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Soil organic matter (SOM) consists of various labile and stable fractions, which are differently influenced by
agricultural activities and land-use change. This study, aimed at investigating the feasibility of achieving 4p1000
goals on conventionally tilled plough-land, was carried out in a 42 years-old long-term field experiment (LTE), in
which the effect of three farmyard manure (FYM) doses and the FYM equivalent NPK mineral fertiliser rates can
be examined, together with that of mineral fertiliser with and without ploughed-in plant residues. The soil total
organic carbon (SOC) and nitrogen (SN) and the labile hot-water soluble C (HWC) and N (HWN) fractions were
determined (0-0.3 m) and used as indicators. The parameters of the tilled area were compared with those of a
grassland area with similar characteristics. The suitability of these parameters for use as soil quality indicators
(SQI) was also examined in terms of soil fertility. The results showed that the most sensitive fraction for the
detection of treatment effects were HWC and HWN. Increases in these labile organic fractions were significantly
related to the gains of SOC stocks. Based on the close correlation between these factors and both SOC and crop
yield it is recommended that they should be used as indicators for the prediction of changes in SOC and in studies
on soil fertility or soil quality. The initial C stock of 40.46 Mg ha~! became 40.27-47.05 Mg ha™! on the tilled soil
after four decades, while on the grassland it rose to 69.31 Mg ha™!. The carbon sequestration rate (CSR) in the
various fertilisation systems exhibited the following order: plant residue incorporation >FYM addition > mineral
fertilisation (0.147-0.156, 0.101-148 and —0.021-0.065 Mg ha™! yr™, respectively), while an outstandingly
high value of 0.687 Mg ha! yr~! was recorded for the grassland. Despite the fact that the carbon sequestration
potential (CSP) remained high (55.36-62.48%), the achievement of 4 per 1000 aims can only be ensured in
treatments involving high rates of organic matter and only in the short term.

1. Introduction

Soil organic matter (SOM) is the largest reservoir of terrestrial
organic carbon (C), is quantitatively balanced by equivalent respiration
and C inputs. Since soil C quantity exceeds that of the atmosphere and
vegetation, even a tiny shift in global SOM stocks can have a marked
impact on the atmospheric CO; level (Lefevre et al., 2017). The Kyoto
Protocol made it possible for biospheric C sinks and sources to be ratified
to comply with emission reduction targets. Numerous anthropogenic
activities that may increase soil organic carbon (SOC) were listed by the

Intergovernmental Panel on Climate Change, and the management of
cultivated land and grasslands was proposed as a viable way of decar-
bonization (Soussana et al., 2004). The agricultural sector is responsible
for a third of greenhouse gases (GHG) emissions (Vermeulen et al.,
2012). Since ill-advised LULUCF (land-use, land-cover changes and
forestry) sector changes are the 2nd highest anthropogenic C sources, EU
directives prescribing reduction in CO2 emissions by 2050, and changing
the earlier 80% target value (Eurostat, 2019) to 100%, could partially be
achieved by agriculture via an increase in the C-sequestration of the
soils. By the adapted, new, stricter regulations, the objectives of the

Abbreviations: BMP, best mamagement practice; Cg, fine fraction, silt and clay particle-sized bound carbon; C;, labile carbon; Cyy, non-labile carbon; CSP, carbon
sequestration potential; CSR, carbon sequestration rate; FYM, farmyarm manure; GHG, greenhouse gas; HWC, hot-water extractable carbon; HWN, hot-water
extractable nitrogen; LTE, long-term field experiment; SN, total soil nitrogen; SOC, total soil organic carbon.
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European Green Deal would make Europe the first climate-neutral
continent (Clima, 2020).

Changes in SOC stocks are a slow process and may vary greatly as a
function of soil type, texture, clay plus silt fraction, vegetation and land-
use history; they are positively correlated with precipitation and nega-
tively with temperature (Powlson et al., 2011; Wang et al., 2016). In
addition to the indigenous fertility of the soil, both the initial SOC
content and its composition are important, as a significant gain in the
labile fractions may occur during crop production (Janzen et al., 1998;
Soussana et al., 2004).

One of the most frequently used indicators of agronomic sustain-
ability and soil quality (SQI) is SOM (or SOC). Together with pH, texture
and clay content, and available P and K, these provide a picture of the
physical, chemical and biological properties of the soil (Bongiorno et al.,
2019; Costantini et al., 2016; Juhos et al., 2019; Reeves, 1997; T6th
et al., 2008). SOM is extremely complex, representing a sort of contin-
uum ranging from labile to recalcitrant substances, but from the agri-
cultural point of view it can be divided into a stable and a labile portion.
The size of the readily decomposable fraction is greatly influenced by the
intensity of soil cultivation, the crop grown and the standard of the
cultivation technology. This pool changes dynamically, predicting
changes in SOM, and provides energy for soil microorganisms and nu-
trients to plants, so it is of fundamental importance for the under-
standing of soil fertility, acting as a ‘fine’ indicator of soil quality
(Korschens et al., 1998; Loveland and Webb, 2003; Trimble et al., 2018).

The “4 per Mille” (4p1000, 4 per 1000) Initiative proposed by the
French Minister of Agriculture at the Paris Climate Conference in 2015
suggested that an increase of 0.4% yr—! in SOC (calculated as the quo-
tient of the 2400 Gt SOC stock in the 0-2 m soil layer and the 8.9 Gt fossil
C year ! emission) could largely compensate for the increase in atmo-
spheric C (4p1000 Initiative, 2018). The scientific response to this
initiative was contradictory. According to Chambers et al. (2016) the
4p1000 goals can only be achieved with radical land-use change coupled
with enhanced C-sequestration, with the help of best management
practices (BMP) and by adapting cultivation practices to the given
growing site. This was confirmed by Minasty et al. (2017), who analysed
shallow soil horizons of varying depth (0-0.6 m), where management
practices made C sequestration possible. In a temperate climate the
majority of SOC was found in the topsoil and, although a significant
amount of SOC is also present in deeper soil layers, the study stated,
listing several references, that there is ‘very little evidence of whether
subsoil stocks are changing’. De Vries (2017) corroborated the fact that
the impact of land management mainly affected the topsoil over a
timescale of decades. For example, in a conventionally tilled long-term
experiment (LTE), relatively minor deviations in SOC content below
the topsoil were detected between the different treatments (Collier et al.,
2017), though after a longer period, depending on the site, the SOC
increment could be quite considerable (Poulton et al., 2018). Yu et al.
(2017) proved evidence that the increase in the subsoil was only sig-
nificant in the short term when cropland was converted to grassland.
Decomposition slows in the subsoil. This is a complex issue, and it is not
taking place because a larger portion of SOM is mineral-associated, but
due to the limited microbial activity caused by the lack of deeply-rooted
plant species, fine roots, a lower rate of exudation and leaching dis-
solved organic C from surface litter, resulting in the non-availability of
labile C. Thus, a higher residence time favours long-term C preservation
(Pries et al., 2018).

On degraded soils, which make up almost half of all agricultural
soils, it is hoped to achieve a carbon sequestration rate (CSR) of 0.60 Mg
ha~! yr~! using agricultural techniques adapted to the local economic
and social conditions. The C saturation of arable soils is low worldwide,
so the SOC quantity could be substantially increased (Chen et al., 2018;
Di et al., 2017; Wiesmeier et al., 2018). However, changes in SOC only
occur during the transition from one steady-state to another, upon the
adoption of new practices. Since SOC accumulation follows a non-linear,
asymptotic curve, it is of finite duration and magnitude (Soussana et al.,
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2004). In a Rothamsted LTE, for example, the 4p1000 targets were only
reached during the early stages of the experiments even when high
manure doses were applied (Poulton et al., 2018).

Many studies deal with grasslands in the context of global warming.
These ecosystems have an outstanding role in C storage: their soils have
high nutrient and SOM content, thus their restoration has the potential
to facilitate the storage of large quantities of C (Soussana et al, 2004).
Temperate grasslands account for around 20% of the European land
area, and although they are found mainly on nutrient-rich soils, their soil
properties can be described by considerable regional variabilities (Toth
et al., 2013). In overall, however, the warmer environment results in a
positive response in their productivity (Reeves et al., 2014; Yiang et al.,
2019; SOCCR2, 2018). It is important to note, that compared with
ploughland, which may easily become C sources in response to global
warming (Kay et al., 2019), grasslands suffer less damage and are larger,
more flexible C sinks. Their C-absorbing ability and the preservation of
their C stocks, though declining even in the case of European grasslands,
according to modelling, will be retained (Chang et al., 2016). Model-
based estimation of the C cycle of agricultural systems, however, can
lead to contrasting results and discrepancies, uncertainties in future C
data (SOCCR2, 2018). Through refinement of geochemical models and
large-scale, multiple model medianes, more accurate prediction of
future C cycles and C fluxes can be made possible (Sandor et al., 2020).

The current study investigated quantitative changes occurring in the
C and N fractions following long-term organic and inorganic treatments.
The main research objective was to assess the suitability of robust soil
biochemical parameters as indicators of BMP with special reference to
achieving 4p1000 targets. Other questions were how sensitive individ-
ual C and N fractions were as indicators, how suitable they were for the
prediction of changes in treatments and in SOM, and which C and N
fractions were most closely correlated with the crop yield, the best in-
dicator of soil fertility? This last topic is also of vital importance for
ecosystem services and food security, C input and net primary produc-
tion (NPP).

2. Materials and methods
2.1. Study location and area description

The organic and mineral fertilisation LTE was set up in 1963 on the
experimental area of the University of Pannonia, near Keszthely, at 120
m a.s.l. (17°14'23.12"E-46°44'38.06"N) on Ramann’s brown forest soil
(Eutric Cambisol), representing the characteristic soil type of the lower,
drier slopes of moderate and low hills (Fig. 1a), in a random block design
with four replications, two crop rotations, each with 15 treatments, on 7
x 14 m (98 m?) plots, with conventional cultivation based on autumn
ploughing (Fig. 1d, e, ). The soil is a loam formed on glacial sandy loess
deposits. The initial soil analysis revealed that the ploughed layer was
poor in humus (1.5-1.7 H% = 0.87-0.99% total SOC), with low N
supplies (0.12-0.13%), 22% clay, 33% silt, poor supplies of available
phosphorus (27-60 mg kg™1), moderate supplies of potassium (135-160
mg kg_l) and a neutral pHgc of 7.1-7.3. The area has probably been
cultivated since Roman times (Kenéz, 2014), but certainly for many
centuries. The map of Lake Balaton published by Samuel Krieger in 1776
proves that the whole of the Keszthely peninsula was under arable
cultivation (Zlinszky and Molnar, 2009), as it is today (Fig. 1b, c). The
climate of the region is classified as cold temperate continental with
some sub-Mediterranean influences. The 30-year mean annual values
(1985-2015) are 10.8 °C (9.1-12.1 °C) for temperature, and 629 mm
(331-914 mm) for precipitation. July is the warmest (avg. 25 °C) and
sunniest month, followed by August and June. The rainfall distribution
is uneven, but it is favourable that most of it falls between May and July
and September and November.

Rotation ‘A’ of the LTE allows the effect of three farmyard manure
(FYM) doses and the FYM-equivalent NPK mineral fertiliser rates to be
examined, together with FYM + NPK combinations, while in rotation ‘B’
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Fig. 1. a) Location of the long-term field experiment (LTE), b, c) its land use history, and d, e, f) presentation.
the effect of mineral fertiliser with and without ploughed-in plant resi- times, while in rotation ‘B’ they remained the same. Since 2003, crop
dues can be compared (Table 1). FYM and mineral PK were applied compositions have been the same, but their sequences differ (Table 1).
twice in each 5-year period, while N fertiliser was supplied annually. Rotation ‘A’ started two years later. The coordination of the rotations,
The crop sequence and composition in rotation ‘A’ was changed three economic considerations (reduction in transportation and FYM

Table 1

Treatments, applied fertilizer doses and crop sequences in rotation A’ és a "B’ of the long-term field experiment, with the abbreviations of selected treatments
(highlighted in bold). CA: rotation ‘A’ control; F1, F2 and F3: three doses of FYM; M1, M2 and M3: FYM-equivalent mineral fertiliser treatments; CB: rotation ‘B’
control; M: approx. 4 equ.; Mm: NPK + ploughed-in maize stalks; Mmw: NPK + ploughed-in maize stalks + wheat straw. FYM: farmyard manure. 1x — applied once in 5
years, 2x — applied 2 times in 5 years. The mineral fertilizers were applied in the form of ammonium nitrate (27% N), superphosphate (17% P»0s) and KCI (60% K0).

Rotation
A
No.

11
12

13
14
15

M1

F1

F2

M2
F3

M3

Treatments

Control

%2 FYM + 2 equivalent NPK
1 FYM (35 tha™! 5 year?,

1x)

1 equivalent NPK

1 FYM + NPK

1 FYM + NP

1 equivalent NPK + NPK

1 FYM (35t ha ! 5 year ?,

2x)

2 equivalent NP

2 FYM (70 t ha™! 5 year 2,

2x)

2 equivalent NPK

3FYM (105tha !5 year’l,
2x)

3 equivalent NPK

1 FYM + 3 equivalent NPK

4 equivalent NPK

Active ingredients kg ha™!

year !
NoPoKo
N44P3gKag
N44P38K49

N44P38Kag
Ni6oP154K118
Ni6oP154

Ni60P154K118
N44P3gKag

NgsP76
NgsP76Kos

NggP76Kos
Ni32P117K147

N132P117K147
N176P152K196
N176P152K196

Rotation

B

No. Treatments Active ingredients kg ha™!

year !

1 CB Control NoPoKo

2 % FYM + % equivalent NPK N44P38K49

3 1FYM (35tha ! 5year ?,1x)  NysPagKgo

4 1 equivalent NPK Ny44P38Ks9

5 1 FYM + NPK Ni60P154K118

6 1 FYM + NP Ni60P154

7 M 1 equivalent NPK + NPK N172P118K181

8 Mm 1 equivalent NPK + NPK + m N172P118K181

9 1 equivalent NPK + NP + m Ni72P118

10 1 equivalent NPK + NPK + w N172P118K181

11 1 equivalent NPK + NP + w Ni72P118

12 Mmw 1 equivalent NPK + NPK + m N172P118K181
+w

13 1equivalent NPK + NP+ m+w  NjzoPiis

14 4 equivalent NPK N176P152K106

15 4 equivalent NPK N176P152K196

Crop sequence

1963-1985: sugar beet — maize — maize — winter wheat — red clover1963- potato — winter wheat — winter wheat — maize — maize
1985-2003: sugar beet — maize — maize — winter wheat — winter wheat
2003- potato — maize — maize — winter wheat — winter wheat
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application costs) led to a time shift in the rotations as related to each
other. Eleven treatments were chosen for this study. CA: the control plot
for rotation ‘A’; F1, F2 and F3: three doses of FYM; M1, M2 and M3: the
FYM-equivalent mineral fertiliser treatments; CB: the control plot for
rotation ‘B’; M (approx. 4 N equ.); Mm: NPK + ploughed-in maize stalks;
Mmw: NPK + ploughed-in maize stalks + wheat straw. The detailed
description and the applied NPK doses are shown in Table 1.

Since it was set up the experiment has been surrounded by a semi-
natural, agriculturally not managed, regularly (two to three times a
year) mowed grassy margin. The lack of cultivation allows the regen-
eration of the ex-arable land to be investigated. The grassland is char-
acterized by the predominance of perennial ryegrass (Lolium perenne),
while six other monocotyledonous species: orchard grass (Dactylis
glomerata), yellow foxtail (Setaria pumila), green foxtail (Setaria viridis),
couch grass (Agropyron repens), smooth meadow grass (Poa pratensis)
and cockspur (Echinochloa crus-galli), also occur. The number of dicot-
yledonous species was larger (27), but these were only found sporadi-
cally, though they became more frequent at a greater distance from the
LTE. Apart from N-fixing clover (Trifolium) species, broadleaf and nar-
rowleaf plantain (Plantago major, P. lanceolata), common knotgrass
(Polygonum aviculare) and common yarrow (Achillea millefolium) were
also characteristically found.

2.2. Soil sampling and laboratory analysis

In the present analysis, representing approximately 40 years of
treatments, SOC data were analysed in three years (2002, 2005 and
2007) during the 2000-2010 sampling period, while SN was measured
in 2004 and pH, available P and available K in 2004 and 2007. The HWC
measurement period covered three successive years, 2004-2005-2006,
while parallel HWC and HWN analyses were carried out in June and
October 2005. A new sampling period began in 2019. After harvest in
October soil samples were taken from the ploughed horizon (0-0.3 m) of
the first three replications at 15 points diagonally across the plots and
from the grassy margin using an auger. The soil samples were prepared
for analysis by removing visible plant residues and rootlets and passing
the material through a 2 mm sieve.

The hot-water extractable C and N was determined by the method
described by Korschens and Schultz (1999). Briefly, 20 g of soil sub-
samples from a couple of day old field-moist samples stored in plastic
bags in cool place, were weighted into a digestion flask and then boiled
in 100 mL distilled water (DW), connected to a reflux condenser, in
order to digest the organic matter. After 60 min the reaction was stopped
by placing the soil suspensions in cold water. After cooling and centri-
fuging (for 10 min at 3500 rpm) 3 x 10 mL aliquots were pipetted from
the supernatant, 10 mL chromosulphuric acid (CroK207-H204S) was
added and the samples were kept at 125 °C for 20 min. The cooled
liquids were diluted with 20 mL DW, after which the solutions were
titrated with 0.2 M ammonium iron(II) sulphate (Mohr’s salt). The
amount of acid consumed was used to calculate the amount of oxidised
labile organic C.

The Kjeldahl method was used to determine total nitrogen (SN) and,
with minor modifications, HWN (Buzas et al., 1988), except that the SN
were determined from air-dried, finely-ground soil subsamples, and
HWN from the same solution as HWC. Due to the toxic gases, the
determination of HWN was done under fume hood. A spatula of reduced
iron (Fe(Il)), 2 mL sulfuric acid and 4 mL salicylic sulfuric acid were
added to 10 mL solution to enhance the violent reaction, after which
titanium oxide (TiO3) catalyst was added to release N during the 380 °C,
60 min digestion. The addition of cc. NaOH led to the formation of
ammonium that was transferred to 2% boric acid. The solutions were
titrated with 0.01 M hydrochloric acid (HCI).

Total organic C (SOC) was estimated from finely-ground subsamples
with Tyurin’s method: 10 mL 0.2 M potassium dichromate (CryK207)
was added to 0.2 g dry soil. The organic matter was oxidised by 5 min
heating over a flame. The cooled solution was diluted to 100 mL with
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DW. The excess dichromate was determined by titration against 0.2 N
ammonium iron(II) sulfate (Mohr’s salt). The determination of SOC,
available phosphorus and potassium (P,, K;) using ammonium acetate-
lactate extractant, and that of soil pH in neutral salt (KCl) solution
were all performed according to Buzas et al. (1988).

2.3. Calculations and statistical analysis

The factor required to convert HWC into the labile C (Cp) fraction can
be derived from the slope of the HWC-SOC regression equation
(Korschens and Schultz, 1999; Schulz, 1997). This is influenced by the
soil texture and the climate (Weigel et al., 2011). Freytag (1987) re-
ported a conversion factor value of 13-16 (avg. 15.02) on the basis of
LTEs for clayey loam soils, which gave the strongest correlation (R? =
0.91), Eq. (1):

C,=HWC x 15 (@)

The non-labile C fraction can be expressed as the difference of SOC
and Cp, Eq. (2):

Cy, =8S0C - C,, 2)

The SOC and SN stocks [Mg ha~1] can be calculated according to the
next, Eq. (3):

SOC or SN Stock = C x BD x T 3)

where C is the SOC or SN concentration [g kg1, BD is the bulk density
[g cm’g], and T is the thickness of the soil layer [dm].

Soil bulk density (BD) was determined according to Blake (1965).
Undisturbed samples were collected with calibrated sample cylinders (5
x 5 c¢m) from the 0.10-0.20 m soil layers and oven-dried at 105 °C for
72 h. As the BD values were not consequent across the treatments, it
proved more reliable to apply SOC-BD regression on treatments of
pivotal importance (CA, F1, F3, M1, M3, CB, Mmw, rep. 1-3) by
substituting SOC values in Eq. (4) if BD values were missing:

BD =2.0893 x ¢ *¥"50¢ (R* = 0.81) (4

The saturation (maximum) C storage value (Cg.max) Of the clay + silt
fine particle-sized (Cf, <20 um) fraction can be calculated from the
clay-silt % content using databases. Wiesmeier et al. (2019) collected
regression equations between the % clay-silt fraction and the associated
C content from various studies, differentiated according to climate, soil
type, land use, soil depth and clay minerals. By substituting the clay-silt
value (55%) based on similar soils in the temperate zone, the Cgpax
ranges for the arable and grassland soils in the LTE were calculated as
18.12-19.06 and 19.46-33.91 g kg ! (average: 18.60 and 27.15 gkg ™),
respectively (Fig. S1). Based on the equation given by Hassink (1997) for
grassland soils in the temperate and tropical zones this value would be
24.17 g kgL

The C saturation deficit can be calculated as the difference between C
saturation and Cy. The value of C¢ was reported to be 77-85% of the SOC
of cultivated topsoil by Wiesmeier et al. (2014) and Di et al. (2017) and
85% by Angers et al. (2011), with a value of 69% for grassland soil (Chen
et al., 2018). The average of the 77-85% range, 81%, was used in the
present calculations.

The carbon sequestration potential (Mg ha_l) was calculated as
follows, Eq. (5):

Cypa =T % Cyy x BD x (100 — ce) x 1072 (5)

where T is the thickness of soil layer (m), Cgq is the C saturation deficit (g
kg™ 1), BD is the bulk density (kg m~>), ce is the proportion of rough
components (%).

The carbon sequestration potential as a percentage was calculated as
follows, Eq. (6):

C:pd% = C:pd/Cmt—den x 100 (6)
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where Cgat_den is the difference of the measured and the C saturation
values.

The Sensitivity Index (SI) indicates those C and/or N fractions that
are the most responsive to the treatments and that can be used as the
most sensitive indicators, Eq. (7):

SI = (C or Nyaction in treament — C 0F Npaction in controt) / (C 0F Naction in controt
X 100)
@

One-way ANOVA was used to determine the effect of the treatments
on the C and N fractions and to compare the values of the parameters.
Statistical analysis was performed with the Microsoft Office Excel
XLSTAT program. Correlations between the parameters were evaluated
using Pearson’s linear correlation analysis, with LSD and Duncan’s test
as post hoc tests. A total of 33 samples were analysed in the first three
replications, or 36 including the grassland (n = 33, 36). Data for the
1998-2013 period were used for the analysis of crop yields. The potato
yield was converted into cereal units (GE t ha™! = Z x 0.25).

3. Results

3.1. Effects of treatments and land-use change on the C and N fractions,
yield differences between treatments

The fertilization modes significantly affected the concentration of
soil organic carbon (SOC). SOC values statistically differed between
control A’ and the higher organic treatments; FYM (F2, F3), between
control ‘B’ and Mm, Mmw treatments. Total soil-N (SN) content changed
in the opposite way to the SOC values and the inputs, gradually
declining for the three rates of FYM, while the values only exhibited
slight differences in the case of mineral fertilisation. The F1 and M2
treatments gave significantly higher and slightly lower values, respec-
tively. HWC and HWN changed proportionately to the inputs in the
treatments. Considerably higher HWC values (1.97 and 1.90 times the
treatment mean) were recorded on the grassland soil. Statistically
verified clear proof was obtained of the beneficial effect of FYM, mineral
fertilisation and the ploughing in of plant residues. HWN proved to be
more sensitive, rising to a greater extent. The treatment effects were
significant with the exception of F1 for HWC and F1 and M for HWN
(Tables 2 and 3). The slope of the linear regression, used as a conversion
factor, was 15.35 R? = 0.842), averaged over the two land-use systems,

Table 2
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and 11.82 (R? = 0.544) in case of the LTE (Fig. S2). The Cyy, fraction
were more advantageously influenced by the organic treatments, with
statistical difference only between F3 and M3 treatments. Except for the
stable Cyy, fraction, the deviations between the two land use systems
were significant (p < 0.05) (Table 2). The C, ratio was smallest on non-
fertilised soils, improving proportionately with the inputs. Values of F3,
M1, M2 and Mmw that of the grassland were also significantly higher as
compared to the control, and to the tilled soil of LTE, respectively
(Fig. 2). The relationship between the N fertiliser rates and C;, was very
close in the case of treatments with FYM and plant residues, while only a
moderate correlation was observed for the mineral fertiliser treatments.
The N rates explained 90.0, 86.0 and 31.7% of the Cy, values (Fig. S3).

The SOC density changed proportionately to the inputs in the
treatments, ranging between 40.27 and 47.05 Mg ha~! (Table 3).
Compared to the initial mean value of 40.46 (37.93-42.99) Mg SOC
ha™!, there was a slight reduction in SOC on the unfertilised plots and in
the M1 treatment, while no change was observed in the M2 treatment
and a considerable increase was recorded for the M3 treatment. The
ploughing in of plant residues had a positive effect, similar to that of
FYM. The SOC stock of the grassland soil was considerably higher than
the mean of fertilised treatments, and exhibited the greatest C gain as a
consequence of land-use change. The difference was significant (p <
0.05) compared with both FYM, which resulted in a substantial C
increment, and mineral fertiliser, which was only sufficient to maintain
the initial SOC level. Compared with mineral fertilisation, substantial
increases in C-sequestration were caused by both the FYM doses and by
the incorporation of plant residues combined with mineral fertiliser
application (Fig. 3a). As regards N gain it can be stated that in many
treatments, despite continual nutrient supplies, the total N stock fluc-
tuated around the low initial value of 5.73 Mg SN ha! (Fig. 3b). A
turning point was observed at higher doses: the N stock began to rise
from an N dose of 132 kg ha~! (M3) and reached the initial level at 176
kg N ha™! (M). The values only shifted in a positive direction for lower
FYM rates and in the M and Mm treatments, and were 16-18% lower in
the control and in plots given mineral fertiliser.

According to the crop yield analysis three main treatment-groups can
be separated: 1) the controls, 2) FYM and M1, 3) M2, M3 and M com-
bined with plant residues. All the treatments had a significant effect on
the results at all three dose levels compared to the control, and this was
also true of mineral fertiliser compared to farmyard manure. Depending
on the crop grown, M2 gave the highest values in 40% of the years.

Soil organic carbon (SOC), hot-water extractable carbon (HWC), labile carbon (Cy,), non-labile carbon (Cyy), total soil nitrogen (SN) and hot-water extractable nitrogen
(HWN) fractions in the 0-0.3 m soil layer of treatments and grassland. Different lower and upper case superscripts indicate significant differences between treatments
and between cropland and grassland, respectively, at p < 0.05. Mean + standard deviation (SD) values. ns: non-significant. CA: rotation ‘A’ control; F1, F2 and F3: three
doses of FYM; M1, M2 and M3: FYM-equivalent mineral fertiliser treatments; CB: rotation ‘B’ control; M: approx. 4 equ.; Mm: NPK + ploughed-in maize stalks; Mmw:

NPK + ploughed-in maize stalks + wheat straw.

C fractions

N fractions

Treatment SOC HWC CL CnL SN HWN
mg kg
Cropland Rotation "A’
CA 8321.3 + 5.4 246.46 + 19.25° 3696.9 + 327.3° 4624.1 + 332.7°° 1052.5 + 31.3% 18.93 + 0.02°
F1 9632.2 + 198.1% 287.40 + 3.95 4311.0 + 77.7"¢ 5321.2 + 261.9° 1275.0 + 130.7° 28.87 + 0.01%°
F2 10142.6 + 217.6° 341.08 + 11.60° 5116.1 + 243.2° 5026.5 + 400.4* 1215.8 + 152.9%° 31.80 + 0.01°
F3 10561.6 + 415.7° 411.76 + 14.53% 6176.5 + 562.8° 4385.2 + 611.9° 1103.3 + 74.9> 37.09 + 0.02°
M1 8559.6 + 578.9¢ 320.43 + 42.66° 4806.5 + 639.9° 3752.8 + 278.3% 1038.3 + 82.2" 30.88 + 0.01°
M2 8811.6 + 109.8¢ 353.60 + 40.50°° 5304.0 + 1 012.1%° 3507.7 + 1104.7%° 1021.7 + 71.4° 33.00 + 0.02°
M3 9639.1 + 273.4> 353.64 + 30.48°" 5304.7 + 533.9%° 4334.5 + 503.7° 1085.0 + 31.2™ 37.47 + 0.03°
Rotation "B’
CB 8496.9 + 548.7° 244.73 + 8.59° 3670.9 + 279.6° 4826.0 + 373.8° 1165.0 + 49.5% 28.26 + 0.01°
M 9351.9 + 386.1° 312.80 + 12.33° 4692.0 + 517.0° 4659.9 + 681.5° 1260.0 + 98.9° 35.75 + 0.02°°
Mm 10463.2 + 585.0° 357.34 + 12.13% 5360.0 + 363.8° 5103.1 + 817.6° 1230.0 + 98.9% 40.59 + 0.03°
Mmw 10722.9 + 246.5° 384.58 + 16.43° 5768.7 + 493.0% 5059.0 + 728.1° 1240.1 + 14.1% 44.36 + 0.02°
Grassland
Gr 15100 + 200.0* 647.20 + 44.25% 9708.0 + 1149.6" 5392.0 + 1349.6 ™ 1829.7 + 24.2% 63.58 + 0.09*
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Table 3

Soil organic carbon (SOC), hot-water extractable carbon (HWC), labile carbon
(Cp), non-labile carbon (Cyy), total soil nitrogen (SN) and hot-water extractable
nitrogen (HWN) stocks in the 0-0.3 m soil layer of treatments and grassland.
Different lower and upper case superscripts indicate significant differences be-
tween treatments and between cropland and grassland, respectively, at p < 0.05.
Mean =+ standard deviation (SD) values. ns: non-significant. CA: rotation ‘A’
control; F1, F2 and F3: three doses of FYM; M1, M2 and M3: FYM-equivalent
mineral fertiliser treatments; CB: rotation ‘B’ control; M: approx. 4 equ.; Mm:
NPK + ploughed-in maize stalks; Mmw: NPK + ploughed-in maize stalks +
wheat straw.

C N
fractions fractions
Treatment SOC HWC Cp CnL SN HWN
Mg ha™!
Cropland Rotation
A
CA 40.27 + 1.19 17.89 + 22.38 5.09 0.092 +
0.03¢ + 1.58° + + 0.02°
0.11¢ 1.61%° 0.15°
F1 44.96 + 1.34 20.12 + 24.84 5.95 0.135 +
0.92% + 0.36™ + + 0.01°
0.02 1.22% 0.61°
F2 45.49 + 1.53 22.95 + 22.54 5.45 0.143 +
0.98% + 1.09% + + 0.01%
0.07%® 1.80%° 0.69%°
F3 47.05 + 1.83 27.52 + 19.54 4.92 0.165 +
1.85° + 2,512 + + 0.02°
0.172 2.73b 0.33°
M1 39.55 + 1.48 22.21 + 17.34 4.80 0.143 +
2.67¢ + 2.96" + + 0.01°
0.20% 1.29° 0.38"
M2 41.29 + 1.66 24.86 + 16.44 4.79 0.155 +
0.51¢ + 474 + + 0.02°
0.32%° 5.18¢ 0.33°
M3 43.35 + 1.59 23.86 + 19.49 4.88 0.169 +
1.23% + 2.40% + + 0.03?
0.16° 2.26" 0.14°
Rotation
»
CB 40.51 + 1.17 17.50 + 23.01 5.55 0.135 +
2.62° + 1.23° + + 0.01°
0.09° 1.78% 0.24°
M 43.05 + 1.44 21.60 + 21.45 5.80 0.165 +
1.78% + 2.38° + + 0.02%°
0.16° 3.14° 0.46°
Mm 46.43 + 1.59 23.79 + 22.65 5.46 0.180 +
2.60° + 1.61° + + 0.03°
0.11° 3.63° 0.44°
Mmw 46.80 + 1.64 24.65 + 22.08 5.41 0.194 +
1.08% + 1.772 + + 0.02°
0.12° 3.18° 0.06°
Grassland
Gr 69.31+  2.97 44.56 + 24.75 8.32 0.292 +
0.94% + 5.35% +6.16 + 0.09%
0.36% ns 0.15*

Compared to M, deviations of plant residue treatments were non-
significant (Table 4).

3.2. Changes of C-sequestration over time and achievement of 4 per 1000
targets

Compared to the initial value of 64.94 Mg ha™!, the CSP in the
treatments varied between 58.36 and 69.40 after two decades and
decreased slightly to 58.35-65.85 Mg ha™! after four decades. The
organic treatments were more effective in reducing CSP. An increase in
CSP was originally observed for CA and in the inorganic treatments, and
later for both controls and only in the M1 treatments (Table 5). When the
experiment was set up CSP was 61.61% and a substantial portion of the
SOC was missing, while after four decades this value was 55.36-62.48%,
with a seemingly similar value of 61.63% for the grassland, but the C
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saturation value was considerably higher for the grassland soil (180.61
Mg ha_l) than for the ploughed area (105.40 Mg ha_l). The initial
140.15 Mg ha™! CSP of the grassland indicated that the SOM quantity
was greatly exhausted, while the later value of 111.30 Mg ha™! indi-
cated an increase.

With the exception of the control and the M1 treatments, CSR
exhibited on average a modest value of 0.081 Mg ha™! yr™!. Based on
CSR the fertilisation systems could be ranked in the order: plant residue
incorporation > FYM application > mineral fertilisation (0.147-0.156,
0.101-0.148 and -0.021-0.065 Mg ha™! yr 1) (Table 5). A treatment
effect was still not perceptible after two decades, and considerable de-
viations could be observed for the replications, due to the previous
history of the fields and the soil patches. Over the longer period SOC
contents proportionate to the inputs were detected, though there was a
pronounced drop in the initially intensive CSR (Fig. S4).

The 0.04% increase in SOC was only exceeded in the F1, F2, M and
Mmw treatments, but positive deviations could not be observed after 40
years; the intensity of C-sequestration fell by a third (F3) or half (F2, M3,
Mmw). Only half (F1, M, Mmw) or 1/3 (F2, F3) of the desired global CSR
rate of 0.60 Mg ha™! yr! was achieved after 20 years, while after 40
years this value was at most ' (F3, Mm, Mmw). Despite the regular
removal of foliage biomass, the exceedingly high value of 0.687 Mg ha ™!
yr ! recorded for the grassy margin met the 4p1000 requirements. The
high organic doses maximised C-sequestration, while the additional C
storage promoted by the application of inorganic nutrients was less
pronounced (Table 5).

3.3. C and N ratios

The SOC and SN ratios investigated rose proportionately with the
inputs. With the exception of HWC:HWN the control plots gave the
lowest values, and significant differences were observed between the
treatments. In rotation ‘B’ the Mm and Mmw treatments resulted in
higher ratios than for the control and, with the exception of HWC:HWN,
for the M treatment. The SOC:SN ratio was 7.03-9.62 (avg. 7.96%).
HWC made up 2.88-3.90% of SOC (avg. 3.44%), and was 4.29% for the
grassland. HWN made up 1.79-3.75% of SN (avg. 2.89%), and was
3.51% for the grassy margin. The HWC:HWN ratio varied within
8.29-11.75 (avg.10.10), and was 10.56 for the grassland soil (Table 6).

3.4. Sensitivity of the C and N fractions

The greatest sensitivity index (SI) was found for the HWN and HWC
fractions, the sensitivity of which rose almost proportionately with the
inputs, with diverse values: the HWC value of the control treatments was
around 0, while the HWN value deviated slightly from zero (-19 to
+19%). The highest HWN values were recorded for F3 and M3 (46 and
49%) and for the Mm and Mmw treatments (59 and 71%). The trend for
SOC was very similar to that of HWC, but the SI values were propor-
tionately smaller. Cy, and SN responded similarly, representing the two
least sensitive fractions, with very low values, which were often
inversely proportional to the doses. The SI values of HWC, HWN, SOC
and SN of the grassland soil were significantly higher than those of the
treatments, suggesting significant changes (Fig. 4, see Table S1 for
details).

3.5. Correlation analysis: relationship with soil properties

HWC and HWN were found to be in strong positive correlation with
SOC and SN, and SOC with SN. Correlation analysis on the C and N
fractions, the chemical soil parameters and the crop yield data, which
give the clearest illustration of soil fertility, and on various ratios
revealed how suitable these were for expressing the degree of mineral-
isation, for replacing the SOC:SN ratio and for use as a potential indi-
cator of mineralisation (Table 7). Based on their correlation with yield
data, the correlation coefficients established the order SOC < HWC <
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Fig. 2. Percentage proportion of labile and non-labile organic

100% C fractions. Different lower and upper case superscripts indi-
—_ cate significant differences between treatments and between
= cropland and grassland, respectively, at p < 0.05. CA: rotation
_S ‘A’ control; F1, F2 and F3: three doses of FYM; M1, M2 and M3:
t FYM-equivalent mineral fertiliser treatments; CB: rotation ‘B’
=3 control; M: approx. 4 equ.; Mm: NPK + ploughed-in maize
= stalks; Mmw: NPK + ploughed-in maize stalks + wheat straw.
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Fig. 3. a) Total soil organic carbon (SOC) and b) total soil nitrogen (SN) gain for the 0-0.3 m soil layer of treatments and grassland. Dashed lines indicate the initial
value range. Whiskers represent standard deviation. CA: rotation ‘A’ control; F1, F2 and F3: three doses of FYM; M1, M2 and M3: FYM-equivalent mineral fertiliser
treatments; CB: rotation ‘B’ control; M: approx. 4 equ.; Mm: NPK + ploughed-in maize stalks; Mmw: NPK + ploughed-in maize stalks + wheat straw.

Table 4

Crop yield values in the treatments. Different lower case superscripts indicate
significant differences between treatments at p < 0.05. Mean =+ standard devi-
ation (SD) values are presented. CA: rotation ‘A’ control; F1, F2 and F3: three
doses of FYM; M1, M2 and M3: FYM-equivalent mineral fertiliser treatments; CB:
rotation ‘B’ control; M: approx. 4 equ.; Mm: NPK + ploughed-in maize stalks;
Mmw: NPK + ploughed-in maize stalks + wheat straw.

Treatment Yield t ha™!
Rotation "A’
CA 3.54 + 0.34¢
F1 4.57 + 0.38°
F2 4.77 £0.18¢
F3 5.27 + 0.07°
M1 5.20 + 0.21°
M2 6.33 £ 0.44%
M3 6.61 + 0.427
Rotation "B’
CB 3.61 + 0.25°
M 7.43 £ 0.32°
Mm 7.07 + 0.20°
Mmw 7.05 + 0.33%

HWN, and, for the ratios, SOC:SN < HWC/SOC% < HWN/SN%. Strong
correlations were found for available P and for the P,/SOC% and P,/
HWC% indices and a weaker correlation for the HWN/HWC% ratio.

4. Discussion
4.1. Effect of treatments and land-use change on soil carbon storage

The effects of treatments on SOC were clearly discernible in the LTE
after a period of several decades (Hoffmann et al., 2006) (Tables 2 and
3). Significant C gain was recorded in the favourable treatments and the
grassland soil, so SOC could be substantially increased. SN, on the other
hand, only reached the initial level at higher N rates and in the absence
of intensive nutrient uptake (F1, F2) (Fig. 3).

The advantage of FYM over mineral fertiliser and the favourable
effect of straw incorporation corroborated the meta-analysis of LTEs
(Powlson et al., 2011; Reeves, 1997). The grassy margin is regularly
mowed, which according to Poeplau and Don (2013) results in the more
frequent decay of the leaves and roots and in greater C input from the
larger, denser root system. In addition, the lignin, polyphenols and more
aromatic compounds under a grassland tend to be recalcitrant to
degradation (Dean, 2000), and the roots and their associated microflora
stabilize the soil aggregates (Soussana et al., 2004). These effects
following the conversion of cropland to grassland also exert a significant
influence on SOC accumulation in the subsoil (Yu et al., 2017).

The estimation of C storage requires knowledge of soil type, texture,
management history (Janzen et al., 1998) and also of clay minerals (Di
et al., 2017). The quantity of C is mainly limited by the rough clay plus
fine silt fraction, as the fine fraction bound C (C¢) makes up the bulk of
the SOC, and its saturation limits the C-sequestration ability of the soils
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Table 5
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C sequestration potential (CSP), difference compared to 4p1000 requirements and carbon sequestration rate (CSR) values in the 0-0.3 m soil layer of treatments and
grassland after 20 and 40 years. Different lower and upper case superscripts indicate significant differences between treatments and between cropland and grassland,
respectively, at p < 0.05. ns: non-significant. CA: rotation ‘A’ control; F1, F2 and F3: three doses of FYM; M1, M2 and M3: FYM-equivalent mineral fertiliser treatments;
CB: rotation ‘B’ control; M: approx. 4 equ.; Mm: NPK + ploughed-in maize stalks; Mmw: NPK + ploughed-in maize stalks + wheat straw.

CSP Compared to 4p1000 aims CSR
Treatment 20 yrs 40 yrs 20 yrs 40 yrs 20 yrs 20-40 yrs 40 yrs
C(Mgha™) % C(Mgha™) % C (Mg ha™1) C (Mg ha! year™)
Cropland Rotation "A’
CA 63.66%" 60.40%° 65.13% 61.79° 261"  -7.77¢ 0.064% -0.068% -0.004¢
F1 58.36" 55.37° 60.444 57.35% 2.69% -3.08% 0.329° -0.228% 0.101%
F2 60.55%" 58.30% 59.91%4 56.84" 0.50°" -2.55% 0.219% -0.106% 0.113%
F3 61.19% 58.06%° 58.354 55.36" -0.14®  _0.99° 0.187%° 0.039% 0.148%
M1 69.40% 65.85° 65.85% 62.48° -8.35" -8.494 -0.223° 0.203% -0.021¢
M2 65.71%" 62.34% 64.11% 60.82° -4.66"  —-6.75% -0.039°*  0.057° 0.019 «
M3 62.96%" 59.73% 62.05" 58.87% -1.91%  _4.69" 0.099% -0.034% 0.065"
Rotation 'B’
CB 60.36% 57.27% 64.89° 61.57° 0.69° -7.53" 0.229° -0.228" 0.001°
M 58.56% 55.567 62.35% 59.15% 2.49° -4.99%° 0.319° -0.255% 0.064%"
Mm 61.97% 58.79° 58.97" 55.95%° -0.92% -1.61% 0.148° -0.001% 0.1472
Mmw 59.72% 56.66% 58.60" 55.60° 1.33° -1.24% 0.261° -0.104% 0.156%
Grassland
Gr 111.30% 61.63 " 21.274 0.687"

4per1000 requirements: 44.35 and 48.04 Mg SOC ha! and SOC increases of + 9.61% and + 18.72% after 20 and 40 years, respectively.

Table 6

C and N ratios for treatments and grassland. Soil organic carbon (SOC), hot-
water extractable carbon (HWC), total soil nitrogen (SN) and hot-water
extractable nitrogen (HWN). Different lower case superscripts indicate signifi-
cant differences between treatments at p < 0.05. Mean =+ standard deviation
(SD) values. ns: non-significant. CA: rotation ‘A’ control; F1, F2 and F3: three
doses of FYM; M1, M2 and M3: FYM-equivalent mineral fertiliser treatments; CB:
rotation ‘B’ control; M: approx. 4 equ.; Mm: NPK + ploughed-in maize stalks;
Mmw: NPK + ploughed-in maize stalks + wheat straw.

Treatment ~HWC/SOC HWN/SN (%)  HWGC:HWN SOC:SN
(%)

Cropland Rotation "A’

CA 2.96 + 1.33" 1.79 + 0.41¢ 11.75 £ 0.19°  7.91 + 0.24°

F1 2.98 + 0.43° 2.28+0.29° 9,98 4+ 0.48° 7.62 + 0.92°

F2 3.36 £ 0.55°° 2,65+ 0.47°  10.76 + 0.72*°  8.44 +1.12*°

F3 3.90 + 0.48% 3.36 + 0.28° 11.23 +£1.87%  9.62 + 0.98°

M1 3.74 + 0.79% 298 +£0.23°  10.42 £ 1.76*°>  8.31 + 1.26°"

M2 4.01 +0.15% 3.22+0.12%"°  10.69 +1.46  8.65 + 0.62*°

M3 3.67 +0.22%°  3.46 + 0.52% 9.49 + 0.65" 8.89 + 0.49%
Rotation "B’

CB 2.88 + 0.65" 2.34 +0.01° 8.67 + 0.67% 7.03 + 0.32°

M 3.34+0.62%° 280 +0.22°  8.75 + 0.20° 7.30 + 0.78°

Mm 3.42+0.41% 315+ 0.80*  8.90 + 0.95° 8.29 + 0.29%

Mmw 3.59 + 0.04* 3.75 + 0.43% 8.29 + 0.16% 8.73 + 0.09%°

Grassland

Gr 429+064™ 351+1.11" 10.56+1.08™ 8.33+0.10™

(Chen et al., 2018; Hassink, 1997). Due to continual microbial by-
product transfer and the C derived from non-decomposed plant resi-
dues, organic compounds accumulate on minerals (Samson et al., 2020).
The Keszthely soil is dominated (59%) by illite clay minerals of the
transitional, nonexpandable 2:1 type (Csatho et al., 2011). Such clay
minerals do not possess a C preservation effect (Kennedy et al., 2014), so
the C adsorption and aggregate stability of these soils are lower and
more sensitive to tillage (Di et al., 2017). The stabilisation of C is
determined not only by the chemical properties of SOM, but also by
organo-mineral complexes; the organic matter becomes inaccessible to
microbes (Pavithra et al., 2018). Physical protection, however, does not
necessarily provide strong stability, as the land use may have a desta-
bilising effect. The stable (C¢) CSP deficit was reported to be over 50%
globally, which could be robustly reduced by means of C input (Di et al.,
2017; Wiesmeier et al., 2014), or by less tillage, without ploughing, as
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Fig. 4. Sensitivity indices of soil organic carbon (SOC), hot-water extractable
carbon (HWC), labile carbon (Cp), non-labile carbon (Cyy), total soil nitrogen
(SN) and hot-water extractable nitrogen (HWN) fractions for the 0-0.3 m soil
layer of treatments and grassland. CA: rotation ‘A’ control; F1, F2 and F3: three
doses of FYM; M1, M2 and M3: FYM-equivalent mineral fertiliser treatments;
CB: rotation ‘B’ control; M: approx. 4 equ.; Mm: NPK + ploughed-in maize
stalks; Mmw: NPK + ploughed-in maize stalks + wheat straw.

was verified in a nearby LTE (Rieder et al., 2018). Conventional tillage is
unfavourable for C accumulation due to the disturbance of the soil and
the disruption of aggregates (Bongiorno et al., 2019). This was also re-
ported earlier by Reeves (1997) in his meta-analysis of numerous LTEs in
various parts of the world. The decline in SOC is reversible and can be
returned to the original level by means of reclamation (Richard et al.,
2017). However, this process is also reversible due to the promotion of
macroaggregate formation through the addition of plant residues (Dunai
and Toth, 2015; Rieder et al., 2018), because particulate organic matter
(POM) makes up the major part of the increase (Trimble et al., 2018).
Unlike the C¢ and the inter-microaggregate C, POM respond sensitively
to disturbance (Rieder et al., 2018; Schulz et al., 2002), and residue
retention, while Cg is sensitive to manuring (Samson et al., 2020).

The high CSP values for the LTE and the grassland soil (Table 5)
agree with results of Chen et al. (2018) and Wiesmeier et al. (2018), who
found that on a world scale CSP is high, with values of 50-69% for arable
land and 30% for grassland. However, the estimated carbon sequestra-
tion capacity cannot be fully achieved, because the labile, transitional
POM pool of the coarse mineral fraction is also part of the SOC (Di et al.,



L. Banko et al. Ecological Indicators 126 (2021) 107364

2017).
§ b ebbob é’ Qorndhbo The present results corroborate previous ﬁndi.n.gs that C storage can
£85998888R228393¢S be enhanced by increasing the quantity of fertilizer and the 4p1000
Feeeecesesetiesser targets can be reached during the early stages of the experiments
. x N . x . x . x (Table 5). In Rothamsted, for example, when the FYM quantity was
é § § E E § E § % § % § § 3 % § doubled to 40 t ha! yr’l, CSR fell by 75% over the next 10 years, and a
$o99S9SS00g5g050 significant increase in CSR was only recorded for the double or
quadruple straw quantity or by applying high N doses (Poulton et al.,
S o 2018). A higher rate of 240 kg N ha~! was no more effective: the gain in
% ©hrsobanks 30,'; é b g SOC dropped to half after 20 years and a third after 40 years (Reiter,
% Sodd583385a88 2015). In a recent meta-analysis of straw treatments Han et al. (2018)
= I I detected an intense decrease in CSR over six decades. Straw has a weaker
< value than FYM, but the ploughing in of plant residues supplemented by
(.8 Cox x x . sk 140 or 210 kg N ha™! had a beneficial impact on humus formation
S 202358 5 83 § 838 (Dunai and To6th, 2015), as confirmed in the present work.
% Ss 2. 333s58s3s g - In the case of low SOC content similar to that of the grassy margin,
McLauchlan et al. (2006) recorded a near identical CSR of 0.62 Mg C
8 ha ! yr~! for 40 years after arable areas was transformed back to prairie.
z £ ox Conversion from plowland to grassland may result in as much as 0.4-0.8
§ E § § § § E § § % E‘E § § Mg ha™! yr~! CSR in some regions in the topsoils of Europe (Lugato
E §gScgSsSgeggH et al., 2015). Due to N limitation, however, the recovery of SOC is slow,
often incomplete. The plateau of the C sequestration curve suggests the
g cessation of SOC build-up rather than saturation, which might resume
% © ;\ o < ::\ b after a longer time span. Furthermore, the increases in the ratio of
g § g 233=8 § & § § grasses and in species diversity result in greater phytobiomass (Chang
T TTTTTSTo - et al., 2017). For example, the establishment of ryegrass-crested dog’s-
tail (Lolium perenne-Cynosurus cristatus)-dominated grassland caused a
% aaBoR bt yo doubling of C and N sequestation rate, which was further enhanced to a
53833573% § § § certain extent over the course of 16 years by the presence of N-fixing
reeteres clover (Trifolium) species (De Deyn et al., 2011), which were only found
= sporadically in the grassy margin of the present experiment.
v
§§ g E § § E § E § 4.2. Labile C and N fractions are sensitive to soil quality changes
OCOoo Tooocooco-~
" HWC forms an easily decomposable sub-pool of SOC and, due to its
:E g g 5 § § E & § rapid dynamics, is a sensitive indicator of anthropogenic effects, such as
seeeeseer differences between land-use systems and changes in SOC (Gaublomme
fox 0k Ak et al., 2006; Ghani et al., 2003; Schulz, 1997; Weigel et al., 201.1), so its
% § § % § % § early warning capacity helps to indicate changes in soil quality (Bon-
KT T o~ giorno et al., 2019).
Quantitative difference in the hot-water extract may be caused by
celBhss numerous factors, including plant and microbial substances or plant
3393383 exudates (Yoshikawa et al., 2018), the quality and C:N ratio of the
organic residues, the environmental conditions favourable for decom-
Nxh&s o posing agents. Sampling time Ina:itters, sinci 1at the I?eginning oftthi
BES3332 e biodegradation the diverse, easily decomposable organic matter conten
E ceee ‘{'i of theg plants has a pronounced effect on the water-soluble fraction
E S5K8o % (Hadas et al., 2004).
& % § § gl § = HWC can be used to estimate the SOM stocks of soils. In Centrall
b % European LTEs very low HWC values of < 200, 285 and 550 mg kg™~
% 5 : (2-3 times better than for mineral fertiliser) were reported for unfer-
& 2 § J;E § -3 tilized, NPK + straw and FYM treatments (Schulz et al., 2002; Schulz and
E SRR E Korschens, 2005). The mean HWC contents of 245.5, 342.5, 370.9 and
g & 346.7 mg kg~! detected for the same treatments in the present LTE
é I 38 _Cé represented a deterioration in soil structure and fertility, and thus low
EEE = and medium SOM supplies. HWN increments in the treatments were also
§ g reported by Nedvéd et al. (2008). As in the present work, Seremesi¢
E g § § o et al. (2013) found a two-fold difference in HWC content between land-
g =R use systems. After the cessation of ploughing Landgraf et al. (2003) re-
= 2 8 ported increases of 4.5 and 4 times in HWC and HWN content, but the
.% E Z level characteristic of natural soils has not evolved even alitef 30 years.
Té S o 8 =S Tilling practices have a decisive effect on SOM comp951tlon. The C.L
S|g ] § g % s & lg ratio was 44.4-60.2% for the LTE, with higher values in .the.orgamc
N g é 5 & f\j E g § 3 Sls 0 treatments, and 64.3% in the grassland soil (Fig. 2). The decline in the C,
% % £ g S 2 § Z 5 m?‘ £8z2z% Em =R ratio to below 40% in the case of intensive tillage (Yu et al, 2017) or due
Egl” TeoEpEeROeEEEEas NSy to the omission of fertilization can be explained by the mineralisation of
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SOM (Korschens et al., 1998). Farmyard manuring increased the ratio of
high-molecular-weight, good quality components beneficial for soil
quality and stability, while high mineral N rates enhanced that of the
low-molecular-weight components that improve nutrient-supplying
ability. Therefore, their application is not recommended as they result
in a depletion of the C stock (Debreczeni and Gyori, 1997; Ghani et al.,
2003). The N + straw and FYM treatments led to 1.3 and 2.5 times in-
creases in SOC and a more substantial 1.5 and 5 times increase in labile C
(Chen et al., 2018). During the grassland period of agro-ecosystem
restoration not only the stable but also the labile C content increases;
its quantity was reported to be 2-3 times that of the arable soil (Zhao
et al., 2015).

4.3. Applicability of labile fractions as soil quality indicators

In the present experiment the SOC:SN ratio varied from 7.03 to 9.62,
with a significant difference only for the F3 treatment (p < 0.05)
(Table 6). In cultivated topsoils the ratio ranges between 8.1 and 15.1
(Brady and Weil, 2010), with lower, 9.3-11.2 values for european
temperate croplands and higher, 10.3-16.2 values for grasslands,
respectively (Toth et al., 2013). Lower values were indicative of better
substrate quality and degradability (Nedved et al., 2008), e.g. due to the
presence of leguminous plants (Zhou et al., 2012), while the incorpo-
ration of straw increased the ratio (Hazarika et al., 2009).

Many authors used total C and N and their ratio to evaluate soil
quality and available N. However, even small changes in SOM may have
a significant effect on the ratio, so it is recommended to analyse the
closely correlated labile HWC fractions (Schulz and Korschens, 2005;
Sparling et al., 1998). These parameters are directly proportional to the
plant input (Marty et al., 2017) and all give good correlations with the
N-supplying capacity of soils (Thomas et al., 2016).

Various ratios expressive of soil fertility increased during the
regeneration of cultivated soils, suggesting better organic inputs and
decomposition and favourable mineral N levels, the readily mineralised
portion of organic matter (Curtin et al., 2006; Landgraf et al., 2005). The
HWC/SOC%, HWN/SN% and HWC:HWN ratios ranged from 2.88 to
3.90, 1.79-3.75% and 8.29-11.75 in the LTE and were 4.26%, 3.51%
and 10.56 in the grassland soil. Apart from some variance, the ratios rose
proportionately with the inputs, consistently with previous studies.
Bongiorno et al. (2019) reported HWC/SOC% values of 1.0-6.0% for
European LTEs, Landgraf et al. (2003) found an increasing ratio
(1.1-6.9%), in the case of HWC:HWN (3.5-11.0), after the cessation of
intensive cultivation. Nedvéd et al. (2008) gave values of 4.27-5.25%
HWN/SN%. However, due to the intensive N supplies and uptake in the
present LTE, contrary to our results, a lower HWC:HWN ratio of 8 and a
wider C:N ratio of 11 than was found by Curtin et al. (2006).

HWC and HWN proved to be the most sensitive indicators, having
sensitivity index (SI) values twice as high on grassland soil as in the most
favourable organic treatments (Fig. 4). The present results confirmed the
findings of earlier studies: the labile C and N fractions gave the most
dynamic and most sensitive responses (Liang et al., 2012; Zhong et al.,
2015) and could thus be used for the detection of fertiliser-induced
changes in SOC. The closest correlation with the yield was found for
the labile fractions, due to their nutrient-supplying ability (Das et al.,
2017). The ploughing in of organic residues resulted in high biological
activity and available nutrient pools, as indicated by the high HWN
level, which was similar to that recorded for mineral fertilisation
(Martyniuk et al., 2015). This confirmed the findings of Zhou et al.
(2012) who reported that 59% of HWN was determined by the plant
residue biomass.

Mineralisation indicators are important for the evaluation of soil
fertility: the degradation of SOM and organic residues maintains the
pools of available nutrients, but they are mostly determined in labora-
tory incubations. Contradictory results are found in the literature,
probably due to the very diverse experimental conditions. To achieve a
more reliable relationship, extractable soil C pools and a wider range of
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soil types and landuses need to be combined. Hot water extraction is a
useful method for determining the size of the mineralisable C pool. The
extracted C is chemically labile and biologically available, so it can be
used as a proxy for decomposable C (Gaublomme et al., 2006; McNally
et al., 2018) and as an indicator of SOM and N supplies (Nedved et al.,
2008; Schulz, 1997). Although Korschens et al. (1990) reported that
HWN was less reliable, as it gave fluctuating data, HWN is nevertheless a
useful predictor for tillage modes, N dynamics, Ny (potential N miner-
alisation) and available N, providing guidelines on the optimum N dose
that should be applied (Curtin et al., 2006; Zhou et al., 2012).

In an incubation experiment representing numerous management
systems Schomberg et al. (2009) observed that Ny was strongly corre-
lated not only with SOC and SN, but also with the N fractions obtained
with various mineralisation methods, including HWN, since Ny is
partially derived from labile organic N. In another experiment, covering
eight landuses, Ahn et al. (2009) found that SOC explained 62% of Ny
and HWC 59%, so they recommended the determination of SOC. By
contrast, in a study of 98 arable soils, Ros (2011) reported an opposite
correlation order, while a weaker value was obtained for SN (77, 53 and
45%). The quantity of organic matter was found to be decisive, while its
quality was less so. Similarly, Zhou et al. (2012) detected a significantly
lower net N mineralisation rate in the unfertilized treatment, which was
not related to the quality of the cover crops; HWN was in significant
correlation with the latter, while HWC was not. In an incubation
experiment on manured soils performed by Thomas et al. (2016) a closer
correlation with HWN was also demonstrated, with an order of SOC >
HWN > SN > HWC. Previously, Del Pino Machado (2005) verified that
HWN gave the closest correlation with the N mineralised and taken up
by plants and SN the second closest, while the N fractions obtained with
other extractants proved to be poorer indicators. Recently, in an inves-
tigation on major agricultural soil types and land use modes, Lawrence-
Smith et al. (2018) found that 87% of the variance in potentially min-
eralisable N could be explained by HWN, which was thus recommended
as a new indicator for the N-supplying ability of the soil.

4.4. Relationships between soil quality parameters

The close correlation found between SOC and SN and between HWC
and SOC (Table 7) is in agreement with previous studies (Hazarika et al.,
2009; Schomberg et al., 2009; Seremesié et al., 2013; Zhou et al., 2012).
An increase in SOM leads to higher soil fertility and is accompanied by
more intense mineralisation and an increase in the labile C fractions
(Jensen et al., 2018). Correlation values for labile fractions differ. A
study on European LTEs conducted by Bongiorno et al. (2019) demon-
strated, for example, that, due to their strong correlations with changes
in SOC quality, the permanganate-oxidisable and POM C fractions were
better, more sensitive indicators than HWC or SOC, and, according to
Filep et al. (2015), than dissolved organic C, a sup-pool of HWC.

The statement by Korschens et al. (1990) that HWC gave the best
correlation with SN, was confirmed by Weigel et al. (2011). In the LTE,
the weaker correlation between HWC and SN could be explained by the
opposing trends observed for the doses and the SN values. In agreement
with the results reported by Landgraf et al. (2003) and Nedved et al.
(2008), a close correlation between HWN and SN was also found in the
present work. Landgraf et al. (2003) pointed to close correlations be-
tween HWN and available N forms. Namely, a high mineral N level was
indicative of intensive mineralisation, and explained why the relation-
ship between the yield and HWN was more significant than that between
yield and HWC, as also proven by Thomas et al. (2016). The fact that the
yield is closely correlated with P, > HWN > HWC > K, > SOC, and with
various ratios reflecting soil nutrient supply and fertility, as corrobo-
rated by Ros (2011), proves that their functions are manifested through
such factors as fertiliser application, the biomass formed, and SOM
mineralisation.
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5. Conclusions

The 4p1000 targets were achieved in fewer and fewer treatments as
time progressed. In contrast to the grassland soil, which exhibited a
substantial gain in SOC, the efficiency of the favourable organic treat-
ments (BMP) dropped to half, as indicated by the carbon sequestration
(storage) potential (CSP) values. The atmospheric decarbonization tar-
gets may be thwarted by the soil, growing site and plant production
conditions. Despite the fact that CSP remains high, the achievement of
4p1000 objectives can only be ensured in treatments involving high
rates of organic matter and only in the short term.

The present results corroborated the findings in the literature that
the most sensitive fraction for the detection of the effects of treatments
and land-use change, despite their oscillation, were HWC and HWN. The
analysis of sensitivity gave the order: HWN > HWC > SOC. Increases in
these labile organic fractions were significantly related to the gains in
SOC stocks. Their close correlation with the crop yield and with various
soil quality indicators can be attributed to the fact that the organic
compounds and nutrients extracted with hot water are sensitive in-
dicators of SOM mineralisation and the nutrient-supplying capacity of
soils. The close correlations suggest that the hot water extraction
method can be recommended for use in the analysis and monitoring of
soil fertility and quality.
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