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Abstract: Atmospheric nitrogen (N) deposition has rapidly increased during the last few decades;
however, the seasonal responses of leaf N:P stoichiometry to N deposition remain unclear. In 2008,
a simulated N deposition experiment (0, 30, 60, and 120 kg·N·ha−1·yr−1) was conducted in
an old-growth temperate forest in Northeast China. In 2014, the leaves of 17 woody species
and soil were sampled in spring, summer, and autumn in each treatment, and N:P stoichiometry was
assessed. Community N and P in summer were significantly lower than that in spring and autumn.
Unlike broadleaved species, conifers showed no significant variation among the three seasons.
N addition significantly enhanced community N and soil available P but decreased soil total P in
summer and autumn, and decreased community P, as well as the P concentration of three life forms
(conifer, tree, and shrub), in autumn. Our results emphasize the importance of multiple sampling
across seasons in temperate forests. Arguing against the traditional consensus, the productivity of
the old-growth temperate forests is limited by both N and P.

Keywords: nitrogen deposition; N and P colimitation; leaf N:P stoichiometry; soil N:P stoichiometry;
seasonal variations

1. Introduction

Increased atmospheric nitrogen (N) deposition due to the combustion of fossil fuels
and the increase in agricultural production during the last few decades, has captured the attention
of many ecologists [1–3]. N deposition also has rapidly increased in China since the 1980s because
of the country’s rapid industrial development [4,5]. In addition, N and P are commonly considered
the two most limiting elements of net primary productivity (NPP) in terrestrial ecosystems [6,7],
increased N deposition may result in an imbalance in the input of N vs. P in ecosystems [8,9]
and further alter foliar N:P, the community nutrient limitation, and species composition [10–12].

Although positive effects of increased foliar N by N deposition are often reported [8,13], neutral
and even inhibitory effects have also been observed [14,15]. Studies of foliar P under N deposition are
relatively less common than those of foliar N [16], and foliar N:P ratio variations under N deposition
remain uncertain. In fact, the determination of a limiting status is important for predicting how
a change in foliar N:P stoichiometry under N deposition occurs. The effects of N deposition on
community production and on N:P stoichiometry occur in three stages [16–18]. During the first stage,
plant growth under N limitation will show a rapid increase [19]. During the second stage, the response
of plant growth will decrease compared to that during the first stage as the status of N saturation
is approached [17]. When N limitation changes to P limitation during the third stage, increased N
input may result in the loss of soil available nutrients, and plant growth will be inhibited in response
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to N deposition [14]. In addition, P is a major limiting nutrient in tropical regions with old-aged
soils, whereas temperate regions in the Northern Hemisphere with younger soils are often limited
by N [7]. Arguing against the traditional consensus, Elser et al. [6] suggested that P limitation has
an equivalent status to that of N limitation across terrestrial systems. Through a fertilization experiment
in 13 boreal forests, Goswami et al. [20] found evidence that most middle-aged and mature forests
exhibit P limitation rather than N limitation. Other studies have described a shift from N limitation
to P limitation with succession, as N-cycling properties recover and the dominance of a conservative
P cycle re-emerges, in mature and old-growth forests [21,22]. Overall, as the critical forest type of
the northern region of China, further research on the mixed broadleaved-Korean pine (Pinus koraiensis)
forest, an old-growth temperate forest, regarding its nutrient limitation status is needed.

Initially, fertilization experiments are widely employed to assess community nutrient
status and N or P limitation [23–26]. Based on the strong relationship between N and P,
Koerselman and Meuleman [27] also proposed a simple method that utilizes the foliar N:P ratio
to evaluate the limiting status. However, a one-time sampling may not fully reflect the stoichiometric
characteristics of a plant community [28]. Because of the change in foliar development stages
and the existence of a retranslocation mechanism in plant leaves, foliar N and P may undergo
marked variations through two seasons in just a few months, even in mature green leaves [19,29,30].
Thus, considering the effect of seasonal change is important when studying patterns of change
in foliar N:P stoichiometry and the response of foliar N:P stoichiometry to N deposition. To our
knowledge, there is no research focusing on the effects of N deposition on foliar N:P stoichiometry in
different seasons.

Because plant traits affect internal and external nutrient cycling, different responses to N
deposition and seasonal change may appear among species and plant functional groups [7,31].
Additionally, mycorrhizae, as a type of key classification for plants, are also attracting the attention of
many biologists and ecologists [20,32,33]. Indeed, mycorrhizal symbiosis has a strong effect on plant
growth and plays a key role in nutrient cycling [34,35], and various mycorrhizal types possess different
mechanisms and capacities for influencing the process in which plants acquire nutrients from the soil.
For example, the hyphae of mycorrhizal fungi can search for limited nutrients, including nitrates
and phosphates, to support plant growth, but only ectomycorrhizal (EM) and ericoid mycorrhizal
fungi can obtain organically bound nutrients [36]. As plants of old-growth temperate forests are
associated with both arbuscular mycorrhizal (AM) and ectomycorrhizal (EM) species, the plants
associated with differential mycorrhizal types may have diverse responses to altered surroundings.

This study investigated the effects of seasonal changes on the response pattern of leaf N:P
stoichiometry to N deposition through a simulated N addition experiment. We sought to determine
(1) how leaf stoichiometric characteristics change with seasonal change, (2) whether the responses of
the leaf N:P stoichiometry to N deposition show differences in three seasons, and (3) the nature of
the nutrient limitation status of an old-growth temperate forest in Northeast China.

2. Materials and Methods

2.1. Site Description

The study site is in the Heilongjiang Liangshui National Nature Reserve (47◦10′50” N,
128◦53′20” E) in Dailing, Heilongjiang Province, Northeast China. The annual mean temperature
is −0.3 ◦C, and the annual mean maximum temperature is 7.5 ◦C. The annual mean minimum
temperature is −6.6 ◦C. The ≥ 0 ◦C accumulated temperature is 2200 ◦C–2600 ◦C. The annual mean
precipitation is 676 mm, and >90% of the precipitation falls during the growing season from May
to October. There are 100–120 frost-free days and 130–150 snow-cover days. The average elevation
is 400 m, and the difference in the relative elevation is 100–200 m. The zonal soil is a dark brown forest
soil. The mixed broadleaved-Korean pine (Pinus koraiensis) forest is the zonal vegetation of the reserve.
The stand age is between 200 and 300 years, with some individual ages older than 400 years.
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2.2. Experimental Design and Measurements

The N addition experiment began during May 2008 in the mixed broadleaved-Korean pine
(Pinus koraiensis) forest, an old-growth temperate forest. Twelve 20-m × 20-m sequential plots were
established in a random manner. To prevent mutual interference, 10-m barriers between adjacent
plots were retained. In every plot, species with a diameter at breast height (DBH, 1.3 m)
>2 cm were surveyed; species, DBH, and coordinates were recorded and labeled in May 2008
and surveyed again in July 2014. The background conditions of each plot surveyed in 2008
are shown in Table 1. Using urea (CO(NH2)2) as the N source, four treatment groups were
established, with three replicates—control (N0, 0 kg·ha−1·yr−1), low N (N1, 30 kg·ha−1·yr−1),
medium N (N2, 60 kg·ha−1·yr−1), and high N (N3, 120 kg·ha−1·yr−1). The background N deposition
(inorganic and organic N) was 12.9 kg·N·ha−1·yr−1, as recorded by a dry–wet deposition collector
(New Star Environmental LLC, Roswell, GA, USA). N additions were applied at the beginning of
June, July, and August every year and began in June 2008. The CO(NH2)2 for each treatment was
dissolved in 20 L of water, and the solutions were sprayed onto the soil surface using a backpack
sprayer. The control group was sprayed with the same amount of water.

Table 1. Natural conditions in each plot before the N addition experiment in 2008.

Plots Treatments Average N Addition
(kg·ha−1·yr−1) Repeat Density

(trees·ha−1)
Mean Breast

Diameter (cm)
Slope

Aspect
Slope

Degree

1 N0 0 N0-1 1325 10.70 W <6◦

2 N0 0 N0-2 1625 8.60 W <6◦

3 N1 30 N1-1 1575 8.46 W <6◦

4 N3 120 N3-1 2925 7.68 W <6◦

5 N3 120 N3-2 1825 9.48 W <6◦

6 N3 120 N3-3 1100 14.02 W <6◦

7 N0 0 N0-3 1650 9.43 W <6◦

8 N1 30 N1-2 1550 11.47 W <6◦

9 N1 30 N1-3 1575 10.41 W <6◦

10 N2 60 N2-1 2300 7.62 W <6◦

11 N2 60 N2-2 1800 11.44 W <6◦

12 N2 60 N2-3 1525 11.45 W <6◦

When collecting samples from tall trees, a branch with many leaves and sufficient sunlight was
cut by a person specialized in climbing trees. The healthy and green leaves were selected and placed
into a plastic vacuum packaging bag. Seventeen species were collected randomly in 3 plots for each
treatment in the middle of May, July, and September during 2014. However, insufficient material was
collected for a proportion of the species because of natural and anthropogenic reasons; for example,
most of the Fraxinus mandshurica individuals had not renewed their foliage in May, and their leaves
had already fallen by September, or a few trees were so high that samples could not be obtained. In this
study, May, July, and September represented spring, summer, and autumn, respectively. The 17 species
were of three types— deciduous broad-leaved trees, deciduous broad-leaved shrubs and evergreen
conifers (hereafter trees, shrubs and conifers, respectively). Conifers were assigned their own group
because they have unique traits compared to those of other trees [7]. The mycorrhizal types of species
in this study were according to Shi et al. [37], and species belonging to the same family were classified
into the same mycorrhizal type. The detailed sampling information is listed in Table 2.

Soil samples were also collected at the same time as leaf samples. In each plot, soils were randomly
sampled by taking three 5-cm-diameter soil cores from depths of 0–10, 10–20, 20–30, and 30–40 cm.
The litter on the soil surface was removed before sampling. The samples were placed in plastic bags
and transported to the lab after being air-dried.
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Table 2. Sampling condition of each species in 2014.

Scientific Name of Species Life Form
Ectomycorrhizal (EM) or

Arbuscular Mycorrhizal (AM)
The important value (%)

under Control Group in 2014
Uncollected Samples in Different Treatments

Spring Summer Autumn

Pinus koraiensis Conifer EM 27.67 N3
Acer mono Tree EM 11.19 N1
Corylus mandshurica Shrub EM 9.60
Tilia amurensis Tree EM 8.04 N1 N1
Betula costata Tree EM 7.05 N1 N2 N3 N0 N1 N2
Ulmus laciniata Tree EM 5.66
Ulmus japonica Tree EM 4.13 N2
Acer tegmentosum Tree AM 3.75 N1 N0 N1 N2 N3
Fraxinus mandshurica Tree AM 3.03 N1 N2 N3 N1 N2
Prunus padus Tree AM 1.98
Syringa reticulate var. mandshurica Tree AM 1.54
Acer ukurunduense Tree EM 1.19 N1 N1
Euonymus pauciflorus Shrub AM 1.13
Picea koraiensis Conifer EM 0 N2
Deutzia gladata Shrub AM 0
Lonicera chrysantha Shrub AM 0
Ribes mandschuricum Shrub AM 0
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Each leaf sample was ground to a fine powder, passed through a 0.149-mm mesh, and enveloped.
The sample was oven-dried at 65 ◦C to a constant weight for further analysis. The soil sample was
passed through a 2-mm mesh; a portion was conserved in an envelope, and the remaining material was
conserved after passing through a 0.149-mm mesh. In October 2014, leaf N concentration was analyzed
using a Kjeltec KTM 2300 analyzer (Foss Teactor AB, Hoganas, Sweden) after H2SO4 + K2SO4 + CuSO4

digestion. Soil total N (TN) in every layer was analyzed using the same method but with H2SO4 + H2O2

digestion. Leaf and soil total P (TP) were measured using the molybdenum antimony colorimetric
spectrophotometer method after H2SO4 + H2O2 digestion. These samples were oven-dried again
at 65 ◦C for 2 h before digestion. For soil available P (AP), 2-mm of soil from every layer was pooled
and fully mixed, and the air-dried soil was extracted using 0.05 mol·L−1 HCl + 0.025 mol·L−1 H2SO4.
The P concentration in the extract was measured using the molybdenum antimony colorimetric
spectrophotometer method. N and P concentrations are expressed as mg·g-1, and a mass basis was
used to calculate stoichiometric ratios.

2.3. Statistical Analyses

The important value (IV) of i-th species in each treatment group in 2008 and 2014 were calculated
using the following equation:

IV(i)= (relative density (i)+relative frequency(i)+relative prominence(i)) / 3

The change in IVs for each species was directly calculated using the following equation:

The changed value(i) = IV(i)(2014) − IV(i)(2008)

Two-way analysis of variance (ANOVA) with season and treatment as fixed factors was applied
to examine the effects on leaf and soil N, P and the N:P ratio based on averages. Community N:P
stoichiometry (N:P stoichiometry means N, P, and the N:P ratio, community N:P stoichiometry
means N:P stoichiometry of the plant community) weighted by IV(i) (2014) was also examined in
the same manner (hereafter, community N:P stoichiometry is the leaf N:P stoichiometry weighted
by the IV(i) (2014)). Meanwhile, the marginal means of the main factors were calculated and recorded.
Three-way ANOVA with season, treatment, and different groups (broadleaves vs. conifers, trees vs.
shrubs, ectomycorrhizal species (EM) vs. arbuscular mycorrhizal species (AM), broadleaves including
broadleaved trees and shrubs; the data for conifers were not included in tree and EM groups) as fixed
factors were used to analyze effects on leaf N, P, and the N:P ratio. Nonsignificant interactions were
removed from the analysis. Leaf P, the leaf N:P ratio and soil N:P stoichiometry in our data were
apparently of right-skewed distribution, and they were naturally logarithmically transformed before
performing ANOVA; untransformed data are shown in the figures.

The data were separated according to (1) different seasons and (2) different seasons
and different classified groups. Least squares discrimination (LSD) one-way ANOVA was applied
to assess differences between treatment groups, and IV(i) (2014) was calculated as weightiness.
Differences between N:P stoichiometry averages in our study and previous studies were evaluated
using the one-sample t-test. The Kolmogorov–Smirnov and Levene’s tests were employed to assess
the normality of the residuals and the homogeneity of variance, respectively. All figures were
created using Origin 9.0, and all data were analyzed using SPSS 20 (SPSS, Inc., Chicago, IL, USA).
Significance was determined at the 0.05 level.

3. Results

3.1. N, P, and the N:P Ratio in the Three Seasons Under Ambient (without N Addition) Conditions

Community N, average N, and soil N showed a significant increase in September after an initial
decrease from spring to summer (Figure 1a,d and Figure 2a). A significant increase from spring
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to autumn was found for soil N:P, which exhibited the same trend as soil N and average N:P
(Figures 1f and 2a,d). Community N:P in autumn was significantly lower than that in summer but was
significantly higher than that in spring. Community P and average P in spring were significantly higher
than those in the other two seasons (Figure 1b,c,e,f). Although soil TP showed no significant variation
during the three seasons, soil AP had a similar trend to that of community P, tending to increase again
in autumn after a significant decrease in summer (Figures 1b and 2b,c). The leaf N:P stoichiometry
of conifers was significantly lower than that of trees and shrubs (p < 0.05), and the conifer P and N:P
ratios displayed no significant seasonal variation, different from the patterns of the trees and shrubs.
Moreover, a nearly identical seasonal pattern between the trees and shrub N:P stoichiometry was
observed (Figure 3a–i).Forests 2019, 10, x FOR PEER REVIEW  7 of 18 
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Figure 1. Effects of N addition on community and average N (a,d), P (b,e) and the N:P ratio (c,f)
in three seasons. The results of two-way ANOVAs are shown in each panel and interactions without
significance were removed from the analysis. The results of least squares discrimination (LSD) one-way
ANOVA were shown above the bars. Different uppercase letters indicate a significant difference among
the three seasons under ambient conditions. Different lowercase letters indicate a significant difference
among treatments in each month. Data are shown as the mean + SE. * p < 0.05, ** p < 0.01, *** p < 0.001.
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(c) and soil total N:P ratio (d) in the three seasons. The results of two-way ANOVAs are shown 
in each panel and interactions without significance were removed from the analysis. The 
results of least squares discrimination (LSD) one-way ANOVA were shown above the bars. 
Different uppercase letters indicate a significant difference among the three seasons under 
ambient conditions. Different lowercase letters indicate a significant difference among the 
treatments in each month. Data are shown as the mean + SE. * p < 0.05, ** p < 0.01, *** p < 0.001. 

 

Figure 3. Effects of N addition on leaf N (a, d, g), leaf P (b, e, h) and the leaf N:P ratio (c, f, i)of 
three life forms in three seasons. Different uppercase letters indicate a significant difference 
among the three seasons under ambient. Different lowercase letters indicate a significant 
difference among the treatments in each month. Data are shown as the mean + SE. 

Figure 2. Effects of N addition on soil total N (TN) (a), soil total P (TP) (b), soil available P (AP) (c)
and soil total N:P ratio (d) in the three seasons. The results of two-way ANOVAs are shown in each
panel and interactions without significance were removed from the analysis. The results of least squares
discrimination (LSD) one-way ANOVA were shown above the bars. Different uppercase letters indicate
a significant difference among the three seasons under ambient conditions. Different lowercase letters
indicate a significant difference among the treatments in each month. Data are shown as the mean + SE.
* p < 0.05, ** p < 0.01, *** p < 0.001.

Forests 2019, 10, x FOR PEER REVIEW  8 of 18 

 

 

Figure 2. Effects of N addition on soil total N (TN) (a), soil total P (TP) (b), soil available P (AP) 
(c) and soil total N:P ratio (d) in the three seasons. The results of two-way ANOVAs are shown 
in each panel and interactions without significance were removed from the analysis. The 
results of least squares discrimination (LSD) one-way ANOVA were shown above the bars. 
Different uppercase letters indicate a significant difference among the three seasons under 
ambient conditions. Different lowercase letters indicate a significant difference among the 
treatments in each month. Data are shown as the mean + SE. * p < 0.05, ** p < 0.01, *** p < 0.001. 

 

Figure 3. Effects of N addition on leaf N (a, d, g), leaf P (b, e, h) and the leaf N:P ratio (c, f, i)of 
three life forms in three seasons. Different uppercase letters indicate a significant difference 
among the three seasons under ambient. Different lowercase letters indicate a significant 
difference among the treatments in each month. Data are shown as the mean + SE. 

Figure 3. Effects of N addition on leaf N (a,d,g), leaf P (b,e,h) and the leaf N:P ratio (c,f,i)
of three life forms in three seasons. Different uppercase letters indicate a significant difference among
the three seasons under ambient. Different lowercase letters indicate a significant difference among
the treatments in each month. Data are shown as the mean + SE.
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Summer was the peak season in the survey region. During this season, leaf average N and P in
our study was similar to the average for plants in China, though N:P was significantly lower. Leaf P
was significantly lower than reported in two global studies, and leaf N was significantly lower than
that in the study of Elser et al. [38]. We also found some inconsistent results for leaf N:P stoichiometry
in spring and autumn compared to that in summer (Table 3).

Table 3. Comparison of the average leaf N, P, and N:P in our study with China and the world.

Stoichiometry
and Seasons

N P N:P

Spring Summer Autumn Spring Summer Autumn Spring Summer Autumn

Han et al. [39] 20.2 1.46 16.3
(China) + * − + * + * + + * − * − * +

Reich and Oleksyn
[7] 20.1 1.77 13.8

(World) + * − + * + * − * + − * − + *
Elser et al. [38] 20.6 1.99 12.7

(World) + * − * + * + * − * − − + + *

“+” means the average in this study is higher than average of China and the world. “−” means the value in this
study is lower than the tested value. * p < 0.05.

3.2. Effect of N Addition on Community and Soil N:P Stoichiometry during Different Seasons

Community N and P showed a similar variation to that of average N and P under N addition in
spring and summer, with a similar change pattern for N to that of P (Figure 1a,b,d,e). During spring,
community N and average N were significantly increased under N3 after a decreasing trend
(Figure 1a,d). Significant increases in community N:P were found for N1 and N2 treatments, but there
was no significant variation between the different treatment groups with regard to average N:P
(Figure 1c,f). In summer, an upward trend in community and average N and P was observed
(Figure 1a,b,d,e); community N:P under N3 was significantly lower than that under N1, and there was
no significant effect of N deposition on average N:P (Figure 1c,f). In autumn, N addition significantly
increased community N, P, and N:P and significantly decreased average P; however, there was no
significant variation in average N and N:P (Figure 1a–f). A two-way ANOVA showed that seasonal
change had a significant impact on the community and average N:P stoichiometry (Figure 1a–f).
Treatment also had a significant impact on community N:P stoichiometry but no significant impact
on average N and N:P (Figure 1c,d,f). In addition, their interaction had a significant influence on
community P, N:P and average P (Figure 1b,c,e).

During summer, soil N and N:P showed an increasing trend, with a decrease under N3.
In addition, the N3 treatment significantly decreased soil P and increased soil AP. The patterns
of variation in soil P and soil AP in autumn were similar to those in summer; soil N:P increased under
N1 and N3, and soil N showed no significant change (Figure 2a–d). A two-way ANOVA showed that
seasonal change had a significant impact on soil N and soil N:P, and treatment had a significant impact
on soil P and soil AP; however, their interaction had no significant impact on soil AP (Figure 2a–d).
In addition, the marginal means of main factors (season and treatment) are listed in the Table S1.

3.3. Response of Leaf N:P Stoichiometry in Different Groups to Seasonal Change and N Addition

A three-way ANOVA showed that although only a small variation in the response of N:P
stoichiometry between shrubs and trees to N addition was found in the three seasons, the response
was significantly different than that of conifers (Table 4; Figure 3a–i). In spring, the leaf N of
shrubs, trees and conifers all exhibited a significant decrease under N2 that was increased under
N3 (Figure 3a,d,g). A similar decrease under N2 in leaf P was found (Figure 3b,e,h). In summer,
N addition significantly increased N in trees and shrubs, with no remarkable effect on conifer N
(Figure 3a,d,g). In autumn, increased leaf N was found in the leaves of the trees and conifers, but their
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leaf P showed a trend opposite to leaf N under N addition (Figure 3d,e,g,h). N addition significantly
increased the N:P of shrub, trees, and conifers in autumn (Figure 3c,f,i).

A three-way ANOVA showed that different mycorrhizal types displayed notable differences in
leaf N:P stoichiometry, and there were significant interactions between mycorrhizal type and other
factors (Table 4; Figure 4a–f). In particular, EM species in autumn showed a nearly opposite trend to
that of AM species in terms of N:P stoichiometry (Figure 4a–f). From 2008 to 2014, the changed IV of
AM species showed an increasing trend with higher available N. In contrast, the changed IV of EM
showed a decreased trend under increasing N addition (Figure 5).
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indicate a significant difference among the treatments in each month. Data are shown as the mean + SE.
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Table 4. Results (F values) of three-way ANOVA on the effects of leaf N:P stoichiometry in
different groups.

Different
Groups Factors Season Treatment Group Season ×

Treatment
Season ×

Group
Treatment
× Group

Season × Treatment
× Group

Broadleaves
vs. conifers

N 53.480 *** 6.269 *** 408.073 *** 2.857 * 8.434 *** 2.220 *
P 25.034 *** 20.112 *** 134.599 *** 6.762 *** 18.939 *** 9.209 *** 3.286 **

N:P 33.11 *** 21.895 ** 39.339 *** 11.868 ** 14.017 ** 9.716 ** 3.817 **

Trees vs.
Shrubs

N 106.743 *** 4.307 ** 5.477 *
P 104.666 *** 2.415 0.906 2.458 * 3.691 *

N:P 131.018 *** 3.085 * 0.005 2.581 *

EM vs. AM
N 80.135 *** 7.201 *** 1.092 8.889 *** 7.089 ***
P 142.893 *** 1.639 17.898 *** 2.250 **

N:P 127.291 *** 0.433 14.060 *** 2.798 ***

Interactions without significance were removed from the analysis, and the date are not shown in the table. * p < 0.05,
** p < 0.01, *** p < 0.001.
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4. Discussion

4.1. Seasonal Change in Leaf N:P Stoichiometry

Consistent with previous study [19], among the three seasons, community N and P were highest
in spring, which is due to the rapid growth rate of leaves [28,29]. N is the main element of proteins,
and P is the main element of P-rich ribosomal RNA (rRNA). In spring, leaves are in the early stage of
their growth period, the foliar size is relatively small, and foliar cells show a high degree of splitting
and selection to absorb considerable N and P to support their rapid growth. Therefore, foliar nutrient
concentrations are relatively high [18,40]. Summer is the peak season: The rate of foliar nutrient
absorption is lower than that of growth, leaves are larger than they are in spring, and most of the broad
leaves have fully expanded. Thus, the concentrations of nutrients are diluted, which results in rapidly
decreasing nutrient concentrations in summer [41]. However, when leaves are no longer growing
and are fully expanded, the dilution process stops, and foliar nutrient concentrations increase again
because of continuous nutrient absorption; accordingly, community N and P in autumn are higher
than in summer.

Because of the rapid decrease in foliar P compared to foliar N in summer, community N:P is
of a significantly higher level than that in spring. The sharp decrease in foliar P from the early
growing season to the late growing season has also been found in previous studies, but without
explanation [19,42]. A possible reason is the decreased demand for P. Because plants are older in
summer than in spring, active meristems (e.g., inflorescences, shoot tips, young leaves) will restrict
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plant growth; in contrast, mature leaves no longer grow but are still photosynthetically active,
which results in a greater decrease in the P requirement for rRNA synthesis compared to the decrease
in N for protein synthesis [43]. Similarly, soil AP significantly decreases, by 41.2%, from spring to
summer, and the percentage of soil AP of soil TP during Spring, Summer, and Autumn is 1.17%, 0.52%,
and 0.67%, respectively. Wang and Moore [30] also found a strong increase in available N and K but no
change in soil AP in summer and autumn compared to available N, P, and K in spring.

When we divided the foliar data into shrubs, trees, and conifers, remarkably different seasonal
patterns and nutrient concentrations between coniferous and broadleaved species were found.
Indeed, leaves with high nutrient concentrations (both N and P) tend to be shorter lived and have a high
photosynthetic capacity, whereas leaves with low nutrient concentrations tend to have longer lifespans
and lower metabolic capacities [44,45] (Evergreen-Deciduous hypothesis). Conifers (mainly consisting
of Pinus koraiensis, the IV of which under ambient conditions is 27.67%) maintain a low leaf
nutrient status that may constitute a strategy related to canopy dominance and space occupancy [46].
In addition, unlike broadleaved species that translocate N and P to leaves during the early growing
season, conifers gradually translocate these nutrients to new leaves throughout the growing season to
maintain a relatively stable nutrient concentration and stoichiometry, thereby decreasing the effect
of the external environment [29]. This finding confirms our results that conifers exhibit less seasonal
variation than the other two plant groups examined in this study. It was also noted that the weighted
N:P stoichiometry of shrubs and trees demonstrated a pattern similar to that of the average N:P
stoichiometry, although this was not the case for conifers, which explains the reduced variation in
community N:P stoichiometry from summer to autumn compared to the variation in the average N:P
stoichiometry. These findings suggest that compared to average values, weighted values may better
reflect the N:P stoichiometry at a community level.

Similar seasonal pattern of foliar nutrient concentrations has also been exhibited in the previous
study [30]: foliar N concentration of deciduous species showed an increased trend from July to
September after a sharp decrease from May to June, though the increase was not statistically
significant and there was a sharp decrease again in October due to nutrient resorption. As mentioned
earlier, the seasonal pattern of N concentration exhibits the strong effects of foliar development
stage on nutrient concentrations of leaves, and exposes the limitation of calculating foliar nutrients
based on the mass ratio. In fact, it is a well-known phenomenon in agriculture that nutrient
concentrations decrease with ontogenetic development of individual plants, and this decrease
is mainly because of the imbalanced rate between increased nutrients and accumulated dry
matter [19]. However, the application of mass ratio is still widely accepted in the field of plant
stoichiometry [16,19,43], because we are accustomed to thinking about organism body mass or
estimating total biomass of species or components in ecosystems [40]. Nonetheless, our study
suggests that compared to the foliar concentration (mg·g−1), the calculation based on the foliar
mass (mass·leaf−1) may be a better expression when considered the seasonal effects, because it can
directly express the nutrient contents in leaves and ignore the effects of foliar development stage [29].

4.2. Seasonal Variation in the Leaf N:P Stoichiometry Response to N Addition

Seasonal change had a highly significant effect on community N:P stoichiometry.
Furthermore, leaf nutrients responded differently to N addition in the three seasons. In fact,
although N addition increases the availability of N and promotes its absorption, it can at the same time
stimulate the growth of plants, which is accompanied by dilution of nutrient concentrations [19,28].
Thus, the differences among treatments may reflect the relative magnitude of the foliar growth rate
and the nutrient absorption rate. During the early growth stage, N addition increases the growth rate of
leaves more rapidly than it increased N absorption rate. Accumulated N is diluted by rapidly growing
leaves, which results in a decreasing trend under low and medium N addition. When the increase
in absorption rate is faster than the increase in growth rate, the N concentration shows an increasing
trend, for example: the community N under high N addition during spring. Uniformly, the foliar
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growth rate gradually slowed or even stopped, but the effect of N addition on the nutrient absorption
rate was still effective, which resulted in the increasing trend under N addition during summer.

Studies have suggested that imbalanced N-P loading affects P cycling and may enhance
P limitation [12,45,46]. This effect is exhibited in the decreased soil TP in summer and autumn
and increased community N:P in autumn under N addition. In the short term, N-induced P limitation
may be alleviated by enhanced P absorption due to enhanced activity of soil and root phosphatases
or by increased P conservation due to increased P resorption [47–51]. In this study, a similar change
pattern between community P and community N during spring and summer was found, and soil AP
rose significantly as a result of high N addition, confirming the alleviation of N-induced P limitation.
Mitigation of N-induced P limitation under N deposition has also been reported in temperate
plantations by Deng et al. [16] and in a semiarid grassland by Long et al. [52], reflecting the capacity of
plants to regulate P acquired to maintain homeostasis (H) [43,53].

Nonetheless, community P as well as the P concentration of the three life forms (shrub, tree,
and conifer) all showed a decreasing trend under N addition in autumn. There are two possible
reasons for this variation. One, is that these regulatory mechanisms may not be able to quantitatively
supply sufficient P to balance the increase in N in plants under continuous N input [26]; however,
the limited variations across seasons in soil TP, increased community P under ambient conditions
and decreased P demand of leaves during this stage suggest that this explanation may not be viable.
Another, more plausible reason, is internal nutrient retranslocation, i.e., the process by which plants
transform nutrients in leaves into other tissues [29,49]. The recycling mechanism occurs not only
in senescing leaves but also during the entire life cycle of leaves [54] as a response to N-induced
P limitation. Plants thus transfer more P from mature green leaves, which have a relatively low
P demand in autumn, to other tissues to support their growth. Unfortunately, we did not collect
more data for nutrients in other tissues to support this explanation, and more research needs to be
completed in the future. In the long term, the mitigating effect of N addition on P limitation may not be
persistent, and the degree of P limitation will still be enhanced by N addition because of the reduced
P concentration in leaves, which will slow the P recycling rate and further decrease the amount of
available P [12,47,55].

Mycorrhizal associations play a critical role in regulating the acquisition of limited
nutrients [34,35]. Mycorrhizal associations exist in nearly all ecosystems, with mycorrhizal plants
dominating in many habitats [56,57]. AM-associated plants are often dominant in low-latitude areas,
whereas EM-associated plants are often dominant in high-latitude areas. Overall, compared to EM,
AM associations result in more effective P acquisition [31,58]. Consistent with Deng et al. [16],
who reported an increased AM:EM ratio in a young stand under N addition, we also found that
the changed IV of AM species increased but that of EM species decreased with increasing N addition,
which suggests once again an enhanced P limitation under N addition as well as the regulation
of community N-induced P limitation. Furthermore, we did not observe significant differences in
responses to N addition between shrubs and trees, but AM species and EM species did display
such differences. Studies have shown that EM fungi tend to specialize in N acquisition, whereas AM
species might experience secondary N limitation under the enhanced P limitation induced by
N addition [20,59]. This may explain the diverse variation in N concentration under N addition
between the two mycorrhizal types. Similar to the variation in community P, the P concentration
among EM species also decreased under N addition. Zhang et al. [33] found a significantly greater P
resorption rate for EM-associated trees than for AM trees in a boreal forest, which may from another
perspective bolster our explanation for the decrease in P during autumn. Moreover, the increased P
level in AM species demonstrates a stronger capacity to acquire P. In addition, other properties are also
important in driving the growth of a plant community, for example: The evolution of soil organic to
humic matter, which may interact in the response of foliar N:P stoichiometry to N deposition [60,61].
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4.3. Status of Nutrient Limitation

How to assess nutrient limitation in primary productivity is always a concern of ecologists,
and a fertilization experiment is a frequently used method that defines nutrient limitation
as a requirement for additional nutrients [26,47,62]. Accordingly, the improved foliar N level via
N addition across the three seasons showed that N may be a constraint in this forest. Nevertheless,
we cannot conclude that N is the sole limiting nutrient. In contrast, we infer that P is also a critical
limiting nutrient for this forest because of the initiation of some adaptive strategies that aim to alleviate
P limitation under N addition.

In addition to fertilization experiments, community foliar nutrient concentrations and ratios based
on averages are widely applied for assessing nutrient limitation. Koerselman and Meuleman [27]
found that a foliar N:P ratio <14 indicated that the plant was limited by N alone, that N:P >16 indicated
limitation solely by P, and that 14 < N:P < 16 indicated colimitation. Later, Güsewell et al. [63] proposed
a more conservative threshold value; i.e., N:P < 10 and N:P > 20 solely represented N limitation
and P limitation, respectively. Recently, community N:P weighted by the IV or biomass of species is
also being applied in some research [13,22]. In this study, the values of N:P across three seasons were
all between 10 and 20, regardless of whether they were calculated using the weighted or average value.
In addition, through a comparison with previous research during the peak season, our results show
that the foliar P in the study region is lower than the worldwide average and that the foliar N:P is
lower than the average for China. These results support the opinion of Han et al. [39], who found
that foliar P across most areas in China was lower than the global average and that northern regions
in China were more limited by N. More evidence regarding the existence of P limitation is reflected
in the low-supplied soil AP. Through investigation of pools and distributions of soil P in China,
Zhang et al. [64] found that dark brown forest soil, which is the zonal soil in this region, has a relatively
high soil TP but a quite low soil AP compared to other soil types. The highest soil AP:TP ratio in this
study was approximately 0.012 under ambient conditions. These results further prove our inference
that N and P limitation coexist in this forest.

Studies have shown that the relative status of N vs. P limitation changes with succession [21,22].
Inputs of N and P have different sources; P is derived from rock weathering, whereas N can
accumulate from the atmosphere through biological N fixation and atmospheric N deposition [65].
Therefore, young ecosystems lacking the input of atmospheric elements are usually limited by
the supply of N, and with the development of succession, P will decrease to a limiting level because of
the accumulation of soil organic carbon and soil TN [26]. The old-growth temperate forest in the present
study has a long history of succession, which may explain the reason for the observed N and P
colimitation. Wang and Moore [30] also recently reported colimitation of N and P in an ombrotrophic
peatland in eastern Ontario, Canada, and Goswami et al. [20] found evidence of P limitation in most
middle-aged and mature stands in central New Hampshire, USA. These two regions are all at latitudes
similar to that of the region in this study.

5. Conclusions

This is the first study that explores the divergent responses of foliar N:P stoichiometry during
different seasons to N deposition. In this study, plant leaf stoichiometric characteristics showed
different variations with seasonal changes, and responses to N deposition in three seasons also differed.
Thus, significant variations in leaf stoichiometric characteristics across these three seasons over just
four months may be worth considering. Our research emphasizes the importance of multiple sampling
across seasons in a temperate forest. Broadleaved species vs. conifers and AM species vs. EM species
showed significant differences in seasonal variation and in response to N addition. Arguing against
the traditional consensus, the net primary productivity of this mixed broadleaved-Korean pine
(Pinus koraiensis) forest, an old-growth temperate forest and a critical forest type in Northeast China,
is under N and P colimitation. The level of P limitation is enhanced by N deposition, and this N-induced
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P limitation may be alleviated by the adjustment of strategies for plant adaption such as nutrient
retranslocation and mycorrhizal association.
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