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Abstract

The mechanisms underlying soil organic carbon (C) dynamics during forest succession remain challenged because amount,
quality, and composition of C inputs change with tree growth and species composition. Soils were collected from two stages
(grassland and young secondary forest) of secondary succession after the clear-cut of primary old-growth forest due to land-use
change, with a native old-growth forest (undisturbed for more than 200 years) as the reference. Soil samples were incubated for
170 days and the priming effects were quantified by one pulse addition of '*C-labeled glucose. '*C-PLFAs (phospholipid fatty
acids) were analyzed to identify microbial functional groups utilizing glucose and to explore their accordance with SOM priming
during succession. Soil C was primed much more strongly in young secondary forest than in grassland or old-growth forest.
Priming resulted in large C losses (negative net C balance) in young-forest soil, whereas C stocks increased in grassland and old-
growth forest (positive net C balance). Microbial composition assessed by PLFA and utilization of easily available organics (**C-
PLFA) indicated that fungi were mainly responsible for priming in young-forest soil. Consequently, labile C released by litter
decomposition and root exudation together with the availability of soil nutrients determines microbial functional groups that
decompose soil organic matter during initial succession. These findings provide novel ecological connections between soil
organic matter dynamics and C (de)stabilization with microbial functioning during forest succession and show that priming
direction and intensity is important to distinguish soil C dynamics in young- and old-growth forests.
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Introduction (Miltner et al. 2012). Microbial processing and physicochem-

ical interactions lead to gradual physical and biochemical pro-

Soil organic matter (SOM) consists of plant and animal resi-
dues at various stages of decay, microbial necromass, and new
substances synthesized and released by microbes into the soil
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tection of SOM from microbial decomposition (Ladd et al.
1996; Schmidt et al. 2011; Kleber et al. 2015; Pronk et al.
2017). Globally, the SOM pool contains four times more C
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than the atmosphere (Tarnocai et al. 2009) with small changes
having large effects on atmospheric CO, and potentially caus-
ing climate feedbacks (Heimann and Reichstein 2008). Even
though SOM structures, properties, and functions have been
extensively studied for more than a century, many processes
driving SOM destabilization and dynamics remain unclear
(Schmidt et al. 2011).

Forests occupy about one-third of the Earth’s land surface
(Bloom et al. 2016). Global forest C stock totals approximate-
ly 861 Pg C above and below ground. Approximately 44% of
which is stored in forest soils to 1-m depth (Pan et al. 2011).
To better understand the processes controlling SOM destabi-
lization and dynamics, a chronosequence approach, together
with succession theories, has been developed (Pregitzer and
Eusckirchen 2004; Walker et al. 2010). In this respect, two
main succession types, primary and secondary, are often in-
vestigated to understand SOM development and dynamics.
Primary succession is the series of community changes, which
take place on a completely new habitat, which has never been
colonized before. It begins on soil parent materials and is
ongoing simultaneously with soil development. The C stocks
increase through time, culminating in old-growth forests
(Field and Kaduk 2004; Gleixner et al. 2009) (Fig. 1), in
which annual C accumulation may approach zero because
the C gain through photosynthesis is balanced by the C loss
due to respiration (and erosion). Such temporal patterns were
well documented in the classical studies on ecosystem succes-
sion (Olson 1958), predicting that old-growth forests should
be neutral C sinks (Odum 1969). However, recent studies
showed that old-growth forests can persist as C sinks in terms
of both vegetation and soils (Luyssaert et al. 2008; Gleixner

et al. 2009; Fontaine et al. 2017; Stahl et al. 2017). Soil C
stocks, representing 26 to 33% of the total C in old-growth
forests, still increase with time (Fredeen et al. 2005; Zhou et al.
2006). In contrast to primary succession, secondary succes-
sion is the series of community changes, which occur on a
previously colonized but disturbed habitat. It often starts from
a natural disturbance (e.g., a storm, a fire, or a flood) or an
anthropogenic land-use change. The pattern of secondary suc-
cession is much more complicated because (1) various distur-
bances leave some organic C, plant seeds, and living organ-
isms in the remaining soil (Bormann and Likens 1979) and (2)
surrounding vegetation, climate, and topography can strongly
affect succession. Such successions generally include the fol-
lowing stages, grasses and herbs, small bushes, young trees,
and old-growth forests.

Empirical studies have demonstrated that the loss of the
remaining soil organic C via decomposition often exceeds
the C gained by the growth of young trees. This leads to rapid
loss of soil C derived from old forests, often in the early stages
of secondary forest succession (Harmon et al. 1990; Zak et al.
1990; Pregitzer and Euskirchen 2004; Yang et al. 2011)
(Fig. 1). Several explanations have been put forward for this
rapid loss of soil C from young forests and accumulation in
old-growth forests, e.g., the imbalance between decomposi-
tion and inputs, as well as, stoichiometric imbalances
(Vitousek et al. 1988). Specifically, low litter input with strong
SOM decomposition resulted in rapid loss of soil C under
young secondary forest (Georgiadis 2011). Resource stoichi-
ometry exerts a great impact on microorganisms and decom-
position and thus soil C transformation and accumulation
(Zechmeister-Boltenstern et al. 2015; Qiao et al. 2016). C
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Fig. 1 Dynamics of soil organic matter (SOM) content, net primary
production (NPP), and priming effects during primary and secondary
vegetation succession (Odum 1969; Harmon et al. 1990; Harmon 2001;
Trumbore et al. 2015). Litter production and root exudates have a similar
pattern as NPP (green continuous line) (Chapin et al. 2012). Old-growth
forest accumulates high soil organic C (SOC, blue dashed line) via long-
term succession. Removal of vegetation due to land-use change leads to
secondary succession, €.g., grassland and young secondary forest. There
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is rapid SOC loss at the stage of young secondary forests. Gray dots refer
to the stages of ecosystem succession we used in this study. Low priming
effects are hypothesized at low NPP (corresponding to low litter and
rhizodeposition input) due to a stable level of SOC during the steady state
of primary vegetation (old-growth forest). Intensive priming effects are
expected at high NPP during by new vegetation (after disturbance) in
grassland or young secondary forest
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demand drives microbial mineralization of organic phospho-
rus (P) during the early stage of soil development (Wang et al.
2016) and faster litter decomposition in the earlier succession-
al phase than later stages of succession ascribed to less P
limitation (Vitousek and Farrington 1997; Xuluc-Tolosa
et al. 2003; Menge et al. 2012). The reason is that ecosystems
shift during succession from N limitation on young soils to P
limitation on old soils (Menge et al. 2012). Such stoichiomet-
ric imbalance will affect SOC accumulation mainly through
altering the quality of litter and element use efficiencies during
succession (Schulz et al. 2013; Mooshammer et al. 2014).
Because biological communities drive ecosystem properties
and development (Schaaf et al. 2011), the stoichiometric im-
balance is a result of biotic—abiotic interactions over the
courses of ecosystem succession (Schulz et al. 2013). This
indicates that temporal variation in driving variables play an
important role for SOM patterns during succession (Harmon
2001), especially for the rapid loss of soil C from young for-
ests versus C accumulation in older forests due to the vegeta-
tion development and nutrients’ availability. Our knowledge
of these mechanisms responsible for soil C stabilization and
accumulation over time is still very limited (Wirth et al. 2009).

Microbial decomposition of SOM is primarily modified by
available C input (Blagodatskaya and Kuzyakov 2013), de-
fined as priming effects (e.g., Kuzyakov et al. 2000; Cheng
et al. 2003). Priming effects can accelerate SOM decomposi-
tion and have great potential to change soil C dynamics
(Blagodatskaya and Kuzyakov 2008; Kuzyakov 2010;
Cheng et al. 2014; Huo et al. 2017). Priming effects are often
observed in the rhizosphere and detritusphere, hotspots with
high input of labile organics via root exudation, and litter
decomposition (Kuzyakov and Blagodatskaya 2015). Root
exudation and litter are correlated with net primary productiv-
ity (NPP, Norby and Zak 2007) and have a very tight temporal
coupling (Kuzyakov and Gavrichkova 2010). Many young
secondary forests can have higher rates of NPP than do old-
growth forests (Harmon 2001; He et al. 2012; Poorter et al.
2016). Compared to older plants, which allocate the newly
assimilated C to the shoots, young plants allocate more C to
roots for acquiring more nutrients and water to support bio-
mass increase (Gregory and Atwell 1991; Palta and Gregory
1997; Kuzyakov 2001). Given higher NPP in young second-
ary forests, exudation decreases per unit root biomass of older
trees in old-growth forests (Nguyen 2003). Also, the contri-
bution of roots to SOM is higher than that of the above ground
litter (Berhongaray et al. 2018). This indicates that roots play
different roles in SOM formation in young and old forests.
However, the role of priming effects caused by root exudation
in SOM decomposition and C accumulation remains unclear.

Priming effects of SOM decomposition are a result of in-
teractions between living and dead organic matter (Kuzyakov
2010). The change in plant species composition and tree aging
with time affects the quality and quantity of labile organics

incorporated to the soil through root exudation and litter de-
composition, along with distinct nutrient requirements. The
old and physically protected SOM is exposed to living roots
and litterfall in young secondary forests because the topsoil is
often lost via erosion by high rainfall under low vegetation
coverage conditions (Guillaume et al. 2015). As a result, labile
C derived from root exudation and litter decomposition have
high chance to access such SOM fraction in the young sec-
ondary forests. Based on the previous observations that rapid
soil C losses occurred in many young secondary forests, we
hypothesize that strongly positive priming in young forests
leads to substantial SOM depletion and thus soil C losses,
whereas the remaining of added labile C compensates soil C
loss caused by priming in old-growth forests, resulting in C
sequestration (Fig. 1). Considering relatively stable vegetation
biomass as well as shallow root system in grasslands, we
additionally hypothesize that priming in grasslands could be
the highest due to high root exudation. To test the hypotheses
above, we selected two early stages (grassland, approximately
20 years and young secondary forest, about 40 years) of a
secondary succession, which started after the clear-cut of trees
due to land-use change, and used a native old-growth forest
(undisturbed for more than 200 years) as the reference (Fig. 1).
Soils were incubated under controlled conditions for 170 days
and the priming effects were quantified by addition of uni-
formly '*C-labeled glucose. Following incubation, '*C-
PLFAs (phospholipid fatty acids) were analyzed to identify
microbial functional groups utilizing glucose (Yao et al.
2014) and to explore their accordance with SOM priming
through succession.

Material and methods
Site description and soil collection

The research site is located in the Shilin Stone Forest
Geological Park (24° 38'-24° 58" N, 103° 11'-103° 29" E) in
the Yunnan Province of southwestern China. Annual precipi-
tation averaged 970 mm, ranging from 800 to 850 mm, with
approximately 80% between May and October. The annual
temperature averaged 16.2 °C, with the minimum temperature
of 8.2 °C in the coldest month (January) and the mean maxi-
mum temperature of 20.7 °C in the warmest month (July).
Three vegetation successional stages, i.e., grassland, second-
ary young-growth forest, and primary old-growth forest at the
same altitude, were selected to represent a succession series.
In the past several decades, the primary forests have been
destroyed due to human activities, e.g., the harvest of fire-
wood and land clearing for crops and animal grazing (Shen
et al. 2007). Consequently, some of the grassland sites are
about 20 years old with low content of soil organic C, while
some of the young forest sites are approximately 40 years old
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with most of the trees 20 years old. The grassland is dominat-
ed by Heteropogon contortus (L.) P. Beauv. ex Roemer,
Oplismenus compositus (L.) P. Beauv., Schizachyrium
delavayi (Hack) Bor, and Eupatorium adenophorum Spreng
(Shen et al. 2007). Some bushes and small trees were sparsely
scattered in these grasslands. The young secondary forest is
dominated by N. homilantha with a low tree density. The old-
growth forest (more than 200 years old) site was an evergreen
broadleaf forest with few deciduous species: Cyclobalanopsis
glaucoides Schottky, Olea yunnanensis Hand-Mazz, Pistacia
weinmannifolia J. Poisson ex Fr., Pistacia chinensis Bunge,
Neolitsea homilantha Allen, and Albizia mollis (Wall.) Boiv
(Shen et al. 2005). The soil is silty clay loam (WRB 2014)
derived from limestone and weakly metamorphosed marine
sediments. The soil contains about 50% silt, 30% clay, and
20% sand.

In each vegetation type, four plots (80 m x 50 m) were
established. In each plot, mineral soil was randomly collected
from the top 10-cm depth after litter removal, at five sampling
points (approximately 20-m distance between them, Fig. S1).
These soil samples from the same plot were combined as a
single replicate. The soils were stored at 4 °C before analysis.
Soil total phosphorus (P) content was measured using an op-
tical emission spectrometry (Optima 5300DV; PerkinElmer,
Shelton, USA) after nitric-perchloric acid digestion (Olsen
et al. 1954). Available soil P was determined by the Olsen
method (Olsen et al. 1954). Soil organic C was estimated
using the dichromate oxidation and titration method
(Kalembasa and Jenkinson 1973). Determination of total N
in soil was done by the Kjeldahl method (Bremner 1960).
Potentially available N in soils was estimated using alkaline
hydrolysis approach (Bao 2000). Briefly, the available N was
reduced to NHj; at 40 °C for 24 h after adding FeSO, powder
and a NaOH solution. After then, NH; was absorbed in
H;BO;3 and titrated with H,SO,4 to determine the available N
content. Dissolved organic C (DOC) concentrations in the
K>SO, extracts were measured with a Dimatec-100 TOC/
TIC analyzer (Dimatec Analysentechnik GmbH, Essen,
Germany). Soil pH values were determined with a glass elec-
trode using a 1:2 soil-to-water ratio (Jackson 1967). These
results are presented in Table 1.

Table 1  Topsoil (upper 10 cm) properties in grassland, young
secondary forest, and old-growth forest (succession stages). Values rep-
resent means = 1 SE of four replicates. Small letters in the same column

Soil incubation and CO, analysis

Thirty grams of air-dried, 2-mm-sieved, root-picked soil
was added to 250-mL Schott bottles and adjusted to
60% of water-holding capacity (WHC). All soils were
pre-incubated at 20 °C for 7 days. After pre-incubation,
one pulse of '*C-labeled glucose was added into the
soil. Glucose was used in this study because it is a
major component of root exudates and product of litter
decomposition (Derrien et al. 2014; Gunina and
Kuzyakov 2015). Water or '*C uniformly labeled glu-
cose (5.97% atom '2C) solutions were added to the soil
surface, dropwise using a pipette, to obtain uniform dis-
tribution and moisture 70% of WHC, which was main-
tained throughout the experiment. Total glucose C addi-
tions were equal to 2% of the SOC in each soil (i.e.,
20 mg C g ' SOC, equal to 0.68 mg C g ' soil for
grassland, 1.68 mg C g ' soil for young secondary for-
est, and 2.27 mg C g ' soil for old-growth forest),
which is comparable to microbial biomass-C (MBC)
and adequate to stimulate microbial activity
(Blagodatskaya and Kuzyakov 2008). All incubations
were conducted at 20 °C. Five milliliters of 1 M
NaOH was placed in small cups within each incubation
bottle to trap CO, and was replaced weekly. CO, was
trapped from each incubation bottle and analyzed for C
content and 6'°C. During the incubation, four empty
bottles were used as blanks to consider the atmospheric
CO,. Soil samples were destructively harvested for anal-
ysis after incubation for 170 days.

To measure CO, absorbed in NaOH solutions, 4 mm of
0.5 M SrCl, was added to precipitate carbonate. Unreacted
NaOH was titrated with 0.2 M HCI against the phenolphtha-
lein endpoint (Zibilske 1994). Precipitated SrCO5 was centri-
fuged three times at 1200 g for 10 min, followed each time by
rinsing with degassed, deionized water. The SrCO3; was then
dried at 105 °C and weighed into tin capsules for analysis of
organic C and '*C/'C ratios by continuous-flow gas isotope
ratio mass spectrometry (MAT253, Finnigan MAT, Germany),
coupled by ConFlo III device (Finnigan MAT, Germany) to an
elemental analyzer (EA 1112, CE Instruments, Italy).

indicate significant differences (p <0.05) among grassland, young sec-
ondary forest soil and old-growth forest soil. SOC, soil organic C; DOC,
dissolved organic C

Succession pH Bulk density  SOC DOC Total N Available N Total P Available P
stages H0)  (gem?) (%) (ngg 'soil) (%) (ngg 'soi) (%) (ngg " soil)
Grassland 6.7+04 130+£0.15 3.42+0.34c 229+12.3¢ 0.224+0.02c  162.8+5.1c 0.029+0.003¢  2.10 £ 0.25
Young forest 6.0+04 1.18+0.21 8.41+0.54b 542+10.5b 0.50+0.03b 237.6+13.9b 0.076+0.005b  2.79 + 0.39
Old-growth forest 5.9 +03 1.08 +£0.10 11.33+0.80a 838+22.7a  0.83+0.08a 323.7+139a 0.104+0.008a  3.15 + 0.43
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Lipid extraction and '>C PLFA analysis (Dungait et al. 2011; Wang et al. 2014):

Beeg o 813 13
Lipid extraction and PLFA analyses were performed according ~ /7ed® ~Ced = ned " Ce + 040" Cq (4)

to (Frostegard et al. 1993; Wang et al. 2014). Briefly, 2.0-g
freeze-dried soil was extracted twice using 22.8 mL one-
phase mixture (1:2:0.8 v/v/v) of chloroform, methanol, and cit-
rate buffer (0.15 M, pH 4.0). Four replications were used for
PLFA analysis. For gas chromatography (GC) analysis, PLFAs
were derivatized to their fatty acid methyl esters. The '*C/**C
ratios of individual PLFAs were analyzed by GC-C-IRMS
using a Trace GC Ultra gas chromatograph with combustion
column, attached via a GC combustion III to a Delta V
Advantage isotope ratio mass spectrometer (Thermo
Finnigan, Germany) (Thornton et al. 2011). Monounsaturated
(16:1u7c, 18:1u7c) and cyclopropyl-saturated PLFAs (cy17:0,
cy19:0) were considered as markers for Gram-negative bacteria
(G-); terminal-branched saturated PLFAs (al5:0, i15:0, 116:0,
117:0, a17:0) were used to indicate Gram-positive bacteria (G+
); PLFAs (18:2u6,9, 18:1u9c) were used to represent fungi
(Frostegard and Béath 1996). Midchain branched saturated
PLFAs (10Mel16:0, 10Mel7:0, 10Mel8:0) were considered
as markers for actinomycetes; short- or odd-chain saturated
PLFAs (14:0, 15:0, 16:0, 17:0) were used to indicate non-
specific makers (refer as to the whole microbial community)
present in all microbes (Zelles 1999).

Calculations and statistics

The soil-derived CO,-C (Csoc) was separated from glucose-
derived CO,-C (Cg) using mass balance equations:

Csoc + Cg = G, (1)
Csoc X 613CCK + Cg % 513CG =C X 513Ct (2)

where 63 Cck is the isotopic signature (%o) of soil-derived
CO,-C measured in control soils, 5'*Cg is the isotopic signa-
ture of added glucose, C, is the total CO, released by the
amended soil on the specific day of measurement, and 5'*C,
is its isotopic signature.

Primed C was calculated as the following equation (Qiao
etal. 2014):

Primed C = C,—Cgoe—Ccx (3)

where Cgoc is SOC-derived C-CO, under glucose addition
treatments and Ccx is total C-CO, from the soil receiving only
water.

Glucose release (%) was Cg divided by total glucose
added, and net C balance was calculated as the difference
between primed C and retention of added glucose C (Qiao
etal. 2014).

The §'3C of each PLFA molecule was corrected for the C
added during derivatization using a mass balance as follows

where 7 is the number of C atoms, ¢ is to the compound of
interest, d is the derivatizing agent (methanol: n4=1 and
8'3C =—29.33%), and cd is the corresponding derivatized
compound of interest.

The amount of glucose-derived labeled C in each PLFA
(Pi) was estimated by the below equation (Dungait et al.
2011; Wang et al. 2014):

Pi = Mi x (613CC_613Ccomrol)/(613Cglucose_5l3ccomrol) (5)

where Mi refers to the molecular C content of the individual
PLFAs; 5"3C, and 8,5Ccontol indicate the §'°C of individual
PLFAs in the samples added without or with glucose, respec-
tively. 613’Cgluc(,se is the 5'°C of added glucose. The total 3¢
enrichment of PLFAs in each soil was calculated dividing the
sum of the amount of glucose-derived labeled C in each PLFA
(Pi) by the sum of the molecular C content of the individual
PLFAs (Mi) (Wang et al. 2014).

Shapiro—Wilk tests showed that all data were normally dis-
tributed. The significant difference in primed C and net C
balance between three successional stages (grassland,
young-growth forest, and old-growth forest) was examined
by one-way analysis of variance (ANOVA) followed with post
hoc Tukey honest (HSD) tests using SPSS 21.0 (SPSS Inc.,
Chicago, IL, USA). One-way ANOVA was performed to test
the significant difference in '*C incorporation into each active
microbial community (as a percentage) between successional
stages. The lowest Akaike information criterion model was
used for the multiple linear regression to represent the corre-
lation between active microbial communities and priming
using R 3.2.1 with a MuMIn package (Barton 2012).
Redundancy analysis on soil microbial communities in three
successional stages constrained by environmental variables
was performed by R 3.2.1 (Borcard et al. 2011). All differ-
ences were tested for significance at p < 0.05.

Results

Soils without glucose (i.e., control) from young (157 + 10.2 ug
C g 'SOC d ") and old-growth forest (140 + 5.4 pg C g~ SOC
dﬁl) showed similar CO, efflux rates on an SOC-specific basis
during the 170-day incubation (Fig. 2). These CO, fluxes were
lower than those from grassland soil (180+8.5 ug C g' SOC
d ™). Labile C input strongly increased total CO, flux rates in all
three soils, especially during the first week (Fig. 2).

All three soils showed positive priming effects, but with
distinct patterns (Fig. 3a). The grassland and young-forest
soils demonstrated similar priming in the first month, but
higher than in old-growth forest soil. Subsequently, priming
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Fig.2 Total CO, efflux rates (left) and cumulative total CO, efflux (right)
from soil during the 170-day incubation period. Soils were collected from
three successional stages, i.e., grassland (a, d), young secondary forest (b,

increased substantially in the young-forest soil, but it gradual-
ly converged in both grassland and old-growth forest soils
(Fig. 3a). Cumulative priming after 170 days in the young-
forest soil was 2 times higher than in grassland or old-growth
forest soil (Table 2; Fig. 3a). At the end of 170-day incubation,
more than 12.0 mg C g ' SOC derived from added glucose
remained in grassland and old-growth forest soils, but only
6.6 mg C g~ SOC remained in the young secondary forest
soil (Table 2). Taking the remaining of C from added glucose,
the grassland and old-growth forest soils had positive net C
balances (normalized to SOC amount), whereas net C balance
in the young-forest soil was strongly negative although prim-
ing accelerated C loss in all three soils (Fig. 3b).

At the end of 170-day incubation, old-growth forest soil
showed the highest total PLFAs as an indicator of microbial
biomass, followed by young secondary forest and grassland
soil (Fig. 4). The dominance of microbial groups and the
groups incorporating the most glucose C differed among three
soils (Fig. 4). The utilization of glucose by G+ bacteria de-
creased while that by the whole microbial community (repre-
sented by non-specific PLFA makers) increased along the
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secondary succession from grassland to old-growth forest.
G- bacteria showed low '*C incorporation in young-forest
soil, but high "*C incorporation in old-growth forest soil
(Fig. 4). Actinomycetes demonstrated the lowest '*C incorpo-
ration in grassland soil. By comparison, fungi were more ac-
tive for glucose C retention in the young-forest soil than in the
other two soils (Fig. 4). Redundancy analysis (RDA) in three
soil types demonstrated specific patterns: domination of fun-
gal activities within the young-forest soil; but the whole mi-
crobial community (represented by non-specific PLFA
makers) within the old-growth forest (Fig. 5). Multiple linear
regression between '*C-PLFA in microbial groups and inten-
sity of priming effect showed that '*C incorporation from
glucose into fungi was positively correlated with the acceler-
ation of SOM decomposition (p < 0.005) (Table S1).

Discussion

A classical theory of ecosystem succession suggests that
old-growth forests are a neutral C sink (Odum 1969).
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Fig. 3 Cumulative priming (a) 25 1
and net carbon (C) balance
between primed SOC and 20 -

remained glucose C (b) in soils
collected from three successional
stages (i.e., grasslands, young-
growth forests, and old-growth
forests) during the 170-day
incubation period. Values
represent mean + 1 SE of four
replicates
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However, recent studies have demonstrated that old-
growth forests in many climates still sequester C in both
vegetation and soils (Phillips et al. 1998; Zhou et al. 2006;
Luyssaert et al. 2008; Lewis et al. 2009; Pan et al. 2011).
Soil C often suffers from rapid losses during the early
stages of secondary forest succession (Guillaume et al.
2015), which starts from the disturbed old-growth forests
(Harmon et al. 1990; Zak et al. 1990; Pregitzer and
Euskirchen 2004; Yang et al. 2011). Here, we present a
novel finding that the differing soil C dynamics during
vegetation succession might be explained by priming.
The '*C-PLFA results suggest that the incorporation of
labile substrates by fungi is related to positive SOM-
priming in young forests (Garcia-Pausas and Paterson
2011; Fontaine et al. 2011).

Table 2 Carbon derived from added glucose remaining in the soil,
primed C, and net C balance per gram of SOC at the end of an
incubation period of 170 days. Values represent means £+ 1 SE of four

Incubation time since "*C-labelled glucose addition (weeks)

After the clear-cut of old-growth forest, the secondary suc-
cession started and the plants are very sparse at the early
stages. As a result, surface soils derived under old-growth
forest are frequently lost via erosion due to high precipitation
and a lack of vegetation protection (Guillaume et al. 2015).
Litter C input in young forests is less than in old-growth for-
ests, but the decomposition rates are nearly the same, or even
higher (Ostertag et al. 2008; Zhang et al. 2013). More exuda-
tion per unit soil volume is often expected in the young sec-
ondary forest due to higher NPP. Labile C, derived from root
exudation and litter decomposition, will boost microbial ac-
tivity (Blagodatskaya and Kuzyakov 2013) (e.g., for fungi) to
produce more extracellular enzymes for SOM decomposition
(Fontaine et al. 2011; Chen et al. 2014) (Fig. 6). As a result,
more nutrients due to increased mineralization are released to

replicates. Small letters in the same column indicate significant difference
(p <0.05) between successional stages

Successional stages mg C g ' SOC

Remaining of added glucose Primed C Net C balance
Grassland 12.8+0.4a 10.6+£1.3b 22+1.1a
Young forest 6.6+0.5b 18.1+1.7a —11.5+2.4b
Old-growth forest 12.0+0.4a 93+1.5b 2.8+0.8a
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Fig. 4 Distribution of '*C-PLFA 40
in microbial groups (i.e., G+
bacteria, G— bacteria, the whole
microbial community (common)
represented by non-specific PLFA
makers), actinomycetes and fungi
in grassland, young-growth forest
soil, and old-growth forest soil at
the end of 170-day incubation.
Values represent mean + 1 SE of
four replicates. Small letters
above bars within each microbial
group indicate significant
difference among grassland,
young-, and old-growth forest
soils at p <0.05 level

w
o
i

Percent of "*C-PLFA in
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= 3

meet the higher requirements of young growing trees for rapid
growth (Guariguata and Ostertag 2001; Fontaine et al. 2011).

It has been debated whether old-growth forests are C neu-
tral or C sinks. The main issue is whether they achieve steady-
state soil organic C that may require vegetation succession of
centuries or longer (Odum 1969; Luyssaert et al. 2008).
Because age thresholds for old-growth forests are convention-
ally regarded as 200 years (Pregitzer and Euskirchen 2004),
we used a forest site with more than 200 years old to represent
the old-growth forest. Compared to young secondary forest,
old-growth forest presented higher C and N availability but
similar P availability (Table 1). This indicates that microor-
ganisms in the young secondary forest are mainly limited by

2

p=0.001 P e ™

LRI T ~ G- ! . )

RDA 2 (12.73%)

@ oOld-growth forest vv
24 B Grassland h 4
W Young forest v

-3 T T T T T
-4 -3 -2 -1 0 1 2 3

RDA 1 (80.53%)

Fig.5 RDA triplot of soil microbial communities (as '*C-PLFA data) of
three successional stages (i.e., grasslands, young-growth forests, and old-
growth forests) constrained by environmental and soil variables (blue
arrows); microbial communities are represented by brown lines. G+ refers
to Gram-positive bacteria, G— refers to Gram-negative bacteria, common
refers to all microbes with non-specific PLFA makers, AN refers to
available N, AP refers to available P, TN refers to total N, SOC refers
to soil organic C, and pH refers to soil pH. The variables with a red
asterisk indicate significant effects at p < 0.05 level
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labile C and N, while they are more limited by available P in
old-growth forest (Vitousek and Farrington 1997; Xuluc-
Tolosa etal. 2003; Menge et al. 2012). Consequently, the input
of labile C stimulate microbial growth in young secondary
forest soil and produced more extracellular enzymes for min-
ing of N from SOM, which induced strong positive priming.
By comparison, the input of labile C stimulated microbial
growth (e.g., microbial growth of G— bacteria and the whole
microbial community as shown by non-specific PLFA, Fig. 4)
in old-growth forest soil, but microorganisms produced less
extracellular enzymes than fungi for mining of N from SOM.
Due to P limitation in old-growth forest, microorganisms
invested more C and energy for mobilization of inorganic
and organic P, but this process did not induce priming of
SOM decomposition (Dijkstra et al. 2013), partly because P
will be mobilized from mineral sources. As a result, smaller
priming effects occurred in old-growth forest soil (Fig. 6),
leading to C accumulation due to high retention of labile C
(Qiao et al. 2014). Compared to young and old forests, micro-
organisms in grassland are co-limited by C, N, and P avail-
ability (Table 1). The input of labile C-stimulated microbial
growth of G+ bacteria in grassland soil, but induced compa-
rable priming as shown in old-growth forest soil. This could
be ascribed to distinct nutrients availability as well as the
quality and quantity of labile C input exerting an impact on
microbial turnover (Sullivan and Hart 2013; Chen et al. 2019).

Microbes play a central role in SOM decomposition
(Schmidt et al. 2011; Schimel and Schaeffer 2012) and micro-
bial community composition is a determinant of SOM miner-
alization, e.g., fungi play an important role in priming effect
(Garcia-Pausas and Paterson 2011; Fontaine et al. 2011;
Shahzad et al. 2012). This study finds that the forest succes-
sion is accompanied by the microbial succession with distinct
functional roles in decomposition: Gram-positive bacteria in
grassland soil, fungi in young-forest soil, and the whole mi-
crobial community in the old-growth forest soil. However, a
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Fig. 6 Mechanisms responsible
for priming effects in young-

Young forest soil

Old-growth forest soil

forest soils (left) and old-growth
forest soils (right). Line thickness
represents the strength of the
process. See the main text for
further explanations
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previous study reported that utilization of labile substrate by
G- bacteria did not promote positive SOM-priming (Garcia-
Pausas and Paterson 2011). This indicates that the mecha-
nisms of priming effects could be much more complicated
than previously expected. Priming of SOM decomposition is
aresult of interactions between living and dead organic matter
(Kuzyakov 2010), but microbial functional groups involved in
priming effects could be strongly regulated by the amount and
stoichiometric ratios in the labile resources as well as plant
uptake (Shahzad et al. 2012; Chen et al. 2014; Perveen et al.,
2014; Qiao et al. 2016; Wang et al. 2016; Chen et al. 2019).
Carbon sequestration is an ecosystem process (Schmidt
et al. 2011) primarily mediated by plants and soil microbes
(Miltner et al. 2012). The growth of plants and various micro-
bial processes have seasonal and annual dynamics. Using
three different succession stages of ecosystems, we present
experimental evidence that priming of SOM decomposition
is much stronger in secondary young-forest soil than in old-
growth forest and grassland soils, which strongly affects C
sequestration and SOM dynamics. Previous studies showed
that apparent priming effects can contribute to CO, efflux
through microbial turnover (i.e., microbial biomass replaced
by added C) but not contribute to SOM decomposition
(Fontaine et al. 2003, 2007; Blagodatskaya and Kuzyakov
2008). However, apparent priming effects mainly occur at
the initial stages (within several weeks) after substrate addi-
tion (Blagodatskaya and Kuzyakov 2008). Over 24-week in-
cubation, real priming dominated in priming of SOM (Qiao
et al. 2014). This indicates that the soil C losses caused by

enzymes

priming in this study are mainly derived from native SOM
decomposition.

We conclude that priming is one of the potential mecha-
nisms for distinct soil C dynamics in young- and old-growth
forests. Our findings provide novel ecological connections
between SOM dynamics and C stabilization with microbial
functioning during forest succession. The intensity of priming
and the direction of soil C balance depend on the vegetation
development (plant biomass at a steady state such as in grass-
land or old-growth forest versus a continuous increase of plant
biomass such as in a secondary young forest). The soil func-
tions as a bank of nutrients (Fontaine et al. 2011; Shahzad
et al. 2012; Perveen et al. 2014). When plant biomass in-
creases, the continuous nutrients uptake intensifies the rhizo-
sphere priming effect relative to the microbial building of
SOM. The net decomposition of SOM releases the N (and
C) required for plant growth. When plant biomass accumula-
tion stops or decreases (old-growth forest and grassland), sol-
uble N increases in ecosystems (atmospheric deposition, sym-
biotic fixation, etc.). This decreases rhizosphere priming rela-
tive to SOM building resulting in SOM accumulation.
However, we have to mention that our results may have some
uncertainties because they were obtained under controlled
conditions and the '*C-PLFA analysis is based on only one
point at the end of the incubation. Some of PLFAs could be
secondary utilization of microbial necromass and glucose de-
composition products. Additionally, the normalization by soil
organic C content did not consider microbial status or func-
tional groups, which could lead to some uncertainty.
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Therefore, future research should involve determinations of
13C incorporation into PLFA at shorter periods and of enzyme
activities involved in mining N and P from SOM using addi-
tional successional sequences in various climates.
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