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EFFECT OF CARBONATE ROCKSON THE DISSOLVED
ORGANIC MATTER LEACHING FROM SOIL IN MOUNTAINOUS
FORESTSAFFECTED BY WINDTHROW

Abstract: An increase in the number of windthrow events basn observed in mountainous areas of central
Europe. In such areas, rock fragments are trarepdrdm the subsoil to the soil surface, whichhe tase of
carbonate rocks leads to the incorporation 6 @do acid soils. These processes can alter thityjaad quantity

of dissolved organic matter (DOM). The study aimeddetermine the role of carb onate rocks as affact
determining the quality and quantity of DOM relehdgy gravity leaching under laboratory conditioms i
a long-term experiment using soil in its naturaltest The soil was collected from the Tatra Mts.eBhorganic
O-horizons and two A-horizons were selected. Reditipure limestone collected in the study area wused.
During the 20-week experiment, the soils with andheut limestone were leached with deionised water.
The chemical composition of the collected filtratas measured at regular intervals, including thetarh of
dissolved organic carbon (DOC). The qualitative position of the filtrate was determined by FTIR-ATR
spectroscopy. The addition of limestone causecharease in DOC leaching from the acidic O-horizdnshe
A-horizons, the DOC leaching rate was reduced enfifst stage of the experiment, demonstrating rgudem
processes occurring in these horizons. The presehdienestone changed the quality of the leachedvDO
Immobilisation of carbohydrates and aliphatic comuas occurred in the A-horizons. DOM was leacheadnfr
both the O- and A-horizons mainly in the form of B&C complexes.

Keywords: dissolved organic carbon, SOC stabilisation, ltmes, windthrow, FTIR-ATR spectroscopy

I ntroduction

Soils are the most important organic carbon (OQ)I po terrestrial ecosystems [1].
An important research problem is to identify thectéms that influence the rate of
accumulation (sequestration) of soil organic car@®@C) and the rate of depletion of the
SOC pool, as these two processes determine the sk@2& in different soil types [2, 3].
SOC sequestration is the result of a balance betv#@C influx and depletion due to
mineralisation of soil organic matter (SOM) andcleiag in the form of dissolved organic
matter (DOM). In the case of these two process$esfactors influencing the quantity and
quality of leached DOM have not been extensivalgigd [4, 5].

Many studies have shown that soil mineral compmsiand chemical properties are
important factors controlling SOC stabilisation atmhsequently sequestration [4, 6, 7].
In acid soils, F& and AP* ions and the amorphous form of Fe and Al minehalses have
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been the main focus of SOM stabilisation, as they sirong chelating factors of SOM
[8, 9]. However, little attention has been paicdtm-acidic soils [3, 10], although they have
a high potential for SOM sequestration [6, 11] andh soils (mostly as soils developed
on carbonate rocks) represent approximately 13 90- % of all soil resources

in the world [12].

The stabilisation of SOM in calcareous soils maydpe to the naturally occurring
presence of Gaions. Using chemical models, it has been shownG@k& ions can bind to
SOM through key processes involving weak outer sphateractions (exchangeable
bridges) and stronger inner sphere interaction®tyh complexes with O-bearing ligands
such as carboxylate groups) [3, 13]. This has beemnfirmed in laboratory studies
[9, 14-16] and in catchment scale field studieg.[Calcium can facilitate the binding of
organic compounds to mineral phases, especialmaeently negatively charged siloxane
surfaces and hydroxyls of aluminosilicates and esida cation bridging [9]. C& ions
also play an important role in the bonding of SQMdrrihydrite at high pHX 7) and the
formation of strong Fe-Ca-OC complexes [17]. As thieeral part of soil seems to be the
most important in the SOM adsorption process, tbemétion of supermolecular
organo-metallic structures is possible in the mreseof C&', and SOM may also be
precipitated by C4 ions [3, 13, 18]. On the other hand,?Caffects soil functioning by
increasing pH, which have an direct effect on balogical activity [19]. In soils with pH
below 4, AF* is toxic for microorganisms, thus in the casehef very acidic soils limestone
addition could increase microbial activity andumrt - DOC leaching [20]. Maximum SOM
adsorption occurs when soil pH is 4-5 (adsorptignAb-Fe oxides) [16]. SOM is most
soluble at pHca. 6.2-7.0, while at pH higher than 7 the interattisith C&* cause the
stabilisation by inner and outer-sphere interactisinpH higher than 8 adsorption of SOM
by CaCQ and cementation of aggregates occurs [3]. Howekiese thresholds are gradual
and appear to differ in experimental research ffferént soils [19, 21]. Therefore, further
studies are needed to determine the effect 4t &adition to soil on SOC stabilisation in
different conditions.

The issue of DOC leaching is important in forestissaffected by windthrows.
In recent decades, large areas of forest in Euriopkiding the Alps and the Carpathians,
have been affected by windthrows [22, 23]. There an increasing trend of forest
disturbances in recent decades, and climatic siosnauggest that they will continue to
increase in the future [22]. Such events may disttire relationship between SOC
stabilisation and the DOC release. In the firstryesfter a windthrow, basic cations are
leached from the soil exchange complex as a resulsoil acidification caused by
nitrification [24]. The biological activity of theoil changes [25], as does the uptake of
basic cations by plant roots [26]. Unweathered rfrelgments are transported from the
subsoil to the soil surface, which in the soilsnfed from calcareous rock in a humid
climates leads to the mixing of rock fragmentsasieg C4" ions with acidic soil forming
the forest organic O-horizons and the A-horizorsese soils are common in the Alps, in
the Pyrenees, and in the Carpathians [27-29]. @tgelscale of the material transport after
windthrow is confirmed by studies conducted in ¢taé&areous part of the Tatra Mountains
after the windthrow in 2013 [30].

The aim of this study was to investigate the rdlecarbonate rocks as a factor in
determining the quality and quantity of DOM reledds gravity leaching under controlled
laboratory conditions in a long-term natural soiperiment. It was hypothesised that the
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presence of carbonate rocks would significantlyuoedthe amount of DOC released from
the soil and also change the composition of the DOM

Materials and methods

Materials

Samples from the O-horizons were collected fronfedint forest stands in the Tatra
Mts. (N49°15'47-50", E19°52'19-25"; elevation: 50 m to 1,100 m): O-horizon formed
under beechHagus sylvatica) (BO), under Norway sprucelicea abies) (SO), and under
dwarf pine Pinus mugo) (DpO). In the case of soil under beech and Norg@yice, soil
samples representing the A-horizons (0 cm - 10 wm)e also collected: A-horizons
formed under beech (BA), and under Norway sprud®).($he samples were collected
from Calcaric Cambisols developed on Triassic am@skic limestones. The sample of
carbonate rock used in the study was also colleatethe Tatra Mts. from Jurassic
limestone.

Experiment

The final soil sample for the experiment was pregaby mixing 10 representative
subsamples of 100 g for the O-horizon and 500 gtfer A-horizon. The samples were
dried at 40 °C, homogenised, and then carefullyesiehrough a 5 mm sieve in order to
preserve naturally occurring fine and preserve madijuoccurring fine and medium soil
aggregates. Limestone cubes of 15 mm side length evg¢ and washed in deionised water.
Limestone cubes prepared in this way were placetiénEppendorf tube halfway up the
soil.

The laboratory experiment lasted 20 weeks and vemsed out synchronously in
11 variants: (i) 5 types of soil horizons (BO, SOpO, BA, SA) with the addition of
relatively pure limestone (15 mm x 15 mm x 15 mnbe) (i) 5 types of soil horizons
without limestone, and (iii) blanks (a laboratoilfef used to prevent the release of solid
particles into the filtrate studied). Each variatmf the experiment consisted of 5 replicates,
giving a total of 55 samples.

Five grams of soil from the O-horizon or twenty msaof soil from the A-horizon
were placed in conical polyethylene Eppendorf tubige a volume of 50 mL (test tubes)
with a drilled pouring hole and a laboratory filtddeionised water was added to the
prepared test tubes (12 Ynevery 7 days, with a total volume (on a 20-weehla)
corresponding to the average precipitation in taemvhalf of the year in the sampling area
(mean average precipitation: 1200 mm). For the tthiwraof the experiment, the test tubes
were placed in partial shade and covered with foped lid. The air temperature in the
laboratory was ~20 °C and the humidity ~30 %. Afier10, 15 and 20 weeks of the
experiment, the filtrate (soil solution collectedrh each test tube and separated by gravity)
was poured into a polyethylene bottle and stored4atC prior to quantitative analysis.
The experiment was continued under the above dondiuntil a filtrate samples suitable
for FTIR-ATR analysis were obtained. Homogeniseill samples collected from the test
tube were dried at 40 °C after the experiment &pd prepared for further analysis.

Analysis of filtrate and soil properties

For the filtrate obtained after 5, 10, 15, and 2&ks of the experiment, the following
data were determined: DOC concentration (usingaieft spectrophotometry; with the
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removal of carbonates), water chemistry including®*Cand SQ@ concentration
(ion chromatography with eluent conductivity sumsien; Dionex ICS2000 machine
equipped with a CS-16 cation column and a CG-16nbguard column). Filtrate pH was
measured potentiometrically. A 0.45 pm syringesfilivas used to remove the suspension
prior to determining the water chemistry. The comiations of C&, and SQ* ions were
multiplied by the volume of the filtrate to calctdahe load. All results for 5 and SG*
ions are reported as the mean of five measurenmeiniss the blank. DOC concentrations
were calculated as loads per dry matter.

For the filtrate obtained after 20 weeks of the eskpent, FTIR-ATR spectra were
collected using a Nicolet iS50 Thermo Scientific IRTspectrometer equipped with
a Pike GladiATR (Pike Technologies, Madison, Wiyessory. Ten drops of filtrate were
applied to an ATR crystal, dried at 105 °C and tl¥nscans were collected for each
sample in the range 400 1/cm to 4000 1/cm withsalution of 2 1/cm. The FTIR-ATR
spectra were processed using Spekwin32 softwai@4B um syringe filter was used to
remove the suspension before analysis.

Soil and rock properties were determined before aftér the experiment for
homogenised and crushed (< 100 pm) subsamples.chémical composition of each
sample was determined by inductively coupled plasipéical emission spectrometry
(ICP-OES) and loss of ignition (LOI) by combustiah 1000 °C. Total carbon (TC) and
total nitrogen (TN) concentrations in soil samplesre determined by dry combustion gas
chromatography (CHN elemental analyser; ElemensiovMICRO cube). C@ content,
derived from carbonates, was determined using @nsater. Soil organic carbon (SOC)
was calculated by subtracting inorganic carbon ftotal carbon [31]. The C/N ratio was
calculated as TOC/TN. Soil pH was measured in wsf@d samples in deionised water and
1M KCI (1:2.5 soil/water ratio) [32]. FTIR-ATR anales of soil samples taken to the
experiment were performed for bulk soil samplelie parameters noted above.

Statistical analysis

An analysis of Pearson correlation coefficientsaeen the DOC load, pH, €aand
SO load in the soil solution (filirate) was performgd < 0.05). The analysis was
performed for selected weeks of the experiment kwigel0, 15, and 20) separately for the
O-horizons and the A-horizons. The data met thenatity criterion according to the
Kolmogorov-Smirnov test. Data were standardiseoteefinalysis.

Results

Properties of soilsand limestone used in the experiment

The O-horizons were mainly composed of SOM, asengdd by their high LOI value
and OC concentration of over 40 % (Table 1). TREM ratio was 32-48. The highest C/N
ratio was calculated for DpO. The highest CaO aanteas found in BO, while the highest
content of Si@and ALO; was found in SO.

Soil samples collected from the A-horizons (BA &) consisted mainly of SiQ
Al,Os, and FgOs, while the content of SOM was lower than thathia ©-horizons (Table
1). The C/N ratio was similar for BA and NA (~14).

The Jurassic limestone was mainly composed oftealbigh CaO content and high
LOI) (Table 1). Dolomite was a minor constituentg® content was 3.35 %) and all other
constituents represented less than 0.5 % of tHemass used in the experiment.
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Table 1
Chemical composition of the soil samples and raded in the experiment

Soil sam- | SiO; | AlL,Os [ Fe0: | MgO [ CaO [ Na,O | K,0 [ TiO, [ P,Os [MnO [ LOI | OC [ CIN
ple/rock [% of dry mass] [
BO 3.08] 048] 026 019 283 0.03 020 0J03 015 80.®2.6]46.67] 38.7
SO 13.3| 3.07] 142 o05p 157 015 049 016 (.19 6 0.99.0[41.21] 32.4
DpO 216] 067] 033 041 104 043 0.4 o0]04 0.09.02]95.1]42.23] 48.4
1
b

BA 54.19| 12.69| 5.66| 189 1.04 0.6 1.3 0.3 045 0j16 2¥BM2| 13.9
NA 49.05| 12.14| 554 199 123 0.5 159 059 020 0j18 2&®747| 143
Limestone| 0.42 | 0.17| 0.14] 3.35 51.780.01 | 0.06] 0.0 0.03 <0.043.9| nd. | n.d.

n.d. - not determined
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Fig. 1. FTIR-ATR spectra of the soil samples usethe experiment. Absorption bands originating from
the functional groups of SOM are marked

Fourier transform infrared attenuated total refiece (FTIR-ATR) spectra generated
for the samples studied show differences betweenQkhorizons and the A-horizons
(Fig. 1). All O-horizons has similar FTIR-ATR spextwith well-pronounced bands
originating from the functional groups of SOM: apiinent and broad absorption band at
~3420 1/cm (O-H groups in alcohols, phenols andmayic acids), prominent bands
found at ~2928 1/crand ~2855 1/cm (aliphatic C-H), ~1600 1/cm (arom@#C and C=0
from carboxylic acid anions), ~1520 1/d@aromatic C=C), ~1430 1/cm (aliphatic C-H
and/or symmetric vibration of CO}) and ~1384 1/cm (aliphatic C-H deformation and/or
stretching of COOand/or O-H deformations of phenolic and aliphatioups). However,
some absorption bands indicated the presence ddralin Bands found at ~1165 1/cm,
1040 1/cm, 800 1/cm, 780 1/cm, 760 1/cm, 695 1530, 1/cm and 470 1/cm from Si-O
stretching and O-H bending vibrations originatarfrsilicates and aluminosilicates; but the
band ~1040 1l/cm may also be partly related to C-@ndb in polysaccharides,
carbohydrates, nucleic acids, and proteins.

In contrast, the A-horizons used in the experinfexd FTIR-ATR spectra dominated
by bands characteristic of minerals: a weak band3826 1/cm originating from the
stretching of O-H groups in clay minerals, and rsirdands at ~1165 1/cm, 1040 1/cm,
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1010 1/cm, 800 1/cm, 780 1/cm, 760 1/cm, 695 1&30, 1/cm and 470 1/cm originating
from Si-O stretching as well as O-H bending vilras originating from silicates and
aluminosilicates. However, absorption bands at 0104m and ~1010 1/cm may also be
partly related to C-O bonds in polysaccharidesb@aydrates, nucleic acids, and proteins.
Among bands characteristic of the functional groupls SOM, only weak bands
at ~1630 1l/cm (aromatic C=C and C=0 from carboxgliid anions) and ~1420 1/cm
(aliphatic C-H) were detected.

Changesin selected soil and filtrate properties over the cour se of the experiment

At the end of the experiment, all the soils tediad a higher pH than at the beginning
(Table 2). In the case of the A-horizons withomtdstone addition, the pH increased by
~0.3 pH units in both BA and SA, while in the cadaehe A-horizons with limestone, the
pH increased more: by ~0.9 and ~0.6 pH units inadB@ SO, respectively. The pH increase
for the O-horizons was higher than that for the okitons. O horizons in contact with
limestone showed the highest pH increase.

Table 2
pH of soil samples before and after the experiment
Experimental variant Sol PHw | pHiar Soil PHw | PHikc
sample | [1] [] sample | [4] []
Before the experiment 5.11 | 4.64 5.43 4.58
After the experiment |—— BO 6.23 | 6.21 BA 5.71| 4.75
L 6.37 | 6.12 6.37| 5.42
Before the experiment 477 | 4.24 5.49 4.80
After the experiment |— SO 512 | 452 SA 5.80| 4.94
L 6.01 | 5.60 6.10| 5.36
Before the experiment 3.67 2.92
. - DpO 410 | 3.24
After the experiment T 538 | 473

- soil sample without limestone, L - soil sampléhnlimestone
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Fig. 2. Changes in the relationship between fidtrgiH and C# concentration in filtrate on
Tillmans-Trombe diagram during the experiment

During the first ~10-15 weeks of the experimeng fH of the filtrates increased
significantly and then decreased slightly (TableF#y. 2). In all cases, contact with
limestone increased the pH of the filtrate. In ¢thse of the O-horizons, the difference was
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greater the more acidic the soil horizon (DpO >>:8BO). The A-horizons (BA and SA),
which initially had a similar pH in both situatignalso showed a similar increase in pH
induced by contact with limestone.

Table 3
Changes of filtrate pH during the experiment
Experimental variant PH []
After S5weeks | After 10 weeks | After 15weeks | After 20 weeks
BO - 6.63 7.03 6.89 7.83
L 6.66 8.31 8.41 7.92
SO - 5.14 5.96 5.79 6.26
L 5.82 7.80 7.86 7.74
DpO - 4.38 4.46 4.86 4.88
L 5.32 7.46 7.98 7.93
BA - 4.42 5.67 6.99 7.04
L 5.98 7.28 7.86 7.78
SA - 5.31 7.37 7.91 7.03
L 6.58 7.31 8.37 8.05

- soil sample without limestone, L - soil sampléhiimestone

The concentration of Gain the filtrate varied significantly over the ceser of the
experiment depending on the experimental variantmf2.2 mg/L to 137 mg/L (Table 4).
The addition of limestone increased thé Gmncentration in the filtrate in all cases.

Most of the filtrates analysed reached a stateadf €aturation in the'Bor 10" week
of the experiment (Fig. 2). After reaching its mmuim, the C& saturation in the filtrate
began to decrease with a decrease in pH. Onlyiltretd obtained from DpO approached,
but did not reach, a state of saturation.

Table 4
Changes in G concentration in the filtrates during the experime
) After 5weeks |  After 1l0weeks | After I5weeks |  After 20 weeks
Exper!mental ca
variants = T tmmoliL] | [mo/L] | [mmol/L] | [mg/L] | [mmoliL] | [mg/L] | [mmol/L]

BO - 48.4 1.21 68.4 1.71 48.0 1.20 57.4 1.43

L 50.1 1.25 137.0 3.42 96.5 2.41 79. 1.99

SO - 9.3 0.23 27.6 0.69 20.4 0,51 24.8 0.6]

L 21.1 0.52 72.2 1.80 50.9 1.27 36.4 0.92

DpO - 2.2 0.05 4.1 0.10 3.4 0.08 3.4 0.08

L 5.5 0.14 20.2 0.50 32.6 0.81 38.4 0.95

BA - 21.2 0.53 64.1 1.60 17.3 0.43 21.1 0.54

L 41.7 1.04 72.1 1.80 57.9 1.44 71.( 1.77]

SA - 51.2 1.28 73.6 1.84 67.0 1.67 25.5 0.64

L 90.6 2.26 75.3 1.88 72.7 1.81 92.4 2.32

- soil sample without limestone added, L - soil pewith limestoneadded

Quantitative changesin leached DOC over the cour se of the experiment

The dynamics of DOC leaching over the course oettigeriment mainly depended on
the type of soil used in the experiment. The cotreéipn of leached DOC in the filtrate
was higher in the O-horizons (21.03 mg/L - 192.7¢/lth compared to the A-horizons
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(12.85 mg/L - 40.63 mg/L) (Table 5). In the O-horiz it reached its maximum after
10 weeks of the experiment, while in the A-horizoonsclear trend was observed.

The addition of limestone affected the DOC conaitn in different ways.
The %reatest differences between samples with atibué limestone addition occurred in
the 8" week of the experiment (Table 5). In this peritat, filtrates from the O-horizon
under beech (BO) and from the A-horizons (BA, S#je DOC concentration in the
samples with limestone was much lower than th#ténsamples without limestone addition
(BO >> BA = SA). In the case of coniferous O-horigo(SO, DpO), the addition of
limestone in the first part of the experiment (afieveeks) caused a significant increase in

DOC concentration (SO > DpO).

Table 5
Changes in DOC concentration in the filtrates dyttme experiment
Experimental After Gweeks |  After 10weeks |  After I5weeks | After 20 weeks
variant DOC [mg/L]
BO - 186.20 192.70 73.79 61.61
L 137.10 178.60 98.64 65.73
SO - 44.50 146.50 54.55 50.99
L 84.32 141.20 82.60 51.41
DpO - 21.03 62.71 48.38 45.86
L 30.19 65.94 45.19 34.42
BA - 30.30 14.78 12.87 12.85
L 15.65 19.20 15.67 16.16
SA - 40.63 24.41 28.90 13.90
L 24.16 25.94 34.31 19.34

- soil sample without limestone added, L - soil pawith limestone added

There was a significant positive correlation betwéat* and DOC load in the filtrates
studied (Table 6). Considering selected periodsthef experiment duration, for the
O- horizons a significant positive correlation beem C&" and DOC load in the filtrates
appeared at the beginning of the experiment (insthereek) and was observed until the
15" week, while for the A-horizon the positive corr@at between Cd and DOC load in
the filtrates appeared in the "2@veek. A positive correlation between DOC load lie t
filtrates and filtrates pH of the O-horizons appehin the & week of the experiment, while
for the A-horizon it was observed in the "2@veek. In contrast, there was no clear
relationship between filtrate DOC and $Uoad (data not shown).

Table 6
Correlation coefficients between loads of selectmtipounds in the filtrates

Correlation | After 5weeks | After 10 weeks | After 15weeks | After 20 weeks

Organic O-horizons (N = 6)
DOC vs pH 0.887 0.611 0.597 0.261
DOCvs Ce"' 0.891 0.903 0.888 0.666

Humus A-horizons (N = 4)
DOCvs pH —0.656 0.815 0.749 0.992
DOCvsC&" -0.383 0.842 0.827 0.977

"p<0.05
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Qualitative changesin leached DOM over the cour se of the experiment

FTIR-ATR analysis after 20 weeks of the experimgmiwed that the filtrates obtained
were rich in different organic compounds. Someedéhces were found depending on the
soil horizon, the plant community and the additiddimestone (Fig. 3).

In the filtrates obtained from all O horizons withidhe addition of limestone, readily
distinguishable absorption bands were detectectatidg O-H in alcohols, phenols and
carboxylic acids (~3420 1/cm) and aliphatic C-Hup® (~2928 1/crand ~2855 1/crfor
SO and DpO) (Fig. 3). Bands indicating aliphati¢i@nd/or vibrations of COOwere also
found (~1400 1/cm, DpO; ~1360 1/cm and ~1420 1B@, SO) as well as a weak band
indicating O-H from COOH (~1250 1/cm) and relativdbroad bands indicating the
presence of carbohydrates (~1050 1/cm, BO, SO afad5-1/cm - 1080 1/cm, DpO).

In filtrates obtained from coniferous O-horizondand at ~1628 1/cm was detected
reflecting asymmetric vibration of CO@®@r aromatic C=C (Fig. 3). In BO, no band at
~1628 1/cm was detected. Instead, the appearanaebahd at ~1605 1/cm reflected an
asymmetric vibration of COOlIn filtrates obtained from BO and SO, a band¥860 1/cm
was found indicating aliphatic C-H deformation amditretching of COO

a) b)

142Q 14051050

Absorbance
Absorbance

3420 59sg 2928
2298~ Ds5s

ovo /S

et R S /

4000 3000 2000 1000 4000 3000 2000 1000
Wavenumber [1/cm] Wavenumber [1/cm]

Fig. 3. FTIR-ATR spectra of filtrate leached froa):O-horizons and b) A-horizons; 1 - without aduwiti
of limestone, 2 - with addition of limestone

The addition of limestone altered the FTIR-ATR gpeobtained from the O-horizons
in different ways; however, some of the changessveemmon to all O-horizons (Fig. 3).
The bands reflecting asymmetric vibration of CO@t ~1628 1/cm in SO and DpO and
~1605 1/cm of BO) shifted towards lower frequenc{e4600 1/cm,SO, DpO and
~1590 1/cm, BO), indicating the appearance of mi@@M complexes. In all cases, bands
representing aliphatic C-H deformation and/or stretg of COO (~1360,~1400,~1420)
1/cm changed their position towards ~1405 1/B®O, SO) or 1410 1/cn{DpO).
The appearance of a band at 1405 1/cm togetherawnstiift towards a higher wavenumber
(~1380 - ~1405 1/cm) indicated SOM-metal complegéshe bridge or pseudo-bridge
type. A band at ~1495 1/cm indicating C=C of ardmehgs to conjugated C=N systems
and amino functionalities appeared in BO and Dpi@. (8.
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Strong and broad absorption bands indicative of GnHalcohols, phenols and
carboxylic acids (~3420 cm-1) were found in fileatfrom the A-horizon without addition
of limestone (Fig. 3). Bands indicative of alipleatiC-H were detected
(~2928 1/cm ~2855 1/cifior BA and SA; ~2928 1/cm for SA). Bands indicatialiphatic
C-H and/or vibrations of COOwere found at ~1370 1/cm and ~1420 1l/cm. A band
reflecting aromatic C=C or C=0 of CO@nions was detected at ~1628 1/cm. Bands
indicating the presence of carbohydrates were tisteat ~1050 1/cr{BA) and 1075 1/cm
- 1080 1/cm(SA). Absorption bands at ~1120 1/cm, and ~820 Mamre also observed,
indicating the presence of mineral material (sibsaand aluminosilicates).

The addition of limestone significantly changed FIHR-ATR spectra of the filtrates
obtained from the A-horizons (Fig. 3). The absamptbands representing O-H groups
(~3420 1/cm), aliphatic C-H (~2928, ~2855, ~2958)m, aromatic C=0 and/or C=0 from
COO (~1628 1/cm) and carbohydrates (~1050 l&rm 1075 1/cm - 1080 1/crbgcame
much weaker. Furthermore, bands indicating thegpress of mineral material (~1120 1/cm,
~820 1/cm), became much weaker.

In contrast to the O-horizons, the weakening of ##&628 1/cm band was not
accompanied by the appearance of prominent bands5&80 1/cm - 1600 1/ctgpical for
metal-DOM complexation (Fig. 3). However, this bamay be partially overlapped by
bands at lower frequencies, as they give a relgtiveoad absorption band. Similar to the
filtrates from the O-horizons, bands at ~1420 l&md ~1370 1/cm disappeared, while
a band at ~1405 1/cm appeared. Finally, two netindtsbands appeared at ~870 1/cm and
~720 1/cm, indicating the presence of ions derivenh the dissolution of CaCQO

Discussion
Quantitative changesin the leached DOC dueto the addition of limestone

The highest DOC concentration, and therefore leaghin filtrates from the
O-horizons can be explained by the properties ebahhorizons. Their SOM is more
susceptible to decomposition than the SOM in tHeofAizon, making it an important source
of DOC in the soil solution [5, 33]. In the expedntal variants with soils from the
O-horizons, the highest DOC concentrations in t6& Wweek of the experiment are most
likely the result of peak microbial activity at théme. A decrease in DOC concentrations
in the1%" week may be the result of a lack of influx of freSOM and/or nitrogen
immobilisation and/or N@ production. N@ can react with certain aromatic compounds
that can be toxic to soil microorganisms [33]. lar desearch, we did not investigate
microbial activity, but the appearance of aromatimpounds on conjugated C=N systems
and amino functionalities is suggested by the ammea of a band at ~1495 1/cm in
filtrates from BO and SO [34] (Fig. 3).

The highest DOC leaching in coniferous O-horizofterdimestone addition, which
occurred in the first phase of the experiment @faveek), was most likely the result of
both increased microbial activity and SOM solupilitaused by increasing soil pH in the
previously acidic coniferous O-horizons. In soilghapH ~4-5, the adsorption of SOM by
Al-Fe oxides is the strongest [3], so the pH inseeaaused by limestone addition in SO
(pH before the experiment was 4.77, Table 2) magufécient for DOM deprotonation
and its release into the soil solution in the fipttase of the experiment, which was
observed as an increasing DOC concentration in Sith Wmestone (Table 5).
All O-horizons studied were mixed with mineral mé&k(Table 1); therefore, adsorption of
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SOM by Al/Fe oxides and clay minerals may occursdils with pH < 4, Al* is toxic for
microorganisms, so in the case of the very acidivo@zon DpO (pH = 3.67), the addition
of limestone could be the trigger to increase nfi@bactivity by increasing the pH and
consequently the DOC concentrations, and thus iegcin the first phase of the
experiment. Similarly to our case, it has been rggbin a 20-month field experiment that
liming (CaCQ+Mg) causes an increase in DOC release into tHesshition in extremely
acid soils (pH = 3.5-4.5), while in less acid s@p$i = 4.5-5.0) no increase in DOC release
was detected [20]. After the $Oweek of our experiment, different patterns of DOC
leaching were observed in the coniferous O-horizdfer DpO, the amount of DOC
leached by limestone addition was lower than witHimoestone addition, whereas for SO,
even more DOC was leached after limestone addffiable 5). This in turn is consistent
with the results of studies that have documentethemease in the amount of leached DOC
due to long-term liming from both A-horizons [21daO-horizons [19, 35] in acid soils.
In these studies, the authors explain this effgctib increase in soil biological activity
(measured as respiration) due to liming. It is fjdeghat in our experiment, in the case of
DpO, the biological activity did not compensate tloe chemical weathering caused by the
unsaturated filtrate.

In contrast to the coniferous O-horizons, no inseeilm leached DOC was observed in
the beech (BO) samples with limestone added irbthereek of the experiment (Table 5).
The pH of BO, higher than that observed in bothifeoous O-horizons, was probably the
result of the high natural calcium content of theh@izon under beech (Table 2).
The relatively high pH of BO and the very low pHacige during the first 5 weeks after
limestone addition (Table 3) suggest that thereewss significant changes in the soil
environment. Thus, neither the effect of increaB&M solubility nor increased microbial
activity is likely to have affected DOC leachingB® in a meaningful way. Instead, SOC
stabilisation may have occurred in BO, as there avatecrease in DOC during the first
5 weeks of the experiment following limestone addit(Table 5). DOC stabilisation could
occur to some extenta the formation of complexes and bridges betweemimosilicates
and iron oxides in the presence ofC@anineral admixture, Table 1), ofa the formation
of organo-metal supramolecular structures with $@&M exchange sites and with DOM
molecules (flocculation) [3, 16, 19, 36].

A decrease in DOC leaching reported in tfevéeek of the experiment after the
addition of limestone to both A-horizons suggesdts stabilisation of DOC in these
horizons (Table 5). This can be explained mainlyth®ycombined effect of the increase in
pH and the availability of Gaions (Tables 3, 4). Experimental studies have shthat
Cd" ions play an important role in the adsorption @M on ferrihydrite at high pHx(7)
[17] and on montmorillonite [36]. Ghions themselves are strongly absorbed by, Sit
Al,O3 at high pH [37], suggesting the possibility of DQMmplexing with these minerals
via C&* ions. Considering that the addition of limestoapidly increased the pH at th& 5
week (Table 3), it can be assumed that adsorpfi@QM by clay minerals and/or Al and
Fe oxides in the presence of*Cmns was most likely. This is in agreement with tesults
of other laboratory experiments [16, 33], which whthat the addition of Ca causes
a significant decrease in the extent of DOC leagzhBome authors point to a competition
between DOC and S© ions [20], therefore we tried to take this intoc@ent in our
experiment, but we did not obtain a significantretation between DOC and $Oions
(data not shown).
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Qualitative changesin leached DOM dueto the addition of limestone

Our results show that in the A-horizons, mainlyphétic compounds, phenolic groups
and carbohydrates were retained in the soil, witiatearly confirmed by the weakening of
the absorption bands indicating these groups (B)g.This can be explained by the
immobilisation of these compounds via the formatiérCa bridges between OM and soil
minerals, given the availability of a large numlérC&" ions derived from limestone
dissolution [31]. Phenolic groups are thought tdrbportant for C& complexation in less
acidic environments [38]. This effect is much Iggsnounced in the O-horizons, where
there is much less mineral material (Table 1)hn®-horizons there is no clear weakening
of the bands that occurred in the A-horizons (B)jgWe can therefore assume that after the
addition of limestone, flocculation occurs and tiekly stable aggregates are formed,
which is indirectly evidenced by the disappearanteabsorption bands in the filtrate
originating from silicates and aluminosilicatesg(F8). The presence of Egromotes the
flocculation of DOM with SOM and soil minerals [B3, 18]. Flocculation is favoured by
high pH (> 7) [39] and G4 concentration (above ~ 0.18 mM) [15] - conditignesent in
our experiment (Table 4). The complexation of patyharides with clay minerals and Fe
oxides in the presence of £aons has been described previously [9, 17]. Tlaesenostly
derived from microbial secretions and are usualggatively charged, making them
susceptible to cation bridging [7]. The role ofpalatic C-H groups in complexation with
clay minerals is less clear. The study [7] poiotshe role of low molecular weight organic
acids in SOM stabilisation. Another suggests thatreatic compounds are those complexed
with clay minerals [9]. The results of our experithelo not exclude aromatic carbon as
an important factor involved in SOM complexation tine presence of &a This is
supported by the observed decrease in intensithenband at ~1628 1/cm in the A and
O-horizons (SO, DpO) after limestone addition (R3Y. However, this band may also be
indicative of COOgroups [34]. A decrease in band intensity at ~34/2®n occurs in soil
solutions from the A-horizons after limestone addit suggesting an important role of
hydroxyl (O-H) groups in the formation of Ca-DOM raplexes in these horizons.
The results of quantitative changes in DOC leachi#th and without limestone addition,
discussed above, indicate a stabilising role offthrenation of insoluble bonds between
SOM and soil minerals, reducing DOC concentratiarftrates.

In contrast, FTIR-ATR studies show that there mayabother pattern related to the
availability of large amounts of €aand high pH. The results of our research sugfest t
the addition of limestone may cause the formatibrCa-DOM complexes, which are
leachable and can be removed from the soil andsfeemed to the filtrate [3, 40].
The results of our experiment indicate the occureenf such complexes in filtrates
obtained from both O and A-horizons. The formatioh Ca-DOM complexes with
carboxylic groups is confirmed by the appearance bénd at ~1405 1/cm, which is often
interpreted as a side effect of the symmetric C@and in SOM-metal complexes of the
bridge or pseudo-bridge type [8, 41-43]. This iptetation is supported by a shift of
a band at ~1380 1/cm towards a higher wave nunileer;-:1405 1/cm [43]. In our study,
however, the appearance of the band at 1405 1/cwm ned only associated with
a weakening of the band at ~1360 1/cm - 1380 lkemalso at 1420 1/cm. The observed
positive correlation coefficient between % éns and DOC loads (Table 6) confirms the
presence of Ca-DOM complexes in the soil solutibh, [45]. The formation and leaching
of leachable Ca-DOM complexes could be facilitatedier the conditions of complete
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saturation of C& ions in the soil solution (Fig. 2) and in the seichange complex [31]
occurring under the experimental conditions.

Possible environmental effects

The results of studies carried out in the Tatra Mains indicate that the production of
glycogen (carbohydrates) in the soil increases idiately after a windthrow, most likely
due to a rapid decrease in the fungal populatid. [@ur laboratory experiments have
shown that a significant proportion of these commutsu can be retained in the soil
(the A-horizons) if limestone fragments are presbnthis case, the soil can act as a filter,
preventing selective leaching of this particular @@action from the soil, which is also
important because carbohydrates are considereé thebmost labile fraction in the soil
system [7]. In addition, SOM fractions adsorbedht mineral fraction become much more
difficult for microorganisms to degrade [46]. Botirocesses can be accelerated by
flocculation of soil colloids in the presence of ?Caons, which is macroscopically
manifested by an increase in soil structural sitgbiDn the other hand, limestone addition
may increase DOM leaching from acidic O-horizongafiferous forests. DOM enters the
soil solution mainly in the form of soluble Ca-DOBbmplexes, mostly associated with
carboxyl groups. This finding is important in thentext of DOM transport, but also in
terms of chemical weathering and “Caransport throughout the soil profile and in
denudation processes. Previous research has shatvibbdth weathering and denudation
are enhanced under conditions of contact betwe&raremus rocks and organic/humus
soils [31].

The results obtained show that Ca-DOM complexeshied from the O-horizons could
be adsorbed by soil exchange sites in the presefd@d” ions until they are fully
saturated. The A-horizons are said to have a liaréteailable sorption capacity for DOM
due to the indigenous OM already present [2]. Otiee A-horizons are saturated, the
B-horizons, which have a higher available sorptiapacity for OM, would become the
OM sink [2]. Sorption can be effective if soil sttins percolate slowly through the soil
profile. However, in montane and forest soils, mo¢tthe water movement from soil to
surface water occurs by preferential flow [47]. §biccurs relatively rapidly through soil
macropores with limited contact of the soil solatiniith the soil matrix. Under such
conditions, Ca-DOM complexes are transported dirdmim the O-horizons to the surface
water. As sorption in soil exchange sites fac#isalDOM stability compared to DOM in soil
solution [46, 48], research on the effect of DOMnpiexation with C&" ions on DOM
degradability in solution is scarce and gives dotiflg results [48, 49]. Nevertheless,
DOM originating from the O-horizons is more susdaptto microbial degradation than
DOM originating from deeper soil horizons [5, 33hus, the decomposition of Ca-DOM
complexes may be a potential source of,@the atmosphere. The above processes may
contribute to carbon loss from ecosystems followfoigest disturbance [50], and may be
amplified in areas with calcareous soils.

Climate change may potentially increase the amof®OM transported to surface
waters through increased DOM production in soils] [&nd increased water movement by
preferential flow during extreme rainfall event2]50n the other hand, prolonged draughts
generally limit the mobility of DOM and reduce thenount and biological reactivity of
DOM [53]. Further research on DOM dynamics in digad forest ecosystems is therefore
needed. They should focus on the link between mmitesses and water cycling in the
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natural environment. The results are importanth@a tontext of the key role of forest
ecosystems in DOC sequestration and mitigatiorr@drhouse gas emissions [54, 55].

Conclusion

Quantitative changes in DOC leached from the safewobserved following the
addition of limestone to initially acid soils. Timagnitude and direction of these changes
were strongly dependent on the type of soil horizZomestone addition led to an increase
in DOC leaching in the acidic O-horizons of condigs forests, most likely due to an
increase in pH and an increase in microbial agtivit the A-horizons, DOC leaching was
reduced in the first phase of the experiment, eilig the occurrence of adsorption
processes in these horizons.

The presence of limestone in the initially acidl sdianged the composition of the
DOM leached from the soil. In the case of the Aimms, there was a strong
immobilisation of carbohydrates and aliphatic coonmas, which were most likely
immobilised in the soil due to the presence of Ciades. In the case of the A and
O-horizons, DOM was leached mainly in the form afBOM complexes.
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