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A B S T R A C T

Plant competition can impose species-specific effects on the dynamics of soil carbon (C) and nitrogen (N)
through rhizosphere processes and litter input. Therefore, it is crucial to quantify these effects in various ter-
restrial ecosystems for a better understanding of the mechanisms. Here, we collected subsoils containing low N
from a subtropical forest and planted eight dominant tree species (two deciduous and six evergreens) in these
soils in a greenhouse to explore the effects of interspecific plant competition on plant growth, soil C and N
contents, and soil C and N mineralization rates after the plants had grown for 12 months. Soil labile organic C
and N contents were represented by soil extractable organic C (EOC) and extractable organic N (EON) contents.
We assessed the magnitude of the interspecific plant competition via the relative interaction intensity (RII)
index, which was calculated from the biomass of seedlings in the mixed treatments compared with the single
treatments. Our results showed that interspecific plant competition had species-specific effects on plant biomass
and soil total C and N contents as well as soil C mineralization rates, whereas it tended to decrease soil N
mineralization rates. However, interspecific plant competition significantly decreased plant C and N contents,
and significantly increased soil EOC and EON contents with increasing RII. After classifying the communities into
two functional types (i.e., deciduous–evergreen versus evergreen–evergreen), similar relationships were ob-
served. These findings address the importance of quantifying interspecific plant competition on soil labile or-
ganic C and N contents, which is helpful for understanding soil C and N cycling in forest ecosystems.

1. Introduction

Relationships between plant diversity and ecosystem functions have
attracted wide attention in terrestrial ecology. Generally, higher plant
richness can increase ecosystem functions such as soil carbon (C) and
nitrogen (N) storage (Isbell et al., 2011; MacDougall et al., 2013). The
increased soil C and N storage under greater plant species richness
might be attributed to higher plant litter and root exudation resulting
from enhanced plant productivity (Fornara and Tilman, 2008; Cong
et al., 2014; Laganière et al., 2015). Numerous studies have suggested
that plant competition might play an important role in soil C and N
dynamics (Cheng et al., 2013; Craine and Dybzinski, 2013). However,
the findings are often inconsistent because plant competition has

positive as well as negative effects on soil C and N dynamics (Fan et al.,
2011; Cheng et al., 2013; Yin et al., 2018).

Two different mechanisms underlying these phenomena have been
proposed. First, the positive effects of plant competition could be at-
tributed to increases in microbial activity derived from increased root
exudation and litter input to enhance N availability by accelerating N
mineralization of soil organic matter (i.e., the ‘microbial N mining’
hypothesis) (Craine et al., 2007; Fontaine et al., 2011). Second, the
negative effects of plant competition might be explained by the ‘nu-
trient competition’ hypothesis in N-poor soils (Kuzyakov, 2002). This
hypothesis suggests that plant growth uses up soil mineral N, thus de-
creasing microbial growth and metabolism, and further reducing C and
N mineralization of the soil organic matter. However, the magnitude
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and direction of the effects of plant competition on soil microbial ac-
tivity and C and N mineralization could be species-specific, depending
on the plant species’ traits. As a result, the effects of plant species on soil
C and N dynamics in monocultures cannot be extrapolated to predict
the effects of plant species in mixtures (De Long et al., 2019). This in-
dicates that plant interactions are very complex and may mask re-
lationships between plant richness and soil C and N cycling. Therefore,
it is important to quantify the effects of plant competition on soil C and
N dynamics for a better understanding of how plant species’ interac-
tions affect soil organic C dynamics. Here, we introduced a plant
competition intensity index, namely the relative interaction intensity
(RII) to quantify the effects of interspecific plant competition on soil C
and N dynamics.

It is very difficult to detect significant changes in soil organic C and
N contents under different management practices over short-term per-
iods (Bu et al., 2018). In contrast to soil C and N contents, changes in
labile C and N contents are easy to measure; for example, many studies
have shown that soil labile organic C and N contents can be changed by
competition among herbaceous and shrub plants (Ashton et al., 2008;
Dijkstra et al., 2010; De Deyn et al., 2012). In this respect, labile C and
N contents, measured as hot water extracts, are often used as an index
because they can reflect microbial biomass well (Zhou et al., 2013) and
also act as a short-term reservoir of labile resources for plants and
microbes (Zhou et al., 2017). However, it remains unclear how plant
competition among tree species affects soil labile organic C and N
contents (Yin et al., 2018).

On the basis of previous studies (Dijkstra et al., 2010; Yin et al.,
2018), we hypothesized that strong plant competition could reduce soil
C and N mineralization rates and thus increase labile organic C and N
contents, proportional to plant competition intensity. To test this hy-
pothesis, we collected subsoils with low N content from a subtropical
forest and planted eight dominant tree species in this soil in a green-
house. After harvest, we determined changes in plant and soil total C
and N contents, soil labile organic C and N contents, and soil C and N
mineralization rates with increasing RII.

2. Materials and methods

2.1. Experimental design

We conducted the experiment in a greenhouse near a subtropical
evergreen broadleaf forest station at Ningbo City, Zhejiang Province,
Eastern China (29°52′N, 121°39′E). According to the past 20 years’
meteorological records, the mean annual temperature and mean annual
precipitation were 16.2 °C and 1374.7 mm, respectively (Yan et al.,
2018). The soil type in this region was an Acrisol according to the world
soil classification, with a medium-heavy loam texture (Gao et al.,
2014).

Eight native tree species were selected in this experiment (Fig. S1),
including the deciduous species Quercus chenii Nakai (QC) and Hovenia
acerba Lindl. (HA), and six evergreen species: Cyclobalanopsis myrsini-
folia (Blume) Oerst. (CM), Cyclobalanopsis glauca (Thunb.) Oerst. (CG),
Lithocarpus harlandii (Hance ex Walp.) Rehder (LH), Castanopsis scler-
ophylla (Lindl. & Paxton) Schottky (CS), Phoebe sheareri (Hemsl.)
Gamble (PS) and Schima superba Gardner & Champ. (SS). Detailed in-
formation and the phylogeny of the tree species are presented in Table 1
and Fig. S2. Seeds of these tree species were collected in November
2016. We sterilized the seeds with insecticide (imidacloprid and car-
bendazim) and stored them at low temperature for 5 months to break
their dormancy. In April 2017, large numbers of seeds from each plant
species were planted in the nursery to allow tree seedlings to grow for
2 months. Tree seedlings with similar height (approximately 10 cm for
evergreen species and approximately 15 cm for deciduous species) were
selected and transplanted into pots (diameter, 15 cm; height, 15 cm).
Infertile soils were collected from the subsurface layer (15–30 cm) of a
natural forest nearby. Each pot was filled with ~ 2 kg of soil, which had

the following properties: a pH of 5.21, 0.61% total C and 0.04% total N;
the concentrations of NH4

+–N and NO3
−–N were 1.81 and

12.71 mg kg−1, respectively.
The experiment included three planting treatments (Fig. S1): a

single individual species treatment (i.e., one individual of each species
per pot), eight monoculture treatments (i.e., six individuals of the same
species per pot) and eight two-species mixed treatments (i.e., three
individuals of two species per pot, resulting in six individuals of two
species per pot). Based on differences in tree functional traits and
phylogenies, we selected eight mixtures as shown below: (1) one de-
ciduous–deciduous species mixture: QC–HA; (2) four deciduous–ever-
green species mixtures: QC–CG, QC–PS, QC–CM and PS–HA; and (3)
three evergreen–evergreen species mixtures: CG–CS, CG–CM and
LH–SS. There were 120 pots in total and every treatment had five re-
plicates.

During the experiment, all pots received the same management
practices: we watered them once a week and rearranged them every
2 weeks to prevent artefact effects from variations in glasshouse con-
ditions. The tree seedlings were grown for 12 months in the glasshouse
until harvest in August 2018. At the end of the experiment, we har-
vested all plants and collected soil samples from every pot (see below).

2.2. Measurements of plant shoot and root C, and shoot and root N contents

All plants were separated according to shoots and roots. Roots were
carefully washed in clean water. Shoot and root samples were dried at
65 °C for 24 h and then weighed. Plant materials were then finely
ground in a ball mill, and plant C and N contents were determined on a
Vario MICRO cube elemental analyzer (Elementar, Germany).

2.3. Measurements of soil labile organic C and N contents

Soil samples were collected with a soil auger (2.5 cm in diameter) to
a depth of 10 cm within every pot. The soil cores were immediately
mixed thoroughly and kept in a cooler at 4 °C. After passing the samples
through a 2-mm sieve to remove roots and stones, the soil samples were
stored at 4 °C prior to analysis. Soil total C and N contents were de-
termined on a Vario MICRO cube elemental analyzer (Elementar,
Germany).

We measured labile organic C and N contents in hot water extracts
as described in Zhou et al. (2013). Briefly, soil samples (6 g) were ex-
tracted with 50 mL of hot water and incubated at 70 °C for 16 h in 50-
mL Falcon tubes. After that, the Falcon tubes were rotated in an end-to-
end shaker at 120 rpm for 1 h and then the supernatant was filtered
through Whatman No. 42 paper. The inorganic N contents (the sum of
NH4

+–N and NO3
−–N) were measured with a Smartchem Discrete Auto

Analyzer (Smartchem 200, AMS, Italy). Soil extractable organic C
(EOC) and total soluble N in hot water extracts were determined on a
Multi N/C 3100 total organic C analyzer fitted with a total N unit
(Analytik Jena, Germany). Soil extractable organic N (EON) was cal-
culated by subtracting extractable inorganic N from total soluble N for
every soil sample.

2.4. Measurements of soil C and N mineralization rates

Soil samples were incubated in the laboratory to estimate the soil C
mineralization rates. About 12 g (dry weight equivalent) of field-moist
soil was incubated in a 1-L sealed flask in the dark at 22 °C for 2 weeks.
Gas samples of 30 mL from the headspace of the flasks were taken
before and after the incubation. The CO2 concentrations in the gas
samples were analyzed on a gas chromatograph (Agilent 7890A GC,
USA). Soil C mineralization rates were calculated from the differences
in the concentrations in the gas samples between two sampling times.

Soil net N mineralization rates were determined through a 7-day
anaerobic incubation under laboratory conditions as described in Chen
et al. (2002) and Zhou et al. (2012). Briefly, two 6-g portions of moist
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soil were weighed, and one portion was amended with 20 mL of dis-
tilled water and incubated at 40 °C for 7 days, extracted with 20 mL of
4 M KCl in an end-to-end shaker for 1 h and then filtered through
Whatman No. 42 filter paper. The other portion of soil was directly
extracted as described above. The NH4

+–N concentration was mea-
sured with a Smartchem Discrete Auto Analyzer (Smartchem 200, AMS,
Italy).

2.5. Calculation of interspecific plant competition intensity and expected
values

In order to quantify the effects of interspecific plant competition, we
assessed the magnitude of potential competition among the seedlings in
the eight mixed treatments as the RII (Armas et al., 2004):

=
+

RII
B B
B B

,i
mix i i

mix i i
ij,

, sin,

, sin, (1)

where Bmix,i is the average total biomass (shoot + root) of the three
seedlings of species i in the mixed treatments and Bsin,i is the total
biomass (shoot + root) of the seedling of species i in the single treat-
ment. The RII values ranged from −1 to 1. When the RII value is ne-
gative, this indicates interspecific competition. Regarding each mixed
treatment, two relative competitive intensity values were derived: RIIij,i
and RIIij,j. We calculated the mean of these two values and used them to
calculate the relationships between RII and soil properties.

We determined the effect of interspecific plant competition on shoot
and root C and N contents, soil EOC and EON contents, and soil C and N
mineralization rates by comparing the differences in the observed va-
lues and expected values (Expectedmix) in the mixed treatments. We
calculated the Expectedmix values of plant and soil properties based on
measurements in the monocultures weighted by the plant biomass of
each species in the mixtures:

= × + ×Expected TotBio Observed TotBio Observed TotBio( )/ ,mix mix i mono i mix j mono j mix, , , ,

(2)

where TotBiomix,i is the total biomass of species i in the mixture,
Observedmono,i is the measured plant and soil properties for species i in
the monoculture and TotBiomix is the total biomass in each mixed
treatment. If the observed values for the mixed treatment are lower

Table 1
Main properties of the eight tree species used in pot experiments in the greenhouse.

Tree species Abbreviation Family Genus Functional group

Quercus chenii QC Fagaceae Quercus Deciduous
Hovenia acerba HA Rhamnaceae Hovenia Deciduous
Cyclobalanopsis myrsinifolia CM Fagaceae Cyclobalanopsis Evergreen
Cyclobalanopsis glauca CG Fagaceae Cyclobalanopsis Evergreen
Lithocarpus harlandii LH Fagaceae Lithocarpus Evergreen
Castanopsis sclerophylla CS Fagaceae Castanopsis Evergreen
Phoebe sheareri PS Lauraceae Phoebe Evergreen
Schima superba SS Theaceae Schima Evergreen

Table 2
Mean ± standard errors for plant total biomass (sum of above- and below-
ground biomass) at the end of the experiment.

Treatments Total biomass (g per plant per pot)

Single QC 8.35 ± 0.31
HA 7.16 ± 0.26
CM 5.21 ± 0.24
CG 3.79 ± 0.18
LH 5.76 ± 0.40
CS 2.68 ± 0.25
PS 2.50 ± 0.07
SS 4.87 ± 0.22

Monocultures (six seedlings)
QC 2.29 ± 0.19
HA 1.29 ± 0.13
CM 1.35 ± 0.12
CG 2.23 ± 0.12
LH 2.94 ± 0.20
CS 1.32 ± 0.10
PS 0.96 ± 0.07
SS 1.65 ± 0.15

Mixtures (six seedlings)
CG–CS CG 2.26 ± 0.27

CS 1.08 ± 0.25
QC–CG QC 3.82 ± 0.53

CG 1.90 ± 0.19
CG–CM CG 2.56 ± 0.13

CM 1.57 ± 0.24
QC–HA QC 3.27 ± 0.36

HA 2.54 ± 0.34
QC–PS QC 3.50 ± 0.27

PS 0.75 ± 0.09
LH–SS LH 2.53 ± 0.20

SS 1.36 ± 0.26
PS–HA PS 0.63 ± 0.05

HA 2.32 ± 0.25
QC–CM QC 2.99 ± 0.21

CM 1.03 ± 0.12

QC, Quercus chenii; HA, Hovenia acerba; CM, Cylobalanopsis myrsinifolia; CG,
Cyclobalanopsis glauca; LH, Lithocarpus harlandii; CS, Castanopus sclerophylla; PS,
Phoebe sheareri; SS, Schima superba.

Fig. 1. The relative interaction intensity (RII) of tree species in the mixed
treatments. Different letters below the bars indicate significant differences in
the mean values among the mixed treatments (P < 0.05, n = 5). QC, Quercus
chenii; HA, Hovenia acerba; CM, Cylobalanopsis myrsinifolia; CG, Cyclobalanopsis
glauca; LH, Lithocarpus harlandii; CS, Castanopus sclerophylla; PS, Phoebe sheareri;
SS, Schima superba.
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than the expected values, the interspecific competition effect is nega-
tive; if it is larger, the effect is positive.

2.6. Statistical analyses

We used one-way analysis of variance (ANOVA) to compare dif-
ferences in tree shoot and root C and N contents, soil EOC and EON
contents, and soil C and N mineralization rates among the monoculture
and mixed treatments (Tables S2–S3). We also used ANOVA to compare
differences in RII among the eight mixed treatments. We used the two-
tailed t-test to test if the difference between the observed and expected
values of plant C and N contents, soil EOC and EON contents, and soil C
and N mineralization rates deviated significantly from zero. Simple
linear regressions were used to calculate the relationships between RII
(every pot) and plant and soil properties. All statistical analyses were
performed with SAS and the significance level was set at P < 0.05.

3. Results

3.1. Effects of interspecific plant competition on plant biomass, and C and N
contents

When grown as a single seedlings, QC and HA had the highest total
plant biomass, significantly higher than those of the other single
seedlings (Table 2). However, CS and PS had the lowest total plant

biomass among the single seedlings (Table 2). In the monoculture
treatments, LH had the highest total plant biomass, which was sig-
nificantly higher than that of the other monocultures, whereas PS had
the lowest biomass (Table 2). We found that QC–HA (2.91 ± 0.35 g)
and QC–CG (2.86 ± 0.36 g) had the highest total plant biomass, sig-
nificantly higher than those of the other mixed treatments, whereas
PS–HA had the lowest total plant biomass (1.48 ± 0.15 g) among the
mixed treatments (Table 2).

QC–CM and PS–HA had the highest RII values, which were significantly
higher than those in the other mixed treatments, which showed a decreasing
trend of LH–SS > QC–PS > QC–HA > CG–CM > QC–CG > CG–CS
(Fig. 1, Table S1). Interspecific competition had positive or negative effects
on plant properties in the eight mixed treatments (Fig. 2). Competition
between QC and HA increased plant shoot C and N contents by 64.63% and
64.94% respectively; plant shoot C and N contents decreased under CG–CS
and LH–SS (Fig. 2a, d). Plant root C and N contents significantly increased
through interspecific competition under QC–CG and QC–HA, but sig-
nificantly decreased under LH–SS (Fig. 2b, e). Significantly higher plant root
N content was seen under CG–CM but significantly lower plant root N
contents under QC–CM compared with the expected values (Fig. 2e). In-
terspecific competition significantly increased plant total C and N contents
under QC–CG and QC–HA, whereas total C and N significantly decreased
under LH–SS (Fig. 2c, f). Plant total N contents were significantly lower
under QC–CM compared with the expected values in the mixed treatments
(Fig. 2f).

Fig. 2. Observed minus expected values of plant shoot C (a), root C (b), plant total C (c), shoot N (d), root N (e) and plant total N (f) in the mixed treatments. Expected
values in the mixtures were calculated from the average values of the corresponding properties in the monocultures, adjusted for species-specific plant biomass in the
mixtures. The two-tailed t-test was used to determine significant deviations from zero. *: P < 0.05, **: P < 0.01, ***: P < 0.001. Data represent the mean and
standard errors (n= 5). QC, Quercus chenii; HA, Hovenia acerba; CM, Cylobalanopsis myrsinifolia; CG, Cyclobalanopsis glauca; LH, Lithocarpus harlandii; CS, Castanopus
sclerophylla; PS, Phoebe sheareri; SS, Schima superba.
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3.2. Effects of interspecific plant competition on soil EOC and EON
contents, and C and N mineralization rates

Interspecific competition significantly decreased soil total C and N
contents under QC–CG and CG–CM (Fig. 3a, b), whereas the soil total C
contents were significantly lower under CG–CS compared with the ex-
pected values (Fig. 3a). No differences in soil C:N ratios were observed
among the treatments (Fig. 3c).

Interspecific competition significantly increased soil EOC contents
by 32.41–57.31% under QC–PS, LH–SS and PS–HA (Fig. 4a, b), and
markedly increased soil EON contents by 20.80–67.10% under QC–CG,
QC–PS, LH–SS, PS–HA and QC–CM (Fig. 4b). The soil EOC: EON ratios
were significantly lower under CG–CS, CG–CM, QC–PS and QC–CM
(Fig. 4c). In general, interspecific competition decreased soil NH4

+–N
contents by 1.85–85.40% (Fig. 4d), though it tended to increase soil
NO3

−–N contents (Fig. 4e). Moreover, interspecific competition sig-
nificantly decreased soil NH4

+–N contents under QC–PS, LH–SS, PS–HA
and QC–CM (Fig. 4d), whereas it significantly increased soil NO3

−–N
contents under QC–PS and PS–HA (Fig. 4e).

Interspecific competition significantly decreased the soil net N mi-
neralization rates by 31.32–31.61% under CG–CS, QC–HA and PS–HA,
and significantly increased them under QC–CM (Fig. 5b). No marked
differences were found in soil C mineralization rates among the treat-
ments (Fig. 5a).

3.3. Relationships between competition intensity, and plant and soil
properties

Significantly negative relationships were found between RII and
plant root C and N contents as well as between RII and plant total C and
N contents (root C: R2 = 0.13, root N: R2 = 0.12, plant total C:
R2 = 0.10, plant total N: R2 = 0.10; P < 0.05) (Fig. 6b, c, e, f; Table
S4). For deciduous–evergreen species mixtures, RII was significantly
and negatively related to plant shoot C and N contents, root C and N
contents, and total C and N contents (shoot C: R2 = 0.54, shoot N:
R2 = 0.54, root C: R2 = 0.71, root N: R2 = 0.67, plant total C:
R2 = 0.71, plant total N: R2 = 0.68; P < 0.001) (Fig. 6; Table S5).
Similarly, RII was significantly and negatively related to plant shoot C
and N contents, root C and N contents, and total C and N contents in the
evergreen–evergreen species mixtures (shoot C: R2 = 0.31, P < 0.05;
shoot N: R2 = 0.56, root C: R2 = 0.70, root N: R2 = 0.71, plant total C:
R2 = 0.71, plant total N: R2 = 0.73; P < 0.001) (Fig. 6; Table S6).

Significantly positive relationships were found between RII and soil
EOC and EON contents within the treatments (EOC: R2 = 0.25, EON:
R2 = 0.18; P < 0.01) (Fig. 7a, b; Table S4). The RII values were sig-
nificantly and positively related to soil EON contents in decid-
uous–evergreen species mixtures (R2 = 0.33, P < 0.01) (Fig. 7b, Table
S5) but were significantly and positively related to soil EOC contents
and the EOC: EON ratio in evergreen–evergreen species mixtures (EOC:
R2 = 0.35, EOC: EON ratio: R2 = 0.26; P < 0.05) (Fig. 7a, c; Table
S6).

Fig. 3. Observed minus expected values of soil total C (a), soil total N (b), and the ratio of C to N (c) in the mixed treatments. Expected values in the mixtures were
calculated from the average values for soil total C, soil total N and the ratio of C to N in the monocultures, adjusted for species-specific plant biomass in the mixtures.
The two-tailed t-test was used to determine significant deviations from zero *: P < 0.05, **: P < 0.01, ***: P < 0.001. Data represent the mean and standard errors
(n= 5). QC, Quercus chenii; HA, Hovenia acerba; CM, Cylobalanopsis myrsinifolia; CG, Cyclobalanopsis glauca; LH, Lithocarpus harlandii; CS, Castanopus sclerophylla; PS,
Phoebe sheareri; SS, Schima superba.
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Fig. 4. Observed minus expected values of soil extractable organic C (EOC) (a) and extractable organic N (EON) contents (b), the ratio of EOC to EON (c), NH4
+–N

(d) and NO3
−–N contents (e), and the total inorganic N content (f) in the mixed treatments. Expected values in the mixtures were calculated from the average values

of the corresponding properties in the monocultures, adjusted for species-specific plant biomass in the mixtures. The two-tailed t-test was used to determine
significant deviations from zero. *: P < 0.05, **: P < 0.01, ***: P < 0.001. Data represent the mean and standard errors (n= 5). QC, Quercus chenii; HA, Hovenia
acerba; CM, Cylobalanopsis myrsinifolia; CG, Cyclobalanopsis glauca; LH, Lithocarpus harlandii; CS, Castanopus sclerophylla; PS, Phoebe sheareri; SS, Schima superba.

Fig. 5. Observed minus expected values of soil C mineralization rates (a) and net N mineralization rates (b) in the mixed treatments. Expected values in the mixtures
were calculated from the average soil C and N mineralization rates in the monocultures, adjusted for species-specific plant biomass in the mixtures. The two-tailed t-
test was used to determine significant deviations from zero. *: P < 0.05, **: P < 0.01, ***: P < 0.001. Data represent the mean and standard errors (n= 5). QC,
Quercus chenii; HA, Hovenia acerba; CM, Cylobalanopsis myrsinifolia; CG, Cyclobalanopsis glauca; LH, Lithocarpus harlandii; CS, Castanopus sclerophylla; PS, Phoebe
sheareri; SS, Schima superba.
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4. Discussion

Numerous studies have explored the effects of plant competition on
plant and soil C and N contents, showing species-specific effects
(Dijkstra et al., 2010; Cheng et al., 2013; Yin et al., 2018). However, it
remains unclear how plant competition intensity influences plant and
soil C and N contents. In this study, we found that plant competition
significantly decreased plant C and N contents, but significantly in-
creased soil labile organic C and N contents with increasing plant
competition intensity (Figs. 8, S7 and S8). To our knowledge, this is the
first time the effects of interspecific plant competition on soil labile
organic C and N contents have been quantified, which is helpful for
improving our understanding of soil C and N cycling in forest ecosys-
tems.

4.1. Effects of interspecific plant competition on plant biomass, and C and N
contents

Similar to previous studies (Dijkstra et al., 2010; Medina-Roldan
and Bardgett, 2012), plant competition had species-specific effects on
plant biomass, and C and N contents (Fig. 2). These results were con-
firmed by other calculation methods (Fig. S3), as we determined the

Expectedmix of plant C and N contents in the mixed treatments based on
their averages in the monocultures (Dijkstra et al., 2010). Previous
studies have shown that deciduous trees tend to have faster growth and
N uptake than evergreen tree species in the early stages of growth
(Seyoum et al., 2012; Chi et al., 2015). In the mixed treatments, de-
ciduous–evergreen tree species could produce higher plant total bio-
mass than the monocultures, as plant complementarity may override
the effects of plant competition (Xu et al., 2011). This is supported by
the positive effect of plant competition on root and plant total C and N
contents under the deciduous–evergreen species mixture Q. chenii–C.
glauca (Fig. 2), as well as by the negative effects on plant shoot C and N
contents under the evergreen–evergreen mixture of C. glauca–C. scler-
ophylla, and the negative effects on plant shoot, root and total C and N
contents under the evergreen–evergreen mixture of L. harlandii–S. su-
perba. On the other hand, we found that the deciduous–deciduous
mixture of Q. chenii–H. acerba had significantly positive effects on plant
shoot, root and total C and N contents, which was in contrast with what
we expected. This could be attributed to different niches of N uptake
forms (Ashton et al., 2010; Zeng et al., 2014), but further studies are
needed to explore the underlying mechanisms.

Additionally, we noticed that RII not only significantly decreased
plant C and N contents across the mixed treatments but also had similar

Fig. 6. Linear relationship of interspecific plant competition versus the observed minus expected values for shoot C (a), root C (b), plant total C (c), shoot N (d), root
N (e) and plant root N (f) in the mixed treatments. We also analyzed the linear relationship between interspecific competition and the observed minus expected values
of the corresponding plant C and N contents in different functional types. (○) represents all mixed treatments, (■) represents deciduous–evergreen species mixtures
and (▽) represents evergreen–evergreen species mixtures. RII, relative interaction intensity (absolute values).
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effects on plant C and N contents in mixtures with different functional
types (deciduous–evergreen species and evergreen–evergreen species)
(Fig. 6). This indicates that deciduous–evergreen and evergreen–ever-
green tree species mixtures have similar strategies to adapt to compe-
tition.

4.2. Effects of interspecific plant competition on soil EOC and EON
contents, and the underlying mechanisms

Generally, soil EOC and EON contents include microbial biomass
and mobile soil soluble organic matter derived from root exudation and
litterfall (Zhou et al., 2017; Bu et al., 2018; Gu et al., 2019). Soil EON

can be converted to NH4
+–N via soil N mineralization (Shen et al.,

2014). In this study, we hypothesized that under N-poor conditions,
plant competition might decrease soil NH4

+–N through increased up-
take (Fig. 9). As we expected, we found that plant competition had
negative effects on soil NH4

+–N contents. However, in contrast to our
expectation, we found that there were no differences in soil microbial
activities (i.e., C mineralization rates) (Fig. 5). Our results address the
importance of nutrient competition between plant and soil micro-
organisms, which may override the impact of microbial N mining, and
play an important role in driving soil C and N dynamics under N-poor
conditions in this subtropical forest. These results were supported by
the significantly positive relationships among interspecific plant

Fig. 7. Linear relationship of interspecific plant competition versus the observed minus expected values for soil extractable organic C (EOC) (a), extractable organic N
(EON) (b) and the ratio of EOC to EON (c) in the mixed treatments. We also analyzed the linear relationship between interspecific competition and the observed
minus expected values of EOC, EON and the ratio of EOC to EON in different functional types. (○) represents all mixed treatments, (■) represents decid-
uous–evergreen species mixtures and (▽) represents evergreen–evergreen species mixtures. RII, relative interaction intensity (absolute values).

Fig. 8. Conceptual framework depicting the effects
of interspecific competition among tree species on
soil labile organic C and N pools. The blue wedges
show increases and decreases (left to right). Soil
labile organic C and N contents are indicated by the
extractable organic C (EOC) and extractable organic
N (EON) contents. (For interpretation of the refer-
ences to colour in this figure legend, the reader is
referred to the web version of this article.)
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competition, soil EON contents and lower soil N mineralization rates
(Figs. 5 and 9).

Unlike the effects of plant competition on plant C and N contents,
plant competition mostly increased soil EOC and EON contents (Fig. 4).
Consistent with previous studies (De Deyn et al., 2012), we found
species-specific effects of plant competition on soil inorganic N con-
tents. These results were also confirmed by another calculation method
(Figs. S4–S6), as we determined the Expectedmix values of soil C and N
contents in the mixed treatment based on their averages in the mono-
cultures (Dijkstra et al., 2010). However, significant relationships be-
tween RII and soil EON contents were only observed in the decid-
uous–evergreen species mixtures, not in the evergreen–evergreen
species mixtures (Fig. 7b). Such results could be related to the growth
strategies of the two functional groups of plants (Mueller et al., 2012;
Zeng et al., 2014). Further studies should focus on the effects of plant
competition at different developmental stages or growth stages on soil
C and N contents for a better understanding of the mechanisms behind
this phenomenon.

5. Conclusions

Overall, plant competition had species-specific effects on plant C
and N contents, soil inorganic N contents and C mineralization rates,
but it tended to decrease soil N mineralization rates. However, there
were significantly negative relationships between RII and plant C and N
contents, but significantly positive relationships between RII and soil
EOC and EON contents. Similar results were observed in decid-
uous–evergreen and evergreen–evergreen tree species mixtures. These
results can be explained adequately by the ‘nutrient competition’ hy-
pothesis, which may override the impact of the ‘microbial N mining’
hypothesis in this N-poor subtropical forest. Our findings address the
importance of quantifying the effects of interspecific plant competition
on soil labile organic C and N contents, which can improve our un-
derstanding of soil C and N cycling in forest ecosystems. Future studies
should focus on rhizosphere priming effects in this respect.
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