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Abstract Despite being a crucial component of
nutrient cycling and soil carbon (C) dynamics in
forest ecosystems, there is too little information from
past studies to discern whether dissolved organic
carbon (DOC) exchanges with soil organic carbon or
passes unaltered through soils. In this study, we added
"C-labelled litter-derived DOC into different depth
soil columns in a 180-day incubation experiment to
determine the fate of DOC in soils, and to monitor the
changes in DOC composition when it percolates
through the soil. The results showed that 8'°C values
increased in soil microbes, which indicated that some
litter-derived DOC was immobilized by soil microbial
communities. Approximately 76% of litter-derived
DOC was retained in the soil (60% in topsoil and 16%
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in midsoil). Meanwhile, 18%, 4%, and 3% of litter-
derived DOC were mineralized into CO, in topsoil,
midsoil and subsoil respectively. Only 0.04% of litter-
derived DOC leached from the soil column (0-60 cm).
These results indicated that DOC was mainly retained
on soil, and a small portion was mineralized by
microorganisms, with minimal leaching. The compo-
sition of water soluble soil organic carbon (WSOC)
and leachate DOC (LDOC) were similar between the
control and treatment. This indicated that the compo-
sition of WSOC and LDOC was more similar to soil C
than the added DOC, which supports the previously
hypothesized dynamic exchange model. These find-
ings provide new insight by showing that most litter-
derived DOC is sequestered in forest soils.

Keywords Dissolved organic carbon - CO,
emission - Retention - Leaching - Dynamic exchange

Introduction

Dissolved organic carbon (DOC) is a key component
of the terrestrial carbon (C) cycle. Although a small
portion of the total soil organic carbon (SOC) pool,
DOC is active in various biotic and abiotic processes
in the soil C cycle (De Troyer et al. 2011; Kalbitz et al.
2000; Kindler et al. 2011). At the same time, DOC
contributes to C sequestration in soils and microbial
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and plant nutrition (Scott and Rothstein 2014). Litter-
derived DOC is an important source of SOC, but we
know little of how it is processed in soil. Thus, it is
imperative to understand the contributions of litter-
derived DOC to SOC.

When litter-derived DOC infiltrates soil, a series of
reactions occur, including retention, mineralization,
and leaching into the deeper layers (Moller et al. 2005;
Qualls et al. 2002). Incubation experiments have been
used to show that added litter-derived DOC is mainly
mineralized by microbial communities, retained by
soil particles, or leached from soils (Hagedorn et al.
2004; Muller et al. 2009; Qiu et al. 2016). However,
the proportions of mineralization, retention and
leaching have differed with forest soil type. Previous
studies have shown that different soils have different
retention capacities relative to texture (Seely et al.
1998), structure (Asano et al. 2006), soil C content
(Lilienfein et al. 2004), and mineral composition
(Lilienfein et al. 2004; Qualls et al. 2000; Yano et al.
2000). To trace the fate of plant-derived DOC, most
researchers directly put soils and plant-derived DOC
into glass jars, specimen cups or Erlenmeyer flasks to
incubate (Hagedorn et al. 2004; Miao et al. 2017; Qiu
et al. 2016; Sanderman et al. 2008b). However, these
methods do not reflect effects of different depths of
soils and vertical leaching of DOC from soil. The few
studies that have used soil column experiments to
quantity the fate of litter-derived DOC in soil have
shown this method to be effective when tracing the
fate of litter-derived DOC (Muller et al. 2009; Scott
and Rothstein 2014). However, these soil column
experiments did not distinguish contributions of
different soil layers, or the experiments underesti-
mated DOC mineralization. Therefore, we refined the
approach to quantify how much litter-derived DOC is
mineralized, retained or leached in different soil layers
in our study site.

The molecular weights and chemical composition
of the dissolved organic matter (DOM) change with
mineralization, retention or leaching when moving
downward through artificial soil columns (Kim et al.
2015). The dynamic exchange model is a common
explanation of the changes in the molecular structure
of DOM with soil water movement (Kaiser and
Kalbitz 2012; Sanderman et al. 2008b; Scott and
Rothstein 2014). According to this model, DOM
composition changes as a result of exchange reactions
between highly sorptive litter-derived compounds and
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previously sorbed microbial-derived compounds as
water percolates through soil. As a result, DOM
composition in the subsoil would become more similar
to the SOM composition as litter-derived DOC moves
into deeper soils. However, we do not know the
quantity and the proportions of mineralization, reten-
tion and leaching during the process. Furthermore,
most soil sorption experiments have lasted from
several minutes to days, which is too short to assess
DOC mineralization. Additionally, all these studies
were of northern forest or grassland soils with
relatively low precipitation, with little information
available on subtropical forest soils with high annual
precipitation. Studies that add '*C-labelled litter-
derived DOC into soil columns during incubations
offer substantial insight on the changes of quantity and
chemistry of DOM that percolates downward through
the soil profile. This approach also offers a means to
quantify the energetic and metabolic potential of DOC
for microbes.

When coupled with an isotopic tracer in a column
experiment, spectroscopic methods offer additional
metric to identify and quantify the chemical compo-
sition of DOM. Fluorescence excitation—emission
matrices (EEMs) have been widely used as rapid and
nondestructive analytical methods for monitoring
DOM (Stedmon et al. 2003; Weishaar et al. 2003).
Recently, parallel factor analysis (PARAFAC) has
been developed to estimate a set of representative
fluorescence components from EEMs (Stedmon and
Bro 2008). Generally, DOM is separated into amino
acids (free or bound in proteins), low molecular weight
components, and high molecular weight components.
Amino acids and low molecular components can be
easily mineralized by microbial communities. High
molecular weight components are generally consid-
ered to be less biodegradable than amino acids and low
molecular weight components (Birdwell and Engel
2010; Fang et al. 2014; Fellman et al. 2010; Harun
et al. 2016).

In this study, we applied '*C-labelled litter-derived
DOC to different depth soil columns (10, 30 and 60
cm) in a 180-day incubation experiment to quantify
the fate of '*C-labelled litter-derived DOC when they
percolated through soils. The changes of litter-derived
DOM composition were measured by combining
EEMs and PARAFAC. We hypothesized that (1)
litter-derived DOC was mainly retained on soil and
mineralized by microorganisms when passing through
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soils; and (2) the changes in the composition of the
litter-derived DOM would support the dynamic
exchange model. This study will help us better
understand the dynamics of DOC in subtropical forest
soils and provide validation and insight on the
dynamic exchange model.

Methods and materials
Soil collection

Soils were collected from a deciduous, humid, moun-
tainous forest dominated by Fagus Ilucida in the
Badagongshan National Nature Reserve, Hunan
Province, in the mid-subtropical zone of China
(29°46.04'N, 110°5.24'E). The climate is subtropical
mountain humid monsoon with an annual average
precipitation of 2105 mm and an annual mean
temperature of 11.5 °C. The soil was classified as a
Hapludalf with a silt loam texture. The soil consists of
an A horizon (approximately 10-15 cm thick), a
transitional horizon between the mineral A and B
horizons (8-15 cm thick), and a B horizon (approx-
imately 60 cm thick).We dug three trenches and used
a shovel to collect soil samples at three fixed depths:
0-10 cm  (topsoil), 10-30 cm  (midsoil), and
30-60 cm (subsoil). All sampling plots were located
in well protected national nature reserves, where
vegetation and soil were representative for the given
forest type. All sampling plots were located
100400 m apart from each other. About 125 kg soil
was collected at each plot. The topsoil, midsoil and
subsoil were 35 kg, 50 kg, and 40 kg, respectively.
Soil samples were immediately brought to the labo-
ratory and passed through an 8-mm sieve. Roots, rocks
and visible residues were removed manually. We
manually mixed each sample with a shovel.

Isotopic labeling of saplings and the preparation
of litter-derived DOC

We chose five adjacent Fagus lucida saplings that
grew well and were less than 1 m in height in the
Badagongshan National Nature Reserve. We sealed
these saplings inside a 3 m long x 1 m wide x 1 m
high polyethylene film chamber. '>*CO, which was
produced by using citric acid and Na}>CO; (99 atom%
13C, SIGMA, USA) was delivered into the chamber

from 11:00 am to 13:00 pm for ten sunny days in July,
2015. To ensure maximum assimilation of '*CO, by
plants, the '>CO, concentration in the chamber was
kept at approximately 500 ppm. Then, all fresh leaves
from these saplings were picked manually, oven-dried,
and chopped into small pieces (2-3 mm). Lab analysis
indicated that the 5'°C value of this litter was 230.5%o.
We then obtained litter-derived DOC from the '*C-
labelled leaves. For the extraction, we first added
distilled water to the litter at a weight ratio of 1:15.
Then, after 24 h at 20 °C, the solution was filtered
through a 0.45-um membrane, and distilled water was
again added. This procedure was repeated three times.
All extracts were combined to measure the concen-
tration, the 8'3C value and fluorescence excitation—
emission matrices of litter-derived DOC. The concen-
tration and the 3'C value of litter-derived DOC were
71.7 mg L™ and 318.4%o, respectively.

Soil incubation

Sieved soils were poured into 10 cm diameter PVC
tubes to form soil columns with thicknesses of 10, 30
and 60 cm (Fig. 1). The amount of soils for each layer
was determined based on bulk density. We placed (1)
0.85 kg of topsoil; (2) 0.85 kg of topsoil and 2 kg of
midsoil; (3) 0.85 kg of topsoil, 2 kg of midsoil and
3 kg of subsoil into the 10-cm, 30-cm, and 60-cm PVC
tubes, respectively. The soils were individually placed
in layers of 0-10 cm, 10-30 cm and 30-60 cm. The
bottoms of the PVC tubes were covered with a nylon
net to avoid soil loss while allowing liquid to pass
through. Each soil layer was also separated with this
nylon net. There were 36 replicate PVC tubes for each
type of soil column.

All PVC tubes were pre-incubated at 25 °C for two
weeks. After pre-incubation, '*C-labelled litter-
derived DOC (25.1 mg) was added drop-wise
(5 ml min~") into half of the PVC tubes by intra-
venous tubing, and the other half of the PVC tubes
received distilled water as the control. During incu-
bation, distilled water (450 ml) was added into each
PVC tube every ten days. Each application corre-
sponded to 58 mm of rain. This amount was deter-
mined according to the annual average precipitation of
our study site. A 1-liter beaker was put at the bottom of
each PVC tube for 24 h to collect soil leachate when
we added distilled water or litter-derived DOC. The
soil leachate was filtered through a 0.45-um
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Fig. 1 Sketch of the soil DOC

columns for the incubation ‘
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membrane and then was used to measure the DOC
concentration (LDOC), 3'3C value and the fluores-
cence characteristics.

The rate of soil C mineralization was measured
daily for the first week of the incubation, twice a week
for the following five weeks, and weekly for the
remaining period of the experiment. At each mea-
surement, three replicates were randomly chosen from
each treatment to measure soil CO, efflux rates. PVC
tubes were first flushed with CO,-free air (air through a
soda-lime column) for 1 h for the 10-cm PVC tubes,
2.5 h for the 30-cm PVC tubes, and 4 h for the 60-cm
PVC tubes, respectively. Then the outflow was
connected to an infrared gas analyzer (EGM-4, PP
Systems, Amesbury, MA, USA) and a flow rate meter,
and then CO, concentration and the flow rate were
recorded. Gas samples were collected in bags to
measure '°C composition using cavity ringdown
spectroscopy (Carbon Isotope Analyzer, 912-0003,
LGR, CA, USA). Soil respiration from the midsoil
(10-30 cm) was calculated as the difference between
the 0-30 cm and 0-10 cm layers, and soil respiration
from the subsoil (30-60 cm) was calculated as the
difference between the 0-60 cm and 0-30 cm layers.

Lab analysis

A portion of the collected soil was immediately used to
determine soil water content, WSOC and microbial
biomass C. Another part of soil was air-dried and
sieved (< 2 mm) to determine soil pH, texture, SOC,
total N, 8'3C, total free Fe oxides (Fegq, crystalline plus
non-crystalline), poorly crystalline Fe and Al oxides

@ Springer

DOC

10 cm

(Fe, and Al,), and chelated organically complexed Fe
and Al (Fepy and Al,y). The rest of the soils were
stored in a refrigerator (< 4 °C) for no more than two
weeks before lab incubation.

Three replicate PVC tubes of each treatment were
destructively sampled at 10, 20, 30, 60, 90 and
180 days. Soil samples were then collected from each
depth: 0-10 cm (topsoil), 10-30 cm (midsoil), and
30-60 cm (subsoil). One subsample of fresh soil was
oven-dried to determine the SOC, total N, and soil
8'C. Another subsample of fresh soil was used to
extract WSOC and microbial biomass C (MBC).

Soil pH was determined in 1:2.5 (weight: volume)
soil solutions, and the soil water content was measured
by oven-drying for 48 h at 105 °C. Soil texture was
determined with a laser particle size analyzer (Master-
sizer 3000, Malvern Panalytical, Malvern, UK). SOC,
total N, and their 8'3C values were then determined
with an elemental analyzer (Flash 2000, Thermo
Fisher Scientific, Waltham, MA, USA) interfaced with
an isotope ratio mass spectrometer (Delta Plus
Advantage, Thermo Finnigan, Bremen, Germany).
Fe and Al were extracted by three selective dissolu-
tions to determine the content of three types of mineral
functional groups: total free Fe oxides (Fey), poorly
crystalline Fe and Al oxides (Fe, and Al,), and
chelated organically complexed Fe and Al (Fe,, and
Al,,) (Pansu and Gautheyrou 2006). The concentra-
tion of Fey was measured using dithionite—citrate—
bicarbonate method (DCB extraction). Fe, and Al,
were determined by extraction with acid ammonium
oxalate at pH 3 in the dark (oxalate extraction). Fe,,
and Al,, were detected by sodium pyrophosphate
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extraction. After each of these extractions, the solu-
tions were centrifuged, and the supernatant liquid was
filtered through a 0.45 mm filterable membrane.
Mineral concentration were then quantified by plasma
atomic emission spectrometry (Optima 8000DV,
PerkinElmer, Waltham, MA, USA). The crystalline
and poorly crystalline metal oxides are characterized
by high reactive specific surface area and have a high
chemical capacity to establish covalent links with
organic matter (Eusterhues et al. 2005; Leinemann
et al. 2018). Therefore, higher values of Feg4, Fe, and
Al, indicate stronger SOC stability through organic-
mineral associations. The proportion of chelated
organo-mineral complexes is given by pyrophosphate
extractable Fe and Al (M,,), and the SOC/M,, is used
to determine whether there is enough stock of Fe and
Al ions in the soil for chelation (Masiello et al. 2004).

WSOC was extracted in a paste of 1:15 (weight:
volume) of fresh soil and deionized water. The mixed
paste was shaken for 5 h at 250 rpm at 25 °C.
Subsequently, the supernatant liquid was filtered
through a 0.45-pm membrane. Soil MBC was deter-
mined by a fumigation—extraction method (Vance
etal. 1987). DOC and MBC in extracts were measured
using a TOC Analyzer (vario TOC, Elementar,
Langenselbold, Germany). To measure the 3'°C
values of soil leachates or extracts, 2 ml of a 0.5 mol
L' K,SO, solution was added to 20 ml soil leachates
or extracts and then freeze-dried in order to obtain
adequate amounts of dried leachates or extracts
(Hagedorn et al. 2004). The 8'3C values of leachates
or extracts and the 8'°C value of microbes were
measured by an isotope ratio mass spectrometer
(Delta-Plus, Thermo Finnigan, Waltham, MA, USA).
Fluorescence excitation—emission spectroscopy of soil
leachates or extracts were measured by fluorescence
spectrophotometer (FP-6500, Jasco, Ashikaga, Japan).
Bandwidths were set to 5 nm for both excitation and
emission. A series of emission scans (280-550 nm)
were collected over excitation wavelengths ranging
from 230 to 400 nm (Stedmon et al. 2003).

Calculations and statistical analysis
We used mass balance and a two-component mixing

model to determine the proportions (fpoc fsoc) of
DOC-derived and soil-derived CO,.

137
dco, = fooc X dpoc + fsoc X dsoc (1)
and
Jooc +fsoc =1 (2)

where fpoc and fsoc refer to the proportion of DOC-
derived and SOC-derived CO,, respectively; and dpoc
and Jgpc refer to the isotope abundance (8'°C) of
DOC and SOC, respectively (Phillips and Gregg
2003).

To calculate the amount of CO,—C derived from
DOC and SOC under incubation, the following
equations were used:

8" Crorar — 8" Csoc
8" Cpoc — 6" Csoc

CDOC = X thal (3)

13 13
0 Clutal -4 CDOC
613C 513C
soc — DoC

In the EqS (1) and (2)’ Ctotal (Ctmal = CDOC—
+ Csoc) is the total amount of CO,—C released
during incubation and (313Cwm, is the corresponding
isotopic value. Cpoc is the amount of C derived from
DOC and d"°Cpoc is the isotopic value of DOC. Csoc
is the amount of C derived from SOC and 6"°Csoc is
the isotopic value of SOC.

Repeated measures ANOVAs were used to assess
the differences of 8'°C values of soil, microbes,
WSOC, LDOC, CO,, LDOC loss, cumulative CO,
emission, and concentrations of WSOC and LDOC
among different soil layers at different sampling times.
When differences were significant, we conducted post
hoc comparisons using the least significant difference
procedure. The significance level in all analyses was
p < 0.05. All statistical analyses were performed
using IBM SPSS statistics (v. 21, International Busi-
ness Machines Corp., Armonk, NY, USA). Fig-
ures were drawn with OriginPro 2016 (OriginLab
Corporation, Northampton, MA, USA). The parallel
factor analysis (PARAFAC) was performed in
MATLAB using the DOMfluor toolbox (Stedmon
and Bro 2008).

Csoc = X Cotal (4)
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Table 1 Characteristics of the profiled soil samples. Values are mean £ standard deviation (n = 3)

Variables Topsoil (0-10 cm) Midsoil (10-30 cm) Subsoil (30-60 cm)

pH 4.6 + 0.04 4.8 £0.03 49 +£0.03

3"7C (%o0) —26.9£02 — 257 £0.05 —253£0.1

Moisture (%) 954+ 04 704 £ 0.6 62.1 £ 0.1

Clay% (< 0.002 mm) 215 £20 193 £ 0.5 194+ 14

Silt% (0.002-0.02 mm) 61.6 £0.3 68.0 + 0.6 67.6 £ 1.3

Sand% (0.02-2 mm) 16.7 £ 2.0 127 £ 04 13.0 £ 0.6

SOC (mg gfl) 753+ 14 345+ 0.6 172 £ 0.2

Total N (mg gf') 5.85 £ 0.1 2.83 + 0.01 1.65 + 0.03

C/N 129 £ 0.2 122 £ 0.3 104 £ 0.3

Microbial biomass C (ug g~ soil) 513.7 £ 68.1 96.1 £ 249 12.6 £ 2.2

Water soluble soil organic C 49 + 0.2 22402 2.0 £ 0.1

Feq (g kg™") 290+ 1.5 282 4 0.9 29.0 & 0.9

Fe, + Al, (g kg™h) 189 £ 1.5 203+ 13 223413

Fe,, (g kgfl) 84 £ 0.6 82 £ 0.5 7.5 +05

Al (2kg™ 79 £0.5 7.7 +£05 7.6 £0.5

SOC/M,y 12.1 £ 0.9 83+03 72+£03

Results from DOC followed the order of topsoil
(11.55 £ 0.06 mg Ckg™' soil) > midsoil

Soil properties at different soil layers (1.37 £+ 0.08 mg Ckg™' soil) > subsoil

Physical and chemical properties differed by soil layer
(Table 1). Soil pH was 4.6-4.9, soil 8'*C was about
—25%o, and both of the values increased slightly with
soil depth. Soil water content was 62-95%, and it
decreased with soil depth. Soil contained 20% clay,
60% silt and 20% sand. The proportion of clay in
topsoil was higher than that in midsoil and subsoil.
SOC, total N, MBC and WSOC content decreased
with soil depth. The concentration of Fey was similar
among soil layers, but the concentration of Fe, + Al,
increased with soil depth. The concentration of Fe,,,
Al,,y, and the ratio of SOC/M,,, decreased with soil
depth.

Mineralization and soil retention of DOC

Cumulative CO, emissions from SOC and DOC were
significantly different among soil layers (Fig. 2, SOC:
F=0612.7, P <0.01; DOC: F = 1343.7, P < 0.01).
Cumulative CO, emissions from SOC followed the
order of topsoil (4381 + 146 mg C kg™ soil) > sub-
soil (653 £297mg Ckg ' soil) > midsoil
(456 + 286 mg C kg~' soil), while CO, emission
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(0.66 £ 0.34 mg C kg~' soil) (Table SI in supple-
mentary material).

Soil 8'3C values were comparable during the
incubation, with a slight decrease near the end of the
incubation (F = 2.27, P > 0.05, Fig. 3a). The 5"°C
values of soil microbes showed significant changes
during the incubation (F = 12.24, P < 0.01), and the
8'3C values at day 30 were significantly higher than at
other times (Fig. 3b, Topsoil: F = 6.67, P < 0.01;
Midsoil: F =6.89, P < 0.01; Subsoil: F = 4.94,
P < 0.05). The 8'°C values increased in the midsoil
earlier during the incubation (Fig. 3c, F = 13.44,
P <0.05). The 8"C values of CO, significantly
increased in the first 10 days of the experiment and
then decreased (F = 13.28, P < 0.01, Fig. 3e).

The 8'°C values of LDOC changed during the
incubation (F = 755.3, P < 0.01). The topsoil LDOC
8'3C values increased sharply and decreased to normal
in the first 30 days. Meanwhile, the 3'3C values of
LDOC for the midsoil and subsoil increased slightly
after the first addition of DOC and then gradually
declined to initial values in the first 20 days of the
incubation (Fig. 3d). The amounts of accumulated
LDOC loss from different soil columns were different
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Fig. 2 Accumulated CO, emission from SOC (a) and litter-derived DOC (b) during the incubation. Values are mean =+ standard

deviation (n = 3)

(F = 1473.1, P < 0.01) and followed the ranking of
0-10 cm (30.03 £ 1.55 mg C) > 0-30 cm
(1197 £ 022 mg C) > 0-60 cm (9.16 £ 0.42 mg
C) (Fig. 4a). Approximately 21.2% of the added
DOC was lost as LDOC (5.32 mg C) from the
0-10 cm soil column. But the 0-30 cm and 0-60 cm
soil columns had little leaching losses of DOC
(0.03 mg C and 0.01 mg C, respectively, Fig. 4b).
Most leaching of DOC occurred immediately after the
addition of litter-derived DOC. The loss of LDOC
from all three soil columns increased gradually during
the incubation.

The litter-derived DOC went into three forms of C:
CO,, SOC and LDOC. We calculated proportions of
DOC that went into the LDOC, CO,, and soil as well
as the distribution of DOC at different soil layers. Our
results indicated that 21.2, 0.13 and 0.04% of litter-
derived DOC was leached from the 0—10 cm, 0-30 cm
and 0-60 cm soil columns as LDOC, respectively.
CO, emission accounted for 18.4%, 23.0% and 26.4%
of litter-derived DOC in the 0-10 cm, 0-30 cm and
0-60 cm soil columns, respectively. Therefore,
60.4%, 76.8% and 73.6% of litter-derived DOC was
retained in the 0-10 cm, 0-30 cm and 0-60 cm soil
columns, respectively (Table 2). Therefore, the pro-
portions of litter-derived DOC that went into different
soil layers were 60.4% (topsoil) and 16.5% (midsoil),
respectively. We did not detect DOC retention in the
subsoil. The proportions of litter-derived DOC min-
eralized into CO, were 18.4% (topsoil), 4.6% (mid-
soil), and 3.4% (subsoil), respectively. Therefore, only
0.04% of litter-derived DOC was leached from the

0-60 cm soil column by the end of the experiment
(Fig. 5).

Changes in DOC concentration and composition

The concentration of LDOC was highest after the first
addition of distilled water or DOC and then it
remained relatively steady (Fig. 6a). Only for the
topsoil, there was a significant difference between the
control and treatment after the first addition
(P < 0.01). The WSOC concentration for the topsoil
was significantly higher than those for the midsoil and
subsoil (F = 791.89, P < 0.01, Fig. 6b). The concen-
trations in all soil depths increased with the first
addition of distilled water or DOC and then decreased
gradually.

The composition of DOC (litter-derived DOC,
LDOC, and WSOC) was divided into four different
fluorescent components using the PARAFAC model
(Table 3; Fig. S1 in supplementary material). Com-
ponent 1 was aromatic substances with high molecular
weight (Excitation Max = 375 nm, Emission Max =
475 nm), component 2 was low molecular weight
organic matter (Excitation Max = 325 nm, Emission
Max = 400 nm), component 3 was high molecular
weight organic matter (Excitation Max = 360 nm,
Emission Max = 415 nm), and component 4 was
amino acids, free or bound in proteins (Excitation
Max = 280 nm, Emission Max = 360 nm). Compo-
nents 1 and 3 were hydrophobic components, while
components 2 and 4 were hydrophilic components.
The proportions of hydrophobic components and
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Fig. 3 The 3'3C values of SOC (a), soil microbes (b), WSOC (¢), LDOC (d) and CO, (e) during the incubation. Values are

mean =+ standard deviation (n = 3)

hydrophilic components in litter-derived DOC were
54% and 46%, respectively.

Compared to litter-derived DOC, WSOC generally
had a higher percentage of component 3, lower
percentages of component 1 and 4 for all soil columns

@ Springer

(Fig. 7a). In general, the relative proportions of all
components were comparable between the control and
treatment during the incubation. However, the relative
proportions of component 1 and 4 in WSOC were
quite different among different depths of soil.
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Table 2 Proportions of 13C-labelled litter-derived DOC in
each of three carbon pools during the incubation experiment

Soil columns (cm) LDOC CO, Soil
TO-10 21.2 18.4 60.4
TO-30 0.13 23.0 76.8
TO0-60 0.04 26.4 73.6

DOC (25.11 mg)

o,

15.18 mg 4.61 mg
O-10 cm war) | = (v
4.09 mg
10-30 cm (16.5%) = 2:20‘/“%
0 0
NA
30-60 cm 0.86 mg
’ (3.4%)
0.01 mg
(0.04%)

Fig. 5 The fate of litter-derived DOC at different soil depths.
NA: not available, we did not detect DOC retention in the
subsoil

The relative proportions of components in LDOC
were also different from that of the litter-derived
DOC. Compared to litter-derived DOC, LDOC in all

the three soil columns had lower percentages of
components 1 and 4, and higher percentages of
components 3 (Fig. 7b). As soil column depth
increased, the relative proportion of component 1
decreased while that of component 3 increased, which
illustrated the composition of litter-derived DOC
changed after passing through soil columns of differ-
ent thickness. The relative proportions of all compo-
nents did not differ between the control and treatment
soil columns.

Discussion
The fate of litter-derived DOC

Previous incubation studies of different soils (includ-
ing calcareous sand, acidic loam, organic soil and
mineral soil) indicated that approximately 13—30% of
added plant-derived DOC was mineralized into CO,
by the end of the experiment, and the mineralization
rate remained unchanged after days 6-30 (Hagedorn
et al. 2004; Muller et al. 2009; Miao et al. 2017). In our
study, we found that 26.3% of DOC was mineralized
into CO,, most of which occurred in the topsoil.
Mineralization of litter-derived DOC should be rapid
because that DOM contains highly and rapidly
degradable, low molecular weight compounds (Van
Hees et al. 2005). The larger percentage of mineral-
ization in the top layer was probably caused by greater
DOC retention and greater microbial biomass than in
midsoil and subsoil. Like other studies, which had
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Table 3 Positions of the fluorescent maximum of the four components identified by the PARAFAC model

Component number  Excitation Max (nm)  Emission Max (nm)  Description

1 375 475 High molecular weight, aromatic

2 325 400 Low molecular weight, associated with biological activity
3 360 415 High molecular weight

4 280 360 Amino acids, free or bound in proteins, may indicate intact

proteins or less degraded peptide material

Fluorescence peaks that were identified are also shown in previous work (Birdwell and Engel 2010; Coble 1996; Fellman et al. 2010;
Stedmon et al. 2003)
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different incubation times, soil types and amounts of
plant-derived DOC from our study, we also found the
overall mineralization proportions to be less than 30%.
In topsoil and midsoil where available carbon (such as
WSOC, Table 1) is relatively abundant, the mineral-
ized portion of plant-derived DOC is only a small part
of the DOC remaining in topsoil and midsoil. How-
ever, in the subsoil, most of the added DOC was
mineralized by microbes. A recent study also found
that the chemical structure of added compounds had a
greater effect on the mineralization of SOM than the
energy content (Di Lonardo et al. 2017).

The rate of CO, emission from respired DOC was
higher during early incubation (day 1 to 20) than in the
later incubation stage. Then, the accumulation rate
remained stable during the later incubation stage. This
finding showed that some litter-derived DOC was
quickly used by microbes in the early incubation; this
information may improve biogeochemical models. It
is worth mentioning that we found 8'3C of litter-
derived DOC to be higher than the 5'C of bulk litter,
which may be caused by the uneven distribution of '*C
among compounds and within plant tissue (Fahey et al.
2011). Thus it is possible that the '*C label was
incorporated into leaves in forms that were more
readily leached than overall C. Similarly, the DOC
with elevated '*C content might be more mineraliz-
able than the overall litter DOC. Consequently, CO,
emission from litter-derived DOC may be overesti-
mated relative to SOC.

Seventy-six percent of litter-derived DOC was
retained by soil when it percolated through the soil
columns. Of that, 60% was retained by the topsoil, and
16% was retained by the midsoil in the 180-day
incubation experiment. Other leaching studies that
added various concentrations of DOC into different
soils also showed that about 60-73%, 60-70%, and
72-85% of DOC remained in soil (Sanderman and
Amundson, 2008a; Muller et al. 2009; Scott and
Rothstein, 2014). The high proportion of retention was
likely due to physico-chemical processes including
adsorption to reactive minerals such as Fe oxides and
clay minerals and co-precipitation with Al and Fe, or
biological retention (Kaiser and Kalbitz 2012). Most
researchers have confirmed that soil adsorption was
the main process of DOC retention by soil, and the
adsorptive capacities of soils were mainly affected by
soil properties, such as texture, structure, soil C
content and mineral composition (Kaiser and Zech

1998; Lilienfein et al. 2004). For example, high
concentrations of Fe and Al oxides can facilitate
sorption (Qualls et al. 2000; Kaiser and Zech 2000a;
Kothawala et al. 2009). The soil Fe, + Al, contents in
our study were higher than many temperate and boreal
soils, which might reflect a higher adsorption capacity
(Hagedorn et al. 2015; Kothawala et al. 2009).

The added DOC could also be assimilated by
microorganisms, with some of that C in living
microbial biomass and some of some in nonliving
biomass, which then may be adsorbed to mineral
surfaces after microbial processing (Guo and Choro-
ver 2003; Kalbitz et al. 2005; Mikutta et al. 2007). In
general, even though we could estimate microbial
biomass, we could not distinguish between immediate
abiotic retention and adsorption of microbial residues
after microbial immobilization (Sokol et al. 2019).
Thus, we could only trace DOC immobilization as far
as assimilation into microbial biomass. Published
substrate use efficiencies indicated that per unit
mineralized C from lignin and maize residues yields
0.3—1.2 units of microbial biomass at the first days, but
this value reduces to less than 0.1 in a few weeks
(Bahri et al. 2008; De Troyer et al. 2011; Fanin and
Bertrand 2016; Manzoni et al. 2012). When applying
those efficiencies to our study, biodegradation only
accounted for less than 3% of the added litter-derived
DOC. Thus, physico-chemical processes of sorption or
precipitation are dominant for DOC retention.

Furthermore, the amount of leaching loss decreased
with increasing soil depth. This is probably caused by
the different amount of DOC that leached from layer to
layer in the soil columns. Less DOC passed through
the topsoil to the midsoil and subsoil. Through a
180-day incubation experiment for soil columns of
different thickness, we determined where the added
DOC went in the different soil layers. Our experiment
illustrated that relatively little DOC is mineralized as
compared to soil retention. Therefore, retention during
percolation through the soil column was the main
process, microbial mineralization was a secondary
process, and leaching loss from soil was relatively
minor.

DOC composition change supports the dynamic
exchange model

DOC concentrations in forest soils were regulated by a
series of physical, chemical and biological processes
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that retained, transformed, and released DOC (Kaiser
and Kalbitz, 2012; Scott and Rothstein, 2014).
Researchers have proposed a dynamic exchange
model to explain the movement of DOC (Sanderman
et al. 2008b; Kaiser and Kalbitz, 2012). Studies have
emphasized that DOC in deeper mineral soil is not
only the result of physico-chemical stripping during
transport but also the result of microbial processing
and subsequent release of organic matter previously
sorbed in overlaying horizons. The key point of the
dynamic exchange model is that deep soil DOC is
more similar to SOC than litter-derived DOC. But this
theory has not been adequately tested in situ or with
soil column studies. We found that DOC concentration
and composition changed as DOM percolated through
soil columns. Soil retention and mineralization of
DOC led to a decrease of DOC concentration in
LDOC, and reduced the relative proportion of the
hydrophobic fraction (such as component 1) which
indicated the preferential sorption of aromatic com-
pounds. Many field experiments have found similar
results with respect to the behavior of the aromatic
portion, demonstrating relevance of soil column
experiments to field conditions (Dittman et al. 2007;
Kaiser et al. 2004; Leinemann et al. 2018).

Our results showed that the composition of WSOC
and LDOC at all soil depths were comparable between
control and treatment, which indicated that DOC in the
subsoil and leachate was similar to WSOC, but not
litter-derived DOC. These results indirectly show that
DOC exchanged with previously sorbed compounds
that were present on Fe oxides or clay minerals rather
than adsorbed directly by Fe oxides or clay minerals.
This result supported the dynamic exchange model.
Other studies have also suggested that DOC at lower
depths was derived primarily from the mineral soil
itself (De Troyer et al. 2011; Froberg et al. 2006;
Gregorich et al. 2000; John et al. 2003; Karltun et al.
2005). Some studies have shown DOM sorption to be
positively related to the concentrations of Fe and Al
oxides which have large specific surface areas and
provide reactive binding surfaces for OM (Eusterhues
et al. 2005). SOC/M,,y can be used to indicate the
availability of these sites to bind OM. Complete
bonding of OM to oxides is likely when SOC/
M,, = 2-10 (Berhe et al. 2012; Masiello et al.
2004). In our study, the ratio of SOC/M,, in topsoil
was higher than 10, which indicated insufficient M,,,
to bind OM. Thus, we attribute high retention of litter-
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derived DOC in topsoil to the exchanging of litter-
derived DOC with older and partly microbial products
in soil (Kaiser and Kalbitz 2012).

Our study involved a short-term laboratory incu-
bation to determine the fate of DOC in soil. Therefore,
there are limitations associated with our approach.
Firstly, we conducted our experiments on recon-
structed soil columns, in which soil structure was
destroyed and the soil physical properties were quite
different from undisturbed natural forest soils (Hage-
dorn and Bundt 2002; Kaiser and Guggenberger
2005). Secondly, the duration of the experiment was
about half a year, and the findings of the experiment
are limited to a relatively short term (up to a year). The
longer-term pattern and dynamics of soil carbon
storage and release could be different. Thirdly, the
addition rate of DOC was uniform in the lab exper-
iment, which is quite different from the episodic
timing and magnitude of rainfall events under field
conditions (Kaiser and Guggenberger 2005). The lab
experiment might increase the contact time between
DOC and soil, thus increasing the retention of DOC by
soil. It is also worth to mention that the water flow in
the lab experiment was different from forest soils.
Lateral flow is quite common during storm events in
field conditions, which might cause DOC to be rapidly
transported along hillslopes and bypass contact
between DOC and deeper soil, resulting in low
retention of DOC by soil. We restricted our study to
vertical flow and did not test influences of lateral flow.
Nonetheless, our experiment provides some insight on
the behavior and fate of litter-derived DOC in soil
columns for humid forest ecosystems, and provides a
basis for future.

Conclusions

We experimented on soil columns to quantify the fate
of litter-derived DOC in different soil layers. During
the 180-day incubation, approximately 76% of litter-
derived DOC was retained by soil, 26% was miner-
alized into CO, by microorganisms and little DOC left
(0.04%) the soil columns. Physico-chemical processes
of sorption or precipitation are the dominant
mechanisms for DOC retention. Proportions of DOC
retention and mineralization in topsoil > mid-
soil > subsoil. Topsoil layers absorbed and retained
most DOC, leaving little DOC to leach deeper. The
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composition of WSOC and LDOC were comparable
between the treatment and control, which proved that
previously degraded SOM was the major source of
WSOC and LDOC, rather than the freshly added litter-
derived DOC. These results demonstrate a near-
complete DOC exchange process with soil C compo-
nents when passing through soil columns, in support of
the dynamic exchange concept. The findings of how
much litter-derived DOC contributes to the soil carbon
pool and their dynamics in soil columns shed new light
on DOC dynamics in forest ecosystems and provide
information that is needed to improve biogeochemical
models.
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