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Abstract

Background Plant litter input plays an important role in controlling soil organic carbon (SOC) turnover and the flow
of carbon (C) among different pools. However, the relative effects of aboveground and belowground root litter on soil
aggregate C dynamics across different forest types and along climate gradients remain poorly understood. In this
study, we examined changes in soil aggregate mass proportion, litter-derived and native C contents of macro-aggre-
gate, micro-aggregate and silt+clay fractions, and C flow among these fractions during 2 years of litter input, using
13C isotope tracing technique in tropical, temperate and boreal forests along a climate gradient in China.

Results The results showed that belowground root litter input enhanced soil aggregation across all three forests,
but aboveground litter input had no significant effect. Belowground root litter input increased total and litter-derived
C content across aggregate fractions compared to aboveground litter input in the tropical forest, while it decreased
native C content in the same forest. However, the effects of litter input on total and litter-derived C contents were
minimal in the boreal and temperate forests. In addition, patterns of soil C flow among aggregates varied depending
on both litter input type and forest type.

Conclusions Our results imply that belowground root litter enhances soil aggregation and aggregate C turnover
compared to aboveground litter input. Moreover, the effects of root litter input on soil aggregate C turnover and C
flow depend on forest types along the climatic gradient.
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(Cotrufo et al. 2015). To understand soil C sequestra-
tion, accurate knowledge is necessary on how litter-
derived C transfers into soils and on the stabilization
pathways through which C flows among SOC pools.
Over the past several decades, the effects of lit-
ter input on SOC pool size have been widely studied.
A large number of previous studies have found lower
SOC accumulation induced by aboveground leaf litter
compared to the belowground roots (Bird et al. 2008;
Schmidt et al. 2011; Berhongaray et al. 2019; Huang
et al. 2021; Wang et al. 2023; Zhang et al. 2023a), with
root litter input leading to higher biochemical recalci-
trance and thus more C retention in soils (Fulton-Smith
and Cotrufo 2019). In contrast, some studies showed
that leaf litter input was more important in maintain-
ing SOC (Cao et al. 2020; Zhang et al. 2023b). Using
global data of litter manipulation experiments, Wu
et al. (2023) found that the input of leaf litter contrib-
uted more to stable soil carbon accumulation than
living roots in broadleaved forests the input of plant
litter had a similar contribution to SOC accumulation
across forest types. Several studies have demonstrated
that SOC pool size differs among forests along climatic
zones, with the varied annual precipitation and temper-
ature (Sayer et al. 2012; Tamura and Tharayil 2014; Vil-
larino et al. 2021). Moreover, there is a great difference
in plant litter quantity and quality among forests, which
control soil microbial activity (Tamura and Tharayil
2014; Mou et al. 2021), and ultimately affects SOC turn-
over (Mou et al. 2021; Chen et al. 2022; Wu et al. 2018).
Although the distinct effects of plant leaf and root lit-
ter input on the size of SOC pools and turnover have
been well studied in some forests (Wu et al. 2023), it
is not yet clear how SOC turnover induced by different
litter types changes among forest types and along cli-
matic gradients (Leff et al.2012). In addition, it is gener-
ally difficult to interpret short-term changes in the total
SOC pool (Lajtha et al. 2018), because plant litter input
can not only transform into soil as newly-derived SOC,
but can also stimulate native SOC mineralization via
priming effects (Dijkstra et al. 2020; Shi et al. 2023). The
isotopic abundance of '3C has been widely used to trace
SOC turnover of litter-derived C formation and native
SOC mineralization (Crow et al. 2009; Lajtha et al.
2018; Sokol and Bradford 2019). The isotopic abun-
dances of 3C are different in C3 (8'3C=-28.1 + 2.5%o)
and C4 (8'®3C=-13.5+1.5%0) plants because the C3
and C4 photosynthetic pathways show characteristi-
cally different discriminations against '*C during pho-
tosynthesis (O’Leary 1981). Capitalizing on this natural
difference in §'3C, soil transplantation has been widely
used in agricultural (Balesdent and Balabane 1996) and

Page 2 of 15

grassland (Huang et al 2021) ecosystems to trace plant-
derived C vs. existing SOC in situ.

The persistence of SOC is not primarily determined
by its molecular structure, but rather by its immediate
biotic and abiotic environment (Schmidt et al. 2011).
On the one hand, soil aggregation plays an important
role in controlling SOC stabilization due to the physi-
cal protection of SOC mineralization mediated by soil
microorganisms (Spohn and Giani 2011). On other hand,
soil aggregation in turn depends on the input of organic
materials that provide organic binding agents, e.g., poly-
saccharides, roots and fungal hyphae, and resistant aro-
matic components (Tisdall and Oades 1982). Therefore,
the quality of plant litter plays a key role in controlling
soil aggregate formation (Mizuta et al. 2015; Parwada and
Van Tol 2019; Baumert et al. 2021; Sarker et al. 2022),
as well as the pathways of litter-derived C transforming
into soils (Cotrufo et al. 2013, 2015; Huang et al. 2021).
Furthermore, the natural differences in the abundance of
13C between aggregate size classes can provide informa-
tion about the direction and intensity of C flow indicating
the stabilization pathways (Gunina and Kuzyakov 2014;
Shi et al. 2023; Werth and Kuzyakov 2008). For example,
Shi et al. (2023) found that the plant-derived C flowed
directly or indirectly from macro-aggregates to silt + clay
size classes via micro-aggregates, but the intensity of C
flows decreased as forest succession progressed. Simi-
larly, Gunina and Kuzyakov (2014) suggested that C sta-
bilization was not different among coniferous, deciduous
forests and arable cropland, and that the main direction
of C flows within aggregates was from the macro-aggre-
gate-free particulate organic matter to the mineral
microaggregate fraction. In contrast, Atere et al. (2020)
found that the C flowed from heavy to light (mineral to
occluded light) fraction in paddy soils under long-term
fertilization, a pathway that was opposite to that observed
in upland soils (Gunina and Kuzyakov 2014). Though
several studies have reported the C flow pathways among
forest types under the same environmental conditions
(Gunina and Kuzyakov 2014; Shi et al. 2023), it is not yet
clear how C stabilization pathways change among forests
along a climatic gradient.

In the present study we aimed to disentangle the rela-
tive effects of aboveground and belowground litter input
on the formation of newly litter-derived C and the reten-
tion of soil native C in aggregate fractions, as well as
the C flow between soil aggregate classes in three forest
types along a climatic gradient. To this end, a 2-year *C
isotopic tracing experiment with sugarcane (C4 plant)
cropland soils transplanted to forest soils (C3 plant)
was conducted in boreal, temperate and tropical for-
ests in China. We measured the C and §'*C content in
the soil macro-aggregate (>250 pum), micro-aggregate
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(53-250 pm) and silt+clay (<53 pm) fractions. We
hypothesized that (1) belowground root litter enhances
soil aggregation compared to aboveground litter input,
and thus results in C flow from a smaller size to a larger
size aggregate fractions; (2) belowground root litter
induces greater changes in aggregate C turnover with
higher litter-derived C and lower native C content; and
(3) changes in aggregate C turnover and flow differ
among forest types, and the response sensitivity increases
from boreal to tropical forest along the climatic gradient.

Materials and methods

Study sites

In this study, three natural forests (boreal, temperate and
tropical) were selected along a climatic gradient from
a cold temperate to a tropical climate in China (Fig. 1).
The boreal forest is located at Mohe County (52.92°N,
122.79°E), Heilongjiang Province, northeastern China.
The climate is of a cold temperate continental monsoon
type, characterized by mean annual precipitation (MAP)
of 436 mm and mean annual air temperature (MAT) of
—4.14 °C. The dominant tree species in the boreal forest
are Larix gmelinii and Betula platyphylla. The temperate
forest is located at Qingyuan County (41.85°N, 124.93°E),
Liaoning Province, northeastern China. The climate is
characterized by a mid-temperate continental monsoon
type, with MAP of 794 mm and MAT of 5.19 °C, and the
forest features the dominant tree species Quercus mon-
golica, Acer mono and Carpinus cordata. The tropical
forest is located at Ledong County (18.44°N, 108.01°E),
Hainan Province, southern China. The climate is tropi-
cal monsoon with MAP of 2499 mm and MAT of 19.8
°C. The dominant tree species in the tropical forest are

Page 3 of 15

Castanopsis hystrix, Cyclobalanopsis glauca and Machi-
lus pauhoi.

Soil transplantation experiment

We set up four litter treatments, including aboveground
litter input (AL), belowground root litter input (BL),
aboveground plus belowground litter input (AL + BL) and
no litter input as control (NL) at each forest site. At each
site, four 20 m X 20 m plots were selected (four replicates
per site), with a distance between plots of at least 100 m.

The method of natural 3C isotopic abundance was
used to trace litter C input into soils and the transfer
among soil aggregate fractions. For the soil transplant
experiment, we collected sugarcane (a C4 plant) soils at
0-20 cm in a cropland continuously planted with sug-
arcane for more than 20 years in the Experimental Farm
of Fujian Agriculture and Forestry University (26.08°N,
119.23°E), located in Fuzhou, southeastern China. The
plant residues in the C4 soil were picked out, and air
dried soils were passed through a 3 mm mesh sieve. The
sugarcane soil is classified as Argi-Udic Ferrosol, and
the texture was loam soil with 40.1% sand, 42.8% silt and
17.1% clay. Soil pH was 4.87, and soil C and N contents
were 9.41 and 0.71 g kg™!, respectively.

To set up the four litter input treatments, four holes
(6 cm diameter, 20 cm depth) were drilled using a soil
auger, with two PVC tubes inserted into two holes, and
two nylon net pipes with a 3 mm mesh size inserted
into the other two holes. Two groups of all litter micro-
cosms (a total of 8 holes) were set up in each plot to
allow for two sampling times of sampling back the C4
soils. The previously collected sugarcane (C4) soils were
filled into the PVC tubes for the NL and AL treatment,

Litter input treatment

Aboveground

nylon net pipe litter (C3)

PVC pipe

AL+BL

Tropical forest

Fig.1 Site location and litter input treatments in boreal, temperate and tropical forest along a climatic gradient in China. NL non-litter input, AL
aboveground litter input, BL belowground litter input, AL + BL aboveground plus belowground litter input
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or nylon net pipes for the BL and AL + BL treatment to
allow roots to grow into soils (Fig. 1). For the AL and
AL + BL treatments, the previously removed forest floor
litter was carefully placed back onto the soil surface.
For the NL and BL treatments, the forest floor litter
was removed and a larger PVC collar (>6 cm diame-
ter, 5 cm height) covered with a nylon net (mesh size:
1 mm X1 mm) was placed on top of the inserted PVC
tube to prevent fresh litter from falling on the soil. In
our experiment, the leached C from forest canopies was
ignored as we considered it a negligible C input source.
At the start of the experiment, we took three samples of
aboveground forest floor litter and root (0-20 cm layer)
samples in each plot for measuring litter §'3C.

Soil sampling and soil aggregate fractionation

After 1 and 2 years, soils in each treatment were sam-
pled. The previously replaced C4 soils were dug out
from the PVC pipes, all plant residues and in-growing
roots in soils were picked out by hand, and air dried
for soil aggregate fractionation according to Six et al.
(2000). Briefly, 50 g of air-dried soil was soaked slowly
using distilled water, and allowed slaking for 10 min.
Then, samples were placed on a set of 250 and 53 pm
sieves and shaken uniformly for 10 min (30 times/
min). The remaining size fractions on the 250 pm and
53 um sieves were collected to obtain macro-aggregate
(>250 pm) and micro-aggregate (53—-250 um), respec-
tively. The unsettled portion of the suspension passed
through the 53 um sieve was decanted and centrifuged
to obtain the sediment, which was combined with the
settled suspension to obtain the silt+clay fraction
(<53 pum). The separated aggregates were oven-dried at
60 °C, and weighed to determine the mass proportion
of each fraction and C and 3C contents.

Litter and soil C content and §'3C analyses

Plant litter samples were oven-dried at 50 °C for 48 h
and ball-milled for measuring C and *C abundance. Soil
samples of each aggregate fraction were ball-milled and
passed through a 0.25 mm sieve, and treated with 10%
HCl for 24 h to remove carbonates before SOC and §'*C
analysis. The C content and 8'3C of soil and litter sam-
ples were analyzed using a stable isotope ratio mass spec-
trometer (Isoprime 100, Elementar, Germany) connected
to an elemental analyzer (vario MICRO cube, Elementar,
Germany). The C isotope ratios were expressed relative
to the international PDB limestone standard as §'>C.
Standards of acetanilide, L-histidine, D-glutamic acid and
glycine were used to calibrate the data, and the analytical
precision for §'*C was <0.2%o.
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Data calculation

The litter-derived C in soils was calculated using a
two-source mixing model according to the difference
in soil 8'3C values between the litter input treatment
(8" Creatment) and control (8"3C_,...o) as follows (Bales-
dent and Balabane 1996):

13 13
F — 3 Ctreatment — d Ccontrol
=
algclitter - Slsccontrol

(1)

where F; represents the proportion of litter-derived C in
aggregate fraction i, which ranges from 0 to 1. No litter-
derived C is assumed to be contained in soils when F; is
0, and all soil C is assumed to be derived from litter C
input when F; is 1. In addition, §'*C}., in the equation is
the value of 8"3C in locally present aboveground and/or
belowground litter.

The litter-derived (LitC;) and native (NatC,) C con-
tent (g kg™') of each aggregate fraction was calculated
by multiplying total C content of fraction i (T'C;) with F;
or (1 — F)) as in Egs. (2) and (3), respectively.

LitC; = TC; x F; 2)

NatC; = TC; x (1 — F)) 3)

The C flow pathway between the aggregates was
determined using a previously described method con-
sidering that the increasing §'°C in the fraction cor-
responds to the degree of its microbial transformation
(Gunina and Kuzyakov 2014). Firstly, the difference
(AC) was calculated as the 8'3C of the aggregates
minus the corresponding §'C of the bulk soil. Accord-
ing to increasing AC values, we directed the arrows
between the aggregate size classes, and the fractions
at the start of the arrow were considered as “source”
and at the end as “product”. Thereafter, the ABC of the
“product” was subtracted from the A'3C of the “source”
for each fraction, with a decreasing difference in ABC
indicating a proportionally higher the probability of C
flow between the fractions.

Statistical analysis

Data were analyzed using the software R (version 4.4.1).
A two-way analysis of variance (two-way ANOVA)
was conducted to test the effects of litter type and for-
est type on the mass proportion, and the total, litter-
derived and native C content after 1 and 2 years. Then
the Tukey’s honestly significant difference (HSD) test
was performed for post hoc pairwise comparisons.
Data were tested for normality and homogeneity of var-
iances and transformed whenever necessary. If not oth-
erwise stated, the significance level was set to p=0.05.
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Table 1 Two-way ANOVA analysis of litter input and forest type on soil aggregate mass proportion after 1 and 2 years
Factors df 1year 2 years
Macro-aggregate Micro-aggregate Silt+ Clay Macro- Micro-aggregate Silt+ Clay
aggregate
Litter input 3 <0.001 <0.001 0.14 0.53 0.09 0.99
Forest type 2 <0.001 <0.001 0.001 0.002 0.003 0.02
Litter inputxFor- 6 0.44 0.55 0.87 0.72 044 0.76
est type
Data in table are the p values
(@) BoF TeE TF of litter input (Fig. 2a). However, in tropical forests, 1 year
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Fig. 2 Effects of litter input on aggregate mass proportion
in the boreal, temperate and tropical forests along a climatic
gradient aftera 1 and b 2 years. NL non-litter input, AL aboveground
litter input, BL belowground litter input, AL + BL aboveground
plus belowground litter input, BoF boreal forest, TeF temperate forest,
TrF tropical forest

Results

Soil aggregate mass proportion

Litter input and forest type had significant impacts on
soil aggregate mass proportions, but their interactive
effects were not significant (Table 1). The mass propor-
tion of macro-aggregate across three forests was higher
in the BL (67.48%) than that in both the NL (51.06%,
p=0.03) and AL (48.8%, p=0.03) treatment after 1 year

across the three forests was lower in both the BL (16.1%,
p<0.001) and AL+BL (19.23%, p<0.001) than in the
AL treatment (30.39%). Additionally, after 1 year, the BL
treatment had a lower micro-aggregate mass proportion
than the NL treatment (24.34%, p=0.04) (Fig. 2a). The
mass proportion of the silt+clay fraction among litter
input treatments did not differ significantly after 1 year
(Fig. 2a), and the mass proportions of all aggregate frac-
tions were not significantly different between litter input
treatments after 2 years (Fig. 2b). The macro-aggregate
mass proportion in the tropical forest was significantly
higher than that in both the boreal and temperate forests
after 1 and 2 years, while the mass proportion of micro-
aggregate was opposite (Fig. 2a, b). Moreover, in the
tropical and temperate forests, the mass proportions of
the silt+clay fraction was lower than that in the boreal
forest after 1 year (Fig. 2a), but lower in the tropical for-
est than in both the boreal and temperate forests after
2 years (Fig. 2b).

Soil aggregate §'3C and total, litter-derived and native C
contents

Soil aggregate 8'3C was significantly affected by litter
input, forest type and their interaction (Table 2; Fig. 3).
The §'3C values of macro-aggregate in the AL+ BL treat-
ment were lower than under both the NL (p=0.006)
and AL (p=0.007) treatments after 1 year (Fig. 3a), and
lower than under the NL treatment after 2 years in the
boreal forest (Fig. 3d). For the temperate forest, we only
observed lower micro-aggregate 8*C in the BL and
AL+BL treatments compared to the NL treatment after
1 year of litter input (Fig. 3b). The values of 8'3C of each
fraction and bulk soil were all lower in both the BL and
the AL+BL treatments than in the NL and AL treat-
ments in the tropical forest after 1 and 2 years (Fig. 3¢, f).
The average §'2C values of both bulk soil and aggregate
fractions of litter input treatments were all significantly
lower in the tropical forest compared to the boreal and
temperate forests, but there were no differences in §°C
values between the boreal and temperate forests.
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Fig. 3 Changes of soil bulk and aggregate §'3C among litter input treatments in a boreal, b temperate and c tropical forest after 1 year, and d
boreal, e temperate and f tropical forest after 2 years. NL non-litter input, AL aboveground litter input, BL belowground litter input, AL + BL
aboveground plus belowground litter input

Table 2 Two-way ANOVA analysis of litter input and forest type on total C content and §'C of each aggregate fraction after 1 and

2 years
Factors Soil §'3C Total C content
df Macro-aggregate Micro-aggregate Silt+Clay Bulksoil Macro-aggregate Micro-aggregate Silt+ Clay

Litter input 3 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Forest type 2 <0001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Litter inputx Forest type 6  <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Litter input 3 <0.001 0.001 <0.001 <0.001 <0.001 0.02 0.006
Forest type 2 <0001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Litter inputx Forest type 6  <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Data in table are the p values
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Table 3 Two-way ANOVA analysis of litter input and forest type on litter-derived and native C content of each aggregate fraction after

1and 2 years
Factors df Litter-derived C content Native C content
Macro-aggregate  Micro-aggregate  Silt+Clay  Macro-aggregate  Micro-aggregate  Silt+ Clay

Litter input 3 <0.001 <0.001 <0.001 <0.001 <0.001 0.23
Forest type 2 <0.001 <0.001 <0.001 <0.001 <0.001 0.59
Litter inputx Forest type 6 <0.001 <0.001 <0.001 0.001 <0.001 0.08
Litter input 3 0.009 0.008 0.006 0.06 0.04 0.008
Forest type 2 <0.001 <0.001 <0.001 0.07 0.006 0.002
Litter inputx Forest type 6 <0.001 <0.001 <0.001 0.16 0.04 0.04

Data in table are the p values

The effects of litter input on total, litter-derived
and native C contents varied among forest types
(Tables 2, 3; Fig. 4), except for the native C content
of the silt+clay fraction after 1 year and the native
C content of macro-aggregate fraction after 2 years.
Compared to the AL treatment, the belowground root
litter input (i.e., BL and AL+ BL treatments) had the
higher litter-derived C contents of all aggregate frac-
tions in the tropical forest, which led to higher total
C contents in both BL and AL+ BL treatments than
that in the NL and AL treatments after 1 and 2 years
(Fig. 4a-f). However, soil native C content of the
macro- and micro-aggregate fractions in both the BL
and AL + BL treatments were lower than that in the NL
and AL treatments in the tropical forest (Fig. 4a, b).
For the boreal forest, the total C content of the macro-
aggregate in the BL treatment was significantly higher
than that in the NL treatment after 1 year (Fig. 4a), and
the total C content of the silt + clay fraction in the BL
treatment was higher than that in the AL treatment
after 2 years (Fig. 4f). In addition, the native C con-
tent of the silt + clay fraction in the AL +BL treatment
was significantly lower than that in the NL treatment
in the boreal forest after 2 years (Fig. 4f). There were
no changes in total, litter-derived, and native C con-
tent in all aggregate fractions in the temperate forest
(Fig. 4a—f).

Compared to both boreal and temperate forests, total
and litter-derived C content was generally higher in the
tropical forest (Fig. 4). However, the native C contents
of the macro- and micro-aggregates in the tropical for-
est were lower than that in the boreal and temperate
forests after 1 year (Fig. 4a, b). Moreover, the native
C content of the micro-aggregate in the boreal forest
was lower than that in the temperate forest (Fig. 4e),
and the native C content of the silt+ clay fraction in
the boreal forest was lower than that in both temperate
and tropical forests after 2 years (Fig. 4f).

Pathways of C flow among aggregate fractions

The pathway of C flow between soil aggregates differed
among litter input and forest type. In general, soil C
flowed directly from the silt+clay fraction or indirectly
via the micro-aggregate to macro-aggregate fractions
in both the boreal and temperate forests. The path-
way of C flow was opposite from the macro-aggregate
to the silt+clay or micro-aggregate fraction in the BL
and AL+ BL treatments after 1 year (Fig. 5a, b). For the
tropical forest, however, soil macro-aggregates generally
served as a C “source” (lighter A'3C) for the silt+clay
fraction (heaviest A'3C), except for the NL treatment
after 1 year (Fig. 5¢).

Discussion

Effects of litter input and forest type on soil aggregation
Our results showed that soil aggregation was affected by
the belowground root litter rather than the aboveground
litter input, considering the higher mass proportions
of macro-aggregate in the BL treatment than in the NL
and AL treatments (Fig. 2). This result supported our
first hypothesis that belowground root litter enhances
soil aggregation compared to aboveground litter input.
Similarly, several previous studies also observed that
plant roots and mycorrhizal fungi play a dominant role
in soil aggregation (Siddiky et al. 2012; Morris et al. 2019;
Rillig et al. 2015), because roots exert an entanglement
effect, pushing soil particles together to form macro-
aggregates (Poirier et al. 2018; Baumert et al. 2021). Fur-
thermore, root mucilage and exudates, mainly composed
of polysaccharides, can enhance the growth of different
microbes, which contributes to the formation of macro-
aggregates (Mizuta et al. 2015). The biochemical quality
of organic matter can impact differently on soil aggrega-
tion, with a rapid but short- and medium-term aggregate
stability induced by organic matter rich in carbohy-
drate C, while organic matter rich in aromatic C barely
enhances soil aggregation (Sarker et al. 2022). In contrast
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Fig.4 Changes of the total, litter-derived and native C content of a macro-aggregate, b micro-aggregate and c silt + clay fraction after 1 year, and d
macro-aggregate, e micro-aggregate and f silt+clay fraction after 2 years of litter input in boreal, temperate and tropical forest. NL non-litter input,
AL aboveground litter input, BL belowground litter input, AL + BL aboveground plus belowground litter input, BoF boreal forest, TeF temperate
forest, Trf tropical forest. The litter-derived C in different treatments are as follows: AL treatment refers to carbon produced by the decomposition
of aboveground leaf litter, BL treatment refers to carbon produced by the decomposition of belowground root litter, and AL+ BL treatment refers
to carbon produced by the combined decomposition of aboveground leaf litter and belowground root litter. Different capital letters on bars
indicate significant differences of total aggregate C content among litter input treatments at a level of p <0.05. Different lowercase letters on bars
indicate significant differences in the litter-derived C or native C contents among litter input treatments at a level of p<0.05

(See figure on next page.)

Fig. 5 Effects of litter input on C flow in a boreal forest, b temperate forest and ¢ tropical forest after 1 and 2 years. The numbers in figures
(clouds) indicate the difference (A'3C) of §'>C values between each aggregate fraction and bulk soil. The arrows indicate the direction of C flow
between aggregates according to increasing A'C values. These numbers above the arrows indicate relative probability of C flow between soil

aggregate fractions. The smaller the number on the arrow, the smaller the difference between A'*C values, and the higher the probability of C flow.
The wider the arrow, the greater the probability
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to the results after treatment 1 year, the effects of litter
types on aggregate mass proportions were not significant
after 2 years (Table 1), implying that the impact of litter
type on soil aggregate structure might weaken over time.
Similarly, Parwada and Van Tol (2019) found that macro-
aggregate formation was a rapid process and the effects
of organic matter input on soil aggregation varied over
time. The rapid but short- and medium-term aggregate
stability induced by root litter input might lead to a lack
of difference in mass proportion of aggregates among lit-
ter input treatments after 2 years (Sarker et al. 2022). In
addition, there were no significant interactions between
litter input and forest type on the mass proportions of
soil aggregates, indicating that the impact of litter input
on soil aggregation did not vary among forest types along
the climatic gradient.

We observed that the mass proportion of macro-aggre-
gates in the tropical forest was higher than that in the
boreal and temperate forests after both aboveground and
belowground litter input (Fig. 2). Soil aggregation can be
affected by the quantity and quality of organic matters
(Abiven et al. 2009; Sarker et al. 2022), plant root mor-
phological characteristics (Siddiky et al. 2012; Wang et al.
2017), soil bacterial or fungal-dominated community
composition (Ortiz et al. 2022), as well as soil mineral-
ogy and microclimate (Laganiére et al. 2011; Toriyama
et al. 2015; Shi et al. 2023). In this present study, we
assumed that changes in soil aggregate mass proportion
are unlikely to be mainly caused by soil properties and
mineralogy as the homogenous cropland C4 soils were
transplanted to forests. Moreover, the enhancement of
soil aggregation in the tropical forest is unlikely explained
by the higher precipitation, as a because one previous
study suggested a negative correlation between macro-
aggregate mass and annual precipitation, although there
was a positive correlation between macro-aggregate
mass and precipitation seasonality (Zhang et al. 2023a).
The high temperature and humidity environment in
tropical regions accelerates mineral weathering, poten-
tially releasing more active clay minerals and metal ions
such as iron and aluminum oxides, thereby enhancing
soil aggregation (Siddiky et al. 2012; Morris et al. 2019).
In general, productivity declined from tropical to cold
temperate forest along a north—south transect in China
(Wen and He 2016), which should lead to less organic
bindings of soil aggregation (Forster 1990; Tisdall 1994).
Supportively, we observed higher total and litter-derived
C contents of aggregate fractions in the tropical forest
than in the boreal and temperate forests (Fig. 4), which
might account for the higher mass proportion of macro-
aggregate in the tropical forest. Meanwhile, soil microbial
community structure and activities play a key role in con-
trolling soil aggregation (Helfrich et al. 2015; Ortiz et al.
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2022). It has been observed that tropical forests gener-
ally show higher microbial activity and a higher fungal
proportion (Wu et al. 2009), which might facilitate the
decomposition of plant litter and provide more binding
agents for the formation of macro-aggregates (Zhou et al.
2022).

Effects of litter input on SOC turnover vary among forest
type

Plant litter C input has important impacts on the litter-
derived C formation through the direct transformation of
litter fragments or indirect effect of the “microbial car-
bon pump” (MCP) (Cotrufo et al. 2015). It also influences
changes in soil native C mineralization, a phenomenon
referred to as the “priming effect” (Fontaine et al. 2003;
Tao et al. 2023; Jiao et al. 2024). In this present study, we
found that the input of belowground root litter caused
more litter-derived C formation in all fractions than
aboveground litter input in the tropical forest (Fig. 4).
Our results imply that the input of belowground root lit-
ter induced more C formation, supporting our second
hypothesis. Fine roots are generally the major carbon
sources for soil microbes (Liebmann et al. 2020), and con-
tribute to soil C formation through the pathway of soil
microbial byproducts (Mambelli et al. 2011). Moreover,
root litter contains more recalcitrant compounds, such as
condensed tannins, non-lignin C compounds (Sun et al.
2018; Adamczyk et al. 2019), and chitins from distal ecto-
mycorrhizal roots (Freschet et al. 2013). These chemical
properties enable root litter to resist rapid degradation
even in a highly active decomposing environment. One
of our previous studies also reported a higher C:N ratio
of root litter than aboveground litter at the same stud-
ied sites (Chen et al. 2022). Consequently, the slower
decomposition of the recalcitrant root litter may facilitate
greater transfer of root litter-derived C into coarse partic-
ulate organic matter through a physical transfer pathway
(Cotrufo et al. 2015). Furthermore, our results showed
that belowground litter input promoted soil aggregation,
potentially increasing the physical protection of SOC
(Shi et al. 2023). In addition, the observed increase in lit-
ter-derived C across all three aggregate fractions suggests
that both microbial and physical-transfer pathways likely
contribute simultaneously to soil aggregate C formation
following belowground root litter input.

It has been widely observed that the input of organic
matter and rhizosphere deposition can alter native soil
C mineralization by microorganisms (Kuzyakov et al.
2000; Cheng et al. 2014). In this present study, the
belowground root litter input resulted in lower native
C content of macro- and micro-aggregate fractions
compared to the NL and AL treatments in the tropi-
cal forest (Fig. 4f), indicating a positive rhizosphere



Xu et al. Ecological Processes (2026) 15:15

priming effect in the tropical forest, except for above-
ground litter input. Similarly, Almeida et al. (2021)
observed that the presence of roots led to a lower
native C content as compared to leaf, twig and bark
litter. Though we did not determine root exudates in
our study, the C sources from root exudates have been
widely suggested to stimulate soil microbial activi-
ties, and thus induce more soil native C mineraliza-
tion than aboveground residues due to the mechanism
of ‘stoichiometric decomposition’ (Blagodatskaya and
Kuzyakov 2008). On the other hand, the recalcitrant
compounds from dead root residues are generally
difficult to be metabolized, which can stimulate the
degradation of soil native organic carbon due to the
‘nutrient mining’ mechanism.

Interestingly, we found that the effects of litter
input on SOC turnover varied among forest types.
Our results suggest that the response of SOC turno-
ver to belowground root litter input was more sensi-
tive in the tropical forest compared to the boreal and
temperate forests. Generally, climate (e.g., MAT and
MAP) is one of the most important factors influencing
plant litter production and decomposition rate (Cot-
teaux et al. 1995; Zhou et al. 2008; Wen and He 2016).
In this present study, the greater litter-fall production
and faster litter decomposition in the tropical forest
should be responsible for the greater litter-derived C
accumulation and native C loss. Furthermore, it has
been well established that the priming effect is closely
related to litter quantity and quality (Lyu et al. 2019),
ecosystem type, and tree species (Lyu et al. 2018; Huo
and Luo 2017; Perveen et al. 2019), as well as climatic
conditions and soil properties (Lyu et al. 2019). In this
present study, the favorable climatic conditions (e.g.,
high mean annual temperature) in the tropical site are
likely to promote SOC turnover (Leff et al. 2012; Sun
et al. 2019). For example, a 1 °C increase in tempera-
ture could lead to decreases in turnover time of 4—11%
of the medium-active SOC and 8-16% of the stabilized
SOC fractions, respectively (Hakkenberg et al. 2008).
Moreover, we observed that the response of native C
induced by litter input was more sensitive in the boreal
forest than in the temperate forest, resulting in lower
native C content of the micro-aggregate and silt +clay
fractions in the boreal forest compared to the temper-
ate forest after 2 years of litter input. In our study, spe-
cies richness in the boreal forest was lower than that in
the temperate and tropical forests. Plant species rich-
ness promotes soil carbon (C) and nitrogen (N) stocks
via increased plant productivity (Cong et al. 2014; Chen
et al. 2020), but the intensified plant-microbial compe-
tition for nitrogen can reduce the rhizosphere priming
effects (Yin et al. 2018).
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Effects of litter input and forest type on soil aggregate C
flow

Our results showed that litter type changed soil C flow
among aggregate fractions. Generally, aboveground litter
input led to soil C flow from the silt+clay to the macro-
aggregate fraction, or indirectly passed via the micro-
aggregate to macro-aggregate fraction in both the boreal
and temperate forests. This result supports an earlier
concept of soil aggregation that suggests the particles of
<20 pm diameter are bound to water-stable secondary
particles of 20—60 pm diameter, and that these second-
ary particles in turn form larger aggregates (Tisdall and
Oades 1982). According to the Microbial Efficiency-
Matrix Stabilization (MEMS) model (Cotrufo et al. 2013),
the low molecular weight compounds from the early
stage of leaf litter decomposition are more likely to bond
with silt and clay particles, and increase soil microbial
substrate use efficiency (Cotrufo et al. 2013). Through
this process, microbial cell wall components can enhance
stable aggregate formation in clay soils (Tisdall and
Oades 1982; Mizuta et al. 2015). In contrast to above-
ground litter, soil C flowed directly from the macro-
aggregate to the micro-aggregate fraction or indirectly
passed via the silt+clay fraction to the micro-aggregate
fraction in the AL+ BL treatment in both the boreal and
temperate forests after 1 year of litter input, reflecting
that the micro-aggregates were formed inside the macro-
aggregates (Gunina and Kuzyakov 2014). In this pre-
sent study, the belowground root litter input had a fast
enhancement of soil macro-aggregate formation, which
might mainly account for the change of C flow from the
macro-aggregate to the micro-aggregate fraction. Fur-
thermore, the releases of organic acids from plant root
can increase the surface charge density of colloidal par-
ticles (e.g., iron and aluminum oxides, montmorillonite
and other clay minerals) in macro-aggregates through
coordination adsorption or ion exchange (Huang et al.
2021; Wiesenbauer et al. 2025), accelerating the forma-
tion of ‘organic-mineral complexes’ in micro-aggregates.
It has also been shown that the decomposition products
of belowground root residues provide more binders for
further connecting structurally stable micro-aggregates
(Gunina and Kuzyakov 2014; Lajtha et al. 2018).

In contrast to the boreal and temperate forests, soil C
flowed mainly from the macro-aggregate to the micro-
aggregate and silt+ clay fractions in the tropical forest.
This is consistent with several previous studies that found
that the main direction of C flows within the aggregates
was from the free POM to the mineral micro-aggre-
gate fractions in both coniferous and deciduous forests
(Gunina and Kuzyakov 2014), and from the macro-aggre-
gate to the silt+ clay fraction in forests along a secondary
successional chronosequence (Shi et al. 2023). Generally,
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litter decomposition and SOC turnover are relatively fast
in tropical sites (Leff et al. 2012), which leads to the for-
mation of more litter residue C via a physical-transfer
path and thereby enhances soil aggregation (Cotrufo
et al. 2015). Consequently, the litter-derived C flows from
the macro-aggregate to the micro-aggregate or silt+ clay
fractions.

Collectively, we quantified the importance of differ-
ent plant C inputs to soil aggregation, SOC formation
and flow across different forests along a climate gradi-
ent, which contributes to understanding future SOC
accumulation and stabilization. Yet, our study has limi-
tations that should be noted. First, the soil sieving and
re-packing process during the transplantation of C4 soil
to forest sites disturbed the original soil physical struc-
ture and aggregation formation and protection (Hassink
1992). This disturbance may interfere with the litter input
and forest type treatment effects on soil aggregation and
thereby SOC turnover and flow. Second, the ingrowth
cores may impact root and mycorrhizal fungal growth,
thereby affecting contributions of roots and mycorrhizal
fungi to SOC turnover (Huang et al. 2021). Third, the dif-
ference of soil microbial community in C4 soil may lead
to reduced litter decomposition due to the lack of ‘home-
field advantage’ (HFA) that microbes might decompose
litter originating from their own community more eas-
ily than from elsewhere (Pugnaire et al. 2023). Addition-
ally, our study only used *C isotopic tracing that can not
to distinguish and quantify the relative contribution of
aboveground and belowground root litter to SOC turno-
ver. Future studies that use the ingrowth core approach
to quantify the impacts of litter input on SOC turnover
along climatic gradients are recommended to use undis-
turbed soils, and should apply the coupling isotopic trac-
ing technique (e.g., 1*C and '°N) in a field experiment.

Conclusion

Our study demonstrates that belowground root litter
input enhances soil aggregation in forests along a cli-
matic gradient compared to aboveground litter input.
Moreover, belowground root litter promotes greater lit-
ter-derived C accumulation and reduces native C content
more markedly than aboveground litter in the tropical
forest. However, the effects of litter input on soil aggre-
gate carbon turnover are less evident in the boreal and
temperate forests. Our results imply that the impacts of
litter input on soil carbon turnover depend on the forest
type, and the response of SOC turnover to the below-
ground root litter is more sensitive in the tropical for-
est than in the temperate forest. In addition, our results
show that the direction and probability of C flow among
aggregate fractions differ among litter type and forest
types, implying that litter input and forest type can alter
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soil C transfer among aggregate fractions, and thereby
the pathway of soil carbon stabilization. Collectively, our
results suggest that quantifying contributions of above-
ground and belowground litter C input to SOC turno-
ver in different forest types is clearly needed for better
understanding and projection of SOC sequestration and
stability in global forests.

Abbreviations

C Carbon

SOC Soil organic carbon

MAP Mean annual precipitation

MAT Mean annual air temperature

AL Aboveground litter input

BL Belowground litter input

AL+BL  Aboveground plus belowground litter input
NL No litter input as control
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