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Abstract

In order to evaluate the sustainability and efficiency of smibon sequestration measures and
the impact of different management and environmental factomation on soil organic
matter (SOM) stability and mean residence time (MRT)raguired. However, this
information on SOM stability and MRT is expensive to determirgeradiocarbon dating,
precluding a wide spread use of stability measurements isaeiice. In this paper, we test
an alternative method, first developed by Conen et al. (2008) forturigid Alpine grassland
systems, using C and N stable isotope ratios in more frequaistiybed agricultural soils.
Since only information on carbon and nitrogen concentrations and tiglie ssotope ratios
is required, it is possible to estimate the SOM stakditgreatly reduced costs compared to
radiocarbon dating. Using four different experimental sites éacai various climates and
soil types, this research proved the effectiveness of using/Meatio ands*°N signature to
determine the stability of mOM (mineral associated organatter) relative to POM
(particulate organic matter) in an intensively managed agotegical setting. Combining this
approach with3**C measurements allowed discriminating between different mamage
(grassland vs cropland) and land use (till vs no till) systaifigh increasing depth the
stability of mOM relative to POM increases, but less so utitlage compared to no-till
practises.Applying this approach to investigate SOM stability in different sgigregate
fractions, it corroborates the aggregate hierarchy theoryop®ged by Six et al. (2004) and
Segoli et al. (2013). The organic matter in the occludedossiggregate and silt & clay
fractions is less degraded than the SOM in the free migyreggte and silt & clay fractions.
The stable isotope approach can be particularly usefubfierwith a history of burning and
thus containing old charcoal particles, preventing the usE€®fto determine the SOM

stability.
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1. Introduction

Soils play a major role in the global carbon (C) cycle. Thees&ial soil organic carbon
(SOC) pool contains about two and a half times more organic Ghtearegetation and about
twice as much C as is present in the atmosphere (B&§68).Down to a depth of 1 m the
soil is estimated to contain 1500 Pg C (Batjes, 1996). Despiteltlae C concentrations,
subsoil horizons are estimated to contain half of this C pool (8tfenal., 2011). Over the
last 150 years cultivation and disturbance of agricultural soNe ltaused a net loss of
between 40 and 90 Pg C globally (Lal and Bruce, 1999; Lal, 2004). Toeses|can be
replenished by restoring degraded soils, converting marginaluligrad soils to restorative
land use and adopting recommended management practices (Lal, 28fléhishing these C
stocks has multiple benefits, for example increasing soiltheald sequestering atmospheric
CO.. Considering agricultural land alone, approximately 5.5-6.0 Gt&gOcould potentially
be stored each year, which amounts to approximately one sixth ofl glohaal CQ

emissions. (Olivier et al., 2012; Smith et al., 2008).

However, in order to evaluate the sustainability and efficiesfcgoil carbon sequestration
measures and the impact of different management and envirairfaators, information on
soil organic matter (SOM) stability and mean residence (M®T) is required. Since SOM
stabilization is a combination of short- and long-term process®s disturbance of these
processes may result in the decomposition of young and old S@&M (&kl et al., 2012;
Schmidt et al., 2011). Agricultural soils can thus turn from a casbninto a carbon source

very rapidly. A clear example is the conversion of tropical geds into agricultural land

causing a massive GQelease due to profile drainage and subsequent oxidation of the

stabilized SOM (Hooaijer et al., 2010). In various parts of MesEurope knowledge of SOM
stability is also needed for a different reason. SOM decomnmogintails a release of mineral

nitrogen and excess nitrogen can leach to surface- and groundwaergcautrophication.
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While historically, nitrogen release from SOM has been nmestadequately by empirical
models, the more recent trends in (i) higher amendments ahiorgources of nutrients like
composts and (ii) changes in soil tillage techniques sedrmavi® changed the distribution of

SOM among fractions of different stability, possibly leadimg changed nitrogen release.

Radiocarbon dating is one of the only tools useable to study SOM dysm@midecadal to
millennial timescales. The SOMC content provides information on the time since C was
fixed from the atmosphere and as such on SOM stability aRd NTrumbore, 2009).
However, this method is expensive, precluding a wide spread stabdity measurements in
soil science. Conen et al. (2008) developed an alternative modginae the SOM stability
of an Alpine, permanent grassland at steady state conditionsmius! is based on the
isotopic fractionation of the heavy stable isotope of nitrodé) (during decomposition,
which goes hand in hand with a decreasing C:N ratio during orgaitemdegradation. Due
to the decreasing C:N ratio during litter decomposition and S@Mation as described in
Figure 1, excess mineral N is released by soil micro-osgailsotopic fractionation during
this nitrogen dissimilation and export process results in the preferloss of the lightel’N
from the SOM, leading to a highlyN enriched and stable SOM fraction (Coyle et al., 2009;
Dijkstra et al., 2008). Since only information on carbon and nitrogeocentrations and their
stable isotope ratios is required, it is possible to estithat&OM stability at greatly reduced
costs compared to radiocarbon dating. To date this model ha®esn tested under non-
agricultural, undisturbed conditions. In this paper the validitthefabove concepts will be

tested in more frequently disturbed agricultural soils.
Insert Figure 1

Alternatively — in specific cases likesC4 vegetation changes - th&C content of SOM can

be used to gain information on stability and MRT. A shift in coveps from G to C, plants
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changes thé'*C signal of the inputs, which can then be traced in the SOs&ltulate the
MRT (Balesdent and Balabane, 1992; Balesdent and Mariotti, 198linCet al., 1999).
Unfortunately this GC, shift is not always present at the site of interest. Hewethe'*C

content of organic matter also increases upon microbial ddgmadavithout cropping
changes and is most visible with increasing depth (Rumpel andlHKdgbner, 2011). As
both C and N isotope ratios are influenced by microbial degradatitegrating thes*C

signature into the model could increase the accuracy of the 8Dilty estimation. To our
knowledge no attempt has been made yet to combine carbon and nitedgiernsstope ratios

as a proxy for SOM stability.

Moreover the simple two pool model used by Conen et al. (2008) oalgsylimited
information on the nature of the stabilization mechanisms invokdle SOM stability and
protection are governed by the interaction of biochemical réx@ice, adhesion to soil
mineral particles and physical protection from degradation througltlpaaggregation, no
general consensus exists on fractionation methods for estim&iMgs&bility (Jandl et al.,
2013; Six et al., 2002b). Thus, in order to obtain a more detailégrgiof the protection
mechanisms involved in SOM stabilization five SOM pools wittywvey degrees of physical
and (bio)chemical protection were isolated based on the fratitiorscheme developed by
Six et al. (2002a). The principles for determining SOM stgbdutlined above were applied
to these fractions to gain better understanding of SOM stahifitiyits link with aggregate

formation.

To summarize, this study has three main goals. We wiltheshypothesis that the C:N ratio
and&™N signature can be used as a proxy for SOM stability in a distadpécultural setting.

To achieve this the procedure and model described by Conen 20@8) (vill be followed.
Secondly, it is tested if th&*C depth profile of the study sites can enhance the performance

of the model and provide additional information on the degree of S@Mlization. Thirdly,
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the application of the C:N ratio arfd\ isotope model is linked to a more elaborate soil
fractionation scheme based on Six et al. (2002). This will wadddtter understanding of SOM
dynamics and soil aggregate formation under different managepraatices. These
hypotheses were tested on four long-term field experimenéhlisbed on soils poor and rich

in soil organic matter in Austria and Belgium.

2. Materialsand Methods
2.1. Sitedescription

Soil samples were taken from four long term agriculturat$iedn two locations in Austria
and two in Belgium. The sites were selected for their ddveranagement, climatic and soll
characteristics and because a detailed cultivation historyavakable. The climatic and soil

characteristics of these four experimental sites canuoadfin Table 1.
Insert Table 1

In Austria we selected a site in Gross-Enzersdorf and one be@#gg, both in the region of
Lower Austria. On the former site a tillage experimenhvatop rotation including winter
wheat, sugar beet and corn started in 1997. This experiment indludegBeatments: a
conservation tillage, two conventional tillage and two mulchingtitnents. The plots measure
40m by 24m. Strips of permanent grassland were established irebatvese treatments as a
buffer. For this study, samples were taken from the conservdlage treatment (strictly no-
till) and conventional tillage treatment (plough depth of 25 to 30mnd samples from the

permanent grass alleys served as a baseline control.

The Grabenegg site has been continuously used for crop production tmtaheat grassland

was established in 1997. After 15 years, in 2012, the grakslas tilled and reconverted to
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cropland. Immediately after tilling samples were taken oa nontours along the slope of the

field to a depth of 1m.

In Belgium two sites were selected, in Boutersem and inliBem, both in the Belgian loam
belt. On the former site a long term vegetable, fruit gadlen (VFG) compost application
trial was set up in 1997 with a five year crop rotation cyicleluding potatoes, sugar beet,
winter wheat and carrots. The five treatments sampledhi®ekperiment are: an unfertilized
control, a mineral fertilized control, a three-yearly appimabf VFG-compost comprising of
45 tons per hectare and two yearly applications of VFG compost cingpof 15 and 45 tons
per hectare. The experiment was laid out in a randomized blaigndm 4 replicates and
with plots of 10 by 10.5m (Tits et al., 2012). The compost contained 13.8 % carbon and

1.4 + 0.3 % nitrogen. The averadféC value was -28.7 and th&N value 8.1.

Since 1959 the Centre de Recherche Agronomique de Gembloux conductg #erim
agricultural trial on the evolution of SOC stocks on a site in @eunx. This site has a
rotation consisting of sugar beet followed by two or three yefacereals. The plots measure
10 by 24m and are laid out in a randomized block design (Van Wesemak| 2004).
Samples were taken in four replicates on a mineral fastilcontrol (crop residues exported),
a treatment with application of stable manure every four Weaop residues exported) and
two treatments were crop residues were incorporated in theoseilwith and without green

manure.

2.2.  Sampling procedure

Both Belgian trials were sampled in February 2012. In eacbufreplicates of all sampled
treatments eight soil cores were taken 2m apart, from O-3@pth and mixed to form a
composite sample. The samples were dried at 45°C, crushed asdl teiev2mm or < 8 mm,

depending on the subsequent fractionation scheme. In November 2011ssammgl¢aken in
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Gross-Enzersdorf and in March 2012 in Grabenegg. In each ofrdpksates of all sampled
treatments 12 soil cores were taken up to 1m depth, spacedheveiots. A composite
sample was formed for each of the three replicates for éegih layers: 0-5, 5-10, 10-15, 15-
20, 20-40, 40-60, 60-80 and 80-100 cm. All samples were dried at 40¥Ded and sieved

to <2 mm.

2.3.  SOC fractionation

A particulate organic matter fraction (POM) larger than 63@Amstrian samples) and 53um
(Belgian samples) and lighter than 1.8 g%wmas obtained by a combination of ultrasonic
dispersion with an energy of 22 J &nwet sieving and density separation according to the
procedure described by Zimmermann et al. (2007) and Conen 20@8)( This was done for
three depths, 0-5cm, 10-15cm and 40-60cm for the Austrian soils ahd 6f80cm soil layer
for the Belgian soils. The mOM fraction was calculatedhesdifference between the bulk
soil weight and the POMhis procedure leads to the inclusion of the labile dissolvedirga
carbon (DOC) in the calculated mOM fraction. But based on dryweiteng experiments
conducted by Merckx et al. (2001) it was calculated that thi€ @@ly constitutes 0.1% of

the mOM fraction carbon and as such has no significaieinte on the results.

An alternative fractionation scheme, based on Six et al. (20@2a)also used on the Belgian
soils. It distinguishes five SOM pools with varying degrees of ipaysnd (bio)chemical

protection as illustrated in Figure 2. Subsequently, 8 mm sieved gmbksed over a 250um
and 53um sieve, yielding a macro-aggregate fraction (Metathan 250um, a free micro-
aggregate fraction (m) between 250 and 53um and a free ddty&action (s+c) smaller than
53um. Afterwards the M fraction is passed through the miggvemate isolator, a devise that
breaks the macro-aggregates using small glass beadscdlnden silt & clay faction (s+c

M) and occluded micro-aggregate fraction (mM) are washed thraug50 um mesh by a

constant water stream, the POM (larger than 250um) fraistileft on top. The mM and s+c
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M fractions are subsequently separated by a 53um sieve. The peedascribed in detall

by Six et al. (2002a).

Insert Figure 2

2.4. Isotopic analysis

Carbon and nitrogen content and their respective stable isotopewat®sanalyzed for the
POM fraction and bulk soil with an elemental analyzer (Flash 200@ymo Scientific,
Massachusetts, USA) coupled with a mass spectrometer (IsopgBWelnstruments,
Manchester, UK). The samples from the Gross-Enzersdorfinsség fumigated to remove
carbonates, all other soils were free of carbonates. Hermptotected mineral associated
organic matter fraction (mOM), carbon and nitrogen content wécalated as the difference
between the bulk soil and the POM. The samples of the fractbonstheme based on Six et
al. (2002a) (m, mM, s+c, s+cM, POM and bulk soil) were alsdyzad with an elemental
analyzer (Flash 2000, Thermo Scientific, Massachusetts, USApled with a mass

spectrometer (Isoprime GV Instruments, Manchester, UK).

2.5. Dataanalysisand calculations

To calculate the relative stability of the SOC, the follogvithree equations (1, 2 and 3)
developed by Conen et al. (2008) were used. In these equétiamsls, are the3™N value
for the mOM and POM respectively,[%o] is the enrichment factornmrand p are the C:N
ratio’s and G, and G the carbon masses for the mOM and POM fraction respectifteind
fcare the fractions of nitrogen and carbon lost during degradatiomny Anthe relative SOM

stability.

sm-sp)

fu=1-el (1)
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p

Cm
= G-ro (3)

The statistical package R 3.0.1 (R core team, 2013) was foseall data analysis. To
determine significant effects and interactions, ANOVA wpggliad. Duncan’s new multiple
range test was used to test equality of treatment averAgesages followed by the same

letter do not significantly differ from each other witheatainty of more than 95%.

The multivariate analysis was done in JMP Pro 11.0.0, SABuiiesinc., Cary, NC. Principle

components analysis was used to calculate principal compomehssa@re coefficients.
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3. Results
3.1. C:Nratioand 8N in POM and mOM

In the following Figure 3 the C:N ratio ad®N signature of the isolated SOC fractions are
displayed for all four research sites. For all four sites oat fiypothesis is confirmed, the
pattern of the C:N ratio anit°N signature closely resembles the predicted theoreticarpatt

from Figure 1.

In Figure 3a the average results for all nine sampled contatutistee depths, of the site in
Grabenegg can be seen. At all three depths the POM hakea BiN ratio and a lowe™N
signature compared to the mOM fraction. The POM isolated frarsoil layer between 40
and 60 cm deep has the highest C:N ratio of all the fraction®@hé from the two top soll
layers does not have a significantly different signature. Thiatiar of both parameters is

also by far the highest in the deep soil POM.
Insert Figure 3

In Gross-Enzersdorf (Figure 3b) the same pattern for the POMn&@M fraction can be
observed as in Grabenegg. The POM in both top soil layers beeaC:N ratio compared to
the deep soil layer. Th&°N signature of the POM shows a significant interaction between
treatment and depth. For the conventional tillage treatmentieases with depth, for both
other treatments it increases. The largest variationbdtir parameters can be found in the
grass alley treatment, for all depths. Overall the POdMfdeep soil layer displays the
highest variability and the C:N ratio is considerably higher coath#éo the two top soil

layers.

Figures 3c and 3d display the results for both Belgian soilssdime pattern of the fractions
as seen in both Austrian soils emerges. For the site in Bentgisigure 3c¢) a significantly

higher &N signature and a lower C:N ratio is observed in both fracfimms the compost
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application treatments as compared to the control. The mulch andldogditment of the site

in Gembloux (Figure 3d) show no significant differencé'N signature or C:N ratio.

In Table 2 the carbon concentration (in mg/g dry soil) of both isofaéetions, POM and

mOM is summarized for all four experimental sites. In boththaus sites the C concentration
declines significantly with depth, the lowest concentrationdaraed in the 40-60 cm layers.
For all sites and treatments, except for 45 tons compdstihia Boutersem, most of the
carbon can be found in the mOM fractions. In Gross-Enzersdorf onlyophéayer POM

reveals significant treatment effects, the carbon concemtréd the highest in the alley
treatment, followed by the conservation tillage and conventidlage treatments. The same
significant pattern can be seen in the mOM fractions for alihde For the Boutersem site the
only significant treatment effect can be found in the POM factivhereas in Gembloux only

the carbon concentration in the mOM fraction shows an influehte treatment.

Insert Table 2

32. SOM Relative stability

Using the data shown in Figure 3 and Table 2, the relativeistaifithe SOC was calculated
according to equations 1, 2 and 3, based on Conen et al. (2008). Forithenent factoe

the value of —2.0%was used, derived from literature (Conen et al., 2008; Rohi2841).
The results are shown in TableRar the treatment factor no significant effect could be found
in any of the sites, but some trends can be seen and are discusise next section. In the
case of the Gross-Enzersdorf and Grabenegg sites, theresignificant depth effect, the

relative SOM stability always increases deeper ingopttofile.

Insert Table 3
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3.3.  Relative stability and $°C

To obtain additional information about the stability of the SO&%€ depth profile was
constructed for Grabenegg (data not show) and Gross-Enzersdorfe(Riyuihe §°C
signature becomes more positive with increasing depth imealinients, but the values and
overall slopes differ significantly (p=0.0009 and slope is 0.0103 for cwiovel tillage,
0.0028 for conservation tillage and 0.0147 for grass alley). In bobtearaatments th&**c
signature only increases below the 20cm layer, whereas inllthe teeatment it starts
increasing immediately. Below 20cm th&’C signature under conventional tillage (slope
0.0148) increases significantly (p=0.0034) faster compared to both totla¢éments (slope

alley 0.00944 and conservation 0.00614) .
Insert figure 4

To investigate the correlation 08'°C with the other parameters and the SOM stability, a
principal component (PC) analysis was performed on the data oAbethan soils. A total

of 16 parameters and 4 ratios were considered in the an@lgsssresult, three independent
and uncorrelated components, defined as linear combinations @fitibe variables, were
calculated.Table 4 shows the loadings matrix of the final three selectegh@oemts. The
higher the loading value the more variation of the variablgpa@ed by the PC. The PC 1 is
composed of depth, POM [N], POM [C], bulk soil [C], bulk soil,[xhOM [N], mOM [C],
POM C:N ratioy and the mOM/POM C:N ratio. PC 2 is composed of P&fT, bulk soil
§%C, mOM 8"°C and3™N, mOM/POM§'°C, mOM C:N ratio and bulk C:N rati®C 3 is
composed of als™N variables. The three components together explain almost 80%abf tot

variance.

Insert table 4
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3.4. Relativestability and aggregate for mation

The soil samples from both Belgian sites were further aedlyollowing the fractionation
scheme in Figure 2. For three Boutersem treatments i.eurtlegtilized control, mineral
fertilized control and 45t Wy compost application and for three Gembloux treatments,
control and mulch with and without green manure, the C/N ratics&hdsignature for five

SOC fractions are displayed in Figure 5.
Insert Figure5

In Figure 5a, the POM fraction of the compost applicationrireat has a lower C/N ratio and
higher8'®N signature compared to the control. This is also the casbg6tN signature of
the two micro-aggregate and silt & clay fractions. Thdumtad fractions of both treatments
have a lowes™N signature compared to the free fractions. The silt & ¢tagtions also

always have a highéN signature compared to the associated micro-aggregatfis

In Figure 5b the pattern is slightly different. Here the P@&ttfons do not have the lowest

8'°N signature. The other fractions follow the same pattein Bigure 5a.

4. Discussion

4.1. SOM reative stability

On all four research sites our primary hypothesis could be cadirFigure 3 shows that the
C:N ratio and™N signature can be used as a proxy for SOM degradation and stainilira
much more disturbed agricultural systems compared to the Adpasslands as researched by
Conen et al. (2008). The sites described in this study are alléomgatgricultural sites with

different management, tillage and fertilization practices.

Secondly it is observed that thi&\ signal of mineral fertilizer has no influence on this model,

as no significant difference could be foundSMN signature of any fraction between the
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unfertilized control and the mineral fertilized treatment etteough the applied calcium
ammonium nitrate had &°N signal of -0.40 (Boutersem, Figure 5a). This indicates it i
possible to use the model developed by Conen et al. (2008) evenatiosguvhere mineral

fertilizer is used.

Three main effects on SOM relative stability can be mligtished in this study: the influence
of biomass input, tillage and depth. Looking at the relative #iahilo significant
management effect could be found, but some clear trends can beWs#enncreasing
organic matter addition the stability of mOM relative to P@ds to decrease, as seen on
the sites of Boutersem and Gembloux, although on the Boutersem siteffdgt can be
partially due to the higheb™N value of the added compost (attributed to microbial

degradation during the composting process). (Table 3).

In the case of the Gross-Enzersdorf experiment, the resaltslightly more complex. The
grass alley treatment, where biomass returns can be thouget leompared to both
agricultural treatments (Vleeshouwers and Verhagen, 2002), Istighdly lower relative

stability in the upper soil layer and an intermediatatiet stability in the deeper layers,
compared to both arable treatments (till and no till). For lleg and no-till treatments a clear
and significant) increase is observed with increasing depth, whereas folllége tireatment

no clear increase is observed between 5 and 15 cm layers anllea isiwi@ase is observed in
the deepest soil layer. This difference can be attribistéise mixing of both top soil layers in

the latter through ploughing.

Overall a significant increase in relative stabilityolsserved from the top to deeper soll
layers, also on the Grabenegg site. In the deeper soil lélyers,is much less SOC (POM as
well as mOM) as seen in Table 2 and it exhibits a largeati@m in C:N ratio and 3N

signature compared to the top soil, especially for the P@btiém. This is probably due to a
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more unequal horizontal distribution of the OM in the deep soil dalbgereferential flow
paths, plant routing behavior and bioturbation, as indicated by RuangeKdogel-Knabner
(2011). The ratio of POM over mOM carbon is also much lower asdabk of fresh OM in
the subsoil leads to nutrient and energy limitations and combindld sviboptimal
environmental conditions inhibits further microbial degradatioaditey to a higher relative
stability of the OM (Fontaine et al., 2007; Rumpel and Kogel-Kna#td1; Schmidt et al.,

2011).

42. $"C asadditional indicator of stability

As can be seen in Figure 4, tl#°C signature under conventional tillage increases
significantly faster below the 20cm zone, compared to both athatments. This might be
due to a hard plough pan situated at a depth of around 30cm which ittfelstgpply of fresh
OM (mainly root material) to the deeper soil layers. Thisissistent with the observed lower

carbon concentration in the 40-60cm layer in Table 2.

For both Austrian sites the bulkC signature is correlated with the relative stabitity
displayed in Figure 6. The correlation is best for the Grosgi&darf grass alley treatment
(R2=0.70) and the Grabenegg site (R2=0.74). Except for the cofisertilage treatment,
8°C signature is always positively correlated with SOM tieta stability. To further
investigate the correlation afC with the other measured parameters and the SOM stability,
a principal component analysis was performed on the data of bothafustils. The results
can be seen in Table 4. Figure 7 shows the scores of the Ausdrigples for the first two
principal components, defined as a depth parameter and a lancanaseefer. Multiple
clusters can be seen. The first cluster (I) containsaatiples from the deepest soil layer (40-
60cm). The other two clusters group the samples from the tofageik. Cluster Il contains
the 10-15cm and the tilled 0-5cm samples. Cluster Ill containaritided 0-5 cm soil layer

samples (Gross Enzersdorf no till and grass alley). On tofhiefwe find a separation
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between the long term agricultural plots (top half) and those fharlong term grassland

plots (bottom half).
Insert Figure 6 and Figure 7

Combining the carbon and nitrogen concentrations and respective stableeiratios of the
soil POM and mOM fractions offers an opportunity to distinguish S@Mifferent depths,
management systems and land use systems, all of which mavwgact on SOM stability. In
Figure 7 the relative SOM stability increases from thédnotright to the top left as suggested
by rotated factor pattern (Table 4) and confirmed by Figure 8idrbtplot the loadings of the
factors used in the principle components analysis are disptaytab of the scores of the first
two principle components. The arrow fipindicates it increases from the bottom right to the
top left. This was not possible on the basis of the model by Garaen(2008) since they did
not uses*C signature changes. This emphasizes the value of also usifitfGhsignature

changes in a new mechanistic model based on that of @bakr(2008).

Insert Figure 8

4.3. Reative stability and Aggregate for mation

Since it is known that SOM stability and protection are governedhbyinteraction of
biochemical recalcitrance, adhesion to soil mineral pagieind physical protection through
particle aggregation, an alternative and more detailedidreation scheme (Figure 2) was
applied on both Belgian soils (Six et al., 2004, 2002b). The modelatmd by Conen et al.
(2008) could not be applied on these fractions but the C:N ratié'adignature alone also
supplied information on stability. Figure 5 demonstrated that dégree of microbial
degradation increases in the following order: POM < occluded raggoegates < occluded
silt & clay < free micro-aggregates < free silt & ylaThis corroborates the aggregate

formation theory as described by Six et al. (2004) and Segoli €I3) where the fresh
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residue is converted to POM and serves as the core of newlgdarmacro-aggregates. Inside
of these macro-aggregates the POM is further degraded ahdai®ed micro-aggregates are
formed. Part of the organic matter is bound to the mineibparticles (silt & clay fraction)
and part is incorporated in the newly formed micro-aggregatiésr a while the macro-
aggregates can disintegrate and the micro-aggregatesitafctisiy particles are freed. This
implies that the younger and intermediate SOM will be locatethe POM and occluded
fractions and the older in the free fractions, exactly agtsrohined using the C:N ratio and

8N signature.

Furthermore a clear influence of the different treatmentshierCtN ratio and*>N signature
can be seen on both sites. The long term application of composatyaartially degraded
with an average C:N ratio of 8.5 aBtfN of 8.1, pushes the signal of all isolated fractions to
the bottom right of the graph. This indicates that the compaddueekas been incorporated in

all isolated fractions, over the course of 15 years.

4.4, Conclusions

Using four different experimental sites located in variousati®m and soil types, this research
proved the effectiveness of using the C/N ratio & signature to determine the stability of
mOM relative to POM in an intensively managed agro-eccddgetting. Combining this
approach with3**C measurements allowed discriminating between different geanent
(grassland vs cropland) and land use (till vs no till) systemigh Wcreasing depth the
stability of mOM relative to POM increases, but less so utitlage compared to no-till
practices. Compost addition has a negative effect on the retasilidity, probably because
the compost added is already partially degraded during the comppsticgss and mainly
ends up in the POM fraction. Thus the difference with the m®KBmaller. Applying this
approach to investigate SOM stability in different soil aggeedractions, it corroborates the

aggregate hierarchy theory as proposed by Six et al. (2004) gotl &eal. (2013). The
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organic matter in the occluded micro-aggregate and silag fractions is less stable than the
SOM in the free micro-aggregate and silt & clay fractiddence, the model developed by
Conen et al. (2008) has been proven valid for use in more intensiaglgiged agricultural
systems and could in the future be supplemented witfCacomponent. It can be particularly
useful for soils with a history of burning and thus containing old claygarticles, preventing
the use of*C to determine the SOM stability. Although further validatiwith radiocarbon
dating on other soils and management systems and under difféneaites| is needed, this

stable isotope based approach can become a useful tool e @ stability research.
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Table 1

Table 1: Site characteristics for all four long term experimental fields used in this study.

) Austria Belgium
St Gross-Enzersdorf ~ Grabenegg Boutersem Gembloux
Annual rainfall 554 mm 686 mm 760 mm 828 mm
Average temp. 9.8°C 8.4°C 11°C 9.8°C
Min. monthly temp. -2.9°C -2.8°C -1.5°C -0.4°C
Max. monthly temp. 26.0°C 24.9°C 20.6 °C 22.1°C
Climate humid continental (Dfb) temperate oceanic (Cfb)
Soil type Chernozem Luvisol Cambisol Luvisol
pH (CaCly) 7.5 6.7 6.4 6.2
Parent material loess loess sandy-loam loess

colluvium




Table 2

Table 2: Carbon concentration (mg/g dry soil) for SOC fractions from the Grabenegg, Gross-

Enzersdorf, Boutersem and Gembloux experimental sites. Treatment means * standard

deviations and F-test p-values are presented.

[C] (mg/g dry soil)

POM mOM
0-5cm 10-15cm  40-60 cm 0-5cm 10-15cm  40-60 cm
Gross- Till 0.87+0.07 0.87x0.19 0.08+0.06 18.11+£225 1759%+23 654+42
Enzersdorf No till 246104 048zx01 0.11+£0.01 22.63+1.0 19.62+£1.27 11.53+0.87
Alley 332+0.17 0.75+0.06 0.1+0.05 24605 18.05+ 1.3 10.23+ 4.64
F test Treatment 8.98e-10 1.03e-08
Depth 0.0009 0.0064
Interaction  <0.001 ns
Grabenegg Average 092+022 12+0.17 0.09 +0.04 123+1.28 1338+1.19 4.31+0.87
F test Depth <0.001 <0.001
0-30 cm 0-30 cm
Gembloux Control 0.54 +0.25 7.01+0.21
Mulch 0.68+0.2 7.54 +£0.08
F test Treatment ns 0.015
Boutersem Control 1.08 £0.43 6.53+0.7
15 tons compost ha™y* 2.49+0.96 9.49+0.6
45 tons compost haly™ 10+3.75 7+4.14
F test Treatment 0.006 ns




Table 3

Table 3: The relative stability (n) of SOC from the Grabenegg, Gross-Enzersdorf, Boutersem

and Gembloux experimental sites. Treatment means + standard deviations are presented,

values followed by different letters differ significantly from each other.

1 (relative SOM stability)

0-5cm 10-15¢cm 40-60 cm
Gross- Till 129+4 170 + 53 494 + 146
Enzersdorf No till 106 + 69 291 + 100 1012 + 473
Alley 91+23 230 £ 65 877 + 397
F test Treatment ns
Depth <0.001
Interaction ns
Grabenegg Average 7115 54 17 358 + 114
F test Depth <0.001
0-30 cm
Gembloux Control 129 + 101
Mulch 62 + 36
F test Treatment ns
Boutersem Control 28 + 23
15 tons compost ha™y™* 12 +
45 tons compost hay™ 241

F test Treatment

ns




Table 4

Table 4: Rotated PC pattern for SOC properties of experimental sites in Gross-Enzersdorf

and Grabenegg (n=42).

Variable PC1 PC2 PC3
(depth) (land use) (management)
Depth -0.909834 0.114756 -0.004413
POM "N -0.151646 0.047273 0.940396
POM [N] (mg/g dry soil) 0.828650 -0.067620 -0.326552
POM §C 0.007247 0.923791 0.027986
POM [C] (mg/g dry soil) 0.833253 -0.064116 -0.328283
Bulk soil 8**C -0.278611 0.896773 0.127468
Bulk soil [C] (%) 0.916629 0.304858 -0.069433
Bulk soil 8°N 0.107283 0.574371 0.641633
Bulk soil [N] (%) 0.943493 0.188811 -0.063915
mOM "N 0.132226 0.700676 0.584560
mOM [N] (mg/g dry soil) 0.933666 0.209823 -0.049806
mOM §C -0.263436 0.897183 0.132093
mOM [C] (mg/g dry soil) 0.897338 0.350654 -0.027946
POM C:N ratio -0.791120 0.193491 -0.058365
mOM C:N ratio 0.172641 0.795952 -0.105743
Bulk soil C:N ratio 0.288676 0.759473 -0.157078
n -0.725259 0.368492 -0.132792
mOM/POM §C 0.362719 0.604648 -0.117529
mOM/POM &N 0.123048 0.253007 -0.770772
mOM/POM C:N ratio 0.802927 0.226895 0.027806

Explained variance (%0) 39.4 27.3 12.8
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Click here to download high resolution image

C/N ratio

C/N ratio
10

10 16 20 25 30

5

15 20 26 30 O

5

0

Grabenegg (a)

l

—

Ay

Gross-Enzersdorf (b)

Boutersem (c)

Gembloux (d)

&,
&
I ! o
4 6 8 0 2 4 6
615 815N



http://ees.elsevier.com/sbb/download.aspx?id=405393&guid=dcdf9397-1adc-4017-83dc-063284979293&scheme=1
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Figure 4 (gray)
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Figure 6 (color)
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Figure 8 (gray)

6
mOM_d13C
bulk_d13C
: POM_d13C
4 ‘mOM_d15)®

: / mMOM_CN

: bulk/H15N

: bytk_CN

n A L]
(]
° mOM/P@1_d130
]

wn 2 : A A
) deptgMITN ° POM_d15N|: .
E : .
@©
—l ° mOM | |
1
~ O ! /-/vu per_C
N O —rerrerrerrnrenenns T A o - T TP J"i- .......
c OO bulk_per_N
G) :
c :
8_ :
- ; QI C
(@] e} : PO _
O -2 o:

. «

-4 A
A
-6 :
-6 -4 -2 0 2 4 6

Component 1 - Depth



Figure captions

Figure 1: Theoretical evolution of C/N ratio and 5N signature for the particulate organic
matter (POM) and mineral-associated organic matter (mOM) fraction as described by the
model. fy. fraction of N lost, fc. fraction of C lost, e: fractionation coefficient (Conen et al.,

2008).

Figure 2: Fractionation scheme based on Six et al. (2002) dividing the SOM in an
unprotected particulate organic matter fraction (POM), two physically protected fractions (m

and mM) and two physically and (bio)chemically protected fractions (s+c and s+c M).

@BI8F Figure 3: C/N ratio and 8'°N signature for SOC fractions from the experimental sites
in Grabenegg (a), Gross-Enzersdorf (b), Boutersem (c) and Gembloux (d). The POM fraction
(open symbols) and mOM fraction (filled symbols) are displayed for four depths (a, b): 0-5cm
(o), 10-15cm (A), 40-60cm (o) and (c, d): 0-30cm (0). The error bars indicate the standard
deviation. The colors represent various treatments: (b) conventional tillage (black),
conservation tillage (red) and grass alleys (green). (c) Control (black), 15t ha'y™* VFG
compost (green) and 45t ha'y™? VFG compost (red). (d) Control treatment (black) and mulch

treatment (red).

@Fayl Figure 3: C/N ratio and 8"N signature for SOC fractions from the experimental sites
in Grabenegg (a), Gross-Enzersdorf (b), Boutersem (c) and Gembloux (d). The POM fraction
(open symbols) and mOM fraction (filled symbols) are displayed for four depths (a, b): 0-5cm
(o), 10-15cm (A), 40-60cm (o) and (c, d): 0-30cm (©). The error bars indicate the standard
deviation. The colors represent various treatments: (b) conventional tillage (black),

conservation tillage (dark-gray) and grass alleys (light-gray). (c) Control (black), 15t ha™ty™



VFG compost (light-gray) and 45t hay! VFG compost (dark-gray). (d) Control treatment

(black) and mulch treatment (dark-gray).

Figure 4: The evolution of the SOC §'°C signature over a depth profile of 1m for three
treatments in the Gross-Enzersdorf experimental site. The error bars indicate the standard

deviation.

@BIBF Figure 5: C/N ratio and "N signature for 5 SOC fractions, isolated according to Six
et al. (2002), from the experimental site in Boutersem (a) an Gembloux (b). The POM
fraction (o), free micro-aggregates (0), occluded micro-aggregates (m), free silt & clay (A)
and occluded silt & clay (A) fractions are displayed for a depth of 0-30cm. a) Boutersem: the
colors represent three treatments: unfertilized control (black), mineral fertilized control
(green) and 45t ha'y! VFG compost (red). b) Gembloux: the colors represent three
treatments: control (black), mulch (red) and mulch with green manure (green). The error bars

indicate the standard deviation.

@F& Figure 5: C/N ratio and "N signature for 5 SOC fractions, isolated according to Six
et al. (2002), from the experimental site in Boutersem (a) an Gembloux (b). The POM
fraction (o), free micro-aggregates (0), occluded micro-aggregates (m), free silt & clay (A)
and occluded silt & clay (A) fractions are displayed for a depth of 0-30cm. a) Boutersem: the
colors represent three treatments: unfertilized control (black), mineral fertilized control (light-
gray) and 45t ha'y! VFG compost (dark-gray). b) Gembloux: the colors represent three
treatments: control (black), mulch (dark-gray) and mulch with green manure (light-gray). The

error bars indicate the standard deviation.



@BI8F Figure 6: Bulk soil 5"°C signature to relative stability for the Austrian samples.
Regression lines with confidence intervals, equations and R? values are displayed for each
treatment. The colors represent various treatments: conventional tillage (Gross-Enzersdorf,
black), conservation tillage (Gross-Enzersdorf, red), grass alleys (Gross-Enzersdorf, green),

ploughed grassland Grabenegg (blue).

@& Figure 6: Bulk soil 3"3C signature to relative stability for the Austrian samples.
Regression lines with confidence intervals, equations and R? values are displayed for each
treatment. The colors represent various treatments: conventional tillage (Gross-Enzersdorf,
black), conservation tillage (Gross-Enzersdorf, dark-gray), grass alleys (Gross-Enzersdorf,

light-gray), ploughed grassland Grabenegg (empty symbols).

€BIBF Figure 7: Score plot for component 1 (depth) and component 2 (land use). The scores
of the Gross-Enzersdorf and Grabenegg samples are displayed for three depths: 0-5cm (o),
10-15cm (A) and 40-60cm (o). The colors represent various treatments: conventional tillage
(Gross-Enzersdorf, black), conservation tillage (Gross-Enzersdorf, red), grass alleys (Gross-

Enzersdorf, green), ploughed grassland Grabenegg (blue).

@Fayi Figure 7: Score plot for component 1 (depth) and component 2 (land use). The scores
of the Gross-Enzersdorf and Grabenegg samples are displayed for three depths: 0-5cm (o),
10-15cm (A) and 40-60cm (o). The colors represent various treatments: conventional tillage
(Gross-Enzersdorf, black), conservation tillage (Gross-Enzersdorf, dark-gray), grass alleys

(Gross-Enzersdorf, light-gray), ploughed grassland Grabenegg (empty symbols).



€BI6F Figure 8: Biplot for component 1 (depth) and component 2 (land use). The scores of
the Gross-Enzersdorf and Grabenegg samples are displayed for three depths: 0-5¢cm (o), 10-
15cm (A) and 40-60cm (o). The colors represent various treatments: conventional tillage
(Gross-Enzersdorf, black), conservation tillage (Gross-Enzersdorf, red), grass alleys (Gross-
Enzersdorf, green), ploughed grassland Grabenegg (blue). The factor loadings are represented

by the red vectors.

@&yl Figure 8: Biplot for component 1 (depth) and component 2 (land use). The scores of
the Gross-Enzersdorf and Grabenegg samples are displayed for three depths: 0-5cm (o), 10-
15cm (A) and 40-60cm (o). The colors represent various treatments: conventional tillage
(Gross-Enzersdorf, black), conservation tillage (Gross-Enzersdorf, dark-gray), grass alleys
(Gross-Enzersdorf, light-gray), ploughed grassland Grabenegg (empty symbols). The factor

loadings are represented by the red vectors.





