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Abstract: Research Highlights: This study identifies the effect of nitrogen (N) and phosphorus (P)
addition on stoichiometry correlations between understory plants and soil in subtropical Chinese fir
plantations. Background and Objectives: Nitrogen and P are two nutrients limiting forest ecosystem
production. To obtain more wood production, N and P are usually applied in plantation management.
Changes in soil N and P will generally alter the stoichiometric characteristics of understory plants,
which control carbon (C) and nutrient cycles between plants and soil. However, different correlations
between plant and soil stoichiometry among functional groups of understory plants have not been
investigated, which also impacted element cycling between plants and soil. Materials and Methods:
Subtropical Chinese fir plantations were selected for N (100 kg ha~! year™') and P (50 kg ha™!
year~!) addition study. We collected fresh litter and the corresponding soil of four understory plants
(Lophatherum gracile Brongn., Woodwardia japonica (L.f.) Sm., Dryopteris atrata (Kunze) Ching and
Dicranopteris dichotoma (Thunb.) Berhn.) for study of C, N, and P stoichiometric ratios. Results:
Nitrogen and P addition affected C, N, and P concentrations and stoichiometric ratios in litter and
soil as well as correlations between litter and soil stoichiometric ratios. Understory plant species
with different functional types impacted the correlations between plants and soil in C, N, and P
stoichiometric ratios, especially correlations between litter C and soil C and N. Conclusions: Changes
in soil N and P affect the stoichiometric ratios of understory plants. Functional groups impacted the
correlation in C, N, and P stoichiometric ratios between plants and soil, indicating functional groups
varied in their impacts on element cycling between plants and soil in plantations with exogenous
nutrient addition, which should be considered in future management of plantations with intensive
fertilization practice.

Keywords: nitrogen and phosphorus addition; understory plants; stoichiometric ratio; litter
decomposition

1. Introduction

Combining stoichiometry with biology, chemistry, and physics, ecological stoichiometry addresses
the balance of carbon (C), nitrogen (N), and phosphorus (P) [1]. Carbon, N, and P, which act on nutrient
cycling and utilization, play a very important role in the nutrient cycling process of the ecosystem and
ecological stoichiometry [2]. Thus, numerous scholars focus on ecological stoichiometry [3]. Studying
the stoichiometric characteristics of C, N, and P of the forest ecosystem can provide insight into the
stability of the forest ecosystem in a certain region; in addition, it can clarify the proportion of the
demand for environmental nutrients by plants and the drivers of change. Moreover, studying the
stoichiometric characteristics in forest ecosystems can uncover the amount of nutrients returned to the
soil from plant litter, as well as the nutrient supply of soil to plants in the ecosystem [4,5]. The C:N:P
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ratio of forest ecosystems has been shown to be significantly different with different vegetation
types, climatic factors, and environmental factors [3,6,7]. The input of N and P directly changes the
environmental factors of the forest ecosystem, and the addition of N and P affects the structure, function,
and nutrient cycles of forest ecosystem [8]. Nitrogen inputs affect forest ecosystems in different ways.
For example, N addition may cause an increase in leaf biomass and photosynthetic efficiency, and
reduce the number of thin roots [9,10]. Nitrogen and P addition acts directly on leaves. Nitrogen and P
addition leads to changes in the correlation of the stoichiometric ratio between plants and soil, affecting
plant productivity and species diversity in communities, finally resulting in a change in the forest
ecosystem [11-14]. Nitrogen addition reduced the C:N ratio and increased the N:P ratio of leaves, thus
affecting the N and P balance in plants, resulting in the restriction of plant growth by P or N and P, thus
reducing the productivity of the ecosystem [14,15]. The addition of P to the soil generally increases the
P content in plant tissues and reduces the N:P ratio [16,17]. Nitrogen addition promotes P absorption
in subtropical plants and accelerates plant growth, but the results are different from those in some
temperate forests [18-20]. Therefore, to a large extent, the nutrient status of leaves can reflect a plant’s
environmental status; there is a close relationship between leaf nutrient status and soil stoichiometric
ratio [21].

Research has shown that the effect of N and P addition on vegetation type was related to ecosystem
type, time, and dose of N and P addition [22-24]. At present, research is increasing on the nutrient
circulation of forest ecosystems with a focus on ecological stoichiometry. Due to the improvement of
forest quality and the advantage of high canopy productivity, there are many studies on the C, N, and
P ecological stoichiometry of the plant-litter-soil system [25,26]. However, most previously published
studies have focused on overstory plant species, largely ignoring understory plant species, which
have a faster C and N turnover rate than the overstory plants. Moreover, understory species tend to
be more sensitive to environmental changes, which limits our understanding of the nutrient cycles
of ecosystems [27]. Under the current state of global climate change, understory vegetation plays a
very important role in the C and N cycle of forest ecosystems and helps to maintain forest biodiversity
and ecosystem stability [28]. Understory vegetation plays an important ecological role in nutrient
cycling, soil physical and chemical properties, and community succession [29-31]. Previous research
has shown that the addition of N and P to soil changed the species richness of understory vegetation
and reduced plant diversity, highlighting that more research is needed on common understory plant
species [32-34].

Chinese fir (Cunninghamia lanceolata (Lamb.) Hook.) is widely distributed in 14 provinces in
China, including Zhejiang, Jiangxi, and Hunan [35-37]. Chinese fir has a history of more than 1000
years of planting because it is one of the most important fast-growing timber species in southern
China; therefore, it plays an irreplaceable role in economic and ecological benefits [38]. In recent
years, the management of understory vegetation in plantations and the application of fertilizer have
significantly influenced the productivity of forest ecosystems [39,40]. However, the stoichiometric
responses of subtropical fir plantation litter and soil to persistent exogenous N and P input are still
not clear. Therefore, under the global climate change, in order to improve our understanding for the
interaction between plant and soil in plantation forests ecosystem, we studied the response of C, N,
and P concentrations and stoichiometric characteristics of four representative plants (two different
functional types) in the lower layer of Chinese fir plantation to the addition of N and P in the subtropical
red land area. We try to solve the following problems: (1) What is the reaction of C, N, P concentration
and stoichiometric ratio in plant litter and soil to N and P addition; (2) How does N or P addition affect
the stoichiometric ratios of different functional plants litter and soil?

2. Materials and Methods

2.1. Study Sites

This study was conducted at the Qianyanzhou Ecological Research station in Taihe County, Ji’an
City, Jiangxi Province, China (115°03’29.2” E, 26°44’29.1” N). The research site is a typical red hilly
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region with subtropical monsoonal climate. The annual average precipitation is up to 1600 mm and
the annual average temperature is approximately 18 °C [41]. The experimental site is within the native
distribution of Chinese fir. The study was conducted in an experimental Chinese fir plantation that
was established approximately 15 years ago. The coverage of the sample plot was between 75 and
85%, and the slope was between 20 and 30°. The natural atmospheric N deposition in this area was
49 kg N ha~! year~! [42].

2.2. Experimental Design

The experiment began in November 2011, and four treatments (control: CK, N addition, P addition,
and N and P addition together) were established. These four treatments were arranged in a random
complete block design, with a total of four blocks. There were 16 of 20 X 20 m plots. To prevent
influence between the plots, the spacing between plots was greater than 20 m. Nitrogen and P were
applied first in December 2011 and then four times each year (March, June, September, and December).
Nitrogen (100 kg ha™! year~!) was added in the form of NH4;NOj3, and P (50 kg ha™! year~!) was added
in the form of NaH,POy, [43]. To more evenly distribute N and P addition plots in the study site, we
added sand (8 kg plot™!) in the N plots, phosphate plots, and control (CK) plots. For fertilization we
chose a date where the forecast predicted no rain for four consecutive days [27].

2.3. Sample Collection

In November 2018, we investigated the presence or absence of understory species in the Chinese
fir plantation in each plot. From this preliminary data, we selected four dominant species (Lophatherum
gracile Brongn., Woodwardia japonica (Lf.) Sm., Dryopteris atrata (Kunze) Ching and Dicranopteris
dichotoma (Thunb.) Berhn.), which appeared in all 16 plots and formed communities, as sampling
targets. Four communities were randomly selected in each plot. To collect plant samples, five individual
plants and the corresponding soils were collected from each plot. These samples were immediately
brought back to the laboratory in cooler. After sampling, the four collected plants were divided into
different functional types (Gramineae and ferns) for nutritional analysis.

The leaves of each plant from all plots were collected and combined to produce one leaf sample.
Leaf samples were air-dried, and then ground to pass through 0.149 mm sieve for determination of C,
N, and P. Sub-sample of air-dried leaves were oven dried at 60 °C to obtain dry mass of measured
leaves without residual water content. Soil samples were also processed by removing visible plant
debris and rocks, passed through a 0.149 mm sieve to determine elements, or passed through a 2 mm
sieve for determination of available nutrients. Sub-samples of soils were oven dried to a constant
weight to obtain water content in the air-dried soil.

2.4. Litter and Soil Nutrient Measurement

Fresh soil samples through a 2 mm sieve were used for the determination of soil dissolved organic
C (DOC) (VarioTOC, Elementar, Germany) and available N (AN, including NH;* and NO3 ™) [44].
Soil/water (2:5) was used to determine the pH value of soil [44]. Air-dried soil samples that had
been passed through a 2 mm sieve were used for the determination of soil available P (AP) [44].
We measured AN and AP with a flow injection auto analyzer (Smartchem 200 Alliance Corp. France).
Before analyzing total organic C (TOC), total N (TN), and total P (TP) in litter and soil samples,
we ground the litter and air-dried soil samples and passed them through a 0.149 mm sieve. Then,
we used a digester (FOSS. Tecator Digestor 20) to digest plant litter and soil and used a flow injection
auto analyzer to analyze the TN and TP of the digested products. The stoichiometric ratio of C, N, and
P of litter and soil was reported as mass ratio.

2.5. Data Analysis

Using the One-way analysis of variance (ANOVA) for four kinds of plants soil DOC, NH;*, NO3~,
AN, AP, and pH difference analysis, when the difference is significant, using LSD (least significant
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difference) comparison (p = 0.05). Nested ANOVAs were used to analyze the effects of N addition (N),
phosphorous addition (P), function type plant (f), and understory species (S, nested within Function
type plant) on litter and soil C, N, and P and their stoichiometry. The variation trends of C, N, and
P concentrations in the litter of two functional plants and the soil were fitted by one-dimensional
regression equation. All statistical analyses were conducted by JMP 9.0 (SAS Institute, Cary, NC, USA).

3. Results

3.1. Availability of Soil Nutrients and Carbon, Nitrogen, and Phosphorus (CNP) Concentration of Plant Litter
and Soil

Seven years after the annual addition of N and P to the plantation, we found that the soil of
L. gracile has a higher NO3;™-N content compared with the other three understory species. Moreover,
the AP content in the soil of Dicranopteris dichotoma is significantly lower than that of the other plants
(p < 0.01). DOC,NH4*-N, AN, and pH do not change among the four understory plant species (Table 1).
Among the four species, L. gracile has higher concentrations of C and N in litter and N and P in
associated soil (Table A1). The litter C, N, and P and soil C concentrations of W. japonica are all low
(Table Al). The litter and soil C concentrations of Dryopteris atrata are all higher than the other species
(p < 0.01). The litter and soil P concentrations of Dicranopteris dichotoma are all low (Table 1).

Table 1. Litter and soil nutrients of four understory plant species (means + SE). Superscript letters in
the same line indicate a significant difference at p = 0.05 based on LSD (least significant difference)
comparison. Lines without letters indicate that the difference is not significant. LC: litter total organic
carbon (C); LN: litter total nitrogen (N); LP: litter total phosphorus (P); SC: soil total organic C; SN: soil
total N; SP: soil total .

Lophatherum Woodwardia Dryopteris atrata Dicranopteris
Factors gracile Brongn.  japonica (L.f.) Sm. (Kunze) Ching dichotoma (Thunb.)
(Gramineae) (Fern) (Fern) Berhn.) (Fern)
DOC (mg kg™') 88.05 + 6.88 100.79 + 8.23 103.53 + 10.59 85.67 + 4.64
NH4*-N (mg kg™1) 5.26 + 0.40 5.01 + 0.40 5.23 +0.32 5.45 + 0.51
NO;™-N (mg kg™1) 1.92 +0.19 4 1.41+0.098 1.40 £ 0.09 B 142 +0.15B
AN (mg kg™ 7.18 £ 0.50 6.42 + 0.44 6.63 + 0.37 6.87 + 0.64
AP (mg kg™1) 1.17 £0.154 1.15+0.184 1.34+0204 0.56 +0.09 B
pH 3.32 +0.05 3.31 +0.04 3.37 £ 0.04 3.33 +0.04
LC (gkg™) 465.09 + 8.61 4 41944 + 7188 459.67 + 6.32 A 475.82 + 6.62 4
LN (gkg™) 24.39 £ 0.69 A 17.07 +0.57 € 20.10 £ 0.77 B 15.05 +0.92 ¢
LP (gkg™) 1.39+0.12B 1.18 + 0.06 B¢ 1.94+0.184 1.02 +0.07 ¢
SC (gkg™) 31.57 +2.10 B¢ 27.87 £0.93€ 37.78 £ 1.39 A 35.88 + 2.00 AP
SN (gkg™) 1.30 +0.04 A 1.10+0.05B 0.62 +0.05 € 1.22+0.10 4B
SP (g kg™) 0.43 +0.024 0.39 +0.02 4 0.29 +0.02 8 0.32+0.018

3.2. Effects of N and P Addition on Carbon, Nitrogen, and Phosphorus (C, N, and P) Concentrations and
Stoichiometric Ratios of Different Functional Groups

Litter C, N, and the C:N ratio were significantly affected by N addition, the plant functional group,
understory species, and the randomized complete block design. Litter P and the C:P ratio depended
on P addition, understory species, and the randomized complete block design (Table 2). Litter P also
depended on understory species X P addition (“S x P[f]”). The N:P ratio of litter depended on P, N x P,
and the plant functional group. However, the results varied with blocks except L N/P (Table 2).
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Table 2. ANOVAs on the effects of nitrogen (N) and phosphorus (P) deposition, plant functional group (F), understory species (Sp; nested within plant functional
group, f), and their interactions on litter (raw decomposed leaves) C, N, P, and C/N/P. B&R indicates randomized complete block design. The six indicators include
litter total organic C (LC), litter total N (LN)), litter total P (LP), litter C to N ratio (L C/N), litter C to P ratio (L C/P), and litter N to P ratio (L N/P) along the first row of
the table. df is the degrees of freedom. *: p < 0.05; **: p < 0.01; ***: p < 0.001.

Factor  df LC (g kg™) LN (gkg™) LP (g kg) LCN LC/P L N/P
MS F MS F MS F MS F MS F MS F
N 2 8256 592 13 1010 % 0.70 2.30 376 5.19 % 323 0.02 90.33 247
P 1 26.78 0.02 17.18 1.54 1037  3422*% 56,65 0.78 618936  37.03** 982 2684
N*P 2 2440 26.71 28.54 2.56 0.81 2.66 70.56 0.98 27,073 1.62 156 426
f 1 23734  1700** 2066  18537**  0.01 0.04 2777 3841+ 2941 0.18 1472 40.26
N*f 2 10323 740** 2197 1.97 0.12 0.40 49.92 0.69 28,014 1.68 58.89 1.61
P 1 497.30 0.36 31.06 2.79 0.11 0.38 64.55 0.89 2928 0.18 71.35 1.95
NP 2 3603 2.58 2.88 0.26 0.02 0.05 36.05 0.50 884 0.05 23.27 0.64
Splf] 2 47217 3383** 398 3569**  13.89  4585** 2517  3481** 660744  39.53** 174 4.76
Sp*N[f] 4 2545 1.82 11.58 1.04 0.26 0.86 68.92 0.95 4379 0.26 1.59 0.04
Sp*Plf] 2 2714 1.94 19.89 1.79 3.35 11.04 #** 7.05 0.10 38,456 2.30 80.97 221
B&R 3 5465 3.92 % 201 18.01 *** 116 3.82 % 447 619 % 59,442 3.56* 43.52 1.19
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3.3. Correlation between the Litter of Different Functional Groups and Soil Carbon, Nitrogen, and Phosphorus
(C, N, and P) with the Addition of N and P

Based on the unitary regression analysis, the litter N of the fern functional group was positively
correlated with soil P (p = 0.051, Figure A1f) compared with the CK. In addition, for the fern functional
group, the litter P was positively correlated with soil C (p = 0.002, Figure A1g) and negatively correlated
with soil P (p = 0.019, Figure Ali). With the addition of N, the litter C of Gramineae was positively
correlated with soil P (p = 0.029, Figure A2c); the litter N was positively correlated with soil N (p = 0.015,
Figure A2e). The litter P and soil P were positively correlated in the Gramineae group but negatively
correlated in the fern group (Figure A2i). With the addition of P, there was a negative correlation
between the C and soil P of the litter of the fern group (p = 0.051, Figure A3c); the litter N and soil
N were negatively correlated (p < 0.001, Figure A3e) in ferns but positively correlated (p = 0.008,
Figure A3f) in Gramineae. Litter P is positively correlated with soil P in both the Gramineae and fern
groups (Figure A3i). With the application of both N and P, the change of the litter C concentration
in the fern group was affected by the change of soil C, soil N, and soil P concentration. The litter C
concentration increased with the increase of soil C but decreased with the increase of soil N and soil P
concentration (Figure la—c). The litter C concentration was negatively correlated with soil N (p = 0.059,
Figure 1b) in the fern group, whereas soil N was positively correlated with litter C (p = 0.003, Figure 1b)
in the Gramineae group. The litter N concentration of the fern group decreased with the increase of the
soil N concentration (p < 0.001, Figure 1le). There was no correlation between litter N, soil C, and soil P
of the two different plant functional groups (Figure 1d, f). Moreover, the litter P concentration was
positively correlated with both soil N and soil P (Figure 1h, i) in the fern functional group.

3.4. Effects of N and P Addition on Carbon, Nitrogen, and Phosphorus (C, N, and P) Concentrations and
Stoichiometric Ratios of the Soils Associated with Different Plant Functional Groups

A nested ANOVA showed that soil C was significantly affected by the understory species. Soil N
and soil P were significantly affected by N addition, plant functional group, understory species, and
randomized complete block design. The soil N also depended on P addition*plant functional group
(Table 3). The soil C/N ratio and C:P ratio depended on the plant functional group, understory species,
understory species*P addition, and randomized complete block design (Table 3; Figure 2). The soil
C/P ratio depended on P addition*plant functional group. The soil N:P ratio depended on N addition,
understory species, and randomized complete block design (Figure 2). Similarly, results of SN, SP, S
C/N, SC/P, and SN/P varied with blocks (Table 3).
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Table 3. ANOVAs on the effects of N, P, and Species (Sp, nested within f) and their interactions with soil carbon, nitrogen, and phosphorus (C, N, P), soil C/N, soil C/P,
and soil N/P. Terms are the same as in Table 2. B&R is randomized complete block design. df is the degrees of freedom. *: p < 0.05; **: p < 0.01; ***: p < 0.001.

Factor df SCgkg™) SN (gkg™) SP (g kg™) SC/N S C/P S N/P
MS F MS F MS F MS F MS F MS F
N 2 182 141 090 559 0.05 349 * 914 0.24 5964 292 1893 739 %+
P 1 109 0.84 0.12 0.73 0.05 329 1178 0.31 1865 0.91 3.38 132
N*P 2 16.63 0.13 0.33 2.03 0.01 0.64 1479 0.39 13.27 0.01 5.32 2.08
£ 1 186 1.44 375 2339% 030  2179%% 31687 831 41,092  2054** 585 228
N*f 2 278 215 0.05 0.31 0.02 178 821 0.22 4381 214 297 1.16
P 1 38.80 0.30 0.62 3.86* 0.05 358 7680 201 11,111 5.43 * 0.55 0.22
N*P*f 2 356 2.76 0.02 0.12 0.01 0.92 1074 0.28 2776 1.36 239 0.93
Splf] 2 1327 1028%% 477  2977%% 013  957*% 00281  23.68** 68901  3370** 2070  8.08***
Sp*NIf] 4 176 136 0.12 0.78 0.01 1.07 5364 141 3802 1.86 2.05 0.80
Sp"'P[f] 2 22.99 0.18 0.12 0.76 0.04 291 15,940 418* 8820 431 * 5.02 1.96
B&R 3 35 252 141 883 017  1244%% 26816  7.04%** 6256 306 3372 13.16%%
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Figure 1. Correlations between litter and soil carbon, nitrogen, and phosphorus (C, N, and P) of
four dominate species with two different functional types (Gramineae Lophatherum gracile and fern
Woodwardia japonica, Dryopteris atrata and Dicranopteris dichotoma) with N (100 kg ha™! year™!) and P
(50 kg ha™! year™!) addition.

4. Discussion

Ecological stoichiometry plays an important role in the study of plants and soils within an entire
ecosystem. Especially under global climate change, it is valuable to study the understory plant
community and the nutrient cycle [45,46]. In the Chinese fir plantation, this study identified the
differences in N and P nutrients availability in the soil associated with four understory species. Soil pH
was lower than that of other study [43], and the soil of understory plants has a very low pH (3.31-3.37,
soil/water, 2:5), indicating that these four species were acid-tolerant. In addition, there were significant
differences in the concentrations of C, N, and P in litter and soil among the four species, indicating that
species may be the factors contributing to this difference [2,47]. After the continuous addition of N
and P, the C, N, and P concentration and stoichiometric ratio of the litter of different plant functional
groups showed different degrees of variation compared to the CK. This change may be caused by
changes in the C, N, and P cycles in the understory ecosystem after the addition of N and P [12,48,49].
With the addition of N and P, the C, N, and P concentrations of different plant functional groups and
soil showed different degrees of correlation, and the correlation would change with different rates of
N and P addition. However, most results were significantly affected by blocks, indicating potential
variations in both litter and soil C and nutrients with spatial distribution of plots, which should be
further considered in future studies.

4.1. Effects of Different Understory Vegetation Types on Stoichiometric Ratio

Understory vegetation plays an important role in maintaining biodiversity in forest ecosystems
and soil nutrient cycling [50,51]. Most ecological indicators are correlated with different understory
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vegetation types [52]. Understory vegetation often participates in soil C and N nutrient cycling
processes via multiple methods [53]. There are different correlations between water-soluble organic C
and microbial biomass C of different understory vegetation types [54]. In this study; litter C, N, and
C:N and soil N, P, C:N, and C:P in species of different functional groups are significantly correlated
(Tables 2 and 3). The litter from different species is significantly correlated with soil C, N, and P and
the stoichiometric ratio (Tables 2 and 3). This is consistent with Giisewell’s conclusion that plants
have different C, N, and P concentrations in leaves due to the species and nutritional conditions [2].
These findings are consistent with Cheng et al.’s conclusions that indicated that the soil N utilization
efficiency of Gramineae is higher than ferns [55]. In addition, litter from the Gramineae group has a
lower C:N ratio, which is similar to the results of a study on the understory species of a Pinus massoniana
plantation. Gramineae may be more conducive to improving the nutrient cycling rate in its dominant
area [54].

4.2. Effect of Nitrogen (N) and Phosphorus (P) Addition on Stoichiometric Ratio

Nitrogen and P are the main limiting elements of plant growth in terrestrial ecosystems. It is
generally believed that a N:P mass ratio lower than 14 indicates that plant growth is limited by N,
while a N:P mass ratio higher than 16 indicates that plant growth is limited by P [47]. An unbalanced
input of N and P will seriously affect the ecological stoichiometry, ultimately affecting the function
of the ecosystem [15,56,57]. We found that N:P ratio of Gramineae litter (>16) was higher than ferns,
After the addition of P, the N:P ratio of Gramineae decreased, but it was not significantly different from
the CK (Figure 2i). Plants regulate their growth rate by adjusting the C:N:P ratio [58-60]. Because of
the growth dilution effect, the available plant P concentration would decrease with increasing N [60].
However, our study did not find that N addition significantly reduced the P concentration of plant
litter (Figure 2¢, Table 2), which was in agreement with a study on the effect of long-term application of
N and P fertilizer on plant N:P in a Tibetan alpine meadow [23]. It is possible that this effect is species
specific or depends on the N application rate [61,62]. In comparison, the addition of N increased the
N:P of litter and soil in the fern group (Figure 2i,1). The addition of P reduced the C:P and N:P of litter
and soil in the fern group (Figure 2h,i k). The separate addition of N and P had no significant effect
on the CNP stoichiometric ratio of Gramineae, which indicates that the fern group was affected by the
changes of a single environmental factor. This suggests that the fern population could rapidly expand
if the environment was conducive to their favored growth conditions. Gramineae species have a good
adaptability with the single change of N and P [53]. The co-addition of N and P reduced the C:N and
C:P of litter (Figure 2g,h) of two of the different functional groups, increased the soil N:P (Figure 2i) of
the fern group, and reduced the C:N ratio of understory species, which indicated that the addition of
N and P together increased the N concentration in plants.

Coupling between N and P was observed, which plays an important role in the regulation of
nutrient limitations and the strategies for plants to obtain nutrients in the changing environment [63,64].
These results show that the addition of N and P affects the correlation between litter and soil C, N, and
P, and has different degrees of influence in different plant functional groups.

With the increasing deposition of N in southern China, the availability of soil P is limited,
impacting the balance of C, N, and P in the ecosystem. In the context of global climate change,
long-term experiments adding N and P are beneficial to understanding the nutrient cycle of understory
vegetation in forest ecosystems and to cope with environmental changes. Future studies on understory
vegetation management should focus on the effects of N and P addition and understory vegetation
types on soil C and N cycles in plantations.
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Figure 2. Litter and soil carbon, nitrogen, and phosphorus (C, N, P), C/N, C/P and N/P of four dominate
species with two different functional types (Gramineae Lophatherum gracile and fern Woodwardia japonica,
Dryopteris atrata and Dicranopteris dichotoma) under four nutrient addition modes (CK, N, P and NP).
Terms are the same as in Table 2.

5. Conclusions

The C, N, and P concentrations of plants and soil vary greatly among different species, and these
differences may be species dependent. The input of exogenous N and P changes the stoichiometric
characteristics of understory plants to different degrees; thus, we believe that different species have
different response mechanisms to changes of environmental factors. Different functional plant groups
show different changes with the addition of N and P. The addition of N and P had an interactive effect
on the N:P of litter, indicating that the growth of understory plants was dually restricted by N and P.
Over the long-term, the addition of N and P may change the competitiveness of different functional
plant groups in the forest, leading to a change in the community of understory plant species. Therefore,
the response of the stoichiometric characteristics of understory plants to different N and P inputs
should be studied in future research on understory vegetation.



Forests 2019, 10, 742 11 of 17

Author Contributions: Conceptualization, L.Z. and J.X.; methodology, L.Z. and J.X.; software, ] X. and M.C.;
investigation, ].X., H.E, Q.Z. and Y.G.; resources, L.Z.; data curation, ].P. and J.X.; writing—original draft
preparation, J.X.; writing—review and editing, L.Z., X.X., X.F. and ].X.; supervision, X.G. and L.Z.; funding
acquisition, X.F. and L.Z.

Funding: This research was funded by the National Natural Science Foundation of China (31770749) and the
Research Project of Jiangxi Provincial Department of Forestry (No0.201806).

Acknowledgments: The authors thank the following people for their help in this research. Li-Li Ma, Shu-Li Wang, Xi
Yuan provided field assistance. Jia-Shun Peng assisted with lab analyses. Jiao Wu assisted with syntax modification.

Conflicts of Interest: The authors have declared that no competing interests exist.

Abbreviations

C carbon

N nitrogen

P phosphorus

DOC dissolved organic carbon

TOC total organic carbon

TN total nitrogen

TP total phosphorus

AN available nitrogen

AP available phosphorus

LC total litter organic carbon

LN total litter nitrogen

LP total litter phosphorus

SC total soil organic carbon

SN total soil nitrogen

SP total soil phosphorus

Sp understory species

F plant functional group

B&R block as random effect

L C/N litter carbon to nitrogen ratio
LC/P litter carbon to phosphorus ratio
L N/P litter nitrogen to phosphorus ratio
SC/N soil carbon to nitrogen ratio

S C/P soil carbon to phosphorus ratio
SN/P soil nitrogen to phosphorus ratio
Appendix A

Table Al. The values of organic C (C), total N (N) and total P (P) in litter and soil of four plants under
the addition of N and P (means + SE).

. No P Addition P Addition
Species
CK N CK N
C  50210+22.99 44988 +11.72 47409 +13.99  434.28 + 8.70
Litter N 24.04+085 2438 + 1.89 23.00 + 1.63 26.14 + 0.82
Lophatherum gracile P 121 £0.18 1.21 £0.18 1.69 +0.40 1.44 +0.17
(Gramineae) C 26.61 +1.37 37.68 + 6.08 35.88 + 8.32 33.71 + 6.54
soil N 1.25 + 0.07 1.47 + 0.07 1.12 + 0.03 144 +0.14
P 0.41 + 0.07 0.43 + 0.05 0.37 + 0.03 0.41 + 0.09
C 42027 +12.05 42131 +9.00 44222 +19.48  393.95+ 11.78
Litter N 1536+1.39 17.56 +1.23 16.43 + 0.93 18.95 + 0.67
Woodwardia P 1.23 + 0.08 1.13 +0.18 1.33 + 0.13 1.05 + 0.08
japonica (Fern) C  2938+2.08 2988 +2.15 2522 +1.75 32.07 +2.97
soil N 0.96 + 0.07 1.18 +0.10 1.00 + 0.13 1.34+0.14
P 0.38 + 0.03 0.29 + 0.05 0.40 + 0.03 0.39 + 0.02
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CK N CK N
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Dryopteris atrata P 1.88 +0.45 1.16 + 0.09 2.57 £ 0.42 218 +£0.22
(Fern) C 4089 +1.94 35.70 + 3.45 31.08 + 1.68 38.16 + 3.02
soil N 0.64 + 0.05 0.60 +0.17 0.40 = 0.03 0.74 £ 0.13
P 0.24 + 0.03 0.19 + 0.04 0.40 + 0.08 0.25 +0.03
C 480.50 + 6.65 476.03 + 13.68 485.45 + 19.59 461.29 + 10.67
Litter N 14.74 + 1.94 15.37 £1.90 12.01 £ 1.54 18.08 + 1.55
Dicranopteris P 0.75 + 0.04 0.84 + 0.04 1.53 +£0.17 0.97 + 0.06
dichotoma (Fern) C 3064 +227 29.51 + 0.70 34.01 + 4.97 39.89 + 3.83
soil N 077+007 1.19 +0.144 1.18 £0.15 1.53 + 0.42
P 030002 0.29 + 0.02 0.38 + 0.03 0.32 = 0.01
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Figure A1l. Correlations between litter and soil C, N and P of four dominate species with two different
functional types (Gramineae Lophatherum gracile and fern Woodwardia japonica, Dryopteris atrata and
Dicranopteris dichotoma) in CK treatment.
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Figure A2. Correlations between litter and soil C, N and P of four dominate species with two different
functional types (Gramineae Lophatherum gracile and fern Woodwardia japonica, Dryopteris atrata and
Dicranopteris dichotoma) in N addition treatment.
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Figure A3. Correlations between litter and soil C, N and P of four dominate species with two different
functional types (Gramineae Lophatherum gracile and fern Woodwardia japonica, Dryopteris atrata and
Dicranopteris dichotoma) in P addition treatment.
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