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Abstract

Aims Late-successional trees have a relatively high
growth rate at low temperature, which is important
for their competitive advantage over mid-successional
trees. However, we have a limited understanding of
the underlying mechanism for such an advantage.
Methods We transplanted two mid-successional
tree seedlings (Castanopsis chinensis and Schima
superba) and two late-successional species (Machi-
lus chinensis and Cryptocarya chinensis) from Din-
ghushan (subtropical forest) to South China Normal
University. The seedlings were incubated in pots
with the same soil and routinely managed with regu-
lar watering and weeding. After 7 years of seedling
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culture, five pots of each tree species were selected
for greenhouse cultivation to simulate the effect of
low temperature (16 °C) on the studied tree species.
A control treatment (ambient temperature) was also
established.

Results  After 3 years, low temperatures changed the
bacterial and diazotrophic communities, decreased
the relative abundance of Actinobacteria in the mid-
successional species Schima superba and Castano-
psis chinensis, and increased the relative abundance
of Rubrivivax in the late-successional species Machi-
lus chinensis and Cryptocarya chinensis. In the low-
temperature treatment, late-successional M. chinensis
and Cryptocarya chinensis increased N fixation and
net N mineralization rates compared with those in
mid-successional S. superba and Castanopsis chin-
ensis. Meanwhile, the relative abundance of the fun-
gal community changed insignificantly, indicating
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that bacteria play a major regulatory role in nutrient
cycling at low temperatures.

Conclusions Our results suggest that shifts in the
bacterial community and changes in functional group
structures may play a key role in soil nitrogen cycling
during the succession of evergreen broadleaf for-
est ecosystems at low temperatures during the dry
season.

Keywords Forest succession - Low temperature -
Biological nitrogen fixation - Microbial community -
Net nitrogen mineralization

Introduction

Understanding the mechanisms of forest community
succession is crucial for predicting dynamic changes
in vegetation and developing protection strategies
(Clements 1916). The main factors promoting forest
community succession are natural selection, envi-
ronmental adaptability, and interactive effects (Chen
et al. 2019). Environmental factors have a long-term
impact on the community structure and composition
of forests and may determine the direction and pro-
cesses of plant succession (Mesquita et al. 2015). The
major environmental factors affecting plant commu-
nity succession in different regions include light, tem-
perature, water, and nutrient supplies (Meiners et al.
2015; Yu et al. 2021; Zhou et al. 2013).

Temperature is a key driver of plant community
dynamics (Gremer et al. 2012; Jiang et al. 2020;
Midolo et al. 2019). Seasonal change is a periodic and
continuous dynamic process by which plant growth
is inevitably affected during summer and winter (Yu
et al. 2023). Subtropical forests are particularly sensi-
tive to low temperatures in winter (Cavanaugh et al.
2013; Huang et al. 2010) because they evolved within
relatively narrow temperature regimes and are more
highly vulnerable to temperature changes (Miller
et al. 2021). However, subtropical regions frequently
experience lower temperatures for several months in
winter owing to their geographical location (Yan et al.
2013). Cold waves can damage some trees in tropi-
cal and subtropical forests, which are not adapted to
low temperatures (Bojorquez et al. 2021). Cold waves
may cause stress in these subtropical plants, affecting
their physiological and metabolic activities and affect-
ing their growth and yield (Hilliard and West 1970;
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Hou et al. 2018). For example, low temperatures limit
many neotropical species in northmost America that
are found in northwestern Mexico (Bojorquez et al.
2021). A short quiescent or inactive period in the
wood formation of Chinese red pine was observed
in the coldest month of the year in subtropical China
(Huang et al. 2018). These findings indicate that low
temperatures affect the growth and geographical dis-
tribution of plants (Allen and Ort 2001; Boyer 1982).
According to a previous study young leaves of
late-successional trees have stronger and more flex-
ible photoprotection strategies against low tempera-
tures than those of mid-successional trees (Yu et al.
2023). When exposed to a low-temperature environ-
ment, the subtropical tree species of late-successional
Acmena acuminatissima enhanced their photoprotec-
tion by accumulating more anthocyanin compared
with mid-successional Castanopsis chinensis (Yu
et al. 2020). This strongly suggests that the ability
to maintain a relatively high growth rate at low tem-
peratures is important for the competitive advantage
of late-successional species over mid-successional
species (Yu et al. 2023). However, we have a limited
understanding of the underlying mechanism for such
an advantage when exposed to low temperatures.
Under climate changes, subtropical forests occa-
sionally experience increasing cold waves (Li et al.
2022a), which might alter the rate or trajectory of for-
est succession (Allen and Ort 2001; Liu et al. 2012).
Low temperatures can indirectly limit the growth of
many species by changing their root exudates, which
affect microbially mediated nutrient transformations
(Ahlawat et al. 1998; Liu et al. 2022). Nitrogen (N)
plays a pivotal role in the growth of plants because
of its intricate involvement in the biosynthesis of
diverse biomolecules, including amino acids, nucleic
acids, and chlorophyll (Luo et al. 2023). Ammonium
(NH,*) and nitrate (NO5") are the primary inorganic
N forms that plants use (Andersen et al. 2017). Dif-
ferent plant species showed differential preferences
for these two N forms (Bai et al. 2017). The use of
N enhances plants’ ability to survive in adverse envi-
ronmental conditions (Luo et al. 2023), such as low
temperatures (Li et al. 2013). The preference for
NH,* over NO;™ significantly increases with decreas-
ing temperatures; below 5 °C, NH4Jr uptake occurs
and NO;~ uptake ceases (Macduff and Jackson
1991). This preference indicates the elevated meta-
bolic energy costs associated with NO;~ absorption
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and assimilation relative to those of NH,* (Luo
et al. 2023). Alternatively, increased NH,* uptake
is related to multiple modifications in plants (e.g.,
changing membrane electrochemical potential) (Wu
et al. 2019).

Biological N fixation by microorganisms from the
atmosphere is a crucial process for providing avail-
able N to plants and alleviating N limitation in many
biomes (Xiao et al. 2023; Zheng et al. 2020). Accord-
ing to succession theory, the highest rates of biologi-
cal N fixation occur in early- or mid-successional
subtropical forests because N restricts plant growth.
Conversely, soil N levels are high and biological N
fixation rates decline in the late-successional stages
(Batterman et al. 2013). Despite the abundance of
soil N attributed to chronic N deposition in many sub-
tropical forests, biological N fixation remains active
and high N, fixation rates are sustained (Reed et al.
2011; Zheng et al. 2020). However, the effects of low
temperatures in winter on the biological N fixation of
tree species at different community succession stages
are unclear.

In this study, the experimental subjects consisted
of two mid-successional species, Castanopsis chin-
ensis Hance and Schima superba Gardn. et Champ.,
and two late-successional species, Machilus chinensis
(Champ. ex Benth.) Hemsl. and Cryptocarya chinen-
sis (Hance) Hemsl.. All the seedlings were collected
from the subtropical evergreen broadleaf forest com-
munity of Dinghushan (Guangdong province, China).
To explore the effects of low temperatures on diazo-
troph communities, we performed a controlled exper-
iment with potted plants at the experimental base of
South China Normal University. We also investigated
the soil diazotroph community composition, soil
physicochemical properties, and leaf photosynthetic
N- and P-use efficiencies. N fixation rate increases
throughout succession in subtropical forests (Zheng
et al. 2020). Therefore, we hypothesized that under
low temperatures, (1) the composition of soil diazo-
troph communities changes with different tree species
in different forest succession stages; (2) the N fixa-
tion rate in late-successional dominant tree species
is significantly higher than that in mid-successional
dominant tree species mainly because late-succes-
sional trees have a relatively higher growth rate than
the mid-successional dominant tree species under low
temperature in winter; and (3) the leaf photosynthetic
N-use efficiencies in late-successional dominant tree

species are higher than those in mid-successional
dominant tree species. These factors may be key clues
to the gradual replacement of mid-successional spe-
cies by late-successional species.

Materials and methods
Plant materials and growth conditions

Seedlings of mid-successional Castanopsis chinen-
sis and S. superba and late-successional M. chinensis
and Cryptocarya chinensis were obtained from the
Dinghushan National Nature Reserve (112°30'39"-
112°33'41"E, 23°09'21"-23°11'30"N) to South China
Normal University (113°20'59"E, 23°8'22"N) in
Guangzhou, Guangdong Province, in 2012. For each
tree species, approximately 20 seedlings with an
average height of approximately 1 m were selected.
The plants were planted in pots (50 cm in diameter
and 35 cm in depth) with the same soil, sampled
from the biological garden of South China Normal
University. The soil had an organic matter content
of 33.39 g kg™!, total N of 1.11 g kg™!, NH,*N of
0.84 mg kg™!, and NO,™-N of 4.74 mg kg~'. The cli-
matic conditions at the planting sites mirrored those
of the Dinghushan National Nature Reserve, which is
characterized by the humid monsoon climate of low-
altitude subtropical zones. The seedlings were man-
aged with regular watering and weeding (Yu et al.
2021, 2023). The average day/night growth tempera-
tures were 33 °C/24 °C in summer, and 20 °C/12 °C
in winter.

The low-temperature experiments began seven
years after seedling sowing. Five pots of each tree
species were selected for greenhouse cultivation to
simulate the effect of the low temperature in winter
(16 °C) on the potential tree species (Fig. 1). Low-
temperature cultivation of these plant species was
conducted in a greenhouse at South China Normal
University in January 2019. The plants and soil were
sampled in July 2022, 3 years after the low-tempera-
ture treatment.

Soil sampling
Five cores were taken (0—10 cm depth) from each plot

in July 2022, and the composite samples were sieved
using a 2 mm mesh. A portion of the composite
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Fig. 1 The scheme of low
temperature experimental
design. In order to conduct
low temperature experi-
ment, we used greenhouse
to simulate dry season

low temperature (16 “C)
treatment on potential tree
species

samples was stored at — 80 °C for soil microbial com-
munity analysis, and another was preserved at 4 °C
to determine the NH,*-N and NO;-N contents. The
remaining soil was air-dried at room temperature for
the analysis of chemical properties. The soil gravimet-
ric moisture was tested by drying the soil at 105 °C
for 24 h. Extraction from fresh soil filtered with 2 M
KClI solution was used to determine soil dissolved
organic carbon (DOC) and N (DON) concentrations
using a total organic carbon and N analyzer (Multi
N/C®2100(S), Analytik Jena AG, Germany). Soil
extractable NH,*-N and NO;™-N were measured from
2 M KCl filtered extracts of fresh soil samples using a
flow injection autoanalyzer (AA3, SEAL, Germany).
The air-dried soils were digested with HF-HCIO,
to determine total phosphorus (P). Available P was
extracted with ammonium fluoride in hydrochloric
acid and then measured using the molybdenum-blue
method (Hedley et al. 1982). Soil total carbon and
total N were determined using a TOC/TN analyzer
(Elementar, varioMACRO cube, Germany).

DNA was extracted from the frozen soil (0.5 g)
using a Power Soil DNA Isolation Kit (MoBio, Cali-
fornia, USA). The V3-V4 region of the 16S rRNA
gene was amplified using the universal primers 338F
(5'-ACTCCTACGGGAGGCAGCA -3') and 806R
(5'-GGACTACHVGGGTWTCTAAT-3") for bacte-
rial community analysis (Li et al. 2022b). The ITS
region of the 18S rDNA gene was amplified using
the primers ITSIF (5-GGAAGTAAAAGTCGT
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AACAAGG-3") and ITS2R (5'-GCTGCGTTCTTC
ATCGATGC-3') for fungal community analysis (Li
et al. 2022b). Paired-end sequencing was conducted
on an [llumina NovaSeq platform (Personal Biotech-
nology Co. Ltd., Shanghai, China). Demultiplexed
FASTQ files corresponding to the DNA amplicons
were processed for the quality-filtering, trimming,
dereplication, and merging of paired-end reads into
amplicon sequence variants, denoised, and chimera
removed using the DADA?2 software pipeline (Cal-
lahan et al. 2016). Non-singleton amplicon sequence
variants (ASVs) were aligned with MAFFT (Katoh
et al. 2002). The leveling depth of the total number
of ASVs was set to 95% of the minimum sample
sequence size using the QIIME feature-table rarefy
of QIIME2. Bacterial and fungal ASVs were taxo-
nomically classified with the SILVA Release 130
and UNITE Release 8.0, respectively, with a con-
fidence threshold of 80%. The functional gene nifH
of the diazotrophs was amplified using the following
specific primer sets: nifH-F (AAA GGY GGW ATC
GGY AAR TCC ACC AC) and nifH-R (TTG TTS
GCS GCR TAC ATS GCC ATC AT) (Zhang et al.
2021). Raw sequences were subsequently subjected
to de-multiplexing, filtration, quality assessment, and
clustering following the Vsearch pipeline (Rognes
et al. 2016). 16S and 18S rDNA sequence data were
deposited in the NCBI Sequence Read Archive with
accession numbers PRINA1028249, 1,028,319, and
1,028,332, respectively.
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Nitrogen fixation rates

Nitrogen fixation rates were determined following
an acetylene reduction assay and measuring ethylene
levels using gas chromatography (Shimadzu, GC-14,
Kyoto, Japan) (Hardy et al. 1968). Fresh soil sam-
ples were placed in 250 mL glass bottles, with 10%
of the headspace replaced with pure C,H, (99.99%).
The bottles were incubated in situ for 24 h at ambi-
ent temperature. After incubation, the headspace gas
from each bottle was sampled and stored in a 12 mL
evacuated exetainer for analysis. The concentration of
background C,H, naturally produced by the samples
was also measured. The nitrogen fixation rates per
unit mass were expressed as C,H, production rates
(nmol C,H, g~! dry weight h™") (Hardy et al. 1968).

Nitrification rate

In brief, 15 g of soil from each sample was preincu-
bated at room temperature for 1 week and then mixed
with 100 mL of 1.5 mM ammonium sulfate. Follow-
ing incubation for 12 and 24 h, 10-mL slurry sam-
ples were centrifuged, and the resulting supernatant
was filtered through a membrane with a pore size of
0.45 pm. The NO;~ concentration in the supernatant
was promptly analyzed using the method described
above for measuring KCl-extracted NO;™—N, and the
nitrification rate was determined by calculating the
increase in slurry NO;™ concentration over time (Yao
etal. 2011).

Net N mineralization rate

A total of 15 g of soil from each sample was sub-
jected to aerobic incubation at a constant temperature
(25 °C) in the dark. After a 7-d incubation, all soil
samples were extracted with 2 M KCI. Net N min-
eralization rates were calculated as the changes in
NO; N and NH,*-N before and after the 7-d incuba-
tion, respectively (Adams et al. 1989).

Plant trait measurements

Light-saturated photosynthetic rate (Pmax) was deter-
mined in the youngest fully expanded leaf using a
Li-6400 Portable Photosynthesis System (Li-Cor,
Lincoln, NE) with a photosynthetic photon flux den-
sity of 1500 pmol m~2 s~!, with carbon dioxide in the

reference chamber at 400 pmol mol~!. After the sta-
ble values of Pmax were recorded, the sample leaves
and leaves near them were collected. The leaves were
oven-dried at 60 °C for 72 h, weighed, and ground
finely. Nitrogen and P concentrations in the leaves
were digested with H,SO,-H,0,. Total N was cal-
culated using the Kjeldahl method, and total P was
determined using the molybdenum blue method. Pho-
tosynthetic N- and P-use efficiencies were calculated
as the ratio of Pmax to total N and P content in the
leaves.

Statistical analyses

Statistical analyses were performed using SPSS v.
17.0 (SPSS Inc., Chicago, IL). Shapiro-Wilk and
Levene tests were used to test for data normality and
homogeneity, respectively, before analysis. If the data
did not follow a normal distribution, we conducted
non-parametric analyses on the soil microbial com-
munities. The effects of succession and temperature
and their interaction on soil microbial communities,
N cycle, and plant leaf traits were assessed using
general linear model analysis. The effects of trees on
soil microbial communities, N cycle, and plant leaf
traits under control and low-temperature conditions
were analyzed using one-way analysis of variance
and Tukey’s multiple comparison tests to determine
significant results (p <0.05). The effects of low tem-
peratures on soil microbial communities, N cycle,
and plant leaf traits were tested using independent
sample t-tests (p <0.05). Redundancy analysis (RDA)
was performed using Canoco 4.5. Structural equa-
tion modeling (SEM) was performedusing AMOS
7.0 software to develop a causal understanding of
the effects of low temperature and succession on the
chemical and biotic properties of the soil. Model fit
was assessed by y2-test, Bentler-Bonnett normed fit
index, and goodness-of-fit index.

Results

Soil properties

As illustrated in Table 1, succession significantly
affected soil total N (F=25.5, p<0.001), total C

(F=115, p=0002), C:N (F=352, p<0.001),
NH,*-N (F=27.3, p<0.001), NO,-N (F=20.6,
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p<0.001), total P (F=34.6, p<0.001), DOC
(F=4.2, p=0.047), and DON (F=14.6, p=0.001).
Temperature significantly affected soil C:N (F=11.9,
p=0.001), NH,*-N (F=37.9, p<0.001), NO;-N
(F=4.6, p=0.040), available P (F=6.5, p=0.015),
and DON (F=12.5, p=0.001) (Table 1). A signifi-
cant interaction effect was observed between suc-
cession and temperature on soil NH,*-N (F=33.2,
p<0.001), NO;/—N (F=10.1, p=0.003), and DON
(F=24.6, p<0.001).

In the control treatment, mid-successional S.
superba had higher soil total N, NO;"—N, DON, and
total P than late-successional M. chinensis and Cryp-
tocarya chinensis (Table 1). However, in the low-
temperature treatment, late-successional M. chinen-
sis and Cryptocarya chinensis had higher soil C:N,
NH,*-N and DON than mid-successional S. superba
and Castanopsis chinensis (Table 1). Therefore, low-
temperatures significantly increased soil NH,*~N and
DON in late-successional M. chinensis and Crypto-
carya chinensis compared with those in the control.

Soil microbial community

In the bacterial community, succession affected the
relative abundances of Proteobacteria (F=15.6,
p<0.001), Actinobacteria (F=39.3, p<0.001),
Acidobacteria (F=9.2, p=0.004), Bacteroidetes
(F=11.0, p=0.002),Gemmatimonadetes (F=4.4,
p=0.043), Firmicutes (F=7.4, p=0.010), and Roku-
bacteria (F=11.0, p=0.002). Temperature influenced
the relative abundances of Proteobacteria (F=20.6,
p<0.001), Actinobacteria (F=13.0, p=0.001),
Chloroflexi (F=11.7, p=0.002), Gemmatimona-
detes (F=6.5, p=0.015), and Rokubacteria (F=7.1,
p=0.011). An interaction effect was observed
between succession and temperature on the relative
abundances of Proteobacteria (F=4.3, p=0.045),
Actinobacteria (F=12.3, p=0.001), and Patesci-
bacteria (F=4.1, p=0.049).In the control treatment,
late-successional M. chinensis increased the relative
abundance of Actinobacteria compared with mid-
successional S. superba (Fig. 2A). However, in the
low-temperature treatment, late-successional M. chin-
ensis and Cryptocarya chinensis increased the rela-
tive abundance of Actinobacteria compared with mid-
successional S. superba and Castanopsis chinensis
(Fig. 2A). Low temperatures decreased the relative
abundance of Actinobacteria in mid-successional S.

superba and Castanopsis chinensis but did not affect
the relative abundance of Actinobacteria in late-suc-
cessional M. chinensis and Cryptocarya chinensis.
The C:N ratio and total carbon were positively cor-
related with the relative abundance of Actinobacteria
but negatively correlated with total N and P (Fig. 3A).

In the fungal community, succession affected the
relative abundances of Mucoromycota (F=14.5,
p=0.001) and Calcarisporiellomycota (F=4.6,
p=0.039). Temperature influences the relative abun-
dances of Basidiomycota (F=7.1, p=0.011), Mor-
tierellomycota (F=12.6, p=0.001), and Mucoro-
mycota (F=34.3, p<0.001). An interaction effect
was observed between succession and temperature
on the relative abundance of Mucoromycota spe-
cies (F=15.9, p<0.001). Low temperatures did not
change the fungal community during the mid-and
late-succession stages (Fig. 2B).

In the diazotroph community, succession affected
the relative abundances of Solidesulfovibrio (F=17.8,
p=0.008), Rubrivivax (F=49.7, p<0.001), Geobac-
ter (F=14.8, p<0.001), Azoarcus (F=4.4, p=0.042)
and Azohydromonas (F=11.1, p=0.002). Tem-
peratures affected the relative abundance of Rubri-
vivax (F=4.4, p=0.042), Methylocystis (F=6.1,
p=0.019), and Azohydromonas (F=6.5, p=0.015).
An interaction was observed between succession and
temperature on the relative abundances of Rubrivivax
(F=17.2, p<0.001) and Azohydromonas (F=6.9,
p=0.013).

In the control treatment, late-successional Crypro-
carya chinensis increased the relative abundance of
Rubrivivax compared with that of mid-successional
S. superba (Fig. 2C). In the low-temperature treat-
ment, late-successional M. chinensis and Cryptocarya
chinensis increased the relative abundance of Rubriv-
ivax compared with mid-successional S. superba and
Castanopsis chinensis (Fig. 2C). The C:N ratio, DOC,
and total carbon were positively correlated with the
relative abundance of Rubrivivax, but negatively cor-
related with total N and P (Fig. 3B).

Soil N cycle

Succession influenced N fixation (F=8.8,
p=0.005) and net N mineralization rates (F=16.5,
p<0.001). Furthermore, low temperatures affected
N fixation (F=7.4, p=0.010), nitrification
(F=16.1, p<0.001), and net N mineralization rates
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Late-successional

different lowercase letters indicate significant differences
among control treatment. Asterisks indicate significant differ-
ences between the control and low temperature treatments (ns
no significant, * p <0.05, *** p<0.001)
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(F=17.3, p=0.000) (Fig. 4). In the low-tempera-
ture treatment, late-successional M. chinensis and
Cryptocarya chinensis increased N fixation and
net N mineralization rates compared with those in

Machilus chinensis ~ Cryptocarya chinensis

Mid-successional Late-successional

mid-successional S. superba and Castanopsis chin-
ensis (Fig. 4). Soil C:N and DON were the main
factors affecting N fixation and net N mineralization
rates (Fig. 5a).
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Fig. 5 Structural equation model showing the effects of suc-
cession and low temperature on soil chemical properties, bio-
logical process and plant performance. Numbers on arrows are
standardized regression coefficients. (a) x2=10.593, df=10,
p=0.390, NFI=0.944, GFI=0.938, RMSEA =0.039. Arrow
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munity were represented by the first component of principal
component analysis. *p <0.05, **p <0.05, ***p <0.001
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Plant trait measurements

Succession affected N (F=27.5, p<0.001) and P
concentrations (F=8.3, p=0.007), as well as Pmax
(F=44.8, p<0.001) in leaves. Temperature influ-
enced N (F=11.7, p=0.002) and P concentrations
(F=19.0, p<0.001), Pmax (F=59.8, p<0.001), and
photosynthetic N-use efficiency (PNUE) (F=122.3,
p<0.001) in leaves. An interaction effect was observed
between succession and temperature on P concentration
(F=9.357, p=0.004), Pmax (F=24.100, p<0.001),
PNUE (F=16.8, p<0.001), and photosynthetic P-use
efficiency (PPUE) (F=8.4, p=0.006) in leaves (Fig. 6).

The N contents in the leaves of mid-successional
plants were higher than those of the late-successional
M. chinensis in the control treatment (Fig. 6). In the
low-temperature treatment, the N and P concen-
trations in S. superba were higher than those in the
other trees (Fig. 6). In the control treatment, mid-suc-
cessional S. superba and Castanopsis chinensis had
higher Pmax than late-successional M. chinensis and
Cryptocarya chinensis. However, insignificant differ-
ences in Pmax were observed among these trees in
the low-temperature treatments (Fig. 6).

In the control treatment, mid-successional Castan-
opsis chinensis significantly increased PNUE com-
pared with late-successional M. chinensis and Cryp-
tocarya chinensis. However, in the low-temperature
treatment, late-successional M. chinensis and Crypto-
carya chinensis had higher PNUE than mid-succes-
sional S. superba and Castanopsis chinensis. Diazo-
troph composition positively affected N fixation rate
and PNUE (Fig. 5b). In particular, late-successional
Cryptocarya chinensis had higher PPUE than mid-
successional S. superba (Fig. 6).

Discussion

Effect of low temperature on the soil microbial
community

Low-temperature experiments predicted the impact of
winter on tree growth at different successional stages
in subtropical forests. Changes in aboveground plants
cause variations in soil environmental factors, resulting
in changes in bacterial and fungal communities (Jiang
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et al. 2021). In this study, low temperatures significantly related to the abundance of Actinobacteria (Liu et al.

decreased the relative abundance of Actinobacteria in
mid-successional S. superba and Castanopsis chinensis.
However, the relative abundance of Actinobacteria in
late-successional M. chinensis and Cryptocarya chin-
ensis was not a effected significantly (Fig. 2). These
results are mainly attributed to late-successional trees
have a high level of dissolved organic N and exhibiting
a positive effect on Actinobacteria (Fig. 3). Alterna-
tively, the relative abundance of Actinobacteria was sig-
nificantly and positively correlated with soil C:N, sup-
porting the conclusion that the C:N ratio is positively

2020; Wu et al. 2023). Actinobacteria are Gram-posi-
tive bacteria that are widely distributed in the soil and
play vital roles in organic matter turnover and N cycling
(Boubekri et al. 2022). Actinobacteria are adaptable to
environmental changes, leading to their wide distribu-
tion in the biosphere (including extremophiles) (Zenova
et al. 2012). Moreover, they can grow and metabolize
under low-temperature conditions (Manucharova et al.
2007). These properties may have provided the phylum
with a superior adaptation mechanism to low-tempera-
ture environments during late-successional stages.
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In this study, the fungal community was not
affected by succession, which is inconsistent with a
previous finding stating that the fungal community
responds to changes in the succession of boreal for-
ests (Jiang et al. 2021). Fungi may play a major regu-
latory role in N cycling during succession (Jiang et al.
2021). In our study, the N cycle was mainly regulated
by bacteria. In the low-temperature treatment, late-
successional M. chinensis and Cryptocarya chinensis
increased the relative abundance of Rubrivivax com-
pared with mid-successional S. superba and Castano-
psis chinensis (Fig. 2C). This result is consistent with
the first hypothesis that the community composition
of soil diazotrophs varies under low temperatures
with different forest succession stages. The C:N ratio,
DOC, and total carbon were positively correlated
with the relative abundance of Rubrivivax (Fig. 3).
Thus, the soil diazotrophic community was controlled
by soil C:N, which is consistent with a previous study
finding that N fixation was controlled by substrate
C:N stoichiometry (Zheng et al. 2020). Ecological
stoichiometry is important in explaining soil N fixa-
tion and forest succession.

Effect of low temperature on soil N fixation rates

Consistent with our hypothesis, we found that N fixa-
tion rates increased during the late-succession stage at
low temperatures. This finding also agrees with a pre-
vious study showing that N fixation remains active in
N-rich forests (Menge et al. 2009). At low temperatures,
N fixation rates in late-successional plants were higher
than those in mid-successional plants, which is consist-
ent with a previous finding stating N fixation rates were
the highest in late-successional forests (Zheng et al.
2020). This phenomenon might be due to the high C:N
ratio at the late-successional stages, as confirmed using
structural equation modeling (Fig. 5). The results are
the same as those of a previous study, in which the N
fixation rate was significantly positively correlated with
C:N in forest soils (Li et al. 2023).

Several species of Actinobacteria are free-living
diazotrophs that play a substantial role in nitrogen
supply to ecosystems (Boubekri et al. 2022). At low
temperatures, the relative abundance of Actinobac-
teria higher in late-successional forests than in mid-
successional habitats. A previous study suggested that
actinorhizal symbioses between nonleguminous plants
and Actinomycete bacteria are common in temperate
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and boreal forests (Menge et al. 2009). Our results sug-
gest that the relative abundance of Actinobacteria was
positively correlated with N fixation rates (r=0.469,
p=0.002), indicating that bacteria may play a major
regulatory role in N cycling during successional pro-
cesses at low temperatures. Thus, late-successional
trees could acquire additional soil nitrogen. Our find-
ings are inconsistent with those of a previous study,
in which the relative abundance of the bacterial func-
tional groups participating in the nitrogen cycle did
not show significant variation during the succession
of boreal forests (Jiang et al. 2021). In addition, fungi
play a major regulatory role in N cycling during the
succession process because of the high carbon content
in boreal forests (Jiang et al. 2021).

In the soil diazotrophic community, the key diazo-
trophic genus, Rubrivivax, significantly affected the N
fixation rate (r=0.558, p=0.000). Rubrivivax is a pho-
tosynthetic species mediated primarily by nitrogenase
(Fu et al. 2023), implying its critical role in maintaining
the structure and function of ecological communities.

Effect of low temperature on plant traits and
succession

Under control conditions, the mid-successional
trees had a higher Pmax, which may have contrib-
uted to their high relative growth rate (Miller et al.
2021). However, low temperatures significantly
decreased their Pmax, possibly due to low temper-
ature-induced photoinhibition and decreased pho-
tosynthetic efficiency (Zhang and Scheller 2004).
Low temperatures had a strong negative net effect
on photosynthetic nutrient use efficiency in the spe-
cies because tropical forests evolved within rela-
tively narrow temperature regimes, making them
potentially vulnerable to temperature changes
(Miller et al. 2021). However, in the low-tempera-
ture treatment, the leaves of late-successional trees
had higher PNUE than those of mid-successional
trees. To our knowledge, this study is the first to
report that the efficiency of photosynthetic nutri-
ent use increases with succession at low tempera-
tures. These traits may facilitate late-successional
tree acclimation to the low temperatures in winter.
Our results indicate that late-successional trees have
high leaf photosynthetic N-use efficiencies, contrib-
uting to forest succession at low temperatures.
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Conclusion

The effect of low temperatures on forest community
succession can be explained in two ways. First, at low
temperatures, late-successional trees produce below-
ground feedback that enhances their growth potential
by accelerating the cycling of soil nutrients, particu-
larly nitrogen, primarily through alterations in the
community structure of functional microorganisms,
such as free-living N fixation bacteria. Second, late-
successional trees exhibit high leaf photosynthetic
N-use efficiencies at low temperatures, contributing
to forest succession. Competitive advantage under
low temperatures plays an important role in determin-
ing subtropical forest succession from mid- to late-
succession. Given that the litter layer is an essential
component that bridges vegetation and soils, nitrogen
fixation by plant litter could contribute effectively to
the soil nutrient pool. Further studies are warranted to
understand the effects of plant litter on nitrogen fixa-
tion and soil NH,"-N during forest succession.
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