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The vertical stratification of nutrient availability and related microbial adaptations in different soil horizons vary
: along forest succession gradients. However, the driving forces behind such age-related nutrient statuses and
F‘f“gl . microbial dynamics and their depth-dependent distinctions remain unclear. To bridge these knowledge gaps, the
g}ih;izgzsilzzzr;equemmg current study investigated the carbon (C) and nitrogen (N) contents, C- and N-acquiring extracellular enzyme
Soil horizon activities and fungal and bacterial communities in the organic layer (O), surface mineral soil (A) and mineral
Forest succession subsoil (B) in three temperate forest stands (35 years (y), 82 y and 200 y) in the Changbai Mountain region of

northeastern China. The O-horizon presented age-related increasing C/N ratios as well as decreases in N%,
enzyme (e.g., p-N-acetyl-glucosaminidase) activities and fungal and bacterial richness and diversity. In addition,
the dominant early-stage (i.e., 35 y) O-horizon fungal and bacterial species presented positive relationships with
the N content and copiotrophic characteristics, such as a powerful ability to mobilize available nutrients.
However, the dominant late-stage (i.e., 200 y) O-horizon microbial species were negatively related to the N
content but positively associated with the C content and/or C/N ratio and were characterized by an oligotrophic
capacity for adapting to N deficiency and recalcitrant substrate decomposition. In the A- and B-horizons, how-
ever, the substrate availability (e.g., C and N contents) and nutrient cycling activities (e.g., enzyme activities and
fungal and bacterial diversities) exhibited either a decreasing tendency from the early to the middle stage (i.e., 82
y) or an increasing tendency from the middle to the late stage. Such different or even opposing nutrient statuses
and microbial adaptations between the decomposed organic matter and soil horizons suggest that the below-
ground biochemical characteristics are strongly determined by litter quality succession and microbial feedbacks
to the depth-dependent allocation of available nutrients.

1. Introduction

Forest ecosystems fundamentally influence terrestrial element
cycling and storage and their responses to climate-driven and human-
induced environmental gradients (Bolscher et al., 2016; Creamer
et al., 2016; Sasmito et al., 2020; Selmants et al., 2014). With forest
succession, changes in dominant vegetation species (e.g., leaf litterfall
and root exudates) can cause shifts in microbially-mediated decompo-
sition and allocation of organic carbon (C) and nitrogen (N) compounds
from the forest floor to mineral horizons (Brock et al., 2020; Currie et al.,
1996; Luo et al., 2019; Vanderhoof et al., 2021). Thus, long-term con-
sequences for tree community assembly present a gradient of ecosystem
patterns and thus a chance to improve our knowledge on the edaphic
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traits (e.g., C/N stoichiometry) and biological activities (e.g., de-
composers and enzymes) that predominate in organic matter decom-
position and its depth-specific allocation (Schmidt et al., 2011).
However, little is known about the mechanisms controlling below-
ground elemental stoichiometry and nutrient-acquiring microbial com-
munities and their vertical stratification with forest development.
Across forest succession gradients, varying substrate availability is a
driving force of microbial phylogenetic community assemblage and
enzyme activities (e.g., f-glucosidase), leading to variations in nutrient
sequestration in the soil beneath the litter horizon (Baldrian et al., 2008;
Roy-Bolduc et al., 2015; Waring et al., 2016; Wu et al., 2013). Along a
chronosequence of 5, 11, 21, and 30 years (y) post reforestation, mi-
crobial communities may shift from copiotrophic to oligotrophic
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dominance, probably due to decreases in labile C and N substrates and
accumulation of nutrient-poor and recalcitrant C components (Sun et al.,
2017). As the humus horizon develops with forest stand succession,
humicolous saprotrophs may be more active in decomposing organic
substrates (Fernandez-Toiran et al., 2006). Furthermore, fungal com-
munities undergo more distinct changes than bacterial communities
along forest succession gradients, as fungi have a stronger association
with vegetation (e.g., plant symbioses and litter decomposers) and may
outcompete bacteria in effectively utilizing root exudates and plant
detritus (Sun et al., 2017; Zhong et al., 2018). Thus, strategy-dependent
feedback in fungal communities is highly related to vegetation species
and litter quality (e.g., leaf C/N ratio) (Roy-Bolduc et al., 2015; Wu
et al., 2013), while bacterial community assemblage is more likely to be
dependent upon edaphic properties (e.g., soil organic N) (Jiang et al.,
2018). In addition, enzyme activities relating to organic matter turnover
(e.g., N-acetyl-glucosaminidase) and litter decomposition are highly
sensitive to inorganic N concentrations in early-successional forests
(Allison et al., 2010). However, poor substrate quality (e.g., low N
availability) at the late climax stage of forest succession may be asso-
ciated with aggressive ectomycorrhizal fungal colonization and related
enzyme activities, which decelerate litter decomposition (Waring et al.,
2016). Thus, enzymatic degradation can be a rate-limiting step in the
litter decomposition process and link microbial life strategies to
changing elemental stoichiometry and substrate affinity in litter and
upper soil horizons at different stages of vegetation succession
(Schneider et al., 2012; Tischer et al., 2015; Voriskova and Baldrian,
2013).

Litter-derived compounds can be first immobilized by microorgan-
isms in the upper forest floor and then in the subsoil (Guelland et al.,
2013; Wang et al., 2020). Therefore, their biogeochemical trans-
formations belowground are predicted to present marked depth strati-
fication (Leinemann et al., 2018; Tripathi et al., 2013; Urbanova et al.,
2015). Such top-down stratification effects are characteristic of
decreasing microbial accessibility and substrate availability from upper
to deeper horizons (Fuss et al., 2019; Kalks et al., 2020; Vormstein et al.,
2020). With increasing soil depth, C/N enzymatic acquisition ratios
decrease, suggesting that microbes adapt to requiring more energy in
producing N- but not C-acquiring extracellular enzymes in metabolizing
increasingly recalcitrant substrates in deeper soils (Zhou et al., 2020).
Moreover, as litter substrate quality frequently varies with vegetation
development, successional changes are always observed in belowground
organic product allocation and depth-dependent nutrient-cycling pro-
cesses (Bai et al., 2019; Blasko et al., 2015; Currie et al., 1996; Thuille
and Schulze, 2006). Compared with old temperate coniferous forests,
early-stage deciduous hardwood forests are characterized by higher
rates of N cycling in litterfall and have greater vegetative N uptake and
microbial N immobilization and organic C pools in mineral soils (DeLuca
etal., 2002; Forstner et al., 2019; Guénon et al., 2017). However, in pine
and pine-oak mixed stands (but not pure oak stands), the organic com-
pound diversity and evenness can increase from the upper and less
fragmented litter layer to the lower fragmented and humified horizon
because of the accumulation of recalcitrant pine litter compounds and
their decomposition products (Guénon et al., 2017).

A large area of natural temperate forests in Northeast China is
located in the Changbai Mountain region, whose zonal climax vegeta-
tion is a broad-leaved Korean pine (Pinus koraiensis) mixed forest
(averagely older than 200 y). Severe logging disturbances that occurred
in the Second World War (1930s) and during industrialization (1980s)
created naturally regenerated forests mainly composed of broadleaf
Betula platyphylla and Populus davidiana. Thus, a human-induced forest
succession gradient from the early pioneer to the late climax stage was
formed over decades and constitutes a natural laboratory to explore
edaphic and biotic drivers of element cycling and storage during forest
development (Liang et al., 2018). By investigating the C/N stoichiom-
etry, C- and N-targeting decomposition enzymes and the fungal and
bacterial community compositions and richness in three horizons on a
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timescale of decades after high-severity deforestation, we aimed to
address the following questions: 1) Are the nutrient availability and the
microbial community composition and richness in the decomposed
organic matter layer and mineral soil horizons closely related to forest
succession stages? 2) Can horizon-specific shifts in nutrient cycling be
explained by top-down stratification effects driven by microbial adap-
tation to varying litter quality during forest succession? We hypothe-
sized that the distinct litter properties over the course of forest
succession induce seral shifts in the substrate availability of decomposed
organic matter and thereby change the microbially-mediated nutrient
stratification across the upper soil and subsoil horizons.

2. Materials and methods
2.1. Site information and sample preparation

Sampling plots were located in the Changbai Mountain Natural
Reserve (CMNR) of northeastern China (42°12-23'N; 128°0-13'E)
(Fig. 1, Table 1). Precipitation occurs primarily from June to September
and averages 700 mm annually; the annual average temperature is
2.8 °C (Yuan et al., 2016). The soil at the sampling site is an andosol that
developed from volcanic ash (Bai et al., 2017). The young and middle
succession stages of poplar-birch forests regenerated after forest logging
in the CMNR in 1980 and 1933, respectively. In addition, although no
Korean pine samplings occurred in the young succession stage, the
middle succession stage encountered many saplings of Korean pine and
thus showed a sign of forest succession from poplar-birch to broad-
leaved Korean pine mixed forest. A broad-leaved Korean pine mixed
forest with a mean forest age older than 200 y, which is the typical zonal
climax vegetation in the CMNR (Liang et al., 2018; Zhang et al., 2015),
was regarded as a late succession stage. Samples were collected from
July 5 to 9, 2015. The succession stages were therefore denoted as 35y,
82 y and 200 y, respectively.

In each forest stand, ten plots (15 m x 15 m each) were randomly
chosen as sample replicates, and the minimum distance between two
plots was approximately 50 m. The ten replicates for each forest stand
should be considered pseudoreplicates. A total of five subsamples were
mixed to yield a composite sample for each plot. Before the sampling of
each plot, collection materials were sterilized with 70% alcohol. Sam-
ples were collected separately for the horizons of intermediately to
highly decomposed organic matter (Oa + Oe according to the SUDA soil
taxonomy, i.e., O), surface mineral soil (A) (ca. 0-5 cm depth) and
mineral subsoil (B) (ca. 5-10 cm), which provide an opportunity to
explore the temporal patterns of depth-dependent C/N stoichiometry
and microbial communities during forest development in the CMNR of
northeastern China. The samples were transported at 4 °C and sieved
through a 2-mm mesh to remove visible roots and rocks. Then, the
samples were stored at —80 °C for DNA extraction, lyophilized for
enzyme activity determination or air-dried at room temperature for one
week for chemical analyses.

2.2. C/N stoichiometry and enzyme activity analyses

The dried soil samples were sieved through a 100 mesh screen for the
detection of C and N contents with an elemental analyzer (Elementar
Vario Macro, Germany). Extracellular enzyme activities were detected
via high-throughput fluorometric measurement using 96-well micro-
plates as reported by Bell et al. (2013) and He et al. (2016) with slight
modification. p-N-acetyl-glucosaminidase (NAG) activity is closely
related to the mineralization of N-containing compounds (e.g., chitin
and peptidoglycan), whereas the other enzymes depolymerize carbo-
hydrate biopolymers such as cellulose (p-D-cellobiohydrolase, CBH;
B-1,4-glucosidase, BG), starch (a-1,4-glucosidase, AG) and hemi-
celluloses (p-xylosidase, XYL) (Bell et al., 2013; Tischer et al., 2015;
Zhao et al., 2018). A 2-gram aliquot of the soil sample was suspended in
200 mL of 1 mmol L NaN3 (to inhibit the growth of microbes) in a
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Fig. 1. The localization of investigated sites. The PBF and BLK study sites are poplar-birch forest and broad-leaved Korean pine mixed forest, respectively.

Table 1
Characteristics of sampling sites.
Stand Forest type Longitude Latitude Altitude
age (m)
35y Poplar-birch forest 128°13'59” 42°12'41" 1129
E N
82y Poplar-birch forest 128°00'18" 42°22' 17" 860
E N
>200y Broad-leaved Korean 128°05' 31” 42°23' 05" 800
pine mixed forest E N

blender for 15 min. Then, 100 pl of the soil slurry was mixed with 100 pl
of 200 pmol MUB-linked substrates and 50 pl of modified universal
buffer. Additional 4-methylumbelliferone (MUB) standards (0-100
umol/L concentrations) were included with each sample. There was a
control microplate where the soil slurry was replaced by 100 pl of 1
mmol L NaN3. Sample and control microplates were incubated at 25 °C
for 4 h. The substrates of the tested enzyme included 4-methylumbelli-
feryl N-acetyl-p-D-glucosaminide for NAG, 4-methylumbelliferyl o-D-
glucopyranoside for AG, 4-methylumbelliferyl p-D-glucopyranoside for
BG, 4-methylumbelliferyl p-D-cellobiopyranoside for CBH, and 4-meth-
ylumbelliferyl g-D-xylopyranoside for XYL. Then, 250 pl of the super-
natants were pipetted into black and flat-bottomed 96-well plates to
detect the fluorescence and absorbance intensities via an Infinite 200
Pro spectrophotometer (Tecan, Switzerland). Fluorescence measure-
ments were conducted at wavelengths of 365 nm (excitation) and 450
nm (emission).

2.3. DNA extraction and sequencing

Genomic DNA was extracted from 0.5 g of soil with a PowerSoil DNA
Isolation Kit (MoBio Laboratories, USA), and its concentration and
A260/280 ratio were detected with a NanoDrop 2000 UV-Vis spectro-
photometer (Thermo Fisher Scientific Inc., USA). The internal tran-
scribed spacer (ITS) sequence forward primer ITS3-2024F (5'-
GCATCGATGAAGAACGCAGC-3") and reverse primer 1TS4-2409R (5'-
TCCTCCGCTTATTGATATGC-3') with a unique barcode were used to

amplify the ITS2 region (Bellemain et al., 2010; Maza-Marquez et al.,
2018). The universal primers 515F (5-GTGCCAGCMGCCGCGGTAA-3')
and 907R (5'-CCGTCAATTCCTTTGAGTTT-3') with a unique barcode
were used for the V4-V5 region of bacterial 16S rRNA gene amplification
(Knelman et al., 2017; Tischer et al., 2015; Yang et al., 2007). The PCR
(25 pl) consisted of 5-10 ng of total DNA, 1 unit of Ex Taq (TaKaRa,
Dalian, China), 1 x Ex Taq buffer, 0.2 mmol of each dNTP and 0.4 pmol
of each primer. Fungal amplification conditions consisted of an initial
denaturation step of 94 °C for 5 min, followed by 30 cycles of 94 °C for
30s, 53 °C for 30 s and 72 °C for 50 s with a final extension at 72 °C for 5
min. Bacterial amplification conditions were as follows: 94 °C for 3 min,
followed by 30 cycles of denaturation at 94 °C for 40 s, annealing at
56 °C for 60 s, extension at 72 °C for 60 s, and a final extension at 72 °C.
Replicate PCRs were carried out for each sample, and their products
were pooled and subjected to 1% agarose gel electrophoresis. The band
with the correct size was excised and purified using a SanPrep DNA Gel
Extraction Kit (Sangon Biotech, Shanghai, China). All PCR products
were quantified with a NanoDrop and pooled with equimolar amounts
of each sample. Sequencing libraries were generated using the Ion Plus
Fragment Library Kit 48 rxns (Thermo Fisher Scientific Inc., USA)
following the manufacturer’s recommendations. Library quality was
assessed on a Qubit 2.0 fluorometer (Thermo Fisher Scientific Inc.,
USA). The library was then sequenced on an Ion S5™ XL platform, and
single-end reads were generated.

2.4. Analysis of high-throughput sequencing data

Single-end reads were trimmed and assigned to each sample based on
their unique barcodes. Quality filtering of the raw reads was performed
according to Cutadapt (Buresova et al., 2019) (Version 1.9.1, http://cut
adapt.readthedocs.io/en/stable/). Sequences were clustered into oper-
ational taxonomic units (OTUs) using the cd-hit clustering algorithm (Li
and Godzik, 2006) at a 97% threshold pairwise identity with pick otus.py
(QIIME, version 1.7.0). Singletons and doubletons were removed during
OTU selection. The aligned sequences were inspected for chimeras using
the UCHIME algorithm (Edgar et al., 2011). The taxonomic classification
for each prokaryotic OTU was carried out using the Ribosomal Database
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Project (RDP) Classifier against the Greengenes 16S rRNA database with
a minimum confidence of 0.8 (Wang et al., 2007), while the fungal
taxonomy was assigned against the UNITE reference database in version
7.0 (Koljalg et al., 2013). All samples were normalized to the smallest
sample size (40,894 and 58,690 reads/sample for bacteria and fungi,
respectively). Diversity analyses were performed by running a workflow
in QIIME. The complexity of microbial species diversity for each sample
was assessed based upon the abundance-based indexes of observed
species, diversity (Shannon) and evenness (Simpson). Among these di-
versity indexes, the Shannon and Simpson indexes are sensitive to rare
species abundance (Banerjee et al., 2016). Sequences were deposited in
the NCBI Sequence Read Archive under accession number SUB6787713.

2.5. Statistical analyses

One-way ANOVA (Tukey’s honestly significant difference (HSD)
test) was used to assess differences in normally distributed data (Sha-
piro-Wilk test); otherwise, we conducted Kruskal-Wallis test via the
Boxplerk function in R software (R Development Core Team, 2019,
version 3.6.1). Constrained correspondence analysis (CCA) was per-
formed with fungal and bacterial OTUs (>0.5% relative abundance)
using the vegan package of R based on the length of the gradient along
the first ordination axis (Bai et al., 2019; Schostag et al., 2015).
Figures were constructed using Origin 9.0 (OriginLab Corp., USA). As
previously reported (Bai et al., 2020), the key fungal and bacterial
species were clustered into 9 groups (three stand ages x three horizons)
based on the Spearman correlation coefficients of the individual species
in each group (Figs. SI-1, SI-2).
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3. Results
3.1. C/N stoichiometry

In the O-horizon, the C content had no difference between 35 y and
82 y (42-43%) but significantly increased to 45% at 200 y (P < 0.05,
Fig. 2A); the N content was 2% at 35 y and declined by 13% to 82 y and
by 37% to 200 y (Fig. 2D). Thus, the C/N ratio was 22 at 35 y and
increased by 14% to 82 y and by 68% to 200 y (Fig. 2G). In the A- and B-
horizons, the C and N contents were generally lowest at 82 y. Compared
to the early and/or late succession stage(s), the middle-stage C contents
declined 13-20% in the A-horizon and 31-32% in the B-horizon
(Fig. 2B, 2C); the middle-stage N contents decreased 16% in the A-ho-
rizon from 35 y to 82 y and 36% in the B-horizon from 200 y to 82 y
(Fig. 2F). The A- and B-horizon C/N ratios decreased 6% and 18%,
respectively, from 35 y to 82 y (Fig. 2H, 2I). Furthermore, the C/N
stoichiometry was strongly affected by horizon effects: from the O- to
the B-horizon, the C and N contents decreased 70-90% (Fig. 2A-F); the
C/N ratios decreased by 37%, 55% and 68% at 35 y, 82 y and 200 y,
respectively (Fig. 2G-I).

3.2. Enzyme activities

In the O-horizon, the AG and BG activities were highest at 35 y but
had no difference between 82 y and 200 y (Fig. 3D, 3G); the XYL ac-
tivities decreased 21% from 35 y to 82 y and 29% from 82 y to 200 y
(Fig. 3M); in contrast, the CBH activities increased approximately 1.2-
fold from 35 y to later succession stages (Fig. 3J). In the A- and B-ho-
rizons, most of the enzyme activities significantly decreased from 35y to
82 y but tended to increase from 82 y to 200 y (Fig. 3). Moreover, the
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Fig. 2. Litter and soil C/N stoichiometry in different soil horizons along the forest succession gradient; (A-C) carbon (C) contents in the O-, A- and B-horizons; (D-F)
nitrogen (N) contents in the O-, A- and B-horizons; (G-I) C/N ratios in the O-, A- and B-horizons. Values are shown as the means and standard errors (N = 10).

Different letters indicate significant differences at P < 0.05.
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Fig. 3. Enzyme activities in different soil horizons along the forest succession gradient; (A-C) p-N-acetyl glucosaminidase (NAG) activities in the O-, A- and B-ho-
rizons; (D-F) a-1,4-glucosidase (AG) activities in the O-, A- and B-horizons; (G-I) f-1,4-glucosidase (BG) activities in the O-, A- and B-horizons; (J-L) p-D-cellobio-
hydrolase (CBH) activities in the O-, A- and B-horizons; (M-O) p-xylosidase (XYL) activities in the O-, A- and B-horizons; (P-R) BG/NAG ratio in the O-, A- and B-
horizons. Values are shown as the means and standard errors (N = 10). Different letters indicate significant differences at P < 0.05.

XYL activities in the B-horizon continuously increased 51% from 35 y to
200 y (Fig. 30). For horizon effects, the NAG activities presented pro-
nounced horizon differentiation and decreased by more than 99% from
the O- to the B-horizon (Fig. 3A-C); in contrast, the CBH activities varied
little between the O- and A-horizons and decreased by a minimum of
56% from the O- to the B-horizon (Fig. 3J-L).

3.3. Fungal and bacterial richness, diversity and evenness

Compared to that at 35-82 y, the microbial diversity at 200 y
generally decreased in the O-horizon but increased in the A- and B-ho-
rizons (Figs. 4, 5). Specifically, the O-horizon bacterial observed species,
Shannon index and Simpson index decreased by 58%, 26% and 4%,
respectively, from 35 y to 200 y (Fig. 5A, 5D, 5G). In contrast, the A-
horizon fungal observed species increased by 20% from 35 y to 200 y
(Fig. 4B). The variation in horizon effects differed between fungal and
bacterial richness: the number of fungal species (except for 200 y)
decreased 32-39% from the O- to the B-horizon (Fig. 4A, 4C); however,
the numbers of bacterial species were 23-69% higher in the A-horizon
than in the O- and B-horizons (Fig. 5A-C).

3.4. Fungal and bacterial community compositions

As shown in Fig. 6A and 7A, the fungal and bacterial community
compositions of subsamples were first grouped according to horizon and
then strongly influenced by stand age. The 9 groups of fungi and bacteria
were distinctly distributed along and significantly influenced by horizon
and stand age (Figs. 4, 5).

3.4.1. Fungal community

As Fig. 6 and Table SI-1 show, the O-horizon and mineral soil hori-
zons were frequently abundant in G1-2 and G9 species and in G3-8
species, respectively. Compared to that at 35-82 y, the O-horizon at
200 y was less abundant in G9 species but significantly increased in

terms of certain G2 species (e.g., D. glomerata, G. baccata and
P. cucumerina). The A-horizon presented negative aging trends with
respect to G6 (e.g., T. harzianum) and G9 (e.g., M. alpina) but was most
abundant in G4 (e.g., M. humilis) and G7 (e.g., G. applanatum and
S. terricola) at 200 y. The B-horizon showed negative aging effects with
respect to G3 species but positive aging effects for G7 species. Further-
more, the most abundant species in the A- and B-horizons at 82 y was
T. asperum (G8), with relative abundances of 6-16%.

3.4.2. Bacterial community

As shown in Fig. 7 and Table SI-2, the O-, A- and B-horizons were
abundant in G1-2 species, G9 species and G4-6 species, respectively.
Compared to that at 35-82 y, the O-horizon at 200 y had significantly
higher abundances of G1 species but lower abundances of G2-4 species.
In the A- and/or B-horizon, positive aging effects were observed with
respect to G8 species; in contrast, the late stage (200 y) had less abun-
dant G4 (e.g., Burkholderia sp.).

4. Discussion

4.1. Aging effects

Our C/N stoichiometry values for the O-horizon and mineral soil
horizons are within the ranges of previously reported C (37-45%) and N
contents (<2.0%) and C/N ratios (12-36) (Bai et al., 2019; Papa et al.,
2014; Zheng et al., 2018). The age-related decreasing N% but increasing
C/N ratio in the O-horizon (Fig. 2D, 2G) strongly suggest that N defi-
ciency becomes more constrained along with forest succession (Blasko
et al., 2015; Sun et al., 2017). Reduced N availability inhibits enzyme
activities (Allison et al., 2010; Schneider et al., 2012), slows nutrient
cycling (Brunn et al., 2016), and negatively influences microbial di-
versity (Zhao et al., 2019). Accordingly, the current seral tendency of the
O-horizon C/N stoichiometry (Fig. 2D, 2G) was accompanied by age-
related decreases in enzyme activities (e.g., Fig. 3M) and microbial
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Fig. 4. Fungal richness, diversity and evenness in different soil horizons along the forest succession gradient; (A-C) the number of species in the O-, A- and B-ho-
rizons; (D-F) Shannon index in the O-, A- and B-horizons; (G-I) Simpson index in the O-, A- and B-horizons. Values are shown as the means and standard errors (N =

10). Different letters indicate significant differences at P < 0.05.

richness, diversity and evenness (e.g., Fig. 5A, 5D, 5G).

The early-stage O-horizon dominant species of fungi (e.g.,
M. hiemalis in G9, Fig. 6B) and bacteria (e.g., Burkholderia sp. and
D. japonica in G4, Fig. 7B) were all significantly and positively related to
the N content and enzyme activities (Tables 2 and 3). These species are
capable of releasing weathering-active organic acids and extracellular
enzymes to powerfully hydrolyze C polymers and rapidly immobilize
available nutrients (Brunner et al., 2011; Deacon et al., 2006; Rincon-
Molina et al., 2020; Schisler et al., 2019). Their close associations with
high N availability and nutrient cycling strongly suggest their copio-
trophic life strategies (Cline and Zak, 2015; Siles and Margesin, 2016;
Zhang et al., 2018).

In contrast, the late-stage O-horizon dominant species of fungi (e.g.,
D. glomerata, G. baccata and P. cucumerina in G2, Fig. 6B) and bacteria (e.
g., F. pectinovorum, R. cellulosilyticum, S. rhizophila and C. soldanellicola in
G1, Fig. 7B) were negatively related to the N content and enzyme ac-
tivities but positively related to the C content and/or C/N ratio (Ta-
bles 2-3). Moreover, these species can decompose cellulosic remains and
grow on natural leaves or wood as the sole C source (Carles et al., 2018;
Garcia-Fraile et al., 2007; Yang et al., 2014) and may be stimulated to
preferably utilize lignocellulosic polymers as N availability declines
(Currey et al., 2010; Guénon et al., 2017; Zhang et al., 2008). Thus, the
O-horizon CBH activities increased in the late stage (Fig. 3J). Together,
the major late-stage litter decomposers adapted to low nutrient-cycling
activity and complex substrate decomposition processes, which being
closely related to an oligotrophic lifestyle.

T. asperum was predominant in the A- and B-horizons of the middle-
stage (Fig. 6B). This species can produce large amounts of NAG in hy-
drolyzing N-acetylglucosamine of fungal chitin and bacterial peptido-
glycan (Tischer et al., 2015). Therefore, it has a high potential to utilize
recalcitrant complex substrates and to promote the reutilization of

microbial residues (Poll et al., 2010; Semenov et al., 1996). In addition,
the A- and/or B-horizon at 82 y had the lowest C and N contents (Fig. 2B-
C, 2E-F), enzyme activities (e.g., Fig. 3B-C, 3E-F), and fungal and bac-
terial diversities (e.g., Fig. 4C, 5F) but the highest BG/NAG ratio (e.g.,
Fig. 3Q-R). All these findings suggest that the mineral soil horizons had
been experiencing the strongest nutrient constraints and the lowest
cycling activities and an extremely urgent demand for N availability at
82y. Soil available N was also severely depleted from young to middle-
aged stands of Chinese fir due to enhanced organic N utilization by
rapidly increasing aboveground production and mineral N acquisition
by soil microbial groups (Zhang et al., 2019).

Furthermore, the late-stage dominant species in the A- and/or B-
horizon (Fig. 6B, 7B) can 1) use phosphonate derivatives by cleaving C-N
and C-phosphorus (P) bonds (e.g., the fungi M. humilis (G4) and
S. terricola (G7)) (Stosiek et al., 2019; Tanney and Hutchison, 2010) and
2) degrade plant residues (e.g., fungi such as G. applanatum (G7) (Beets
etal., 2008) and bacteria such as S. jaspsi (G8) (Asker et al., 2007; Chung
et al., 2011), L. soli (G8) (Jeon et al., 2016) and Unid. Gammaproteo-
bacteria (G9) (Johnsen et al., 2002; Kumar et al., 2018)). Together with
having the highest fungal richness (Fig. 4B) and bacterial diversity and
evenness (Fig. 5E, 5H), the late-stage soil horizons should tend to harbor
diversified microbial communities that were screened for powerfully
decomposing complex substrates but not rapidly consuming labile nu-
trients. Thus, no further N depletion was exhibited in the upper mineral
soil horizon, and N accumulation even occurred in the subsoil horizon
(Fig. 2E-F). Dissolved nutrient (e.g., N) concentrations and fluxes in
mineral soil were also observed to be much higher in old coniferous
forests than in young hardwood stands, probably due to stronger mi-
crobial immobilization processes (e.g., the formation of recalcitrant
polyphenol-organic-N complexes derived from pine litter) and lower
vegetation uptake in coniferous forests than in hardwood forests (Currie
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et al., 1996; DeLuca et al., 2002; Guénon et al., 2017). 4.2. Horizon effects

Plant detritus is strongly decomposed by cellulolytic and ligninolytic
enzymes (Frey et al., 2004), which are mainly produced by fungal
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Table 2

Kendall tau correlation coefficients between fungal community diversity and key species and C/N stoichiometry and enzyme activity. BG, p-1,4-glucosidase; NAG, $-N-
acetyl-glucosaminidase; AG, a-1,4-glucosidase; XYL, B-xylosidase; CBH, B-D-cellobiohydrolase. Species without any significant correlation with C/N and enzymes were

removed. Values in bold denote statistical significance (P < 0.05).

Indexes and species N C C/N BG NAG AG XYL CBH
(¢] Observed_species 0.36 —0.44 —0.40 0.25 0.10 0.35 0.38 0.01
(0] Shannon 0.12 —0.27 -0.16 0.08 0.00 0.18 0.26 0.10
(6] G1_P.flavescens 0.30 —0.30 —0.39 0.27 0.04 0.24 0.32 —0.11
0] G1_R.colostri 0.01 —0.32 —-0.09 -0.10 -0.11 0.06 0.13 0.18
(0] G1_A.leucospermi 0.22 —0.34 -0.27 0.05 -0.11 0.16 0.22 0.16
(0] G1_C.chasmanthicola —-0.03 -0.13 —0.03 —0.06 —0.20 —0.03 0.08 0.32
(0] G2_D.glomerata —0.31 0.01 0.26 —0.42 —0.33 —0.32 —0.33 0.11
(0] G2_D.pseudoartocreas 0.26 -0.12 —0.32 0.18 0.09 0.32 0.27 —0.37
(0] G2_E.nigrum -0.14 -0.15 0.04 —0.26 —0.37 -0.21 -0.21 —-0.09
(0] G2_H.betulae —0.04 0.08 0.03 0.11 0.17 0.11 —0.01 —0.32
(0] G2_G.baccata -0.27 0.23 0.28 -0.22 -0.22 —0.32 —0.35 0.04
(0] G2_P.cucumerina —0.49 0.31 0.46 —0.40 -0.19 —0.37 —0.46 0.04
(0] G5_T.polysporum 0.06 —0.35 —-0.13 —0.04 —0.32 -0.22 —0.02 0.14
(0] G9_M.alpina 0.39 —-0.01 —0.35 0.10 0.04 0.19 0.10 -0.15
(0] G9_M. hiemalis 0.50 -0.12 —0.48 0.34 0.20 0.39 0.46 -0.29
A G3_Lmaculata 0.10 0.24 0.21 0.20 0.35 0.31 0.28 0.32
A G5_U.changbaiensis 0.29 0.16 0.05 0.33 0.35 0.30 0.35 0.29
A G6_T.harzianum 0.27 0.16 0.02 0.13 0.16 0.07 0.14 0.06
A G7_P.pannorum -0.25 —0.06 0.11 —0.32 —0.20 —0.31 —0.31 -0.19
A G7_G.applanatum —0.27 -0.15 0.04 —0.37 -0.18 —0.27 —0.30 -0.18
A G7_S.terricola —-0.10 -0.07 0.02 -0.18 -0.07 —-0.18 —-0.10 —-0.02
A G8_T.asperum —0.38 —0.36 —-0.19 -0.23 —0.44 —0.36 —0.35 —0.41
A G9_M.alpina 0.18 —0.04 —0.27 0.08 -0.12 0.02 0.03 —-0.07
B Observed_species 0.38 0.27 0.11 0.22 0.14 0.26 0.20 0.10
B Shannon 0.33 0.24 0.19 0.31 0.14 0.32 0.09 0.26
B Simpson 0.20 0.09 0.23 0.28 0.18 0.32 —0.05 0.26
B G3_U.vinacea —-0.10 0.09 0.44 0.33 0.27 0.15 -0.14 0.36
B G3_R.azurea —0.06 0.12 0.31 0.31 0.37 0.24 -0.13 0.38
B G3_Lmaculata —0.09 0.11 0.34 0.27 0.41 0.09 -0.11 0.35
B G3_Lrimosa -0.19 —0.01 0.20 0.20 0.22 0.10 —-0.09 0.27
B G4_M. humilis 0.03 —-0.09 -0.21 —0.26 -0.21 -0.22 0.11 -0.25
B G6_S.podzolica —0.31 —0.44 —0.28 —0.39 —0.37 —0.29 -0.13 —0.35
B G6_T.longipilis —-0.22 —-0.25 -0.21 —0.33 —0.32 —0.32 0.01 —0.26
B G7_P.pannorum 0.35 0.21 —-0.09 0.13 0.07 0.27 0.23 —0.02
B G7_G.applanatum 0.34 0.16 -0.11 0.03 0.01 0.15 0.24 —-0.10
B G7_S.terricola 0.27 0.09 —0.24 -0.13 —-0.10 —0.03 0.25 -0.23
B G7_P.opacum 0.23 0.02 —0.25 -0.16 —0.31 -0.13 0.18 —0.34
B G8_T.asperum -0.21 —0.35 —0.30 —0.32 —0.43 —0.32 —-0.03 —0.35
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Kendall tau correlation coefficients between bacterial community diversity and key species and C/N stoichiometry and enzyme activity. BG, p-1,4-glucosidase; NAG,
B-N-acetyl-glucosaminidase; AG, a-1,4-glucosidase; XYL, B-xylosidase; CBH, p-D-cellobiohydrolase. Species without any significant correlation with C/N and enzyme

were removed. Values in bold denote statistical significance (P < 0.05).

Indexes and species N C C/N BG NAG AG XYL CBH
(0] Observed_species 0.68 —0.25 —0.62 0.52 0.37 0.64 0.63 —0.24
o Shannon 0.53 —0.22 —0.45 0.45 0.33 0.53 0.49 —0.20
(6] Simpson 0.51 —0.24 —0.43 0.43 0.32 0.47 0.46 —-0.15
(6] G1_P.dokdonensis —-0.07 0.31 0.11 0.12 0.31 0.07 —0.05 —0.08
o G1_S.aerolata —0.32 0.40 0.33 —-0.03 0.04 —-0.18 -0.19 0.14
(0] G1_S.soli -0.14 0.43 0.23 0.06 0.22 —-0.02 —-0.10 0.10
(6] G1_F.pectinovorum —0.33 0.45 0.32 —0.15 —0.06 -0.23 —0.27 0.18
o G1_F.hauense —0.51 0.40 0.49 —-0.21 —-0.14 —0.45 —0.35 0.33
(0] G1_R.cellulosilyticum —0.53 0.27 0.49 —0.42 —0.28 —0.56 —0.59 0.09
(6] G1_S.rhizophila —0.41 0.25 0.32 —0.32 —0.28 —0.31 —0.33 0.14
o G1_C.soldanellicola —0.48 0.30 0.42 —0.35 —0.33 —0.48 —0.50 0.19
(0] G2_Janthinobacterium sp. 0.40 -0.07 —0.35 0.39 0.32 0.40 0.39 -0.12
(0] G2_S.wittichii 0.55 -0.20 —0.56 0.41 0.35 0.51 0.50 —0.29
(0] G2_C.coralloides 0.27 —0.48 —0.32 0.01 —0.14 0.13 0.16 0.18
o G2_Pedobacter sp. 0.31 —0.27 —0.31 0.17 —-0.01 0.17 0.12 0.03
(0] G2_N.resinovorum 0.21 —0.29 —0.26 0.12 —-0.08 0.07 0.15 —-0.07
(6] G2_C.vrystaatense 0.08 -0.19 -0.15 -0.07 —0.33 -0.21 —0.08 -0.14
o G3_Unid.Bacterium 0.43 —0.33 —0.35 0.25 0.26 0.40 0.27 —-0.15
(0] G4_Burkholderia sp. 0.31 —0.43 —0.36 0.20 0.07 0.31 0.35 0.07
(0] G4_D.japonica 0.46 —0.40 —0.47 0.35 0.21 0.45 0.44 —0.04
(6] G4 _Sphingomonas sp. 0.26 —0.08 -0.24 0.26 0.31 0.33 0.41 —0.05
o G7_C.arvensicola 0.21 —0.35 —0.24 0.07 —-0.11 0.07 0.16 0.12
A Shannon —0.34 -0.12 0.13 —0.26 -0.12 -0.13 —0.27 -0.14
A Simpson -0.25 —-0.09 0.19 -0.25 -0.12 -0.12 -0.25 -0.12
A G3_Unid.Bacterium 0.15 0.27 0.13 0.27 0.24 0.30 0.25 0.26
A G4_Burkholderia sp. 0.28 0.11 —-0.07 0.29 0.18 0.12 0.19 0.10
A G4_D.japonica 0.40 0.28 0.14 0.58 0.49 0.47 0.42 0.43
A G5_Unid.Acidobacteriia 0.30 0.08 —-0.10 0.31 0.17 0.12 0.25 0.07
A G8_S.jaspsi —0.34 —0.24 0.07 —0.37 —-0.25 —0.34 —0.35 —0.28
A G8_L.soli —0.29 —0.12 0.16 —0.39 —0.16 -0.17 —0.26 —0.11
A G9_Unid.Solibacter 0.27 0.28 0.12 0.42 0.38 0.42 0.46 0.43
A G9_Sphingobacteriaceae sp. 0.08 —0.16 —0.28 0.12 —0.08 0.10 0.07 —0.04
B Observed_species 0.15 0.20 0.02 0.22 0.19 0.26 0.01 0.17
B Shannon 0.22 0.37 0.12 0.37 0.39 0.35 0.23 0.30
B G4_Burkholderia sp. —-0.14 —-0.10 —0.20 —-0.18 —-0.23 —0.27 0.11 —-0.16
B G5_Unid.Acidobacteriia —0.32 -0.25 —0.06 -0.24 -0.21 —0.30 -0.11 —0.08
B G5_Unid. Alphaproteobacteria —0.24 —0.32 —0.48 —0.40 —0.45 —0.39 0.09 —0.40
B G9_Unid. Gammaproteobacteria 0.48 0.37 -0.17 0.32 0.15 0.23 0.54 0.02

communities (Papa et al., 2014). Accordingly, in the O-horizon, cellu-
lolytic enzyme activities (e.g., AG and/or XYL) were significantly posi-
tively related to fungal richness and diversity (Table 2). The fungal
species (e.g., M. alpina and M. hiemalis (G9)) (Fig. 6B) are dominant in
the early-stage O-horizon, as they are common decomposers of fresh
poplar and birch litter (Jayasinghe and Parkinson, 2008; Osono and
Takeda, 2007). Notably, the O-horizon bacterial richness, diversity,
evenness, and dominant species (e.g., Janthinobacterium and S. wittichii
(G2), D. japonica and Sphingomonas sp. (G4), Fig. 7B) were significantly
positively related to the N% and enzyme activities (except for CBH,
Table 3), which were all higher at the early stage than at the late stage
(e.g., Fig. 2D, 3D, 5A). Litter decomposition is generally dominated by
fungi rather than bacteria and the extracellular enzymes required for
litter decomposition are mostly produced by fungi but not bacteria
(Romani et al., 2006; Schneider et al., 2012). However, strong positive
relationships between bacterial abundance and enzyme activities can be
observed due to bacterial “cheating behavior” (i.e., use of simple com-
pounds released through fungal decomposition) (Romani et al., 2006;
Schneider et al., 2012). It is likely that copiotrophic bacterial consortia
preferentially acquire metabolites during fungal-dominant litter
decomposition at the early-stage O-horizon. In addition, although bac-
teria are believed to be dependent upon fungal enzymatic activity and
intermediate litter decomposition products, stimulated bacteria can
prosper by inhibiting fungal growth through the release of lytic agents/
antibiotics and competition for the available organic compounds
(Romani et al., 2006).

The A-horizon-specific/dominant bacteria (e.g., Burkholderia sp. and

D. japonica in G4, Fig. 7B) have great potential to promote atmospheric
N fixation (Fonseca et al., 2018; Lardi et al., 2017; Muresu et al., 2011;
Palaniappan et al., 2010) and solubilize inorganic P and thus increase P
availability (e.g., Burkholderia sp.) (Zhou et al., 2018). As nutrient-
cycling activities were positively correlated with the abovementioned
species but weakly or negatively correlated with bacterial diversity and
evenness indexes (Table 3), the nutrient-cycling processes in the A-ho-
rizon should be closely constrained by functional groups specialized in N
fixation or P exploitation but not by colonizers responsible for acquiring
readily available organic C and N.

The dominant microbial species in the B-horizon (e.g., the fungi
P. roseus (G3) and S. terricola (G7), Fig. 6B) can excrete extracellular
enzymes to directly cleave C-N-P bonds to use organic derivatives as sole
nutrient sources (Kwasna, 2004; Kwasna et al., 2016; Stosiek et al.,
2019). They can dominate in the metabolization of chitin and cellulose
under anaerobic conditions (e.g., the fungi U. vinacea (G3) and
U. changbaiensis (G5) in Fig. 6B; bacteria such as Catenulispora sp. (G6)
and C. arvensicola (G7) in Fig. 7B) (Busti et al., 2006; Fisk et al., 2011;
Khusnullina et al., 2018; Kolton et al., 2011; Sukdeo et al., 2018). These
results, together with the depth-dependent variations either to a greater
extent for NAG activities (Fig. 3A-C) or to a lesser extent for CBH ac-
tivities (Fig. 3J-L), suggest that the B-horizon is characterized by deep-
layer metabolism of recalcitrant and N-deficient residual compounds.
In addition, the consistently contrasting tendencies of N content (Fig. 2D
vs. 2F), XYL activity (Fig. 3M vs. 30) and fungal diversity (Fig. 4A vs.
4C) between the O- and B-horizons probably reflected that the initial
fungal decomposers of accessible hemicellulose components are
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strongly dependent on N status and driven by the top-down transport of
litter decomposition products (Brabcova et al., 2018; DeAngelis et al.,
2011; Stone et al., 2012). The fungal and bacterial diversities were
positively related to the C and N contents and enzyme activities (Ta-
bles 2 and 3), suggesting that B-horizon microbial groups are well
adapted to the pulse transfer of readily available metabolites that are
likely translocated from the upper horizons.

4.3. Vertical stratification driven by seral shifts in litter quality

In the current study, differences or even inverse relationships
frequently occurred between the decomposed organic matter and min-
eral soil horizons in terms of C/N stoichiometry (Fig. 2D-F, 2G-I),
enzyme activities related to C and N cycling (Fig. 3J-L, 3M-0), microbial
richness, diversity and evenness (e.g., Fig. 4A-C), and microbial com-
munity compositions (Figs. 6, 7). In particular, N content 1) exhibited an
age-related decrease in the O-horizon (Fig. 2D), 2) did not differ be-
tween 82 y and 200 y in the A-horizon (Fig. 2E), and 3) significantly
increased from 82 y to 200 y in the B-horizon (Fig. 2F).

Although the vegetation type was similar between 35 y and 82 vy,
diminished N availability can occur due to greater N acquisition along
with rapid development and an increase in the size of broadleaf forests
(Idol et al., 2003; Sheng et al., 2017; Zhang and Wang, 2012; Zhu et al.,
2012). As a result, despite no difference in the C% (Fig. 2A), the O-ho-
rizon experienced a decline in the N% from 35y to 82 y (Fig. 2D). During
the earlier succession stages (35-82 y), the O-horizon was characteristic
of high levels of substrate quality (e.g., high N% in Fig. 2D, low C/N ratio
in Fig. 2G), enzyme activities (e.g., XYL in Fig. 3M) and bacterial rich-
ness and diversity (Fig. 5A, 5D) and thus copiotrophic life strategies. All
of these results suggest a high probability of rapid sequestration of the
labile nutrients in the decomposed litter horizon and low leaching of the
available metabolites to the A- and B-horizons. Therefore, nutrient-
cycling succession and the vertical stratification of available C
occurred concurrently across the upper soil and subsoil horizons from 35
y to 82y, i.e., 20% and 31% declines in the A- and B-horizons, respec-
tively (Fig. 2B-C). The seral C/N stoichiometry distinction at 35-82 y
was amplified so much with increasing soil depth that contrasting C/N
ratio trends occurred between the O-horizon (35 y < 82 y) and the
corresponding underlying soil horizons (35 y > 82 y) (Fig. 2G, 2I).

Interestingly, compared to 35-82 y, the microbial diversity at 200 y
was lower in the O-horizon but generally higher in the underlying soil
horizons (e.g., Fig. 4A-C, 5D-E). In the O-horizon, recalcitrant residuals
accumulate along with forest succession; hence, slow-growing species
breaking down more recalcitrant compounds tend to be selected for and
enriched at late stage (McGee et al., 2019). Such increased oligotrophic
growth leads to the slow consumption of available residues and prevents
the rapid depletion of soluble nutrients (Blasko et al., 2015; Nara, 2006),
leading to a high probability of the vertical distribution of labile nutri-
ents (Nara et al., 2003). Moreover, late-stage coniferous litter input,
which is associated with highly recalcitrant compounds and complicated
decomposition processes, can contribute greatly to the diversity and
evenness of organic compounds (Guénon et al., 2017). Thus, the A- and
B-horizons accumulated diverse and readily available organic C derived
from plant detritus. Furthermore, as mentioned above, coniferous for-
ests take up less N from soil than broadleaf forests (Currie et al., 1996).
Accordingly, at 82-200 y, the A-horizon did not further decrease in N%
(Fig. 2E) and even increased in bacterial evenness (Fig. 5H); moreover,
there were increases in C% and N% (Fig. 2C, 2F), enzyme activities (e.g.,
Fig. 30), and microbial richness and diversity (e.g., Fig. 4C, 5F) in the B-
horizon. The replacement of certain dominant microbial species also
acted as ecosystem-level feedback. For instance, A-horizon copiotrophic
bacteria (e.g., Burkholderia sp. and D. japonica (G4), Fig. 7B) were
depleted to a greater extent at the late stage (i.e., 200 y) than at the
earlier stages (i.e., 35-82 y), probably due to decreased bioavailable
organic C in the upper soil horizon that had directly leached from the
litter horizon (Leinemann et al., 2018). The fungi U. changbaiensis (G5)
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and T. harzianum (G6) (Fig. 6B), which are more relevant to recalcitrant
components than to readily hydrolyzable carbohydrates (Osono et al.,
2006), were absent from the B-horizon at 200 y. Together, the above-
mentioned successional distinctions between horizons can be explained
by multiple top-down sieving processes, i.e., vertical stratification of
nutrient availability is first determined by the substrate preference of
microbial trophic lifestyle at organic matter layer and is then driven by
microbial adaptation to the corresponding underlying translocation of
decomposition products at mineral soil horizons.

5. Conclusions

The distinct or even contrasting seral shifts in microbial community
composition and diversity and nutrient cycling (e.g., C, N, and enzyme
activities) between the decomposed organic matter and mineral soil
horizons shown here clearly confirm our hypothesis that changes in
decomposing litter quality with forest succession influence organic
nutrient availability and microbial community diversity and structure in
the upper soil and subsoil. We speculate that the distinct seral nutrient-
cycling processes between the decomposed organic matter horizon and
the upper soil and subsoil horizons can be explained by top-down
“sieving effects”, which are strongly determined by the long-term
strategy-dependent evolution of microbial groups in response to
nutrient acquisition in the soil profile. Such close associations between
microbial adaptations and the biochemical composition of organic
matter (e.g., C/N stoichiometry) can be important selective forces that
control the age-related nutrient status and depth-dependent microbial
feedback strategies in forest ecosystems (Schmidt et al., 2011).
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