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Abstract

The prospect of carbon sequestration in soils of karst areas remains unclear. The

study on migration and transformation of dissolved organic matter (DOM) in lime-

stone soil under the high calcium environment of karst regions has seldom been

reported. This study conducted soil column experiments on two surface soils (H1 and

S2) and two subsurface soils (H2 and S2) from two limestone soil profiles in the karst

region of southwest China and investigated their DOM leaching behaviours under

different Ca2+ concentration levels. The results showed that the DOM leaching pro-

cess can be described by the Elovich equation, including a rapid DOM release stage

and the relatively stable DOM release stage. When the Ca2+ concentration of eluent

increases from 0 to 2.5 mmol L�1, the percentage of dissolved organic carbon (DOC)

loss in H1, H2, S1, and S2 soils decreased from 66.3% to 58.8%, from 76.2% to

72.4%, from 73.0% to 68.8%, and from 52.5% to 46.6%, respectively, and the appar-

ent molecular weight of leached DOM increases, the aromaticity of leach DOM and

the contribution of humic-like components decrease. The results further show that

the influence of Ca2+ on easily leaching DOM is stronger than that on the stable

DOM, indicating that high Ca2+ runoff can enrich high aromaticity and high molecular

weight soil organic matter (SOM) in the limestone soil during the leaching process.

This research is helpful to understand the migration and fate of SOM in limestone

soils and provides theoretical support for increasing soil carbon sinks in karst areas.
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1 | INTRODUCTION

Soil is an important source and sink in the global carbon cycle

(Batjes, 1996). The change of soil carbon pool directly affects the car-

bon storage and release of the ecosystem (Ramesh, et al., 2019). A

basic problem in understanding the evolution of the soil carbon pool

is the stability of soil organic carbon (SOC) under the changes in the

ecological environment (Dash et al., 2019). Migration and transforma-

tion of SOC are the basic processes involving the fixation and stabili-

zation of SOC (H. Y. Tang et al., 2019). In order to improve the

understanding of mechanisms underlying the soil carbon

sequestration, carbon-related physical–chemical–biological interac-

tions had been systematically inspected at the soil particle level

(J. J. Gao et al., 2020). However, the effects of physical and chemical

stabilization on different soil carbon pools are not fully understood

and quantitative data are scarce.

Dissolved organic matter (DOM) plays important roles in con-

necting various ecological compartments (Zsolnay, 2003). DOM is the

energy source of heterotrophic organisms, and the source and carrier

of nutrients, organic pollutants, and heavy metals in the soil and water

environment (Qualls & Haines, 1991, Haitzer et al., 1998, Judd

et al., 2006, Bolan, et al., 2011). The chemical characteristics of
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irrigation water showed significant impacts on the DOM migration

in forest soils (Kalbitz et al., 2000; Münch et al., 2002), for example,

Ca2+ ions in irrigation water were found to improve the DOM

adsorption by soil clay minerals (W. B. Chen et al., 2013; Y. Gao

et al., 2015; Kaiser, 1998) but when the Na+ content in water is

high enough, Na+ can replace Ca2+ in bridge bonds with DOM and,

therefore, increases the DOM leaching in soils (Gu et al., 2019;

Reemtsma et al., 1999). The chemical composition of DOM has

important influences on the evolution and fractionation of DOM in

soil (Scott & Rothstein, 2014; Stutter et al., 2006), DOM enriched

with high apparent molecular weight components or/and aromatic

carboxyl structures strongly interacts with soil minerals (Oren &

Chefetz, 2012). The migration of DOM in karst areas and its con-

trol processes are little known, most of the previous work has been

around the formation and recording information of speleothem

(Lechleitner et al., 2017). Lechleitner et al. (2017) studied the

changes in the composition of DOM in the waters between soil

and cave systems in a karst area and found that mineral adsorption

and microbial reworking are the reasons for the observed trends in

DOM composition. Studies also showed that the migration of

DOM with groundwater is very important for many karst pro-

cesses, and DOM is an important source of nutrients for karst

fauna (Shabarova et al., 2014). However, the influence of karst

water with different chemical characteristics on the leaching of

DOM in karst soils has not been reported yet.

Limestone soil is the representative soil of karst areas, and is

widely developed in the karst area of southwest China (Wang

et al., 2004). Limestone soil is believed to have originated mainly from

the weathering of carbonate rocks (Bai et al., 2020; Cao et al., 2004).

Compared with zonal soils such as yellow soil and red soil in the karst

area of southwest China, limestone soils have relatively higher soil

organic matter (SOM) content, and the humification degree of SOM

of limestone soil is usually higher (Cao et al., 2003). Limestone soils

with high SOM content usually have high Ca2+ content (Q. Chen

et al., 2020; Di et al., 2019; He et al., 2019; Zhang et al., 2020), since

Ca2+ can combine with SOM to form stable calcium humate, thereby

improving the stability of SOM in limestone soil (H. M. Tang

et al., 2021; Tipping et al., 1995), in return for SOM accumulation,

more Ca2+ can be retained in the limestone soil without being

leached. The Ca2+ bridges between SOM and soil minerals help to

form soil aggregates, thereby physically protecting SOM from erosion

and biodegradation (Kerr & Eimers, 2012; Kretzschmar &

Sticher, 1997; Tipping & Hurley, 1992). However, the mechanism of

the occurrence and evolution of SOM in limestone soil has not yet

been elucidated, and there are very few relevant research reports.

Runoff water controls the erosion and redistribution of soils as

well as the migration of SOM (Lal, 2005). Water in karst areas, includ-

ing rainwater, surface runoff, and groundwater, usually contains high

Ca2+. For example, the concentrations of Ca2+ in groundwater, sur-

facewater, and rainwater of the karst area of southwest China are

1.10–5.39, 0.15–0.90, and 0.04–0.14 mmol L�1, respectively, which

are higher than corresponding values in non-karst areas (Cao

et al., 2003; G. L. Han et al., 2008; Liu et al., 2006; Zhou et al., 2017).

However, under leaching of Ca-rich water, the migration and fraction-

ation of DOM in limestone soil is little known.

The soil column leaching experiment is recommended to conduct

soil column leaching experiment in simulating natural scenes like irri-

gation (Setia et al., 2013; Tavakkoli et al., 2015) and helpful to collect

the experimental information of different layers of soil (Rashad

et al., 2010). The soil column leaching studies were conducted on agri-

cultural soils (Gu et al., 2019) and forest soils (Münch et al., 2002) to

investigate the leaching behavior of DOM by irrigation water of dif-

ferent chemical characteristics; however, the dynamic leaching behav-

ior of DOM in limestone soil profiles of karst area is rarely reported

and poorly understood, which has hindered the accurate estimation of

the carbon sequestration potential of limestone soil in karst areas.

In this study, we assume that the Ca2+ content of karst water

would affect the chemical properties and migration of DOM in lime-

stone soil during erosion and irrigation. To test our hypothesis, four

limestone soil samples were collected from the surface and the sub-

surface layers of two limestone soil profiles in the karst area of south-

west China for soil column leaching experiments. The dynamic

leaching process of DOM in these limestone soils by the simulated

karst water of different Ca2+ concentrations is systematically studied,

and a variety of instrument techniques are used to monitor the real-

time quantity and quality changes of DOM during the leaching. The

purpose of this study is to explore the potential mechanism of DOM

fractionation and migration in limestone soils when leached by karst

water of different Ca2+ concentrations.

2 | MATERIALS AND METHODS

2.1 | Limestone soil sample

Two surface soils (H1 and S1, 0–15 cm) and two sub-surface soils

(H2 and S2, 15–40 cm) were collected from two limestone soil

profiles, namely HT (26�220N, 105�460E) and SJ (26�140N,

105�460E), respectively. These two limestone soil profiles are

located near the Puding Karst Ecosystem Observation and

Research Station, Puding, Guizhou, China. They were selected

because they are located on the top of carbonate rock hills and far

away from villages; therefore, the soil samples are native lime-

stone soils and suffer less influence from human activities. The

vegetation cover of HT is a mixed forest, and the vegetation cover

of SJ is weeds. The limestone soil sample was air-dried in a dark,

ventilated room, slightly crushed through a 10-mesh sieve, and

then stored in brown glass jars after picking out visible stones and

vegetation residues. The limestone soils from the surface layer

(H1, and S1) showed a blackish colour (Munsell code: 10B/1/2),

while limestone soils from the subsurface layer showed brown

(H2) and reddish (S2) colors.

Detailed properties of the four limestone soil samples, including

soil texture, organic carbon content, pH, cation exchange capacity

(CEC), and exchangeable calcium percentage (ECP), are summarized in

Table 1.
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2.2 | Column experiment

The soil column leaching experiment is illustrated in Figure 1. The col-

umn is an acrylic glass column of 5 cm in diameter and 25 cm in

length, the inner face of the column was roughened previously to

avoid preferential flow along the wall (Xiao & Xiao, 2021). An exact

amount of limestone soil sample (220.0 g, dry weight) was gently

packed in the column with a layer of acid-washed quartz sand

(20-mesh) and two fibreglass filters (2.4 and 0.45 μm, Fiberglass Mem-

branes, Jinjing, China) were placed at both top and bottom of the col-

umn. The preliminary experiments show that the soil columns of

different limestone soils have a similar pore volume of 140 ± 2 ml.

The purpose of the quartz sand and fiberglass filters is to unify the

flow and to keep fine soil particles. The 2.4 μm filter is used for the

primary filtration, and the 0.45 μm filter is used for the secondary

filtration.

The leaching fluid was prepared by CaCl2 (analytical degree,

Fisher Scientific, USA) and deionized water (DI-water). The DI-water

was used as a leaching fluid for blank and comparison purposes; the

0.05, 0.50, and 2.50 mmol L�1 of Ca2+ were used to simulate rainwa-

ter, surface runoff, and groundwater in the karst area of southwest

China (Cao et al., 2003; G. L. Han et al., 2008; Liu et al., 2006; Zhou

et al., 2017). All leaching experiments were conducted at 24 ± 1�C in

a temperature-controlled chamber. Before leaching, the soil column

was filled with a leaching fluid from bottom to top using a peristaltic

pump and then kept upright overnight to ensure saturation as much

as possible. Then, the soil column was continuously fed with the same

leaching fluid by the peristaltic pump from top to bottom at a flow

rate of 2 ml min�1. The leachate (5 ml) was collected every 20 min,

and a total of 24 leachate samples were collected for every soil col-

umn leaching experiment. The detailed experiment conditions are list

in Table 2.

2.3 | Analytical methods

2.3.1 | Characterization of soils and leachates

The pH of limestone soil was measured in DI-water with a soil–water

ratio of 1:5. The particle size distribution of soil was measured by a

laser particle diameter analyzer (Mastersizer 2000, Malvern, UK). The

total organic carbon (TOC) of limestone soil was determined by an

elemental analyzer (Vario El III, Elementar, Germany) after removal of

carbonate by overdosed HCl. The CEC of limestone soil was

TABLE 1 Physical and chemical
properties of limestone soils

Depth Clay Silt Sand pH TOC DOC CEC ECP

cm % (g�kg�1) (g�kg�1) (cmol�kg�1) %

H1 0–15 14.8 56.1 29.1 7.61 87.54 1.64 75.42 75.1

H2 15–40 11.7 45.5 42.8 7.76 53.06 0.51 31.27 79.9

S1 0–15 16.9 57.9 25.2 7.81 48.95 0.99 39.46 54.5

S2 15–40 13.9 44.1 42.0 7.94 13.42 0.31 31.05 48.8

Abbreviations: CEC, cation exchange capacity; DOC, soil dissolved organic carbon content; ECP,

exchangeable calcium percentage; TOC, total organic carbon content of soil

F IGURE 1 Schematic diagram of soil
column leaching experiment [Colour
figure can be viewed at
wileyonlinelibrary.com]
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calculated using the ammonium acetate method (Sumner &

Miller, 1996), and the ECP was calculated following the method

described elsewhere (Kim et al., 2018). The DOC concentration in elu-

ents was determined by an elemental analyzer (Vario TOC cube,

Elementar, Germany) following the method described by Bolan

et al. (1996).

2.3.2 | Spectral analyses

The UV–Vis absorbance spectrum of leachate over the wavelength

range of 200–800 nm was measured by a UV–Vis spectrophotometer

equipped with a 10-mm quartz cuvette (Cary 300, Agilent) at a scan-

ning rate of 300 nm min�1. Parameters SUVA254 and SR were used to

describe the molecular characteristics of DOM in leachate. SUVA254 is

the UV absorbance at 254 nm normalized by the organic carbon con-

tent, which positively correlates to the aromaticity of DOM (Weishaar

et al., 2003). SR is the ratio of spectral slopes in 275–295 nm and

350–400 nm, which negatively correlated to the apparent molecular

weight of DOM (Helms et al., 2007). Their specific expressions are as

follows:

SUVA254 ¼Abs254
DOC

, ð1Þ

aλ ¼2:303 �Absλ=L, ð2Þ

Sλ0�λ ¼ ln aλ0ð Þ� ln aλð Þ
λ�λ0

, ð3Þ

SR ¼ S275�295

S350�400
ð4Þ

Where: Abs254 is the UV absorbance at 254 nm, aλ is the absorption

coefficient at λ nm, L is the path length of the quartz cuvette, λ0 is the

reference wavelength, and S275–295 and S350–400 are the spectral

slopes in the range of 275–295 and 350–400 nm, respectively.

The 3D excitation-emission matrix (3D-EEM) fluorescence

spectra of leachate were scanned at the same excitation/emission

wavelengths (Ex/Em) of 200–600 nm with a same scanning rate of

2400 nm min�1 by a fluorescence spectrophotometer (F-4500,

Hitachi, Japan). In order to avoid inner-filter effects, the leachate

was diluted till its absorbance at 254 nm less than 0.3 (van de

Weert, 2010). The Raman effects were removed by subtracting

the spectrum of DI-water from the spectrum of the leachate. The

parallel factor analysis (PARAFAC) was applied on 3D-EEM fluo-

rescence spectra of leachates to identify the potential individual

fluorescent components (Stedmon & Bro, 2008). PARAFAC

decomposes the EEM spectrum into a set of trilinear and a resid-

ual array:

Xijk ¼
XF

f¼1

aifbjfckf þεijk i¼1,…, I; j¼1,…,J; k¼1,…,K, ð5Þ

Where: xijk is the intensity of fluorescence for the ith sample at emis-

sion wavelength j and excitation wavelength k. aif is directly propor-

tional to the concentration of the fth analyte in the ith sample. bjf and

ckf are the model parameters representing emission and excitation

spectra of the underlying fluorophores, respectively. F is the column

number of the loading matrix, representing the number of compo-

nents in the model. εijk is the residual.

PARAFAC analyses were conducted by MATLAB R2016a

(MathWorks, USA). All EEMs of leachates could be fit well by models

of 3–6-components. The core consistency, the sum of the squared

errors (SSE), and split-half validation were adopted to evaluate fitting

results and to determine the most suitable number of components

(Singh et al., 2010; Stedmon & Bro, 2008). The results of PARAFAC

are provided in the attached Table S1 and Figures S6–S9.

FMAX is the parameter representing the fluorescence intensity.

FMAX is proportionate to the quantity of the component and helps

identify the composition relationship of different components, that

is, the percentage of the component (%C) (Pifer et al., 2011). The %

C reflects the share of the component in the EEM (Dainard

et al., 2015; Kowalczuk et al., 2009). The definition of %C is as

follow:

%Ci¼ FMAX iP
FMAX1þFMAX 2þ���þFMAX I

i¼1,2,…, I, ð6Þ

Where: %Ci is the percentage of component i in the EEM. FMAX i is the

maximum fluorescence intensity of component i.

TABLE 2 Soil column leaching experiment scheme and details

Soil Mass Temperature Pore volumea Eluent Ca2+ concentration Pumping rateb

(g) (�C) (ml) (mmol�L�1) (ml�min�1)

H1 220 24 ± 1 141 DI-water 0 2 ± 0.05

H2 142 CaCl2 0.05

S1 138 0.5

S2 139 2.5

aBecause of the different soil densities and porosities, there were some differences between the soil columns in pore volume
bThe internal pressure of the soil column would lead to an unstable flow rate at the beginning of the experiment. The flow rate would stabilize at

2 ml�min�1 when the experiment was carried out for 20 min
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2.3.3 | Kinetic equation fitting

Several kinetic equations (e.g., Elovich equation, double con-

stant equation, first-order equation, and second-order equation)

were employed to fit the variation of DOC loss with the leaching

time and were compared according to the least-square regres-

sion analysis. Results indicated that the Elovich equation is the

best fitting model for this study. The Elovich equation was

widely used for modeling the chemisorption kinetics and can

give reaction rate and activation energy of sorption kinetic pro-

cesses (Atkinson et al., 1970; Elkhatib & Hern, 1988; Inyang

et al., 2016). The expression of the Elovich equation is as

follows:

D¼1
β
ln kβð Þþ ln tð Þ½ �, ð7Þ

Where: D is the DOC loss (mg) from soil, k is the apparent reac-

tion rate constant (mg�min�1), β is the constant associated with

the desorption activation energy, and t is the leaching

time (min).

3 | RESULTS

3.1 | Variation of DOC in leachates

The variations of the DOC concentration in leachates are presented in

Figure 2. In general, the DOC concentration of leachates showed a

two-stage variation, it decreased rapidly in the early period, after the

volume of leachate reached approximately 450–500 ml, it became

either slightly decreasing or relatively stable and kept until the end of

experiment. The influence of the Ca2+ concentration on the DOC

concentration of leachates was significant only in the first stage, the

higher was the Ca2+ concentration of eluent the low was the DOC

concentration of leachate. The DOC concentration of leachate corre-

lated positively with the TOC of corresponding soils. Briefly, the initial

and ending DOC concentrations of leachate from H1 soil columns

were 875.2–1047.4 mg L�1 and 35.1–50.4 mg L�1, respectively, all of

which are the highest compared with those of other soils, and which

consists H1 has the highest TOC of 87.5 g�kg�1; the initial and ending

DOC concentrations of leachate from H2 soil column were 311.4–

386.3 mg L�1 and 10.0–19.8 mg L�1, respectively, all of which are

lower than those of the H1 soil, consistent with that the H2 soil had a

F IGURE 2 Temporal variation of DOC concentrations in leachates. H1, H2, S1, and S2 are four limestone soils, and 0, 0.05, 0.5, and 2.5 are
Ca2+ concentrations (mmol L�1) of eluents [Colour figure can be viewed at wileyonlinelibrary.com]
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relatively lower TOC of 53.1 g kg�1; the TOC of S1 was 49.0 g kg�1,

the initial and ending DOC concentrations of leachate from S1 soil

columns were 436.5–536.6 mg L�1 and 48.3–54.7 mg L�1, respec-

tively; the S2 soil had the lowest TOC of 13.4 g kg�1, the initial and

ending DOC concentrations of leachate from S2 soil columns were

also the lowest, 97.4–125.8 mg L�1 and 5.1–12.8 mg�L�1, respec-

tively. The accumulated DOC loss from soil columns of H1, H2, S1,

and S2 was 212.2–239.2, 81.5–85.5, 149.8–159.0, and 31.8–

35.8 mg, respectively, which also shows the positive correlation with

their TOC contents.

3.2 | Spectroscopic characteristics of leachates

3.2.1 | UV–Vis spectra

The changes of SUVA254 and SR of leachate are shown in Figure 3.

SUVA254 of leachate appeared an upward trend for all experiments,

indicating that the proportion of aromatic components in leachates

increased as the leaching experiment progressed. SUVA254 of leachate

was notably correlated with the Ca2+ concentration of eluent, the

higher is the Ca2+ concentration, the lower is the numerical value of

SUVA254. Nevertheless, the effect of Ca2+ concentration on SUVA254

was much larger for surface soils (H1 and S1) than for subsurface soils

(H2 and S2). The variation of SR of leachate showed an opposite trend.

The value of SR decreased as the leaching experiment proceeded, indi-

cating the apparent molecular weight of DOM in leachates increased.

SR of leachate was also affected by the Ca2+ concentration of eluent;

the higher the Ca2+ concentration, the lower is the value of SR of

leachate. In summary, the trends of SUVA254 and SR variations indi-

cated that DOM of smaller apparent molecular weight and aromaticity

was leached from soil columns earlier, while DOM of larger apparent

molecular weight and aromaticity was leached later.

3.2.2 | Results of EEM-PARAFAC

The 3D-EEM fluorescence spectra of all leachates are shown in the

supporting information (Figure S1–S4). The model analysis gave the

loading information and suggested that the four-component model

adequately resolved the leaching DOM for all leaching experiments

(Figures S6–S9). The Ex/Em loadings of leachate DOM were matched

by the OpenFluor database (openfluor.lablicate.com) under a con-

straint of 95% similarity. Although the Ex/Em spectra of components

F IGURE 3 Temporal variations of SUVA254 and SR of leachates. H1, H2, S1, and S2 are four limestone soils, and 0, 0.05, 0.5, and 2.5 are Ca2+

concentrations (mmol�L�1) of eluents [Colour figure can be viewed at wileyonlinelibrary.com]
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obtained for different limestone soils were not identical, components

of similar Ex/Em spectra were classified into one type, which was

defined and interpreted by previous studies (P. Coble, 2007;

Henderson et al., 2009). For example, the maximum Ex/Em wave-

lengths of a component in H1 were 280/330 nm, which were close to

those (280/340 nm) for a component in H2: these two components

were interpreted as the same component 3 (C3), classified as the

tryptophan-like compounds. The specific maximum Ex/Em wave-

lengths are listed in the attached Table S1.

The information of all components resolved by this study is shown

in Table 3. Component 1 (C1) was signed as the UVC humic-like DOM,

representing the terrigenous organic matters including humic and fulvic

acids (P. G. Coble, 1996); component 2 (C2) and component

3 (C3) were the tyrosine-like and tryptophan-like compounds, rep-

resenting organic matters such as amino acids and fluorescent proteins

(P. Coble et al., 1998); component 4 (C4) was the marine humic-like

compounds, which may come from human activities such as agriculture

and domestic wastewater (Stedmon & Markager, 2005); component

5 (C5) represented the UVA humic-like compounds, which may derive

from terrigenous or agricultural DOM (P. Coble, 2007, Henderson

et al., 2009). We found that four components for each of the four lime-

stone soils employed in this study and limestone soils from the same

soil profile had the same components, for example, C1, C3, C4, and C5

for H1 and H2, C2, C3, C4, and C5 for S1 and S2, respectively.

The contribution of different components (%C) was calculated

by Equation 6, and the results are listed in Figure 4. It can be seen

that contributions of different components changed differently

along the process of leaching, but the certain trend for any compo-

nent in a leaching experiment kept constant. For example, %C1

increased constantly and %C3 decreased constantly in experiments

of H1 and H2 soil columns. The contributions of different compo-

nents in different soil leaching experiments changed differently.

For example, %C2 decreased in S1 soil leaching experiments but

increased in S2 soil leaching experiments. The different change

trends for a certain component in different soil experiments indi-

cated that chemistry of component was not the only factor con-

trolling its leaching behaviors, soil texture and complicated

interactions between components and soil minerals might also play

important roles.

As shown in Figure 4, the Ca2+ concentration had visible but

inconsistent influence on the leaching behaviors of components.

However, influences of the Ca2+ concentration were not consistent

among different components, for example, when the Ca2+ concentra-

tion of eluent was the highest (2.5 mmol L�1), corresponding %C2 and

%C3 were highest, but corresponding %C4 and %C5 were the lowest.

These results might suggest that when limestone soils suffer hydrody-

namic erosions, the higher Ca2+ concentration runoff may be propi-

tious to the leaching of C3 and C2 but inhibit the leaching of C4

and C5.

4 | DISCUSSION

4.1 | Dynamic characteristics of DOC release

The dynamic DOC release process of this study is consistent with pre-

vious reports (Gu et al., 2019; Y. S. Han & Tokunaga, 2014). Figure 2

showed that DOC of leachates were relatively high at the beginning,

decreased quickly in the early leaching stage, and then became rela-

tively stable or slightly decreasing in the later leaching stage. These

two leaching stages reflect the binding conditions of SOM with the

soil matrix, the rapid declining stage of the leachate DOC indicates

that amount of dissociation of SOM from the soil matrix is limited,

while the stable leaching stage may be due to the limited rate of SOM

exchange process (Reemtsma et al., 1999; Tiemeyer et al., 2017).

According to the soil DOC data in Table 1, the cumulative curves

of the percentage of soil DOC loss under different leaching fluids are

calculated and plotted in Figure 5. The cumulative curve of the per-

centage of DOC loss also had two stages, a rapid increasing stage and

a relatively slow accumulation stage, which are inversely proportional

to the DOC concentration curve in the leachate (Figure 2). The Ca2+

concentration of eluent showed consistent influence on the percent-

age of DOC loss in all soils, the higher is the Ca2+ concentration, the

smaller is the percentage of DOC loss. When the Ca2+ concentration

increased from 0 to 2.5 mmol L�1, percentages of DOC loss in H1,

H2, S1, and S2 soils decreased from 66.3% to 58.8%, from 76.2% to

72.4%, from 73.0% to 68.8% and from 52.5% to 46.6%, respectively,

the limestone soils test in this study reduced by an average of 5.4%.

TABLE 3 Components resolved for leachate DOM and their interpretation

Number

This study Previous studies

Ex max (nm) Em max (nm) Peak name Ex max (nm) Em max (nm) Component Description

C1 240–270 450–470 A 237–270 400–500 UVC humic-like Fulvic and humic acid,

allochthonous, terrestrial

C2 240–280 300–330 B 225–237 (280) 309–331 (300) Tyrosine-like Autochthonous

C3 280 330–350 T 225–237 (280) 330–410 Tryptophan-like Autochthonous

C4 310 390–420 M 290–310 370–420 Marine humic-like Anthropogenic from

wastewater and agriculture

C5 280, 340–380 460–500 C 300–380 (280) 400–500 UVA humic-like Anthropogenic, agriculture,

terrestrial
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This result supports the view that Ca2+ protects SOM from rapid ero-

sion and degradation in the soil (Kerr & Eimers, 2012), and further

shows that the protective effect of Ca2+ increases with the increase

of Ca2+ concentration.

The fitting results of the Elovich equation are shown in Table 4

and Figure S10. With the increase of the eluent Ca2+ concentration,

the rate constant k showed a downward trend, indicating that with

the increase of the eluent Ca2+ concentration, the desorption rate of

DOC in the soil matrix decreased. The reaction activation energy con-

stant β showed an upward trend with the increase of the eluent Ca2+

concentration, indicating when the eluent Ca2+ concentration

increased, the activation energy for DOC desorption in the soil matrix

increased.

4.2 | Effects of soil properties on DOC release

The leaching behaviour of DOC in different limestone soils was dif-

ferent. After continuous leaching by four eluents for 8 h, the

leached amounts of DOC from H1, H2, S1, and S2 soils were from

239.2 to 212.2 mg, from 85.5 to 81.2 mg, from 159.0 to 149.8 mg,

and from 35.8 to 31.8 mg, respectively. The percentages of DOC

loss of H1, H2, S1, and S2 soils were from 66.3% to 58.8%, from

76.2% to 72.4%, from 73.0% to 68.8%, and from 52.5% to 46.6%,

respectively. These data indicated that the amount of DOC leached

from the soil column was positively correlated with DOC and TOC

of the corresponding soil (Table 1). The spectra characteristics of

leachates also differed from soil to soil under the same eluent, indi-

cating that the nature of the soil determined the chemical proper-

ties of the leached DOC. The increase in SUVA254 of surface soils

(H1 and S1) was much greater than of subsurface soils (H2 and S2),

while the SR values of H1 had decreased slightly but the SR values

of other soils decreased significantly (Figure 2). In addition, EEM-

PARAFAC analysis showed that component 2 (C2), tyrosine-like

compounds, could be distinguished in soils from the SJ profile, but

could not be distinguished in soils from the HT profile (Figure 4). In

summary, the leaching amount of DOC in the four target limestone

soils was complicatedly affected by the quantity and quality of

SOM and the nature of soil matrix, and was closely related to the

source of SOM and the stage of soil evolution.

F IGURE 4 Contributions of components (%C) in leachates from different soils. H1, H2, S1, and S2 are four limestone soils, and 0, 0.05, 0.5,
and 2.5 are Ca2+ concentrations (mmol�L�1) of eluent [Colour figure can be viewed at wileyonlinelibrary.com]
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4.3 | Ca2+ effects on DOM leaching process

The influence of Ca2+ in the eluent on the leaching of DOC in lime-

stone soil was reflected in the amount and the chemical characteris-

tics of leached DOC. As shown in Figure 2, when the eluent Ca2+

concentration increased, the DOC content in leachate decreased

accordingly, this was particularly obvious in the early stage of the

leaching experiment but it was almost invisible in the late stage. We

think this observation is very importance because it may indicate that

the easily leaching DOC of limestone soils is more affected by Ca2+,

while the leaching resistant DOC of limestone soils less affected by

Ca2+. When the eluent Ca2+ concentration increased, the percentage

of DOC loss for all limestone soils showed a downward trend. For

example, compared with DI-water, when the limestone soil was

leached by 0.05, 0.50, and 2.50 mmol�L�1 Ca2+ eluents, the percent-

age of DOC loss reduced by 0.6%–7.5% (Figure 5).

The concentration of Ca2+ also affected the chemical characteris-

tics of DOC in leachates. As mentioned earlier, different Ca2+ concen-

trations of eluent affected the molecular structure of leached DOM.

This is consistent with previous observations (W. B. Chen et al., 2013;

Y. Gao et al., 2015; Gu et al., 2019; Kaiser, 1998; Kerr &

Eimers, 2012; Kretzschmar & Sticher, 1997). Our results further indi-

cated that high concentration of Ca2+ will exacerbate this phenome-

non. For comparison, the changes of SUVA254 and SR were plotted for

different Ca2+ concentrations of eluent in Figure 6. Similarly, the

changes of %C in the leachate are plotted in Figure 7. It can be clearly

seen from Figure 6 that as the Ca2+ concentration in the eluent

increases, SUVA254 and SR of all leachates have a decreasing trend,

indicating the aromaticity of leached DOC decreased and the molecu-

lar weight of leached DOC increased. The results of SR show that the

DOM has a higher molecular weight in a high Ca2+ environment. The

underlying mechanism may be the bridging and complexing ability of

Ca2+, that is, Ca2+ can act as the ionic bridge to connect negatively

charged SOM with soil minerals and other SOMs to form aggregates

of high apparent molecular weight (Schaumann, 1999). The results of

SUVA254 may reflect that Ca2+ can connect aromatic SOMs with soil

minerals or/and the increased hydrophobicity of aromatic SOMs in

high-Ca2+ eluents, all of which may lead to a decrease in the aromatic-

ity of DOM in the leachate.

With the increase of the eluent Ca2+ concentration, the %C

exhibited complex changes, as shown in Figure 7. The most obvious

trend is that %C5 decreases as the eluent Ca2+ concentration

F IGURE 5 Variations of the percentage of DOC loss in different soils with leaching. 0, 0.05, 0.5, and 2.5 are the Ca2+ concentrations
(mmol�L�1) of eluent [Colour figure can be viewed at wileyonlinelibrary.com]
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increases. C5 is identified as a UVA humic-like compound in soil

leachates, and is a kind of low molecular weight and aromatic SOM

(Fellman et al., 2010; Gu et al., 2019; Ishii & Boyer, 2012). %C5

decreases with the increase of eluent Ca2+ concentration, which is

consistent with the result of SUVA254, that is, when the eluent Ca2+

concentration increases, SUVA254 decreases. This means that the

leaching of runoff with high Ca2+ concentration will enrich the aro-

matic SOM in the limestone soil. %C2 and %C3 show an overall

upward trend with the increase of Ca2+ concentration, which may be

due to the increased solubility of autochthonous amino acids after the

reaction with Ca2+. %C4 is the least as the eluent Ca2+ concentration

is highest, but it fluctuates at other Ca2+ concentrations. C1 found in

TABLE 4 The Elovich equation fitting results for the DOC loss in leaching experiments

Ca2+ concentration ka βb

Sample mmol�L�1 Mg�min�1 10�3 R2

H1 0 4.00 ± 0.27 12.05 ± 0.56 0.96

0.05 3.60 ± 0.24 13.13 ± 0.60 0.96

0.5 3.90 ± 0.25 13.34 ± 0.56 0.96

2.5 3.61 ± 0.22 14.01 ± 0.56 0.97

H2 0 1.52 ± 0.11 34.44 ± 1.71 0.95

0.05 1.36 ± 0.07 33.08 ± 1.19 0.97

0.5 1.29 ± 0.07 34.35 ± 1.26 0.97

2.5 1.30 ± 0.07 36.69 ± 1.31 0.97

S1 0 2.57 ± 0.09 19.35 ± 0.45 0.99

0.05 2.51 ± 0.08 19.54 ± 0.43 0.99

0.5 2.22 ± 0.08 19.88 ± 0.52 0.98

2.5 2.22 ± 0.07 20.25 ± 0.47 0.98

S2 0 0.51 ± 0.02 77.35 ± 2.68 0.98

0.05 0.45 ± 0.02 80.83 ± 2.87 0.97

0.5 0.45 ± 0.02 83.38 ± 2.65 0.98

2.5 0.41 ± 0.02 86.09 ± 2.97 0.97

ak is the apparent reaction rate constant
bβ is the constant associated with the desorption activation energy

F IGURE 6 SUVA254 and SR
of all leachates under different
Ca2+ concentrations. Icons of the
same shape and color represent

the same limestone soil. The
increase in icon size indicates the
order of the leachate samples in
the experiments [Colour figure
can be viewed at
wileyonlinelibrary.com]
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H1 and H2 soils is a UVC humic-like compound, representing high

molecular weight SOM from various sources (Fellman et al., 2010, Gu

et al., 2019, Ishii & Boyer, 2012). However, it should be noted that

these spectral features of DOC are not quantitative but only have

qualitative and statistical significance and should be interpreted with

caution.

5 | CONCLUSIONS

In this study, the soil column experiment method was used to study

the dynamic leaching processes of four kinds of limestone soil with

four different Ca2+ concentration eluents, and the DOM in leachates

with different leaching time was systematically characterized. The

results show that the leaching process of DOM is in a two-stage

mode, starting with the rapid DOM release and dilution stage and

then the relatively stable DOM release stage. The leaching process

can be well described by the Elovich equation. During the experiment,

the aromaticity and apparent molecular weight of leached DOC con-

tinued to increase. The results also show that increasing the eluent

Ca2+ concentration has a considerable influence on the leaching

behavior of DOC. On-the-one-hand, the higher eluent Ca2+ concen-

tration reduced the DOC content of leachate, and this effect is more

significant in the early stage and becomes insignificant in the later

stage of the leaching experiment. On-the-other-hand, the Ca2+ in the

eluent has different effects on different chemical properties of DOC.

For example, higher Ca2+ increases the apparent molecular weight of

leached DOM and the leaching of amino acid-like compounds, and

reduces the aromaticity of leached DOM and the leaching of humic-

like compounds.

Consistent with the previous point of view, we believe that the

complexation of Ca2+ with SOM and the bridging ability of Ca2+

between SOM and minerals are the reasons for the relatively poor

efficiency of leaching DOC from limestone soils with high Ca2+ elu-

ent. This study further shows that the stabilizing effect of Ca2+ is

stronger on easily leached SOM than on relatively stable SOM. This

may be a supplementary mechanism for the SOM stability in lime-

stone soils of the karst area, and this mechanism is of great value for

improving the understanding of soil carbon storage in karst areas.

Nevertheless, we suggest that the soil in karst areas needs to be

F IGURE 7 Change of %C under different Ca2+ concentrations. Icons of the same shape and color represent the same limestone soil; the
increase in icon size indicates the order of the leachate samples in the experiments. Diamond: H1; square: H2; triangle: S1; and circle: S2 [Colour
figure can be viewed at wileyonlinelibrary.com]
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further studied to verify this supplementary mechanism. This study

reports for the first time the leaching behaviour of DOC in natural

limestone soil profiles in the karst area under simulated karst water,

and explores the potential mechanism that helps to understand the

migration and fate of DOC in limestone soils, and provides theoretical

support for increasing the soil carbon sink in karst areas.
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