positive growth responses to P fertilization. As 
the most common forestry plantations in subtropical 

Abstract 
Background  Masson pine (Pinus massoniana) plan-
tations are one of the most common forestry planta-
tions in southern China. A high proportion of these 
plantations is managed as monoculture forests. Pro-
ductivity in these plantations often declines as they 
age due to stand retrogression. In these plantations, 
fertilization is a key practice to prevent stand retro-
gression. Understanding how plants respond to nutri-
ent fertilization at the tree and stand-level is crucial 
for evaluating the effects of fertilization and devising 
nutrient management strategies to prevent stand retro-
gression and to maintain plantation productivity.
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and tropical China, P limitation is likely to be a wide-
spread problem facing the Masson pine plantation 
industry. Thus nutrient fertilization of Masson pine 
plantations in comparable contexts should focus on P 
management.

Keywords  Fertilization · Masson pine plantation · 
Nutrient management · Phosphorus limitation · Stand 
retrogression · Tree growth

Introduction

Masson pine (Pinus massoniana) plantations are one 
of the most common forestry plantations in southern 
China, comprising 14 Mha (Forestry Commission of 
China 2014). A substantial part of these plantations 
is managed as monoculture forests using intensive 
silviculture (Department of Forest Resource Manage-
ment 2010; Forestry Commission of China 2014). 
Productivity in these plantations often declines as 
they age (Huang et al. 2013; Liu et al. 2021; Ni et al. 
2021), a phenomenon that may develop in secondary 
growth forests or in plantation forests, and is com-
monly referred to as stand retrogression; apart from 
a decline in plant productivity, stand retrogression 
is also characterized by declines in the rate of litter 
decomposition and in the amounts of soil nutrients 
such as nitrogen and phosphorus (Peltzer et al. 2010).

Stand retrogression often develops in Masson pine 
monospecific rotation plantations, where Masson pine 
is dominating and forms a closed canopy. Understory 
plant diversity is low and devoid of any nitrogen-fix-
ing species (Ali et al. 2019; Yan et al. 2019), thus the 
status of N will not improve as it would in natural for-
ests in which N is supplemented by biological N-fix-
ation and from the decomposing litter of relatively 
high N content (Ni et al. 2021; Yu et al. 2021). Lit-
ter decompositions in these plantations are slow due 
to the poor quality litter and reduced diversity of the 
soil microbial community (Zeng et al. 2018; He et al. 
2020a; He et al. 2020b). In addition, logging coupled 
with the lack of understory vegetation cover often 
lead to soil erosion. As a result, soil nutrients such as 
N, P, and K in many of the Masson pine plantations 
are depleted by plant growth and subsequent logging, 
leaching, or erosion, leading to decreased productiv-
ity especially in replanted plantations with the same 

or other conifer species of the original plantation spe-
cies (Huang et al. 2013; Chen et al. 2015).

In these plantations, fertilization is a key practice 
to prevent stand retrogression and to maintain the 
sustainability of plantation productivity. Understand-
ing plant responses to changes in nutrient status at 
the tree and stand level is crucial for evaluating the 
effects of fertilization on timber production at the tree 
level and the productivity at the stand level.

At the tree level, plants may respond to N, P, and 
K fertilization in a scenario termed multiple nutrient 
limitation (Harpole et  al. 2011; Wright et  al. 2011) 
or as independent nutrient co-limitation (Kaspari 
et  al. 2017) in which N, P, and K all enhance plant 
growth when supplemented but by different mecha-
nisms. Meta-analyses of studies on N and P fertiliza-
tion demonstrate that N and P tend to co-limit plant 
growth in both natural plant communities and in plan-
tation forests (Elser et al. 2007; LeBauer and Treseder 
2008).

Further, nutrient fertilization can affect plant nutri-
ent resorption efficiency (i.e. the difference between 
the concentration of a given nutrient in green versus 
fully senesced tissue relative to the amount in the 
green tissue) (Killingbeck 1996; Elser et  al. 2000). 
Plant nutrient resorption is a key process for plants to 
recycle nutrients from tissues during senescence and 
before abscission. These nutrients are translocated 
within plant from senesced tissues such as leaves to 
point of new growth and reused, thus reducing the 
need of plants for nutrient absorption from the soil. 
A global meta-analysis shows N fertilization reduces 
plant N resorption efficiency for many of the plant 
species studied (Yuan and Chen 2015), but increases 
the resorption efficiency for other elements such as P 
(Barros et al. 2021; Lu et al. 2021). At the tree level, 
N fertilization can affect P via two mechanisms. 
First, N fertilization increases P resorption, as plants 
increase P conservation during the transition from N 
limitation to P limitation (Vitousek et al. 2010; Reed 
et al. 2012). Second, it can increase soil P availabil-
ity and therefore increase P absorption by enhancing 
extracellular phosphatase enzyme activity (Marklein 
and Houlton 2012).

Nutrient fertilization can also affect plant nutri-
ent stoichiometry in plant tissues and in the litter 
(.i.e. the ratio of different nutrient elements such as 
C:N and N:P) (Elser et al. 2000). The addition of N 
can significantly increase plant tissue N content, thus 
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increasing the plant N:P ratio (Jia et  al. 2010; Hed-
wall et al. 2017). Alternatively, P fertilization gener-
ally increases plant tissue P content and reduces the 
plant N:P ratio (Jia et al. 2010; Hedwall et al. 2017; 
Lu et al. 2021).

Here we present a study that assessed the responses 
of trees immediately after N and P fertilization in 
an 8-year old Masson pine plantation of Taizishan 
Forest Farm in subtropical Hubei, China. The Mas-
son pine plantations of Taizishan Forest Farm are in 
their second or third rotation since first planted in 
the 1950s and the productivity of these plantations is 
now relatively low (Ali et al. 2019; Yan et al. 2019). 
Stand retrogression with reduced amounts of soil N 
and P (Table 1) may be responsible for this reduced 
productivity. Records of the Taizishan Forest Farm 
show that N and P fertilization can improve planta-
tion productivity (unpublished data). Thus these plan-
tations are ideal sites for studying how trees growing 
under low amounts of nutrients will respond to nutri-
ent fertilization. Our objectives were (1) to assess 
how N and P fertilization influenced tree growth, (2) 
to evaluate the interactive effects of multiple nutri-
ent fertilization on nutrient stoichiometry in leaves 
and litter and on nutrient resorption efficiency at the 
stand level in subtropical China, where plant growth 
is often restrained by multiple nutrients, and (3) to 
apply the knowledge gained to devise better nutrient 
management strategy of Masson pine plantations. 
We hypothesized that the Masson pine plantation of 
Taizishan Forest Farm is multiple nutrient-limited 
with the expectation that N and P fertilization will 
increase tree growth. Further, we expected that N 
fertilization would lower N resorption efficiency, and 
increase P resorption efficiency or vice versa, creating 
positive synergetic effects when fertilized simultane-
ously with both N and P. Understanding how Masson 
pine trees respond to N and P fertilization will be use-
ful for plantation managers in their efforts to address 

stand retrogression and reduced productivity of the 
Masson pine plantations.

Materials and methods

Site description

This study was conducted in an 8-year old Masson 
pine plantation on Taizishan Forest Farm (112°53′20′′ 
E, 30°53′45′′ N; 40-467 m asl) in subtropical Hubei 
Province, China. The area is characterized by low 
mountains and hills. The long-term annual aver-
age precipitation for the area is 1059  mm and the 
annual average temperature is 16.5  °C. Compared 
to the long-term average, the study year (2019) was 
a dry and hot year, with a yearly rainfall of 937 mm 
and a mean annual temperature of 16.8 °C (S1). The 
site was planted with Masson pine in 2010. Prior to 
the plantation, the site was cleared of vegetation. A 
second round of clearing was carried out in 2012-
13. The planting density was 2 × 1.5  m. In Decem-
ber 2018, the average tree height was 7.6 m and the 
average DBH was 13.2  cm. Prior to the fertilization 
experiment, soil samples were collected and soil pH, 
organic carbon (TC), total nitrogen (TN), and total 
phosphorus (TP) were determined to provide the 
baseline data of the study site. The soil is yellow-
brown loam and slightly acidic with pH of 5.5 ± 0.8 
(mean ± se). Soil TC, TN, and TP were 14.1 ± 0.41 
(mg/g), 1.32 ± 0.04 (mg/g) and 0.32 ± 0.01 (mg/g), 
respectively (Table  1). The experimental plots were 
set up and fertilized in December 2018.Fertilization 
treatments.

We used three fertilization treatments plus con-
trol: control, no nutrient addition; N+, N addition at 
100 kg N/ha; P+. P addition at 50 kg P/ha; and NP+, 
N and P addition at 100 kg N/ha and 50 kg P/ha in 
our study. In November 2018, we demarcated 12 (20 
× 20 m) plots at the selected site. Each plot was ran-
domly assigned a fertilization treatment or control, 
each replicated three times, giving a total of 12 treat-
ment plots. To minimize the topographic effect on 
nutrient movement, all plots were located on rela-
tively flat terrain (slope < 15°) with a minimum space 
of 20 m between plots.

Fertilizers, urea (CH4N2O), and superphosphate 
(Ca(H2PO4)2·H2O) were applied in December 2018. 
For fertilizer application, we adopted a furrow 

Table 1   Soil and plant total nitrogen (TN) and total phos-
phorus (TP) concentration of the study site. Values are 
mean ± standard error for TN and TP

TN (mg/g) TP (mg/g) N:P

Soil 1.32 ± 0.04 0.32 ± 0.01 4.1
Leaf 5.38 ± 0.19 0.24 ± 0.01 22.4
Litter 3.52 ± 0.17 0.23 ± 0.01 15.3
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method that has been commonly in use on Tazishan 
Forest Farm. Briefly, a furrow (~50  cm wide and 
20  cm deep) running along the line of planted trees 
was dug at approximately 1  m away from the tree 
trunk on the upper side of the slope, fertilizer was 
then spread evenly in the furrow, and immediately 
covered with soil.

Tree growth measurements

To quantify the influences of fertilization on tree 
growth, we measured tree height (H) and stem diam-
eter at breast height (DBH; 1.30 m) of all trees within 
the treated plots in December 2018 (before fertiliza-
tion) and December 2019 (at the end of the experi-
ment). H was measured by a stick ruler and infrared 
altimeter. DBH was measured with Vernier calipers.

Foliar and litter sample collection

To explore how nutrient stoichiometric relation-
ships in foliar and litter respond to nutrient ferti-
lization, we collected leaves at 3-month intervals 
(December 2018, March, June, September and 
December, 2019). Litter samples were collected 
at half-year intervals (December 2018, June and 
December 2019). At each sampling time, five trees 
were arbitrarily selected within each plot. Leaves 
(~200 g fresh weight) from the top third of the tree 
crown were collected in four directions (due south, 
east, north and west). Leaf samples from the same 
plot were bulked to make a composite sample for 
the plot. As Masson pine is an evergreen species, 
leaves of different ages co-exist. Response to ferti-
lization of these leaves may vary with age. As fresh 
leaves are most sensitive to fertilization, we sam-
pled the fresh growth for leaf N and P content deter-
mination. The age of these leaves varied from a 
few months to up to 1 year, depending on sampling 
time. As we were primarily interested in the over-
all response of leaf nutrient resorption to fertiliza-
tion, we averaged the nutrient resorption efficiency 
of the four sampling times. Litter samples were col-
lected using nylon litter-trap. Three nylon net traps 
(1 × 1 m) were randomly placed in each plot to col-
lect litter sample. The traps were set up 2  weeks 
before sample collection at each sampling time to 
ensure the freshness of the litter. Fresh leaf and lit-
ter samples were brought back to laboratory within 

48  h and oven-dried at 80  °C to constant weight. 
After drying, the samples were crushed in a plant 
grinder, passed through a 150-μm sieve, placed in 
zip-seal plastic bags and refrigerated at 4  °C until 
used for nutrient analysis.

Soil sample collection

Soil samples were collected at 3-month intervals 
(December 2018, March, June, September and 
December 2019) as for foliar sample. In each plot, 
to minimize the spatial heterogeneity, we col-
lected five subsamples, one at each corner and one 
in the middle of the plot. A soil auger was used to 
collect soil of 0-30  cm in depth or until bedrock 
was reached, whichever was shallower. The sub-
samples from each plot was mixed to make a com-
posite sample for the plot. Care was taken to avoid 
sampling directly in the middle of the fertilizing 
furrow and from the same locations in subsequent 
samplings. Soil samples were brought back to lab-
oratory within 48 h. The samples were air dried in 
the laboratory. A 5-mm sieve was used to remove 
macrofauna, large roots, litter residues, and small 
stones. The soil was then crushed and sieved with 
a 150-μm sieve, placed in zip-seal plastic bags 
and refrigerated at 4  °C until used for nutrient 
analysis.

Foliar, litter and soil total nitrogen and total 
phosphorus laboratory analysis

TN and TP for leaves, litter or soil were determined 
by the Kjeldahl digestion method and the molybde-
num-antimony colorimetric method, respectively. In 
brief, a subsample of 2.5 g leaves, litter or soil were 
placed in a digestion tube, mixed with 50  ml 2  M 
H2SO4, shaken for 0.5 h and left to stand overnight 
at 4  °C. Total nitrogen (TN) and total phosphorus 
(TP) for leaf, litter or soil were then determined by 
using the Kjeldahl digestion procedure (Bremner 
and Tabatabai 1972; Allen 1989). For TP determi-
nation, a subsample of 5 g leaves, litter or soil was 
placed in a digestion tube, mixed with 50  ml 2  M 
H2SO4, shaken for 0.5  h and the supernatant was 
then used for determining P by the molybdenum-
antimony colorimetric method (Allen 1989).

Plant Soil (2022) 477:343–356346
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Data processing and analysis

Tree growth in H and DBH was calculated as the dif-
ference between measurements in December 2018 
and 2019 (Eqs.  1 and 2). Changes in TN of leaves 
and litter under various fertilization treatments were 
calculated as the differences between the mean val-
ues over the experiment period and that in December 
2018 (Eqs. 3 and 4). Changes in TP of leaves and lit-
ter under various fertilization treatments were calcu-
lated the same as TN. Nutrient resorption efficiency 
(%) were calculated as the difference in N or P con-
centration of fresh leaves and litter divided by N or P 
concentration of the fresh leaves (Eq. 5 and 6).

Where, H is tree height, DBH is tree stem diameter 
at 1.30  m height, TNleaf is total nitrogen concentra-
tion in leaves, TPleaf is total phosphorus concentra-
tion in leaves, TNlitter is total nitrogen concentration 
in litter, TPlitter is total phosphorus concentration in 
litter, NRE is the N resorption efficiency and PRE is 
P the resorption efficiency. NRE and PRE were cal-
culated for June and December 2019 separately and 
then averaged. The averages were used for subsequent 
graphing and analyses.

In our study, changes in TNleaf, TNlitter, TPleaf, and 
TPlitter were calculated as the difference between the 
averages of the four sampling times (two for litter) 
and the December 2018 measurements (Eqs.  3 and 
4). Subsequently, our calculations of NRE and PRE 
(Eqs. 5 and 6) did not capture the maximum changes 
in these parameters. Rather, our calculations reflected 
the average responses for the duration of the sam-
pling. For plantation managers, these changes in NRE 
and PRE in response to fertilization are meaningful in 

(1)Growth in H = HDec_2019–HDec_2018

(2)Growth in DBH = DBHDec_2019–DBHDec_2018

(3)Changes in TNleaf = ΣTNleaf2019∕4–TNleaf2018

(4)Changes in TNlitter =
(

ΣTNlitter2019∕2–TNlitter2018

(5)NRE =
(

TNleaf–TNlitter

)

∕TNleaf (%)

(6)PRE = (TPleaf–TPlitter)∕TPleaf (%)

terms of nutrient management and plantation produc-
tivity. This approach for NRE and PRE calculations 
is similar to those adopted by Killingbeck (1996) and 
Sun et al. (2016).

To take into consideration of the mass loss of the 
senesced leaves, we have also calculated the NREm 
and PREm ((Eqs.  7 and 8) and NRPm and PRPm 
((Eqs. 9 and 10).

Where, NREm and PREm is the N and P resorption 
efficiency after taking the mass loss of the senesced 
leaves into consideration for N and P, respectively; 
MLCF, mass loss correction factor, which is set 
to 0.745 for conifers (Vergutz et  al. 2012); NRP, N 
resorption proficiency; PRP, P resorption proficiency.

While closely related, the nutrient resorption effi-
ciency is defined as the percent reduction between 
nutrient concentrations in green and senesced leaves 
and the nutrient resorption proficiency is defined as 
the nutrient concentration in senesced leaves (Killing-
beck 1996) or litter in the present study. The nutrient 
resorption efficiency was determined and analyzed 
using the method of Killingbeck (1996). To take 
the mass loss of senesced leaves into consideration, 
we have also calculated the nutrient resorption effi-
ciency using the MLCF suggested by Vergutz et  al. 
(2012). The nutrient resorption proficiency was cal-
culated as the mass-based nutrient concentration in 
the litter, taking the mass loss of senesced leaves into 
consideration.

Due to a range of measurement units used for these 
variables, effect size and general linearized models 
were used to compare their responses to fertilization 
treatments. The size of the response were measured 
as Cohen’s d effect size (Cohen 1988). The responses 
were calculated as differences between averages of 
March, June, September and December 2019 meas-
urements (or June and December 2019 for litter) for 
each treatment and the measurement of December 
2018 expressed as Cohen’s effect sizes in standard 

(7)NREm =
(

TNleaf–TNlitter∗MLCF
)

∕TNleaf

(8)PREm =
(

TPleaf–TPlitter∗MLCF
)

∕TPleaf

(9)NRPm = TNlitter∗MLCF

(10)PRPm = TPlitter∗MLCF
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deviations. Cohen’s d effect size standardizes the 
direction and magnitude of each of the treatment 
effects relative to the control by dividing the aver-
age of the treatment and the control with the pooled 
standard deviation of each. We define d > |1.0| as 
large effect where the mean effect of treatment is at 
the 84th percentile of the control. Similar analyti-
cal approach has been adapted by Kaspari and col-
leagues (Kaspari et al. 2017). The statistical P value 
was derived from a factorial generalized linear model 
(GLIMMIX procedure in SAS V9.4, SAS 2009) 
matched to the normal distribution of our datasets, 
and the PDIFF option to compare least square means 
of a treatment versus the control, and between treat-
ments. Significant threshold for our analysis was set 
to 0.05.

Results

Effect of fertilization on growth of tree height and 
diameter

Both growth in H and in DBH responded posi-
tively to fertilization treatment (Fig.  1a, b). 
Growth in H was about 2 standard deviation (SD) 
(or 0.33  m) more in the three fertilized treat-
ments than in the control (GLM P’s < 0.0001). 
Among the three fertilization treatments, differ-
ences in H growth were not statistically signifi-
cant (GLM P > 0.74). Growth in DBH was 1.7 
SD (or 0.38  cm) and 1.4 SD (or 0.32  cm) more 
in the NP+ and P+ treatments, respectively, than 
in the control (GLM P < 0.05). Growth in DBH in 
the N+ treatment was not significantly different 
from that of the control (GLM P = 0.17) (Fig. 1b). 
Among the three fertilizing treatments, differ-
ences in DBH growth were not statistically sig-
nificant (GLM P > 0.20).

Effect of fertilization on leaf and litter N and P 
concentration

Leaf and litter TN and TP varied across the 
measurement period and peaked in June with the 
exception of leaf TP in the P+ addition treatment, 
which peaked in September (Fig.  2). Compared 
to the controls, leaf and litter TN increased by 
1-2 SD (or 1.77-3.53  mg/g) in the N+ and NP+ 

treatments (GLM P < 0.001, Fig. 3a, b). In the P+ 
treatment, leaf TN was the same as the control 
(GLM P = 0.99, Fig. 3a), but litter TN decreased 
by 0.96 mg/g (GLM P < 0.01, d = 0.6 SD, Fig. 3b). 
Also, leaf and litter TN differed among the three 
fertilizing treatments. Leaf TN was the highest in 
the N+ treatment, followed by NP+, and the low-
est in the P+ treatment. Litter TN had similar pat-
tern among treatments to that of leaf TN, it was 
the highest in the N+ treatment, and the lowest in 
the P+ treatment.

Leaf and litter TP increased by about 2 SD (or 
0.79  mg/g) from the control in the P+ and NP+ 
treatments (GLM P < 0.001) but was the same as 
the control in the N+ treatment (GLM P >  0.09). 
(Fig. 3d, e). Leaf TP were about 2 SD (or 0.79 mg/g) 
more in the NP+ and P+ treatments than in the N+ 

Fig. 1   Growth in tree height (a) and diameter at breast height 
(b) in response to fertilization treatments. N+, nitrogen addi-
tion; NP+, nitrogen and phosphorus addition; and P+, phos-
phorus addition. Responses to fertilization treatments were 
measured as Cohen’s effect sizes in standard deviations from 
control (Cohen 1988). Values are differences between the 
December 2019 measurement for each treatment and that of 
December 2018 expressed as Cohen’s effect sizes in standard 
deviations. Least square of mean differences at P < 0.05 indi-
cated by asterisk in two ways. When treatments differ from 
control, asterisks are on the baseline; when they differ from 
each other, asterisks are on the dotted line connecting the two 
treatments

Plant Soil (2022) 477:343–356348
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treatment (GLM P = < 0.001, Fig.  3d), litter TP 
were about 1.5 SD (or 0.32  mg/g) more in NP+ 
and P+ than in the N+ treatment (GLM P < 0.001, 
Fig. 3e).

Effect of fertilization on soil N and P concentration

Soil TN and TP were relatively stable across the 
measurement period (Fig. 2c, f) with the exception of 
soil TP in the P+ treatment, which peaked in March 
2019 and then decreased (Fig.  2f). However, soil 
TN and TP varied between fertilization treatments. 
Compared to the controls, soil TN decreased by 1.1 
and 1.6 SD (or 1.77 and 3.53  mg/g), in the NP+ 
and P+ treatments, respectively, (GLM P < 0.001), 
but increased by 0.7 SD in the N+ treatment (GLM 
P = 0.07) (Fig. 3c). Soil TP increased by 1.4 and 1.1 
SD (or 1.77 and 3.53 mg/g) in the NP+ and P+ treat-
ments, respectively (GLM P’s < 0.001), but decreased 

by 0.9 SD in the N+ treatment (GLM P <  0.01) 
(Fig. 3f).

Effect of fertilization on leaf N and P resorption 
efficiency

Leaf N or P resorption efficiency (NRE or PRE) 
refers to the difference between the amount of N 
or P in leaf versus litter relative to the amount in 
leaves. Both NRE and PRE increased with fertiliza-
tion except PRE in the N+ treatment (Fig. 4). NRE 
was 1.0-2.4 SD (or 9.8-19.7%) higher in fertiliza-
tion treatments than in the controls (GLM P < 0.01), 
NRE was 1.4 SD (or 13.8%) more in the P+ treat-
ment than in the NP+ treatment (GLM P < 0.05) 
(Fig.  4a). PRE was 1.7-2.1 SD (or 27.5-33.9%) 
more in the NP+ and P+ treatments than in the 
controls and in the N+ treatment (GLM P < 0.001) 
(Fig. 4b).

Fig. 2   Changes in leaf and litter total nitrogen (TN) and total 
phosphorous (TP) in response to fertilization treatments during 
December 2018 and 2019. C, control; N+, N addition; NP+, N 

and P addition; and P+, P addition. a Leaf TN; b litter TN; c 
soil TN; d leaf TP; e litter TP; and f soil TP

Plant Soil (2022) 477:343–356 349
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Effect of fertilization on N:P ratio in leaves and litter

Leaf and litter N:P ratios varied between the fertili-
zation treatments and the control (Fig. 5). In leaves, 
N:P ratio in the N+ treatment increased to 27 which 
was greater than that in the control (GLM P < 0.05, 
d = 0.7 SD). In contrast, N:P ratios decreased to 8.4 
and 5.6 in the NP+ and P+ treatments, respectively, 
which were less than that in the controls (NP+, GLM 
P < 0.001, d = −1.4 SD; P+, P < 0.001, d = −1.6 SD). 
Litter N:P ratios among the three fertilization treat-
ments showed a similar pattern to that in leaves, they 
increased to 22 in the N+ treatment and decreased 
to 10 and 6.5 in the NP+ and P+ treatments, respec-
tively. The treatment effects on N:P ratio were statis-
tically significant in the NP+ and P+ treatments but 
not in the N+ treatment (Fig.  5b). Also, N:P ratios 
differed significantly between the three fertilization 
treatments.

Discussion

Leaf nitrogen and phosphorus concentration

Our results showed that leaf TN and TP of Masson 
pine were 5.38 and 0.24 mg/g, respectively (Table 1), 
which are significantly lower than the national aver-
ages for coniferous species of China (11.7 and 
1.06 mg/g) (Han et al. 2005) and the global averages 
for the genus Pinus (11.5 and 1.21 mg/g) (Reich and 
Oleksyn 2004). The extremely low amounts of soil 
TN and TP at the study site (Table 1) may have been 
the primary contributor to the observed low leaf TN 
and TP. The site is a part of the rotational plantation 
of Chinese fir (Cunninghamia lanceolata) which was 
harvested in 2008 and replanted with Masson pines 
in 2010. Logging and movement of heavy machin-
ery associated with logging and replanting have cre-
ated large patches of bare ground, coupled with high 

Fig. 3   Changes in leaf and litter total nitrogen (TN) and total 
phosphorous (TP) in response to fertilization treatments. N+, 
N addition; NP+, N and P addition; and P+, P addition . a 
Leaf TN; b litter TN; c soil TN d leaf TP; e litter TP. f soil TP. 
Values are differences between averages of the four sampling 

times (two sampling times for litter) for each treatment and the 
measurement of December 2018 expressed as Cohen’s effect 
sizes in standard deviations (Cohen 1988). Responses to ferti-
lization treatments were measured as Cohen’s effect sizes from 
control, see Fig. 2 for details on significance indicators
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rainfall in the region exacerbating N and P losses 
through leaching and erosion. Soil TN and TP were 
1.32 and 0.32  mg/g, respectively for the site, plac-
ing it at the lowest soil TP concentration category of 
China (<0.35 mg/g) (Fig. 4, Han et al. 2005).

The growth phase of the Masson pines may be 
the second contributor to the observed low leaf TN 
and TP. According to the growth rate theory (Elser 
et al. 2000; Elser et al. 2003), for a given species, tis-
sue nutrient concentration, N and P in particular, is 
closely coupled with its growth rate. In the rapidly 
growing phase, there is an increased allocation of 
resources to P-rich ribosomal RNA, as rapid pro-
tein synthesis by ribosomes is required to support 
fast growth, resulting in high tissue P concentration. 
In subtropical China where the present study is con-
ducted, Masson pine trees do not reach a rapid growth 
phase until they are 13-20 years old (Liu et al. 2016). 
Leaf TN and TP concentrations remained low at the 
early phase of development, plateaued between 13 

and 20  years and remained high thereafter, coincid-
ing with the maximum growth rate of the species (Liu 
et  al. 2016). The Masson pines of the present study 
were 8 years old and were probably still in the slow-
growing phase, thus the low leaf TN and TP recorded 
in the present study.

Effect of N and P fertilization on leaf nutrient 
concentration, resorption efficiency and resorption 
proficiency

Plant leaf TN and TP concentration responded 
positively to the fertilization treatments, increasing 
by 1-77% for leaf TN and by 40-400% for leaf TP 
(Table 2). These results are consistent with the gen-
eral consensus that nutrient concentration in plant 
tissues is tightly coupled with soil nutrient supply 
(Elser et al. 2000). The coupling of TN and TP con-
centration between leaf and soil has been reported 
both at the community level and at the species level. 

Fig. 4   Leaf N and P resorption efficiency changes in response 
to fertilization treatments. N+, N addition; NP+, N and P addi-
tion; and P+, P addition. a NRE, leaf N resorption efficiency; 
b PRE, leaf P resorption efficiency. Values are differences 
between averages of the four sampling times (two sampling 
times for litter) for each treatment and the measurement of 
December 2018 expressed as Cohen’s effect sizes in standard 
deviations (Cohen 1988). Responses to fertilization treatments 
were measured as Cohen’s effect sizes from control, see Fig. 2 
for details on significance indicators

Fig. 5   Changes in leaf and litter N:P ratios in response to fer-
tilization treatments. N+, N addition; NP+, N and P addition; 
and P+, P addition. a leaf N:P ratio; b litter N:P ratio. Values 
are differences between averages of June and December 2019 
measurements for each treatment and measurement of Decem-
ber 2018 expressed as Cohen’s effect sizes in standard devia-
tions (Cohen 1988). Responses to fertilization treatments were 
measured as Cohen’s effect sizes from control, see Fig.  2 for 
details on significance indicators
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At the community level, high atmospheric N depo-
sition is responsible for the higher plant N concen-
tration in urban area than in rural areas, but in rural 
area, P fertilization increases soil P and plant P con-
centration (Elser et al. 2007; Penuelas et al. 2012). 
At the species level, N fertilization increased plant 
TN concentration from 18 to 65% in Chinese fir (Xu 
and Timmer 1999) and 24% in slash pine (Pinus 
elliottii) (Chen et al. 2010). Similarly, P fertilization 
increased tissue TP by 20% in slash pine (Hu et al. 
2011) and by up to 800% in Sitka spruce (Picea 
sitchensis) (Proe and Millard 1995).

Although Masson pine leaf TN and TP concen-
tration generally paralleled changes of soil nutri-
ent concentration following fertilization treatments, 
there were two exceptions: (1) leaf TN concentra-
tion did not change in the P+ treatment (Fig.  3a) 
whereas soil TN decreased (Fig. 3c) and (2) leaf TP 
concentration did not change in the N+ treatment 
(Fig.  3d) whereas soil TP concentration decreased 
(Fig. 3f). This decoupling of nutrient concentration 
between leaf and soil has been reported in fertiliza-
tion studies for other species (Vitousek et al. 2010; 
Reed et  al. 2012) but the underlying mechanisms 
remain unclear. We suggest two possible causes of 
the decoupling. First, N addition enhances plant 
extracellular phosphatase enzyme activity thus 
increase soil P availability (Marklein and Houlton 
2012) although soil TP concentration was lower. A 

second possible cause is that the higher NRE in the 
P+ treatment and the higher PRE in the N+ treat-
ment (Fig. 4) may have compensated for the effects 
of the lower soil TN or TP, as a higher proportion of 
N or P was translocated from senesced leaves to the 
growing leaves.

In our study, leaf N and P resorption efficiency, 
NRE and PRE, responded positively to the three 
fertilization treatments (Fig. 4). These results differ 
from findings of studies on other coniferous species 
(Chen et  al. 2015; Liu et  al. 2021). The enhanced 
growth after fertilization may have contributed to 
the higher N and P resorption efficiency. Contrary 
to our expectations, we did not find a decrease in 
NRE in the N+ treatment or a decrease in PRE 
in the P+ treatment as reported for other species 
(Yuan and Chen 2015; Lu et al. 2021). The uncor-
rected resorption efficiency of 11-45% for Mas-
son pine recorded in the present study (Table  3) 
is substantially lower than the global average for 
conifers (56% for N and 68% for P; Vergutz et  al. 
2012). These differences may have been affected by 
the method NRE and PRE were determined. After 
correcting for mass loss of the senesced leaves, the 
resorption efficiency increased to 43-54% for N and 
35-59% for P (Table  3). The patterns of NRE and 
PRE, however, did not change between the fertili-
zation treatments after accounting for correction for 
mass loss of the senesced leaves.

Table 2   Effect of fertilization on plant and soil nitrogen and phosphorus concentration

Fertilization treatments: C, control; N+, nitrogen addition; P+, phosphorus addition; and NP+, nitrogen and phosphorus addition. 
TN, total nitrogen; TP, total phosphorus; TN%, percentage change in TN in 2019; TP%, percentage change in TP in 2019. Values are 
mean ± standard error for TN and TP

Treatment TN (mg/g) TN% TP (mg/g) TP% N:P

Leaf C 4.99 ± 0.28 1 0.24 ± 0.02 5 20.8
N+ 8.75 ± 1.39 77 0.33 ± 0.06 40 26.5
NP+ 8.20 ± 1.60 50 0.98 ± 0.18 400 8.4
P+ 6.14 ± 0.75 1 1.09 ± 0.25 301 5.6

Litter C 4.63 ± 0.51 44 0.24 ± 0.01 3 19.3
N+ 7.67 ± 3.45 144 0.35 ± 0.12 50 22.2
NP+ 6.79 ± 1.82 96 0.65 ± 0.06 239 10.4
P+ 4.49 ± 1.16 10 0.69 ± 0.04 156 6.5

Soil C 1.45 ± 0.09 18 0.35 ± 0.01 14 4.1
N+ 1.52 ± 0.12 32 0.24 ± 0.01 -31 6.3
NP+ 1.58 ± 0.09 -2 0.51 ± 0.03 81 3.1
P+ 1.12 ± 0.11 −13 0.51 ± 0.02 58 2.2
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Plant nutrient resorption efficiency has been 
reported to be negatively correlated with soil P con-
centration. For instance, in P-rich site, P resorp-
tion efficiency is lowered with high proportion of 
inorganic P remaining in senescent leaves (Ostertag 
2010). However, P resorption efficiency reached 
82% in sites with severe P deficiency (Lambers et al. 
2015). In the Taizishan area, as soil P concentra-
tion is low (Table  1) and is P deficient (see discus-
sion below), therefore a higher P resorption efficiency 
would be expected than that recorded in the present 
study. Tree age and colonization of mycorrhiza may 
be two of the major causes of this abnormality (or dis-
parity). The Masson pines in the present study were 
8 years old and N and P resorption efficiency of Mas-
son pine has been reported to be the lowest in trees 
less than 10 years old and increases with tree age (Liu 
et  al. 2016). In addition, Masson pine is capable of 
growing in soil of low nutrient availability, a char-
acteristics that depends primarily on colonization of 
mycorrhizal fungi (Zhang et  al. 2017). It is possible 
that mycorrhizal fungi colonization of Masson pine 
allows it to absorb nutrients more efficiently from 

soil, thus weakening its reliance on internal nutrient 
cycling. Further research is warranted to clarify the 
disparity between the low P resorption rate of Masson 
pine and the low P concentration of the soil.

Similar to the resorption efficiency, in the pre-
sent study, the leaf N and P resorption proficiency 
increased under the three fertilization treatments with 
the exception of N resorption proficiency under the 
P+ treatment (Table 3). These results differ from the 
findings of Wang et al. for Chinese fir in subtropical 
China (Wang et al. 2019) but are consistent with the 
findings of Tsujii et al. (2017). It has been suggested 
that the increase in P resorption proficiency under P 
fertilization may be caused by the increase in recalci-
trant P compounds concentration in the senesced leaf 
(Tsujii et al. 2017).

Phosphorus deficiency of Masson pine plantation

Globally, soil P concentration is low in tropical and 
subtropical ecosystems due to the leaching associ-
ated with high rainfall (Han et al. 2005). As a result, 
most tropical and subtropical forest ecosystems are 
deficient in P (Reich and Oleksyn 2004; Han et  al. 
2005; Vitousek et  al. 2010). The deficiency of P is 
further exacerbated by the atmospheric N deposition 
which has increased over the past few decades due 
to growth of global population, industrialization, and 
agricultural intensification; the atmospheric N depo-
sition in subtropical regions is estimated at 20–30 kg/
ha/year, which is approximately 100-time higher than 
that of P deposition (Zhu et  al. 2016). Our results 
show that N and P fertilization, either alone or in 
combinations, enhance Masson pine tree growth in 
height and/or in diameter (DBH) (Fig. 1), thus sup-
port the hypothesis that Masson pine plantation of 
Taizishan Forest Farm is N and P limited, a sce-
nario called independent co-limitation (Kaspari et al. 
2017) where the addition of either N or P or both 
enhances tree growth.. The low soil TP concentra-
tion (Table 1) is further evidence that the plantation 
maybe P limited, although low soil P alone cannot 
be used as the indicator of plant P limitation. Some 
species, such as those in the southwest of Western 
Australia, thrive in the soil with low P content. The 
extensive mycorrhizas in these species have been 
suggested to be pivotal in phosphorus acquisition in 
severely phosphorus-impoverished soils (Lambers 
et al. 2015). The third line of evidence supporting the 

Table 3   Changes in Masson pine leaf and litter nutrient con-
centration and resorption efficiency in response to N and P fer-
tilization

ΔLeaf N, change in leaf total nitrogen (TN) concentration; 
ΔLeaf P, change in leaf total phosphorus (TP) concentration; 
ΔLitter N, change in litter TN concentration; ΔLitter P, change 
in litter TP concentration; NRE, leaf N resorption efficiency; 
NREm, PREm, leaf N or P resorption efficiency after correcting 
for mass loss of the senesced leaf; PRE, leaf P resorption effi-
ciency; NRP, leaf N resorption proficiency; PRP, leaf P resorp-
tion proficiency; Fertilization treatments: N+, nitrogen addi-
tion; NP+, nitrogen and phosphorus addition; P+, phosphorus 
addition

Parameter Treatment

Control N+ NP+ P+

ΔLeaf N (mg/g) 0.05 3.82 2.63 0.06
ΔLeaf P (mg/g) 0.01 0.09 0.78 0.82
ΔLitter N (mg/g) 1.37 4.51 3.22 0.41
ΔLitter P (mg/g) 0.01 0.11 0.45 0.42
NRE (%) 13.0 28.3 23.0 36.3
NREm (%) 35.1 46.3 42.7 53.8
NRP (mg/g) 0.46 0.76 0.67 0.44
PRE (%) 11.0 13.3 44.6 38.0
PREm (%) 33.7 35.3 58.7 53.8
PRP (mg/g) 0.023 0.035 0.064 0.069
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P deficiency postulation is the extremely high values 
of the leaf and litter N:P ratios (Table 2) recorded for 
the site. Prior to the fertilization treatment, leaf N:P 
ratio was higher than 20. It was reduced to less than 
9 in the two P fertilization treatments (P+ and NP+), 
but remained above 20 in the N+ addition treatment. 
The leaf N:P ratio has been suggested as a predictor 
of whether plants are limited by either or both nutri-
ents. In earlier studies, a ratio lower than 14 has been 
suggested to indicate nitrogen limitation and above 
16 phosphorus limitation (Koerselman and Meule-
man 1996). In between these limits the plants may be 
limited by either or both of these factors. However, 
in light of the large intra- and interspecies variation 
reported in many studies, a larger interval of co-lim-
itation where ratios below 10 are to indicate nitrogen 
limitation and ratios above 20 to indicate phosphorus 
limitation has been proposed (reviewed by Hedwall 
et al. 2017).

The enhanced DBH growth with P fertilization 
(P+ and NP+ treatments; Fig.  1b) highlights the 
importance of P management to productivity of the 
Masson pine plantations. As Masson pine plantations 
are managed primarily for timber production, tree log 
diameter is an important criterion for timber grading 
and any improvement in DBH growth is of economic 
significance.

In our experiment, the observed tree-growth 
responses may be potentially affected by the Ca con-
tained in the superphosphate. At the fertilization rate 
of 50 kg P/ha, the amount of contained Ca equals c. 
35 kg/ha. However, we consider any potential effect 
of this contained Ca on tree growth to be small if any 
for two reasons. First, as the soil in the study area is 
only slightly acidic, any small changes in soil acid-
ity on tree growth would be minimal. Second, lime, 
or CaCO3, has been used to increase the pH in acidic 
soil. To have any meaningful effect on soil pH, lime is 
usually applied at the rate of 1-8 tons/ha (Jiang et al. 
2020; Kalkhoran et al. 2020); the contained Ca is up 
to several hundred-fold of the rate used in the present 
study.

Our study focused on the response of Masson 
pines to N and P fertilization for the first 12 months. 
The effects of N fertilization last for 1 to a few years 
(Nakaji et al. 2001; Hogberg et al. 2006) whereas the 
effects of P fertilization usually last even longer (Yuan 
and Chen 2015; Kou et al. 2017; Wang et al. 2019). 
The N and P fertilization will continue to affect the 

growth of Masson pine trees and their nutrient stoi-
chiometry beyond the one-year period reported in the 
present study.

Conclusion

In conclusion, our results show that Masson pine 
plantations of the Taizishan area are severely P lim-
ited, with low soil total phosphorus concentration 
(0.32  mg/g), high leaf N:P ratio (>20) and positive 
growth responses to P fertilization treatments. As the 
most common forestry plantations in subtropical and 
tropical China, an area known for low soil P concen-
tration, P limitation is likely to be a widespread prob-
lem facing the Masson pine plantation industry. In 
addition, P fertilization enhanced growth both in tree 
height and in tree DBH, but N fertilization enhanced 
growth in tree height only. These results highlight the 
importance of P supply in Masson pine plantations. 
As Masson pine plantations are managed primar-
ily for timber production, any improvement in DBH 
growth will be beneficial for plantation productivity. 
Thus nutrient fertilization of Masson pine plantations 
should focus on P management.
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