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A B S T R A C T

Foliar nitrogen: phosphorus (N:P) ratio is a valuable indicator of nutrient limitation in forest ecosystems. The
ratio is currently dramatically affected by the increasing anthropogenic N deposition in China. Biochar, a soil
amendment, has profound benefits for improving soil N and P availability. However, little is known about N and
P uptake and nutrient balance of plants growing on biochar-amended soils under N deposition. Here, we con-
ducted a two-year N addition and biochar application factorial experiment with Torreya grandis trees and
seedlings, and the responses of concentrations of foliar N and P and the foliar N:P ratio were evaluated. N
addition alone increased foliar N concentration, but did not change foliar P concentration, and thus increased
foliar N:P ratio. Biochar application alone increased concentrations of both foliar N and P but did not cause any
change in the N:P ratio. Most importantly, when applying N and biochar together, the concentration of foliar P
increased and the foliar N:P ratio decreased, relative to each N treatment alone. This novel result suggests that
biochar application can serve as an effective forest management tool, which can not only enhance the avail-
ability of N and P nutrients, but also alleviate the imbalanced uptake of nutrients indicated by the high foliar N:P
ratios under increasing N deposition.

1. Introduction

Atmospheric nitrogen (N) deposition, mainly arising from agri-
cultural N fertilization, fossil fuel consumption, and emissions from
cowsheds and stables, is currently impacting forests, grasslands and
heathlands (Liu et al., 2013; Phoenix et al., 2012). The N deposition
rate in large regions of the world (i.e., United States, western Europe,
and China) exceeds 10 kg N ha−1 yr−1, which is more than twentyfold
the N deposition rate in the less impacted boreal forests (Liu et al.,
2013; Meunier et al., 2016). This increasing N input to ecosystems
changes the global N cycle and has for this reason become a key driver
of global change (Ferretti et al., 2014).

It is well-known that N deposition often has a direct fertilizing effect
on trees in ecosystems where N is a limiting factor, resulting in this way
in increased forest productivity (Binkley and Hogberg, 2016; Song
et al., 2017a). Therefore, as N levels continue to rise, N limitation is
subsequently alleviated (Tao and Hunter, 2012). Over long-time scales,
N deposition can alter biogeochemical cycling in forest ecosystems by
shifting nutrient dynamics, for instance by changing N and P contents of

plants and soils (Du et al., 2016; Ferretti et al., 2014; Sardans et al.,
2016). Indeed, major concerns continue to be raised regarding the long-
term trends of unbalanced N:P ratios and declining P in foliar nutrition
of trees across Europe (Binkley and Hogberg, 2016). Several studies in
boreal, temperate, and subtropical forest ecosystems have demon-
strated that the increasing N deposition can increase foliar N con-
centration, while other nutrients, such as P, may become limiting fac-
tors, leading to increased N:P ratios and a shift from N to P limitation
(Huang et al., 2016; Jonard et al., 215; Sardans et al., 2016; Song et al.,
2016; Talkner et al., 2015; Veresoglou wt al., 2014).

The foliar N:P ratio is an essential ecological trait indicating stoi-
chiometric flexibility, which reflects plants’ physiological capacity to
adjust nutrient balance whilst maintaining physiological functions
(Sardans et al., 2016; Sistla and Schimel, 2012). According to the
growth-rate hypothesis, fast-growing organisms often need to invest
relatively much resources to the phosphorus-rich RNA to support the
rapid protein synthesis (Matzek and Vitousek, 2009). Therefore, a low
N:P ratio is often found to be associated with a high growth rate (Elser
et al., 2010; Matzek and Vitousek, 2009; Sardans et al., 2016).
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Accordingly, an increasing N:P ratio caused by N deposition may limit
plant growth. Furthermore, P limitation is an important mechanism
underlying changes in plant community composition and ecosystem
processes under globally increasing N deposition (Du et al., 2016;
Sardans et al., 2016). Therefore, it is important to develop practical
forest management strategies to avoid reductions of forest production
due to P limitation caused by increasing N deposition.

Biochar is a solid carbon coproduct of incomplete combustion of
organic materials in a high-temperature and oxygen-limited environ-
ment (Sohi et al., 2010). It has high surface area and high pH and
contains various forms of N and P nutrients (i.e., NH4

+ and ortho-P)

(Gul and Whalen, 2016). Serving as an effective tool in soil amendment,
biochar application has received increasing attention among re-
searchers in the past decade (Jeffery et al., 2015). Today, the vast
majority of biochar research has been conducted for determining its
role in soil remediation (Wang et al., 2016). Biochar can improve soil
water-holding capacity (Basso et al., 2013), increase microbial biomass
(Li et al., 2018) and activity (Steinbeiss et al., 2009), reduce soil N2O
emissions (Cayuela et al., 2013), and immobilize contaminants (Ahmad
et al., 2014). In addition, biochar has also been shown to increase long-
term availability of nutrients in the soil by reducing nutrient leaching
losses and accelerating N nitrification (Laird et al., 2010). Furthermore,

Fig. 1. Effects of additional N deposition and biochar treatments on the concentration of foliar nitrogen (N) in Torreya grandis trees (a) and seedlings (b). N0: ambient
N deposition without added nitrogen (control). N30: treatment with a low level of added N deposition (ambient plus 30 kg N ha−1 yr−1). N60: treatment with a high
level of added N deposition (ambient plus 60 kg N ha−1 yr−1). BC0: no biochar application (control). BC20: 20 t biochar ha−1. BC40: 40 t biochar ha−1. The box plots
represent pooled data from four samplings carried out at the beginning of June and September both in 2016 and 2017.
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biochar can interact with soil, enhancing soil fertility with increased
soil N and P contents, thus contributing to increased plant growth
(Biederman and Harpole, 2013; Gundale et al., 2016; Schulz et al.,
2013; J. Zhang et al., 2017). However, there are relatively few studies
addressing the potential effects of biochar application on the nutritional
status, especially the N:P ratio, in plants (Jeffery et al., 2015). This is
unfortunate, because understanding these mechanisms is needed to
predict potential long-term changes in plant productivity in biochar-
amended plantations.

Chinese torreya (Torreya grandis Fort. ex Lindl. cv. Merrillii.) is one
of the economically most important evergreen forest tree species in
Southeastern China. Zhejiang province, the main growing region of T.
grandis, is subjected to a high N deposition with an average rate of
30.9 kg N ha−1 yr−1 (Song et al., 2017b; R. Zhang et al., 2017). How-
ever, studies addressing the potential effects of N deposition on foliar
stoichiometry in T. grandis are still lacking. In a short-term study, R.
Zhang et al. (2017) found that soil fertility can be improved by applying
biochar to T. grandis plantation suffering from N deposition. However,
little is known about how biochar and its interaction with N deposition
may influence the foliar stoichiometry. Information of these potential
effects is needed for designing forest management strategies under the
changing environmental conditions in the future.

In order to study how N deposition and biochar application affect
foliar stoichiometry in T. grandis trees and seedlings, we applied addi-
tional N deposition and biochar treatments in field plots in a subtropical
T. grandis plantation in southeastern China. We hypothesized that: (1)
Additional N deposition increases foliar N concentration, but foliar P
concentration remains unchanged, thus resulting in an increase of foliar
N:P ratio; (2) biochar application alone increases foliar concentrations
of both N and P; and (3) biochar interacts with N addition, counter-
acting the increase of N:P ratio induced by N addition. Testing these
hypotheses will provide novel insights into the potential function of
biochar in alleviating tree nutrient limitation caused by increased N
deposition in forest ecosystems.

2. Materials and methods

2.1. Study site and experimental design

The experiment was conducted in the Lin’an research area (30°14′N,
119°42′E) in southeastern China. Soil at this site is acidic and belongs to

the Hapludult soil type in Soil Taxonomy (Gong, 2001). Details of the
soil characteristics can be found in R. Zhang et al. (2017). The site has a
subtropical, monsoonal climate and clear-cut seasons. The mean annual
precipitation is 1614mm. The mean annual air temperature is
+15.6 °C, and the mean monthly air temperature in January and July is
+4.5 °C and +28.9 °C, respectively.

The main part of the T. grandis plantation was established in 2000
with grafted seedlings of the ‘Merrillii’ cultivar at a density of 900 to
1000 trees per hectare (R. Zhang et al., 2017). Nuts of these trees are
currently harvested annually and each of the trees produces on the
average 18 kg nuts per year. A new T. grandis plantation was established
in 2012, using the same procedures as when establishing the main
plantation in 2000.

The experiments were conducted both with the mature trees es-
tablished in 2000 (later “trees”) and with the seedlings established in
2012 (later “seedlings”). For both trees and seedlings, we arranged a
complete random design with nine treatments (3×3 nitrogen and
biochar treatments) by three replicates (plots). According to the local
deposition rate (30.9 kg N ha−1 yr−1) and the widely used method to
simulate N deposition (Song et al., 2017b; R. Zhang et al., 2017), we
applied three levels of additional N deposition: Ambient N deposition
without added nitrogen (nitrogen control, N0), a low level of added N
deposition (ambient plus 30 kg N ha−1 yr−1, N30), and a high level of
added N deposition (ambient plus 60 kg N ha−1 yr−1, N60). Based on
our previous study (R. Zhang et al., 2017), we applied within each N
treatment three levels of biochar: 0 (biochar control, BC0), 20 (BC20),
and 40 (BC40) t biochar ha−1. Each treatment was conducted in a
4×4m plot with one experimental tree or seedling in the center. In
this way, a total of 9 treatments× 3 plots/treatment× 1 tree (seed-
ling)/plot= 27 trees (seedlings) were included in the study.

Ammonium nitrate (NH4NO3) was used to simulate additional N
deposition, since it is closest to the chemical composition of local N
deposition (NH4

+:NO3
–≈ 56:44) (J. Zhang et al., 2017). From March

2015, additional N deposition was applied at the beginning of each
month. Quantified NH4NO3 was weighted according to each N addition
level, dissolved in water, and was then evenly sprayed to each plot with
an electric sprayer.

Biochar was made from wheat straw through a pyrolysis process at
450 °C under anoxic conditions (Sanli New Energy Company, Henan,
China), and was ground and sieved by 2mm. The basic properties of the
biochar applied can be found in R. Zhang et al. (2017). Briefly, it has
high surface area (9.7 m2 g−1), is alkaline (pH=9.8), and is rich in
total N (5.2 g kg−1) and P (3.4 g kg−1). In March 2015, biochar was
added to the uppermost approximately 20 cm of the soil in each plot
assigned for biochar application. The biochar was mixed thoroughly
into the soil by ploughing.

2.2. Foliar chemistry and soil physicochemical measurements

Leaves were sampled for chemical analyses on four occasions: at the
beginning of June and September in both 2016 and 2017. On each
occasion, we selected five mature and healthy sample leaves in the
south facing side of the mid-canopy of each experimental tree and
seedling. Leaves were stored in a box with ice and were immediately
transferred to the laboratory. They were oven-dried at 65 °C for 48 h,
and then ground before chemical analyses.

In order to understand the effects of the treatments on the foliar
stoichiometry, the properties of the soil in each treatment were ex-
amined at the end of the experiment in September 2017. We collected
randomly the top 20 cm soil from five spots in each experimental plot
with a soil auger (3.5 cm diameter), and then mixed the samples ori-
ginating from the same plot. The soil samples were air-dried and
grounded before determining soil chemical properties.

Foliar N concentration and concentration of soil total N were
measured by a CN analyzer (Sumigraph NC-80, Shimadzu, Japan). The
P concentration of both the leaves and the soil was determined by

Table 1
Results from three-factor ANOVAs evaluating the effects of biochar application
(BC; 0, 20 and 40 t ha−1), nitrogen addition (NA; 0, 30 and 60 kg N ha−1) and
the time of measurement (time; June and September 2016, June and September
2017) on the foliar concentrations of nitrogen (N) and phosphorus (P) and the
foliar N:P ratio in Torreya grandis trees and seedlings.

Source N P N:P

F P F P F P

Trees
BC 20.142 < 0.001 40.117 < 0.001 47.681 < 0.001
NA 30.669 < 0.001 1.461 0.239 10.206 < 0.001
Time 2445.154 < 0.001 51.665 < 0.001 266.893 < 0.001
BC * NA 21.086 < 0.001 4.982 < 0.001 16.667 < 0.001
BC * Time 12.208 < 0.001 1.853 0.101 2.509 0.029
NA * Time 4.408 0.001 5.891 < 0.001 11.100 < 0.001
BC * NA * Time 2.389 0.012 2.179 0.022 3.134 0.001

Seedlings
BC 45.194 < 0.001 156.046 < 0.001 98.850 < 0.001
NA 70.638 < 0.001 49.196 < 0.001 2.594 0.082
Time 1556.701 < 0.001 192.687 < 0.001 293.330 < 0.001
BC * NA 15.808 < 0.001 11.995 < 0.001 41.325 < 0.001
BC * Time 17.749 < 0.001 15.720 < 0.001 5.195 < 0.001
NA * Time 5.345 < 0.001 10.113 < 0.001 16.558 < 0.001
BC * NA * Time 4.319 < 0.001 3.731 < 0.001 4.461 < 0.001
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colorimetric analysis with a modified Kjeldahl method (Song et al.,
2016). Foliar N:P ratio was calculated as the mass ratio of these two
elements. Soil pH was measured using a pH meter (FE20, Mettler To-
ledo, Switzerland) after shaking the soil water (1:2.5 w/v) suspension
for 30min. The concentration of soil available N was determined by the
alkaline-KMnO4 method (Prasad, 1965). The available P in the soil was
first extracted by shaking a 1 g soil sample with 50mL NaHCO3

(0.5 mol L−1, pH 8.5) for 1 h, and the concentration of the available P in
the solution was subsequently determined by a spectrophotometer
(UV2550, Shimadzu, Japan) (Song et al., 2016).

2.3. Statistical analysis

Data were analyzed with a three-factor ANOVA, with biochar
treatment, N addition treatment, and sampling time as factors affecting
foliar concentrations of N and P, the N:P ratio in the leaves, and the
physicochemical properties of the soil. The data satisfied the assump-
tion of homogeneity of variance. Following ANOVA, we compared
means using Fisher’s least significance difference (LSD) at P≤ 0.05.
Pearson correlation analysis was performed to test the correlation be-
tween foliar N:P ratio and soil characteristics. All data were analyzed by
SPSS software (version 16.0, SPSS Inc., Chicago, USA).

Fig. 2. Effects of additional N deposition and biochar treatments on the concentration of foliar phosphorus (P) in Torreya grandis trees (a) and seedlings (b). N0:
ambient N deposition without added nitrogen (control). N30: treatment with a low level of added N deposition (ambient plus 30 kg N ha−1 yr−1). N60: treatment
with a high level of added N deposition (ambient plus 60 kg N ha−1 yr−1). BC0: no biochar application (control). BC20: 20 t biochar ha−1. BC40: 40 t biochar ha−1.
The box plots represent pooled data from four samplings carried out at the beginning of June and September both in 2016 and 2017.

R. Zhang et al. Forest Ecology and Management 432 (2019) 319–326

322



Fig. 3. Effects of additional N deposition and biochar treatments on the foliar nitrogen: phosphorus ratio (N:P) in Torreya grandis trees (a) and seedlings (b). N0:
ambient N deposition without added nitrogen (control). N30: treatment with a low level of added N deposition (ambient plus 30 kg N ha−1 yr−1). N60: treatment
with a high level of added N deposition (ambient plus 60 kg N ha−1 yr−1). BC0: no biochar application (control). BC20: 20 t biochar ha−1. BC40: 40 t biochar ha−1

The box plots represent pooled data from four samplings carried out at the beginning of June and September both in 2016 and 2017.

Table 2
Pearson correlation coefficients of the foliar N:P ratio with soil characteristics at the end of the experiment in September 2017. The asterisks ** and * indicate
statistical significances at α=0.01 and 0.05, respectively.

Total N Total P Available N Available P pH Total N: Total P

Trees −0.519** −0.560** 0.006 0.096 −0.483* 0.083
Seedlings −0.225 −0.572** 0.138 0.490** −0.545** 0.562**
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3. Results

3.1. Foliar N concentration

The average foliar N concentration over the four sampling times was
in the double control (N0+BC0) 21.23mg g−1 in the trees and
20.35mg g−1 in the seedlings (Fig. 1a, b). Compared with the double
control, N addition alone generally increased foliar N concentration in
the trees in all of the four sampling times (Fig. 1a; Fig. S1), and in a few
cases, the increases were significant. For instance, N60 significantly
increased foliar N concentration in the measurements in September
2016 (Fig. S1b) and September 2017 (Fig. S1d). Meanwhile, more
significant increases of foliar N concentration in response to N addition
occurred in the seedlings in all four sampling times (Fig. 1b; Fig. S1e, f,
g and h). Compared with the double control, biochar application alone
significantly increased foliar N concentration in both trees and seed-
lings in all four sampling times, with the exception of the measurement
carried out with the seedlings in June 2017 (Fig. S1).

Biochar application interacted with N addition significantly in de-
termining the foliar N concentration (Table 1). Compared with the
controls (N0, BC0), many significant increases of the concentration
occurred in response to biochar application and N addition in both trees
and seedlings (Fig. 1; Fig. S1), the trees investigated in June 2017 being
an exception (Fig. S1c). However, compared with the treatments with N
addition alone, the patterns of foliar N concentration in response to
biochar application combined with N addition were diverse (Fig. 1). For
instance, as compared with the corresponding N addition alone, as a
result of using the combination of biochar application and N addition
foliar N concentration either increased (Fig. S1e, 1h), decreased (Fig.
S1b, 1c, 1f), or remained unchanged (Fig. S1a).

3.2. Foliar P concentration

The average foliar P concentration over the four sampling times was
in the double control (N0+BC0) 1.22mg g−1 in the trees and
1.24mg g−1 in the seedlings (Fig. 2a, b). Compared to the double
control, N addition alone did not cause any significant changes in the
foliar P concentration in either the trees or the seedlings in any of the
four sampling times (Fig. 2; Fig. S2). When only biochar was applied,
compared with the double control, several significant increases of P
concentration occurred (Fig. 2; Fig. S2a, c, d, e, f, and g).

The interactive effects of biochar application and N addition on
foliar P concentration were significant (Table 1). Compared with the
double control (N0+BC0), many significant increases in foliar P con-
centration occurred in response to interactions of biochar application
and N addition (Fig. 2; Fig. S2a, b, d, e, f, g, and h). Biochar application
interacted with N addition as the foliar P concentration increased when
N addition was combined with biochar application, but not when N
addition was carried out alone (Fig. 2; Fig. S2a, b, d, e, f, g, and h).

3.3. Foliar N:P ratio

The average N:P ratio over the four sampling times was in the
double control (N0+BC0) 17.4mg g−1 in the trees and 16.4mg g−1 in
the seedlings (Fig. 3a, b). Compared with the double control, N addition
alone significantly increased the N:P ratio in the trees in the measure-
ments in June and September 2017 (Fig. S3c and d). In the seedlings, N
addition alone increased the N:P ratio in all four sampling times
(Fig. 3b; Fig. S3e, f, g and h).

As compared with the double control, biochar application alone did
not generally affect the N:P ratio (Fig. 3a, b). However, the ratio was
decreased by the BC20 treatment in the trees in June 2017 (Fig. S3c)
and increased by the BC40 treatment in seedlings in June 2017 (Fig.
S3g).

The interaction of biochar application and N addition on the foliar
N:P ratio was significant (Table 1). Compared with the double control

(N0+BC0), the N:P ratio decreased significantly in response to the
combination of biochar application and N addition, both in trees and in
seedlings in all four sampling times, the measurements with seedlings in
June 2017 being an exception (Fig. S3g). Furthermore, compared with
each N addition alone treatment, biochar application significantly de-
creased the N:P ratio in almost all cases (Fig. 3; Fig. S3).

3.4. Relationships between foliar stoichiometry and soil physicochemical
properties

The results for the soil physicochemical properties are reported in
the Supplementary material (Figs. S4 and S5). We found that in most
cases the combination of biochar application and N addition increased
significantly soil total P concentration and pH in both the tree and the
seedling plantation (Fig. S4 and S5). Pearson correlation analysis
showed that foliar N:P ratio correlated negatively with concentration of
soil total P concentration and soil pH in both the tree and the seedling
plantation (Table 2). Furthermore, foliar N:P ratio correlated negatively
with concentration of soil total N in the tree plantation, and positively
with the soil N:P ratio in the seedling plantation (Table 2).

4. Discussion

4.1. Foliar stoichiometric responses to N addition

We found for the T. grandis trees and seedlings growing in current
environmental conditions (double control) higher foliar N concentra-
tions, lower foliar P concentrations, and higher foliar N:P ratios than
the corresponding average values found by Han et al. (2005) for 753
Chinese terrestrial plant species. T. grandis is classified as a slow-
growing species (Shen et al., 2014). Our results supported, then, the
growth-rate hypothesis that a relatively high N:P ratio is often found to
be associated with a low growth rate (Matzek and Vitousek, 2009).

In support of our first hypothesis, we found that increased N de-
position generally leads to increased foliar N concentrations in both T.
grandis trees and seedlings. This is consistent with the general re-
cognition that N deposition often has direct fertilizing effects on trees in
forest ecosystems (Huang et al., 2016; Sardans et al., 2016; Song et al.,
2016). These results also suggested that the concentration of available
N in our study area was limiting the growth of the T. grandis trees and
seedlings. Furthermore, seedlings seemed to be more sensitive to N
addition than trees. This is probably due to the generally higher re-
quirement of N nutrient for vegetative growth in seedlings than in trees
(Ishida et al., 2005).

The concentration of available P in the soil is generally rather low in
subtropical areas in China, so that growth of the plants growing in these
areas is generally strongly limited by the availability of P (Han et al.,
2005). In the present study, no changes in foliar P concentration were
found in respond to N addition in either trees or seedlings in any of the
four sampling times carried out during the study period lasting for
16months. This indicates a limited capacity of the T. grandis trees and
seedlings to acquire P when its concentration in the soil is low. This
restricted response is consistent with the weak relationship between
foliar P concentration and N deposition found in coniferous species
growing on infertile soils with low availability of P (Crowley et al.,
2012). On the contrary, plants growing on fertile soils with high
availability of P can maintain the nutrition balance by increasing P
uptake when N loading increases (Phoenix et al., 2012; Sardans et al.,
2016).

Although N addition increased the concentration of foliar N in the
present study, it failed to promote P uptake in the T. grandis trees and
seedlings, resulting in an increased foliar N:P ratio. According to a
generalization proposed by Gusewell (2004), N:P ratio often negatively
correlates with rates of plant growth and biomass production, and P
limitation often occurs when foliar N:P ratio exceeds 20. In our study, N
addition increased the N:P ratio, and in a few cases, its value was near
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or above 20 (Fig. S3), indicating a N-addition-induced P limitation.
These results not only support our first hypothesis stating that N ad-
dition increases the N:P ratio but were also in agreement with previous
studies with forest trees demonstrating that increasing N deposition
may aggravate P limitation (Huang et al., 2016; Sardans et al., 2016;
Song et al., 2016).

4.2. Foliar stoichiometric responses to biochar and its interactions with N
addition

Consistent with our second hypothesis, we found that biochar ap-
plication generally increased the concentrations of both foliar N and P.
A plausible explanation for these strong effects of biochar on con-
centrations of foliar N and P is that biochar itself contains nutrients
(i.e., NH4

+, ortho-P) on its surface, contributing to the increased uptake
of both N and P (Gul and Whalen, 2016). However, availabilities of N
and P in the soil were not consistent with the increasing pattern of
concentrations of foliar N and P after biochar application, and in some
cases, the concentrations of available N and P in the soil were even
decreased by biochar (Fig. S4, S5). This is probably due to its high
surface area with strong adsorption capacity and slow release of nu-
trients from it to the soil (Biederman and Harpole, 2013; R. Zhang et al.,
2017). Another possible explanation is that ammonium was converted
into oxidized forms of nitrogen during the drying of the soil (Patrick
and Wyatt, 1964). Interestingly, biochar application alone generally did
not affect the foliar N:P ratios, suggesting that biochar can provide a
balanced availability of nutrients in the soil, so that the T. grandis trees
and seedlings can maintain their stoichiometric homoeostasis with si-
milar changes in N and P uptake.

In the present study, both N addition and biochar application alone
increased the concentration of foliar N. However, their interaction was
not always positive, and in some cases, it was even negative compared
with the separate effects of each factor alone. A possible explanation for
these negative interactions is that the uptake rate of N may become
saturated by one of the factors alone (Crowley et al., 2012), so that
biochar application combined with N addition did not increase the
uptake further, or it even lead to toxicity due to excessive availability of
N in the soil (Song et al., 2016). In contrast, compared with each N
treatment alone, the concentration of foliar P was generally increased
by the combination of biochar and N addition. These results suggest
that due to the increased N deposition, N limitation would be gradually
alleviated. However, plant growth would still be limited by the avail-
ability of P if biochar is not applied. This is in line with the general
conclusion of Han et al. (2005) who stated that plant growth in the
subtropical areas of China is in general limited more by the availability
of P than that of N.

According to the above reasoning, due to the increased N deposition
there is no longer any N limitation in the subtropical areas of China, but
the growth limitation caused by low availability of P has been ag-
gravated due to increased foliar N:P ratio (Gusewell, 2004). Though
biochar application alone did not affect foliar N:P ratio, it interacted
with N addition by effectively decreasing N:P ratios in the treatment
groups with nitrogen addition. This is consistent with our third hy-
pothesis. The decrease of the N:P ratio was a result of the sharply in-
creased foliar P concentration in response to the simultaneous biochar
application and N addition (Fig. 2). These results indicated that rather
than biochar application or N addition alone, a combination of them is
efficient in promoting availability of P to the T. grandis trees and
seedlings. Our Pearson correlation analysis also showed that the de-
crease of foliar N:P ratio correlated with the increase of concentration
of total P in the soil for both T. grandis trees and seedlings (Table 2).
Indeed, our data showed that, in most cases, the combination of biochar
application and N addition increased the concentration of total P in the
soil (Fig. S4, S5). This result is consistent with several earlier experi-
mental studies suggesting that biochar strongly affects soil P avail-
ability and that soil interactions and the effects of biochar depend on

soil N availability (Asai et al., 2009; Gul and Whalen, 2016; R. Zhang
et al., 2017). The combination of biochar application and N addition
may enhance plant acquisition of P in several ways. Biochar may favor
organic P hydrolysis due to a high microbial carbon concentration in
biochar-amended soil (Gul and Whalen, 2016). Furthermore, the in-
crease of soil pH caused by biochar can promote the mineralization of
soil P (Gundale et al., 2016). However, these potential explanations
remain largely hypothetical, so that further studies addressing these
mechanisms are needed.

As discussed above, biochar application was related with enhanced
uptake of P and decreased foliar N:P ratios. Notably, the N:P ratios
which in a few cases exceeded 20 by N addition alone were decreased
below 20 after biochar application (Fig. S3), suggesting alleviation of P
limitation induced by N addition (Gusewell, 2004). In China, increased
N deposition may shift large regions of forests to P limitation, leading to
limited plant performance and decreased forest productivity (Gusewell,
2004; Du et al., 2016). Our study suggested, for the first time, that by
effectively decreasing the foliar N:P ratios biochar application can
provide for forest management a valuable tool to alleviate the P lim-
itation induced by N deposition.

5. Conclusions

Our experiments provide a first-time evaluation of the interactive
effects of biochar application and N addition on foliar stoichiometry of
Torreya grandis trees and seedlings in a forest ecosystem exposed to
increasing N deposition. These interactive effects facilitate maintaining
nutrient balance of forests under global change. Our results suggested
that N addition alone increased concentrations of foliar N but not those
of foliar P, resulting in increased N:P ratios, and in some cases, in P
limitation of growth. Biochar application under the current deposition
climate increased concentrations of both foliar N and P, but did not
affect the N:P ratio, suggesting that biochar application can provide the
Torreya trees and seedlings a well-balanced nutrient uptake and stoi-
chiometric homoeostasis. Furthermore, significant interactive effects of
biochar application and N addition on the concentrations of foliar N
and P were found. Notably, biochar application interacting with N
addition sharply increased concentrations of foliar P. Finally, our re-
sults show, for the first time, that biochar application combined with N
addition significantly declined foliar N:P ratio. This suggests that bio-
char application would be an effective way to alleviate P limitation
induced by N deposition. The underlying mechanisms about the inter-
active effects of biochar and N deposition on foliar stoichiometry re-
main to be determined in future studies.
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