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Abstract
Aims Ecological forest succession can be influenced by
plant-plant interactions that exert contrasting effects on
early- and late-successional species. In this study, we
explored the role of indirect plant-plant interactions and
the underlyingmicrobial mechanisms in forest succession.
Methods In a mesocosm experiment, we used Schima
superba, a widespread mid-successional species in sub-
tropical China, as a model species to explore how inoc-
ulating the rhizosphere soil of Schima affected the per-
formances of two early-successional species (Pinus
massoniana and Rhodomyrtus tomentosa) and two
late-successional species (Cryptocarya chinensis
and Machilus chinensis). All direct and indirect

correlations between plant performance and soil
microbial composition were examined using partial
least square path models.
Results Schima inoculum inhibited the growth of the
early-successional species but had little effect on the
growth of the late-successional species. Inoculation re-
duced non-arbuscular mycorrhizal fungi (non-AMF)
colonization in both species groups but increased
arbuscular mycorrhizal fungi (AMF) colonization in
the late-successional species. The percentage of root
lesions in the early-successional species increased with
inoculation, while that in the late-successional species
decreased. Plant nutrient acquisition was not responsive
to inoculation. According to the path models, soil mi-
crobes explained 51% of the growth variances in the
early-successional species but barely explained any
growth variances in the late species.
Conclusions Schima may increase the competitive ad-
vantage of the late-successional species over early-
successional species by inhibiting the mutualistic asso-
ciation between non-AMF and the latter, which in turn
may facilitate forest succession.
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Introduction

Plant community succession represents a predictable,
directional and continuous process of vegetation
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replacement, and it has been the focus of many ecolog-
ical studies. It is believed that plant succession is the
result of differential responses of plant species to envi-
r o nmen t a l c h ange s a l ong a su c c e s s i o n a l
chronosequence (Tilman 1985; Grau et al. 1997; Li
and Waller 2016). Early-successional plants usually
possess traits such as fast growth rate, high fecundity,
and high resource consumption efficiency that allow
them to rapidly colonize a resource-abundant habitat,
while late-successional plants are usually slow growers
with relatively low fecundity and resource consumption
efficiency (Connell and Slatyer 1977; Rees et al. 2001).
Early-successional species will eventually be replaced
by late-successional species in the absence of distur-
bances because abiotic and biotic conditions will even-
tually favor the latter (Peng and Wang 1993;
Cornelissen et al. 1994). For the forests in subtropical
China, the effect of the interplay between abiotic condi-
tions and plant characteristics on succession has also
been well studied (Mo et al. 2006; Huang et al. 2013).
Among all factors, ambient light conditions and plant
preference for light have been identified as the most
important ones (Cornelissen et al. 1994). However, it
is reported that early-successional species might fail to
recruit in open gaps in late-successional forest, suggest-
ing the important roles of other factors, such as soil
nutrient availability, in limiting the recruitment of early
species (Yan et al. 2015).

Because the nature of plant community succession is
the replacement of early-successional species by later-
successional species (Rees et al. 2001; Peng et al. 2012),
any ecological processes that might alter plant competi-
tion could alter the course of succession (Connell and
Slatyer 1977; Maggi et al. 2011). It is well known that
the competitive outcome between two plant species can
be altered by a third species that exerts contrasting
effects on these two species (Wootton 1994; Metlen
et al. 2013). According to the Connell-Slatyer model,
the colonization by some key species may affect subse-
quent species recruitment and plant succession (Connell
and Slatyer 1977). Therefore, a plant species has the
potential to alter the course of succession by exerting
contrasting effects on the performance of early- and late-
successional species.

Plant-soil feedbacks play an important role in regu-
lating vegetation dynamics (Klironomos 2002; Bever
2003). Despite a large body of literature indicating the
importance of negative plant-soil feedbacks in the facil-
itation of species coexistence (Klironomos 2002;

Mangan et al. 2010; Liu et al. 2012b; Bennett et al.
2017), plant-soil feedbacks have received much less
attention in the context of plant succession, especially
the succession of forest ecosystems (but see O’Hanlon-
Manners and Kotanen 2006; McCarthy-Neumann and
Kobe 2008; Krüger et al. 2017). Kardol et al. (2006)
reported negative plant-soil feedbacks on early-
successional species and positive plant-soil feedbacks
on late-successional species, which profoundly contrib-
uted to grassland succession. In a follow-up study,
Kardol et al. (2007) found that the negative plant-soil
feedbacks for early-successional species were driven by
soil pathogens, which may facilitate succession by
breaking the dominance of early species. In addition to
negative plant-pathogen feedbacks, positive plant-
mycorrhiza feedback has been reported to facilitate
community succession in a volcanic desert (Nara and
Hogetsu 2004; Nara 2006). These pieces of evidence all
support the idea that plant-soil feedback may play an
important role in plant succession.

Forest succession in subtropical China can be rough-
ly divided into three stages. The early stage is charac-
terized by the dominance of fast-growing, heliophytic
(shade-intolerant) conifers and shrubs; the middle stage
is characterized by a mixture of conifers and heliophytic
broadleaf trees; and the late stage is characterized by the
dominance of slow-growing, mesophytic (moderately
shade-tolerant) broadleaf trees (Peng and Wang
1993; Peng et al. 2012). In subtropical forests, there
is a special group of broadleaf trees, with a moderate
light preference and growth rate, that occur during
the transition from early to middle stage and are not
replaced during the middle and late stages. Schima
superba (a member of Theaceae family) is a typical
representative of this group, and it is one of the most
widely distributed species in the forests in subtrop-
ical China (Cao 2013). However, it is not clear
whether Schima plays any roles in regulating the
succession process, despite its long-term persistency
across successional stages (Peng and Wang 1993). It
is possible that Schima can modify the biotic and
abiotic conditions in a way that induces contrasting
responses on early- and late-successional species,
which in turn alter the course of forest succession.
If the modification by Schima benefits early-
successional species, then the successional process
will be slowed down; if it benefits the late-
successional species, then the successional process
will be accelerated.
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In this context, we explored the role of Schima
superba in forest succession from the perspective of
plant-soil feedbacks. In an outdoor common garden,
we assessed the effect of the rhizosphere soil of Schima
superba on the growth performance, nutrient acquisition
status, root health status and root mycorrhiza coloniza-
tion of the early- and late-successional trees via soil
inoculation. Furthermore, we used phospholipid fatty
acid analysis (PLFA) to determine the composition of
the rhizosphere microbial community of the study spe-
cies under different inoculum treatments. Specifically,
we asked the following two questions: i) Does the
rhizosphere soil of Schima superba exert contrasting
effects on the performance of the early- vs. late- succes-
sional species? ii) If so, to which extent can the observed
changes in plant performance be attributed to Schima-
induced changes in soil microbial community? Address-
ing the above questions enables us to have a better
understanding of the importance of indirect plant-plant
interactions in regulating forest succession, shedding
light on the microbial mechanism that drives the ob-
served indirect plant-plant interactions.

Materials and methods

Schima rhizosphere soil collection

The rhizosphere soil of Schima was collected from two
different forest types in Dinghushan Biosphere Reserve
in Guangdong Province, China (112°10′E, 23°10′N) in
May 2016: a mixed pine and broadleaf forest developed
from a 1930 plantation effort, and an old-growth broad-
leaf forest protected from anthropological disturbances
for more than 400 years (Mo et al. 2006). The relative
frequencies of Schima in these two types of forest were
15.7 and 4.4%, respectively (Peng et al. 2012). Six
Schima individuals 10–15 m in height and 30–50 m
apart from each other were chosen in each forest type.
Two forest types were chosen to account for the effects
of different plant communities on the rhizosphere mi-
crobial community of Schima, because Barberan et al.
(2015) suggested that the composition of the rhizo-
sphere microbial community of a species is dictated by
both the species itself and its neighbors. For each indi-
vidual, five soil cores were sampled randomly within a
0.5 m radius from tree stem. Litter was removed before
soil cores of ~900 cm3 (20 cm depth × 7.5 cm diameter)
were collected. The soil cores from the same individual

were thoroughly mixed and sieved over a 2 mm sieve to
remove large rocks and root tissues. Because refrigera-
tion can only preserve the soil samples for a few days to
avoid fungi desiccation (Brundrett et al. 1996), the
sieved soil samples were then stored at −20 °C for two
weeks before we started our common garden experi-
ment. Previous studies from polar and temperate regions
have shown that freezing does not significantly
reduce the abundance of mycorrhiza and soil bac-
teria (Männistö et al. 2009; Kilpeläinen et al.
2016). However, it is not clear whether freezing
will alter the composition of the soil microbial
community in subtropical regions.

Study species

To explore the effect of the rhizosphere soil of Schima
on early- vs. late-successional species, we selected two
fast-growing early-successional species (Pinus
massoniana [Pinaceae] and Rhodomyrtus tomentosa
[Myrtaceae]) and two slow-growing late-successional
species (Cryptocarya chinensis [Lauraceae] and
Machilus chinensis [Lauraceae]). Both early-
successional species are fast-growing heliophytes
(Wang and Peng 1987; Cao 2013), which are frequently
found to associate with ectomycorrhizal fungi (ECM)
(Howard et al. 2000; Huang et al. 2014). Both late-
successional species are slow-growing mesophytes
(Wang and Peng 1987; Cao 2013), which are frequently
found to associate with arbuscular mycorrhizal fungi
(AMF) (Chen et al. 2017). Two Lauraceae species were
chosen to represent late-successional mesophytes be-
cause Lauraceae species are the only typical late-
successional species that dominate late-successional for-
est stands but are not observed in early- and mid-
successional stands at Dinghushan Biosphere Reserve
(Mo et al. 2006; Cao 2013).

Experimental set-up

A soil inoculation experiment was conducted in an
outdoor common garden near Huolushan Forest Park,
Guangdong Province, China (113°24′E, 23°11′N) from
July 2016 to April 2017. We prepared the growth me-
dium by placing 0.4 L soil inocula on the surface of 8 L
‘background’ soil in 10 L pots (20 cm depth×25 cm
diameter). Except for the portion of background soil that
was used as inoculum, the rest of background soil was
sterilized by autoclaving once per day for three
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consecutive days. The background soil was collected
from an abandoned plantation near the outdoor common
garden. It was a typical red soil with low pH and low
nutrient content (supplementary materials Table S1),
which is similar to the initial condition for secondary
succession in subtropical China (Liu et al. 2012a). Three
types of inocula were used: i) background soil (labeled
as CK), ii) Schima inoculum from mixed pine and
broadleaf forest (labeled as MF) and iii) Schima inocu-
lum from broadleaf forest (labeled as BF).

In July 2016, two- or three-year-old seedlings of
Pinus, Rhodomyrtus, Cryptocarya, and Machilus were
purchased from local plantations and got transplanted
into the pots. Because in a preliminary experiment we
found that thorough removal of rhizosphere soil pro-
foundly reduced seedling survival rates of the late-
successional species, Cryptocarya, and Machilus (i.e.
the survival rate of the seedlings without any original
rhizosphere soil was lower than 10% of that of the
seedlings which were transplanted without removing
any original rhizosphere soil), we had to keep a mini-
mum amount of rhizosphere soil that came with the
purchased seedling to ensure seedling survival. The
initial height, basal diameter and biomass of every indi-
vidual were recorded.

For each species, each inoculum treatment was rep-
licated 6 times, with CK including replicated samples of
the background soil and MF/BF including the indepen-
dently sampled rhizosphere soil of the six Schima indi-
viduals from mixed/broadleaf forest stands. As a result,
a total of 72 seedlings were grown (4 species × 3
inoculum treatments × 6 replicates). All plants were
watered once a day during the whole experiment except
rainy days.

Effects of Schima inocula on plant growth and nutrient
acquisition status

During the nine-month experimental period, we repeat-
edly measured plant height and basal diameter at three-
month intervals. In April 2017, all plants were harvest-
ed, dried at 60 °C for 72 h and weighted. Because of the
differences in initial size among different individuals, all
growth measurements were quantified by relative
growth rate (RGR), which was calculated as follows
(Hoffmann and Poorter 2002):

RGR ¼ lnM2‐lnM1ð Þ= t2‐t1ð Þ

where M1 is the value of a growth measurement at time
one (t1) and M2 is the value of a growth measurement at
time two (t2).

In addition to growth performance, we measured
plant nutrient acquisition status by determining leaf
nitrogen (N) and phosphorous (P) contents at the end
of the first growing season in October 2016. We collect-
ed, dried (at 60 °C for 72 h), and ground eight to ten
mature leaves per individual. We then determined leaf N
and P contents following the protocol by Lu (1999).

Effects of Schima inocula on root lesion and mycorrhiza
root colonization

Before the plant harvest in April 2017, two soil cores of
~200 cm3 (10 cm depth×5 cm diameter) were taken
from the rhizosphere of each individual. All roots were
extracted from the soil samples, washed, cut into 2 cm
fragments and stored in 60% ethanol. For the assess-
ment of root lesions, root fragments were cleared with
10% KOH and subjected to microscopic inspection at
100 intersections at 100× magnification for any necrotic
lesions on the root surface (McGonigle et al. 1990). The
root fragments were then stained with trypan blue
(Phillips and Hayman 1970) and inspected at 100 inter-
sections at 250× magnification for the presence of
arbuscular/vesicular hyphae (typical AMF structures)
and the presence of regularly septate hyphae (a typical
non-AMF structure) (McGonigle et al. 1990).

Effects of Schima inocula on rhizosphere soil microbial
community

At the beginning of the experiment, differences in the
species composition of the soil microbial community
were assessed for the three soil inocula (i.e., CK, MF
and BF). To assess changes in the rhizosphere microbial
community, we sampled and analyzed the rhizosphere
soil of every individual plant at the end of the experi-
ment. The species composition of the soil microbial
community was determined by phospholipid fatty acid
analysis (PLFA) following the protocol of Bossio and
Scow (1998). Microbial lipids were first extracted with
single-phase mixture of chloroform: methanol: buffer
solution (1:2:0.8 v/v/v). The extracted lipids were then
separated into neutral lipids, glycolipids and phospho-
lipids on a silicic acid column. The fraction of phospho-
lipids was methylated before being analyzed by chro-
matography–mass spectrometry (GC-MS). Following

280 Plant Soil (2018) 430:277–289



Brockett et al. (2012), we assigned the phospholipids
into seven major groups (i.e., G+bacteria, G− bacteria,
actinomycetes, methanogens, AMF, ECM and sapro-
phytic fungi) and calculated the abundance of each
group of soil microbes.

Statistical analysis

In a preliminary analysis, we found that the effect of
inoculum treatment was similar for the species belong-
ing to an identical successional stage (supplementary
materials Table S2, Fig. S1). Because our goal was to
determine whether the Schima inocula (CK, MF and
BF) affected the performance of early- and late-
successional species differently, we used general linear
mixed models (LMMs) with inoculum treatment, group
(early species vs. late species), and their interactions as
fixed factors, while species nested within group was
selected as a random factor. Because the interaction
between inoculum treatment and group was significant
for most measurements, we further analyzed the effect
of inoculum treatment separately for early and late spe-
cies. In these models, inoculum treatment was selected
as a fixed factor, while species was selected as a random
factor. For RGR of height and RGR of basal diameter,
which were measured three times, we included time
(i.e., 1st, 2nd and 3rd measurement) as a random factor
to account for the variance among different measure-
ment times. Because using identical CK inocula is likely
to result in less variation in the CK treatment comparing
to MF and BF treatments, we had to correct for data
homogeneity and normality through data transformation
(see the normality test for model residuals in supple-
mentary materials Fig. S2). The LMMs were conducted
with R package ‘lme4’ (Bates et al. 2015). Although it is
recommended that the minimum number of levels for a
random factor be eight, LMMs using non-focal factors
as random factors are easier to interpret (Gelman and
Hill 2006). Moreover, the results of LMMs were similar
to those of fixed-effect linear models (LMs; see LM
outputs in supplementary materials Table S3). Post hoc
analyses were conducted for the multiple comparisons
among inocula treatments using the ‘glht’ function
(‘multcomp’ package; Hothorn et al. 2008) for all the
above models.

To test the effect of Schima inocula on the rhizo-
sphere microbial community for each study species,
we conducted a non-metric multidimensional scaling
(NMDS) on the abundance of the seven major groups

of microbes using the ‘metaMDS’ function (‘vegan’
package; Oksanen et al. 2016). Because the distributions
of the soil microbial groups of the four tree species on
NMDS axes were not distinctive, we combined the
datasets of all four species and conducted an over-
all NMDS on the combined dataset. Additionally,
we conducted a NMDS on the microbial groups of
the original soil inocula. Then, the scores of the
first two axes from NMDS analysis for each indi-
vidual and original soil inocula were extracted,
which were subjected to post hoc analysis for the
inoculum effect on axis scores.

To test whether the rhizosphere soil microbial
community and root-associated mycorrhiza account
for the variances in plant growth, a partial least
squares (PLS) path model was conducted to detect
all significant direct and indirect correlations be-
tween growth performance and soil microbes for
early and late species using the ‘plspm’ function
from the ‘plspm’ package (Sanchez 2013). Because
there is a suggested sample size for PLS path
model (Marcoulides and Saunders 2006), we com-
piled a dataset of 54 entries for each species. The
three repeated measurements of growth, RGR of
height and RGR of basal diameter, of each indi-
vidual were treated as three different entries; thus,
for the 18 individuals per species we obtained 54
entries. The one-time measurements of nutrient
acquisition status, root health status, mycorrhiza
root colonization and rhizosphere microbial com-
munity were triplicated for each individual. An a
priori model was constructed using six latent var-
iables with corresponding indicators (see model
set-up in Fig. 1). As mentioned above, our goal
was to see whether the early- and late-successional
species responded differently to the inocula treat-
ments. By conducting separate PLS path models
for individual species, we confirmed that the spe-
cies within the same group responded in a similar
fashion (see supplementary materials Fig. S3;
Table S7, 8). Thus, we controlled for between-
species variance following Lankau (2013) and
combined the datasets of the two species within
the same group from the same successional stage.
The predicted model for each group was obtained
and confirmed by bootstrapping following Sanchez
(2013) (see steps for model construction in sup-
plementary materials Note S1). All statistics were
conducted in R version 3.4.1 (R Core Team 2017).
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Results

Inoculum effect on growth performance and nutrient
acquisition status

The growth performance of the early species was
inhibited by the BF inoculum (Table 1; Fig. 2a–c):
RGR of height, basal diameter and biomass decreased
by 33 ± 9% (CK vs. BF post hoc z = 4.061, P < 0.001),
24 ± 8% (CK vs. BF post hoc z = 3.238, P = 0.003) and
35 ± 10% (CK vs. BF post-hoc z = 3.310, P = 0.003),
respectively. In addition, there was a trend that the MF
inoculum inhibited the RGR of height of the early
species (Table 1; Fig. 2; CK vs. MF post hoc z =
2.171, P = 0.076). In contrast, the growth performance
of the late-successional species was not responsive to
the inoculum treatments (Table 1; Fig. 2a–c): the post
hoc z values for CK vs. BF were − 0.234 (P =
0.970), 0.812 (P = 0.696) and − 0.206 (P = 0.977)
for RGR of height, basal diameter and biomass,
respectively. Because the effects of the random
factors, species and time, were mostly negligible
for the models conducted in this study, we only
present the effect sizes of random factors in the
supplementary materials (Table S4).

Leaf nitrogen and phosphorous contents remained
unaffected by inoculum treatments, suggesting that the
nutrient stoichiometry is rather strong for all species
(Table 1; Fig. 2d–f).

Inoculum effect on root mycorrhiza root colonization
and root lesions

Non-AMF root colonization in both the early and late
species was inhibited by the BF inoculum comparing to
the CK inoculum: the reductions in colonization rates
were 51 ± 16% and 57 ± 9%, respectively (for the early
species: post hoc z = 3.274, P = 0.003; for the late spe-
cies: post hoc z = 6.366, P < 0.001). The MF inoculum
also reduced the non-AMF colonization in the late spe-
cies by 32 ± 9% (post hoc z = 3.610, P < 0.001).

AMF root colonization in the early species remained
unaltered across inoculum treatments (Table 1; Fig. 2h):
the post hoc z values for CK vs.MF and CK vs. BF were
0.613 (P = 0.813) and − 0.508 (P = 0.868), respectively.
However, AMF root colonization in the late species was
increased in response to the BF inocula by 224 ± 47%
(post hoc z = −4.806, P < 0.001). There was a trend of
increased AMF root colonization in the late species
under the MF treatment (post hoc z = 2.216, P = 0.068).

Fig. 1 A priori PLS path model. Rectangles denote indicators that
were measured in our experiments. Circles denote latent variables
that were estimated by corresponding indicator(s). An arrow be-
tween two latent variables denotes a direct correlation between the
two variables. In total, six latent variables were included: growth,
nutrient acquisition status, root health status, mycorrhiza root
colonization, structure of the soil microbial community and inoc-
ulum treatment. The model was built under the following assump-
tions: i) nutrient acquisition status directly affects plant growth
(Santiago et al. 2012); ii) root lesion directly affects plant growth
by inducing tissue repair or compensatory regrowth (Maschinski
andWhitham 1989), or indirectly affects plant growth by affecting

nutrient acquisition status (Olff and Ritchie 1989); iii) root mycor-
rhiza colonization directly affects plant growth by enhancing stress
tolerance (Carrillo-Garcia et al. 1999) or indirectly affects plant
growth through affecting root health status (Schulz and Boyle
2005) and nutrient acquisition status (Smith and Smith 2012); iv)
the soil microbial community only indirectly accounts for growth
variances by affecting root health status (Li et al. 2012), nutrient
acquisition status (Rodríguez and Fraga 1999) and root mycorrhi-
za colonization (Bardgett and Shine 1999); and v) inoculation only
indirectly affects plant growth by affecting the microbial commu-
nity in the rhizosphere and plant-microbe interactions. Leaf N-P:
leaf N-P ratio; BD: basal diameter
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Inoculation significantly affected the root lesion per-
centage of both the early and late species. For the early
species, the MF and BF inocula increased root lesions
by 40 ± 16% (post hoc z = −2.438, P = 0.039) and 70 ±
16% (post hoc z = −4.267, P < 0.001). For the late spe-
cies, the MF and the BF inocula decreased root lesions
by 40 ± 16% (post hoc z = 2.472, P = 0.035) and 51 ±
16% (post hoc z = 3.164, P = 0.004), respectively.

Inocula effect on rhizosphere microbial community

The soil microbial component of the CK inoculum
significantly differed from that of the MF and BF inoc-
ula, with a significantly higher abundance of ECM and a
significantly lower abundance of all other microbial
groups (e.g., G+ bacteria, G− bacteria, AMF, etc.) in
the CK inoculum (Fig. 3a; see scores for inoculum
treatments and microbial groups in supplementary ma-
terials Table S5, 6). All study plant species had altered
rhizosphere microbial communities during the

experiment. The soil microbial components of the dif-
ferent inoculum treatments were not distinctive for
Rhodomyrtus, Cryptocarya and Machilus (Fig. 3c–e).
However, the abundance of saprophytic fungi and ECM
were lower and the abundance of actinomycetes and G+

bacteria were higher under the CK treatment than under
the BF treatment for Pinus (Fig. 3b; see scores for
inoculum treatments and microbial groups in
supplementary materials Table S5, 6).

Direct and indirect correlations between growth and soil
microbes

Fifty-one percent of the variation in growth performance
in the early species could be explained by the direct and
indirect effects of soil microbes (Fig. 4a). The growth of
the early species was directly correlated with root my-
corrhiza colonization, root health status and leaf nutrient
acquisition status (Fig. 4a): a higher percentage of non-
AMF colonization, stronger N vs. P acquisition and
fewer root lesions corresponded to faster growth. The
standard beta coefficients quantifying the strengths and
directions of the direct correlations between growth and
mycorrhiza root colonization, nutrient acquisition status
and root health status were 0.48, 0.29, and − 0.10, re-
spectively. In addition, root non-AMF colonization in-
directly improved the growth performance of the early
species through two synergistic paths (Fig. 4a; standard
beta coefficient = 0.10): i) reducing root lesion (standard
beta coefficient = −0.14); and ii) enhancing the relative
strength of N vs. P acquisition (standard beta coeffi-
cient = 0.29). Inoculation with Schima rhizosphere soil
significantly increased the percentage of root lesions in
the early species (standard beta coefficient = 0.60), and
it increased the abundance of saprophytic fungi in the
rhizosphere of the early species (standard beta coeffi-
cient = −0.53). Because saprophytic fungi were strongly
negatively loaded on soil microbial NMDS2 (see sup-
plementary materials Table S6), saprophytic fungi ap-
peared to indirectly inhibit the growth of the early spe-
cies through three synergistic paths (Fig. 4a; standard
beta coefficient = 0.44): i) increasing root lesion (stan-
dard beta coefficient = −0.11); ii) decreasing the relative
strength of N vs. P acquisition (standard beta coeffi-
cient = 0.29); and iii) decreasing root non-AMF coloni-
zation (standard beta coefficient = 0.34). See
bootstrapped indicator loadings and path coefficients
in supplementary materials Table S7, 8.

Table 1 Model outputs of general linear mixed models testing the
effect of inoculation on the growth performance, nutrient acquisi-
tion status, root mycorrhiza colonization, and root health status of
the early- and late-successional species

Measurement Early Species Late Species

SS F P SS F P

RGRH 23.87 8.2597 <0.001 0.23 0.2849 0.752

RGRD 0.02 5.4713 0.004 3.33 3.6538 0.026

RGRM 0.01 5.8527 0.003 0.00 0.1113 0.895

Leaf N 4.03 0.7358 0.479 10.66 1.5342 0.216

Leaf P 0.28 0.4545 0.635 5.41 2.5003 0.082

Leaf N:P 10.29 0.8958 0.408 11.02 1.822 0.162

Non-AMF
Coloniza-
tion

0.02 5.3629 0.005 0.30 20.383 <0.001

AMF
Coloniza-
tion

0.00 0.2147 0.807 0.16 11.573 <0.001

Root Lesion 0.02 9.166 <0.001 0.12 5.5327 0.004

RGRH: RGR of height; RGRD: RGR of basal diameter; RGRM:
RGR of biomass; SS: sum of squares. For all models, inoculum
treatment was selected as a fixed factor, while species was selected
as a random factor. For the RGR of height and basal diameter,
which had been measured thrice during the experiment, we addi-
tionally accounted for the variance among different measurement
times by using time (i.e., 1st, 2nd and 3rd measurement) as a
random factor. The d.f. of inoculum treatment was 2. Significant
results are shown in bold. Effect sizes of random effects are listed
in supplementary materials Table S4
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Only 4 % of the variation in the growth perfor-
mance of the late species could be explained by the
direct and indirect effects of soil microbes (Fig. 4b).
The growth of the late species was directly correlat-
ed only with leaf nutrient acquisition status (Fig. 4b;
standard beta coefficient = −0.15): a stronger P vs. N
acquisition corresponded to faster growth. Because
root non-AMF and AMF functioned antagonistically
(see model construction in supplementary materials
Note S1), root mycorrhiza colonization exerted a
very weak indirect effect on growth performance
(Fig. 4b; standard beta coefficient = −0.03) by alter-
ing nutrient acquisition status (standard beta coeffi-
cient = −0.26). Inoculation with Schima rhizosphere

soil significantly reduced the percentage of root
lesions in the late species (standard beta coeffi-
cient = −0.36), while it increased the abundance of
root-associated AMF but reduced the abundance of
root-associated non-AMF (standard beta coeffi-
cient = −0.76). Because soil saprophytic fungi func-
tioned antagonistically against soil AMF and
methanogens (see supplementary mater ia ls
Table S7), rhizosphere microbes also had little indi-
rect effect on plant growth by affecting leaf nutrient
acquisition status (Fig. 4b; standard beta coeffi-
cient = 0.02): saprophytic fungi increased, while
AMF and methanogens decreased the relative
strength of N vs. P acquisition (standard beta

Fig. 2 The effect of inoculation on RGR of height (a), RGR of
basal diameter (b), RGR of biomass (c), leaf N content (d), leaf P
content (e), leaf N-P ratio (f), root non-AMF colonization rate (g),
root AMF colonization rate (h) and root lesion percentage (i) of
early- and late-successional species. Means with 1 SE are shown.

Significant differences between these two groups are denoted by
different upper-case letters, while significant differences among
different inoculum treatments within each group are denoted by
different lower-case letters, based on post hoc tests. Refer to
statistics in Table 1. See post hoc z and P values in Results
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coefficient = −0.13). See bootstrapped indicator
loadings and path coefficients in supplementary ma-
terials Table S7, 8.

Discussion

Although indirect plant-plant interactions through
plant-soil feedbacks have been identified as impor-
tant drivers of plant community dynamics, only a
few studies have explored their roles in forest
succession. Our study is among the first to dem-
onstrate the importance of plant-soil interactions in
subtropical forest succession by showing that the
interplay between plants and soil microbes may
enhance the competitive advantage of late- over
early-successional species. Specifically, we exam-
ined the effects of Schima-induced changes in its
rhizosphere microbial community on the growth,
leaf nutrient content, root lesions and root-
mycorrhiza association of the species from differ-
ent successional stages. Our experimental design

allowed us to test the relative explanatory power
of all possible direct and indirect correlations be-
tween soil microbes and plant growth.

Contrasting effects of Schima superba on early-
and late-successional species

The rhizospheric soil of Schima superba exerted con-
trasting effects on the early vs. late-successional species
used in this study: Schima inoculum inhibited the per-
formance of the early-successional species but had little
effects the performance of the late-successional species.
Although we only chose two species to represent each
group, with the early species both being heliophytes and
the late species both being mesophytes, it is important to
note that heliophytes are nearly as common as meso-
phytes in mid- and late-successional forests in subtrop-
ical China (Liu et al. 2012a; Cao 2013). In a parallel
experiment on the effect of Schima inocula on Syzygium
rehderianum, a common heliophyte in mid- and late-
successional stands (Mo et al. 2006), we found that the
performance of Syzygium was inhibited by inoculation,

Fig. 3 Biplots for the first two axes of the PCA for soil inocula
(a), Pinus massoniana (b), Rhodomyrtus tomentosa (c),
Cryptocarya chinensis (d) and Machilus chinensis (e). Open cir-
cles denote the CK treatment, gray triangles denote the MF

treatment, and black squares denote the BF treatment. Major
microbial groups are mapped based on their scores on the first
two axes
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as was observed for early-successional heliophytes in
the current study (unpublished data; Liao et al.). We thus
demonstrate negative soil feedbacks on heliophytes and
slightly positive feedbacks on mesophytes (Fig. 2).
These results together suggest that Schima superba has
the potential to accelerate forest succession by inhibiting
heliophytes, the major component of early- and mid-
successional forests. As a matter of fact, the Btolerance^
model proposed by Connell and Slatyer (1977) also
describes a similar scenario to what we observed in the
current study: the colonization of particular species re-
stricted the recruitment of early-successional species by
modifying environmental conditions, while they had
little effects on the colonization of late-successional

species. Though the Connell-Slatyer model is a good
theoretical tenet, there is not much empirical evidence in
support of it. Our study showed that Schima may func-
tion as an early occupant in Connell-Slatyer model and
has the potential to facilitate succession.

Explanatory hypothesis for the contrasting effects
of Schima on early- and late-successional species

Differences in the strength and direction of soil feed-
backs for different groups were apparent in our results.
Because nutrient acquisition status had similar explana-
tory power for the growth of early and late species (Fig.
4), the much greater percentage of growth variance

Fig. 4 Predicted PLS path model
for the direct and indirect
correlations between the growth
performance and soil microbes
for the early-successional species
(a) and late-successional species
(b). Circles represent latent vari-
ables. Indicators for correspond-
ing latent variables are shown
beside/below the circles. To make
all indicators positively loaded on
corresponding latent variable, the
following indicators were trans-
formed before being used: i) for
the early species, the values of
leaf P content were multiplied by
−1; ii) for the late species, the
values of AMF colonization rate
and leaf P content were multiplied
by −1. All statistics shown are the
result of 500-iteration
bootstrapping. R2 values with 1
SE are shown for all endogenous
latent variables (i.e., the ones that
are pointed to at least one arrow).
Significant R2 values are marked
by asterisks (*P < 0.05,
**P < 0.01, *** P < 0.001). Dark
gray solid lines and arrows denote
facilitation. Light gray lines de-
note inhibition. Thicker lines in-
dicate stronger correlations. See
indicator loadings and path coef-
ficients in supplementary mate-
rials Table S7 and S8, respectively
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explained for early than for late species was due to root
mycorrhiza colonization and root lesions instead of
nutrient acquisition status (Fig. 4). In the current study,
the negative soil feedback for the early-successional
species seemed to result from the lack of association
with non-AMF (Fig. 2g and Fig. 4a): a lower percentage
of non-AMF colonization corresponded to more root
lesions and slower growth. The early-successional spe-
cies, Pinus massoniana, is a known ECM-associated
plant (Huang et al. 2014). Myrtaceae (the family of the
other early species, Rhodomyrtus tomentosa) has been
reported to mainly but not exclusively associate with
ECM (Howard et al. 2000). In contrast, Lauraceae (the
family of the late species, Cryptocarya chinensis and
Machilus chinensis) was found to associate with AMF
(Chen et al. 2017). A recent study showed that while
ECM-associated plants seldom form AMF associations,
AMF-associated plants are often found to be infected by
ECM to some extent (Toju et al. 2014). Thus, it is
reasonable that the early species, Pinus and
Rhodomyrtus, suffered more from the decreased non-
AMF colonization than the late species, Cryptocarya
and Machilus.

Strong explanatory power of soil microbes
on the growth responses to inocula treatment

In the current study, we found that soil microbes had
both directly and indirectly affected plant growth, espe-
cially for early species (Fig. 4).

Root mycorrhiza has been reported to directly facilitate
plant growth by enhancing plant tolerance to environmen-
tal stress, such as drought (Carrillo-Garcia et al. 1999) and
acidity (Gupta and Krishnamurthy 1996). Consistent with
previous studies, we did find a significant direct effect of
root mycorrhiza on the growth performance of early spe-
cies (Fig. 4a). Because seasonal drought and strong soil
acidity have been proposed as key limiting factors for
plant colonization and establishment in subtropical China
(Peng and Wang 1993), ECM may greatly contribute to
plant stress tolerance and thus allow initial establishment
of pioneer and early-successional species.

In addition, soil microbes indirectly affected plant
growth through affecting nutrient acquisition status.
On one hand, soil microbes have been proposed to
facilitate plant nutrient consumption (Rodríguez and
Fraga 1999; Nakano-Hylander and Olsson 2007; Smith
and Smith 2012). On the other hand, soil microbes have
been reported to compete for soil nitrogen with host

plant (Bardgett et al. 2003). Our results showed that
for the early-successional species, rhizosphere sapro-
phytic fungi negatively correlated with the relative
strength of N vs. P acquisition (Fig. 4a). For the late-
successional species, root-associated non-AMF in-
creased, and root-associated AMF reduced the relative
strength of N vs. P acquisition (Fig. 4b), which con-
firmed the well-known roles of non-AMF, such as
ECM, in N uptake (Landeweert et al. 2001) and AMF
in P uptake (Smith and Smith 2012). Since both of the
study groups suffered slightly from N limitation (i.e.,
leaf N-P ratio < 10) instead of P limitation (i.e., leaf N-P
ratio > 20) (Fig. 2f), the more prominent benefit from
non-AMF on N uptake is reasonable.

Moreover, soil microbes played an important role in
regulating resistance to belowground pathogenic/
herbivory attacks. Strong association with non-AMF
had alleviated the root lesion in early-successional spe-
cies (Fig. 4a), while strong association with AMF had
alleviated the root lesions in the late-successional spe-
cies (Fig. 4b). This may have resulted from the protec-
tion on host plants by mycorrhiza (Moosavi and Zare
2012). However, we also found that the root lesion
percentage in the late-successional species increased as
non-AMF colonization rate increased (Fig. 4b), where
an increased amount of saprophytic fungi tended to
increase the possibility of pathogenic/herbivory attack
on the roots (Fig. 4a,b). The positive correlation
between the abundance of saprophytic fungi and
root lesion might be due to direct parasitism
(Liang et al. 2015) or competition between sapro-
phytes and beneficial microbial groups, such as
mycorrhiza (Allen et al. 1995).

Conclusions

In conclusion, Schima superbamost probably facilitates
forest succession in subtropical China by inhibiting the
growth of heliophytes, the major component of early-
and mid-successional communities, but having little
effect on mesophytes, the major component of late-
successional communities. These different effects on
trees from different successional stages likely resulted
from the changes in the rhizosphere microbial commu-
nity that weaken the root-non-AMF association of
heliophytes but strengthen the root-AMF association
of mesophytes. Given that the major group of tree-
associated mycorrhiza in tropical or temperate regions
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is either AMF or ECM, while in subtropical regions
AMF- or ECM-associated trees often co-occur at com-
parable abundances (Toju et al. 2014), the interplay
between AMF and ECM in shaping the aboveground
vegetation can be exceptionally important in subtropical
forests. It is important to note that this study was con-
ducted using a mesocosm experiment; thus, the true
effects of Schima superba on forest succession have to
be tested further in field experiments.
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