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Abstract The importance of soil organic matter
(SOM) in the global carbon (C) cycle has been
highlighted by many studies, but the way in which
SOM stabilization processes and chemical composi-
tion affect decomposition rates under natural climatic
conditions is not yet well understood. To relate the
temperature sensitivity of heterotrophic soil respira-
tion to the decomposition potential of SOM, we
compared temperature sensitivities of respiration
rates from a 2-year long soil translocation experiment
from four elevations along a ~ 3000 m tropical forest
gradient. We determined SOM stabilization mecha-
nisms and the molecular structure of soil C from
different horizons collected before and after the
translocation. Soil samples were analysed by physical
fractionation procedures, '*C nuclear magnetic
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resonance (NMR) spectroscopy, and differential
scanning calorimetry (DSC). The temperature sensi-
tivity (Q;9) of heterotrophic soil respiration at the
four sites along the elevation transect did not
correlate with either the available amount of SOM
or its chemical structure. Only the relative distribu-
tion of C into physical soil fractions correlated with
Q10 values. We therefore conclude that physical
fractionation of soil samples is the most appropriate
way to assess the temperature sensitivity of SOM.
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Introduction

Soil organic matter comprises a large range of carbon
(C) compounds mixed with mineral particles. SOM
originates from plant debris that is progressively
broken down by a range of organisms and incorpo-
rated into the soil matrix; due to variable suscepti-
bility to degradation some components are rapidly
decomposed, whilst others decompose more slowly
and accumulate in the soil over time. However, not
only the chemical composition but also a variety of
other stabilization mechanisms determines the fate of
C as it is processed through the soil medium.
Mechanisms protecting SOM against decomposi-
tion can be divided into two main groups: mineral
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protection and biochemical recalcitrance (Christensen
2001; Helfrich et al. 2007). Soil organic matter can be
physically protected within aggregates (Golchin et al.
1994; Pulleman and Marinissen 2004) or adsorbed on
the reactive surfaces of mineral particles (Schulten
and Leinweber 2000; Kaiser and Guggenberger 2003)
with both processes inhibiting microbial access to the
organic substrate (Krull et al. 2003; von Lutzow et al.
2006). Biochemical recalcitrance is the ‘inherent’
chemical stability of the molecular components of
SOM; recalcitrant molecules are less attractive than
labile molecules as a C resource for microbes (Sollins
et al. 1996; Six et al. 2002). Conceptual models of
SOM decomposition separate the C substrate into
several pools with different turnover rates (Smith
et al. 1997; Davidson and Janssens 2006). Labile
pools within these conceptual SOM compartments
are defined by fast C exchange rates resulting from
ready access to, and easy breakdown by microbes,
whereas more stable pools comprise chemically
recalcitrant or mineral protected SOM compounds.

Although these processes have been intensively
studied, it is still a matter of debate whether labile or
recalcitrant SOM pools have the higher temperature
sensitivity. In view of the potential future global
warming, there is a need to understand the response
of SOM to rising temperatures. Liski et al. (1999) and
Giardina and Ryan (2000) reported that the decom-
position of recalcitrant SOM was insensitive to
temperature, whereas Knorr et al. (2005) and Leifeld
and Fuhrer (2005) found higher temperature sensi-
tivities for recalcitrant SOM pools than for labile
pools, consistent with kinetic theory (Fierer et al.
2005). Further studies have concluded that labile and
recalcitrant SOM pools have similar temperature
sensitivities (Fang et al. 2005; Conen et al. 2006).
However, even slight differences in experimental
approaches can lead to inconsistent results (Conen
et al. 2008a).

Most approaches to quantify the temperature
sensitivity of different soil C pools are based on
fractionation of soil samples followed by incubation
in controlled environmental conditions (Leifeld and
Fuhrer 2005; Conen et al. 2006), or by fitting of
mathematical functions to different C pools in order
to match experimental data (Fang et al. 2005; Knorr
et al. 2005). Here, we use a different approach by
relating temperature sensitivities of SOM decompo-
sition observed under field conditions to SOM
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protection mechanisms determined from samples
analyzed in the laboratory. The temperature sensi-
tivity estimates derive from a translocation experi-
ment of two years duration along a tropical forest
elevation gradient spanning almost 3000 m in alti-
tude (Zimmermann et al. 2010). This has the
advantage over incubation experiments that SOM
decomposes under more representative ‘natural’
climatic and edaphic conditions. Respiration rates
of soil cores installed at sites with a mean annual
temperature difference of 10°C were then compared,
and temperature sensitivities calculated as Qg
values. The degree of mineral protection was
quantified by soil fractionation and SOM composi-
tion determined by '*C nuclear magnetic resonance
spectroscopy and differential scanning calorimetry.
We hypothesise that physical and chemical analysis
of the soil substrates can be used to predict the
temperature sensitivity of SOM in tropical forest
soils, and that stabilization mechanisms affect the
temperature sensitivity of SOM decomposition.

Methods
Study sites and experimental setup

To analyze the influence of warming on soil respiration
rates, soil cores were translocated among four eleva-
tions along a continuous tropical forest gradient in Peru,
ranging from upper montane cloud forest to lowland
rainforest with a difference in mean annual temperature
of 13.9°C (Table 1). Altitudinal gradients allow study-
ing the impact of climate on the terrestrial C cycle under
otherwise similar environmental conditions and are
therefore ideal natural laboratories for translocation
experiments (Malhi et al. 2010). The selected sites were
at the border of permanent 1 ha study plots of the Andes
Biodiversity and Ecosystem Research Group (ABERG,
www.andesconservation.org). These sites were chosen
to be representative for the corresponding elevations,
and show unique vegetative features and climate with
little seasonal variation (Salinas et al. 2010). Dominant
tree families changed from Clusiaceae and Cunoniceae
at 3030 m asl, to Clethraceae at 1500 m asl, to Elaeo-
carpaceae and Fabaceae at 1000 m asl, and Moraceae
and Fabaceae at 200 m asl. The soils at the sampling
sites were not different from the 1 ha permanent plots
(Girardin et al. 2010), and were classified after FAO as:


http://www.andesconservation.org
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Table 1 Site and soil description along the transect
Property 3030 m 1700 m 1000 m 220 m
MAT (°C) 12.5 18.3 21.3 26.4
MAP (mm) 1700 2600 3100 2700
Soil layers
Oh Depth (cm) 17 7 3 1
Density (g cm ™) 0.063 0.053 0.166 0.41
pH (CaCl,) 2.4 33 34 34
% C 474 41.3 24.9 5.7
8¢ -27.13 -29.08 —28.91 -29.39
C/N 25 15 20 14
C stock (kg m™?) 5.04 1.53 1.24 0.23
A Depth (cm) 15 7
Density (g cm ™) 0.36 (£ 0.09) 0.39 (+ 0.03)
Texture 12/72/16 13/71/16
pH (CaCl,) 3 35
% C 14.5 10.5
s"c ~25.79 ~27.16
C/N 17 14
C stock (kg m™?) 7.76 (£ 0.47) 2.85 (£ 0.52)
B1 Depth (cm) 15 15 25 25
Density (g cm ™) 0.52 (£ 0.3) 0.39 (£ 0.5) 0.44 (£ 0.11) 0.69 (£ 0.02)
Texture 7/79/14 69/27/4 13/68/19 44/41/10
pH (CaCl,) 39 4.0 4.1 3.7
% C 7.9 4.8 4.9 1.3
s —24.91 —25.87 —27.28 —26.83
C/N 14 18 13 9
C stock (kg m™?) 6.22 (+ 0.34) 3.92 (£ 0.24) 5.42 (£ 0.26) 2.29 (£ 0.92)
B2 Depth (cm) 20 28 25 25
Density (g cm ™) 0.60 (£ 0.03) 0.45 (+ 0.03) 0.62 (+ 0.01) 0.76 (= 0.05)
Texture 12/52/36 31/54/15 9/66/25 49/36/15
pH (CaCl,) 4 44 4.2 38
% C 55 4.0 2.0 0.8
s"c —24.23 -24.97 —25.38 —24.96
C/N 13 17 11 11
C stock (kg m™?) 6.67 (+ 0.47) 4.99 (+ 0.35) 3.08 (£ 0.03) 1.59 (£ 0.07)
Total C stock (kg m™—2) 25.69 (£ 1.28) 13.29 (£ 1.11) 9.75 (£ 0.29) 4.11 (£ 0.99)

Mean annual temperatures (MAT) and precipitation (MAP) were measured from 2007-2009. Bulk soil densities and C stocks are
given with standard variations (n = 3), and values for texture represent proportions (%) of sand/silt/clay. Detailed sampling
procedures and analytical methods are given in Zimmermann et al. (2009)

histic Lithosol at 3030 m asl, umbric Gleysol at 1500 m
asl, fluvic Gleysol at 1000 m asl and haplic Ferralsol at
200 m asl.

At each site, twelve 50 cm long intact mineral soil
cores with a diameter of 10 cm were excavated; three
of these cores were then re-installed at the same site

as controls (hereafter referred to as ‘control’), and the
other cores translocated to the three other elevations
(hereafter referred to as ‘warming’, if translocated
down the gradient) (Zimmermann et al. 2009). The
length of 50 cm was chosen because this was the total
depth of the mineral horizon at the highest, most
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shallowest sampling site. The organic-rich topsoil
layers (O) were collected separately prior to excava-
tion, their density calculated and the same amount of
organic material as was present at the sampling site
refilled into the tubes after the installation of the
cores at the new sites. To maintain the same rainfall
amount per m” as at the site of origin, translocated
tubes were capped with reduction collars or expan-
sion funnels. Any new litter input was continuously
removed, and root ingrowth stopped by installing a
63 pum nylon mesh at the bottom of the tubes.

Initial mineral soil samples with 3 replicates were
collected in metal tubes of 35 mm diameter and
stratified according to the soil horizons into humic
layer (Ah) and mineral layers B1 and B2 to quantify
bulk soil densities. Samples from the same site and
horizons were then bulked for further chemical
analysis and physical fractionation. The organic
topsoils were collected by cutting a piece of
50 x 50 cm and measuring its volume and weight.
At each elevation one subsample of the organic
topsoil layer from each origin was taken 12 and
24 months after the start of the translocation to
analyse its chemical composition by means of NMR.
A detailed description of the experimental setup is
given in Zimmermann et al. (2009).

Physical fractionation

The degree of SOM stabilization through chemical
transformation and association with mineral particles
can be expressed as the age of mineral-associated
organic matter (MOM) relative to the age of partic-
ulate organic matter (POM) (Conen et al. 2008b).
This concept is based on the assumption that
unprotected SOM (POM) undergoes decomposition,
during which some of the organic C is lost as CO,,
some organic N is mineralised, and part of the C and
N is re-synthesized by micro-organisms. Re-synthesis
reduces the initially high C:N ratio of mainly plant
derived POM as it becomes increasingly similar to
the lower C:N ratio of the soil microbial community
(Kramer et al. 2003). Preferentially, 4N is minera-
lised and lost from the POM, resulting in an increase
of "N values as it becomes MOM (Liao et al. 20006).
The same applies to the stable isotope ratios of C.
Knowledge of the relative proportions of POM and
MOM, together with their 6'°N values and C:N
ratios, enables the calculation of their relative
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turnover rates. This allows statements such as
‘MOM has an n-times longer turnover rate than
POM’, or, ‘...is n-times more stable than POM’, as
the factor of relative increase in stability (n) has been
shown to be related to the relative radiocarbon ages
of these fractions (Conen et al. 2008b). Further, the
same approach enables to estimate the fractions of C
(fC) and N (fN) that were lost during the transfor-
mation of POM to MOM.

The POM fractions of the initial mineral soil layers
(Ah, B1 and B2) were isolated by suspending 30 g of
bulk soil material (< 2 mm) in 150 ml water and
dispersing with an ultrasonic probe type with an
energy application of 22 J/ml. The suspension was
then sieved to 63 um, and the fraction > 63 um
density-separated at 1.8 g/cm® with sodium poly-
tungstate. Carbon in particles < 63 pm (silt and clay)
and sand plus aggregates (> 63 pm, density > 1.8 g/cm®)
are assumed to be protected through mineral associ-
ations (Zimmermann et al. 2007; Leifeld et al. 2009).
Total C and N values of bulk soils and fractions were
measured together with §'°C isotopes with a Finnigan
Delta Plus XL mass spectrometer at the University of
St Andrews, UK, and 6"°N isotopes with a Finnigan
Delta Plus XP at the University of Basel, Switzerland.
Isotopic signatures are given as per mill (%o)
deviations from the international Vienna Pee Dee
Belemnite standard.

Nuclear magnetic resonance

The C composition of the organic topsoils was
analysed by means of solid-state cross polarization
magic angle spinning (CP/MAS) "*C NMR spectros-
copy. The spectra of the original topsoils, the control
soil cores that remained at the same sites for
24 months, and the cores that were translocated from
their original site to the warmest site at 200 m asl
(therefore with the potentially largest alterations in
C composition) were recorded at the University of
Durham, UK, using a Varian VNMRS spectrometer
operating at 100.56 MHz with a 4 mm rotor MAS
probe. The spectra were plotted in the chemical shift
range from 0 to 200 ppm, and the integrated total signal
intensity apportioned among different compound
classes in the samples. The relative contributions of
the different signal regions were corrected for spinning
sidebands at 111 ppm. Chemical shift regions for
C were identified as follows: alkyl (0—46 ppm),
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0-alkyl (46-92 ppm), di-O-alkyl (92-110 ppm), aryl
(110-140 ppm), O-aryl (140-165 ppm) and carbonyl
(165-190 ppm) C (Knicker and Ludemann 1995;
Baldock and Smernik 2002; Alarcon-Gutierrez et al.
2008). The degree of decomposition of SOM was
quantified by the alkyl : O-alkyl ratio (Baldock and
Smernik 2002; Alarcon-Gutierrez et al. 2008) and the
aryl : O-alkyl ratio, which was suggested to be the
better indicator for SOM decomposition in free POM
(Kolbl and Kogel-Knabner 2004).

Differential scanning calorimetry

The thermal stability of all initial soil layers was
determined using a differential scanning calorimeter
DSC100 (TA Instruments) at ART Reckenholz
Ziirich, Switzerland. Finely ground and dried samples
were diluted with Al,O; and 0.5 mg C equivalent
weighed into an open aluminium pan and then heated
under a steady synthetic air flow of 50 ml/min from
room temperature to 600°C at a heating rate of 20°C/
min. An empty pan served as reference (Leifeld
2007). The exothermic heat flows were recorded,
normalised to 150°C, and the 50% burn off values
(i.e. the temperature at which 50% of the total energy
was released) calculated. Grisi et al. (1998) separated
DSC heat flows of tropical soils into a labile low
temperature region and a high temperature region
deriving from more strongly humified SOM. Lopez-
Capel et al. (2005) attributed the exothermic heat
flow between 300 and 350°C to relative labile SOM
compounds comprising carboxylic and aliphatic C,
and peaks between 400 and 450°C to SOM com-
pounds rich in aromatic structures. Manning et al.
(2005) assigned lower temperature peaks to relatively
labile cellulose, and the peaks at higher temperatures
to more refractory lignin and related materials such as
polyphenolic and condensed structures (Rovira et al.
2008). Peaks above 500°C are considered to originate
from thermal stable charcoal residues (Lopez-Capel
et al. 2005; Leifeld 2007; Rovira et al. 2008). Note
that aliphatic C is thermally labile but considered
biochemically stable.

Temperature sensitivity of heterotrophic
respiration

To calculate the temperature sensitivity of SOM
decomposition, we analysed the heterotrophic

respiration rates of the soil cores, which were
measured fortnightly from April 2007 to March
2009 using a Li-Cor 8100 (Li-Cor, Nebraska, USA)
portable infrared gas analyser equipped with a
proprietary 10 cm survey chamber. The temperature
sensitivity was determined following the approach of
Conant et al. (2008), by which the temperature
dependence of SOM decomposition is calculated
through comparison of the time elapsed during the
decomposition of a defined amount of C at different
temperatures in order to avoid comparison of differ-
ent SOM qualities. This method takes into account
declining decomposition rates over time, which might
occur following the removal of the SOM supply from
plant growth (Kirschbaum 2004; Hartley and Ineson
2008). From the bi-weekly respiration measurements,
we interpolated the number of days it took to respire
any 0.1% fraction of SOC from the total C in the
cores for the soils originating from the same site but
installed at 3030 m asl (#3930) and at 1000 m (¢;000),
as these two sites have a difference in mean soil
temperature (75) of ~10°C. The ratio of the time
periods it took to respire this 0.1% portion of C is the
temperature sensitivity of this particular C fraction:

Q10 = 13030/ 11000 (1)

Details of the calculations for Q( values are given
in Zimmermann et al. (2010). Correlations among
Q10 values and C distributions into physical fractions
and chemical properties were calculated by means of
Pearsons Product Moment Correlations.

Results and discussion

Soil carbon stocks and properties
along the gradient

The amount of C in the top 50 cm of the original
mineral soil plus the organic layers above increased
steadily with altitude (decreasing mean annual tem-
peratures). The C-stocks ranged from 4.11 kg C/m? at
200 m asl to 25.69 kg C/m? at 3030 m asl (Table 1)
and were within the range of reported total soil
C-stocks in other neotropical montane forests.
Schrumpf et al. (2001) quantified C-stocks along an
altitudinal gradient in Ecuador from lower montane
rain forest to paramo grassland sites with forest soil
C-stock increasing from 14.6 kg C/m” at 1100 m asl
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to 29.5 kg C/m? at 2650 m asl, and Schawe et al.
(2007) measured total soil C-stocks of 20.4 to 52.7 kg
C/m? in tropical montane forests in Bolivia, ranging
from 1700 to 3300 m in altitude.

The two higher sites along the gradient had thicker
organic soil layers (O) than the two lower rainforest
sites, which had only thin organic-rich topsoil layers
followed by uniform mineral B layers. A change in
the thickness of organic layers in tropical cloud
forests was also observed for the altitudinal gradients
reported by Schrumpf et al. (2001) and Schawe et al.
(2007), whereby the amount of C in the organic
layers increased with altitude from 10 kg C/m” at
1700 m asl to about 20 kg C/m? at 3300 m asl in
Bolivia, and the thickness of the organic layers
increased linearly by 4 cm/100 m from 1950 to
2450 m asl in Ecuador (Wilcke et al. 2008).

Various environmental parameters including tem-
perature, moisture, radiation, vegetation and geology
influence soil weathering and texture, litter stocks and
composition, and C allocation to above- or below-
ground components, all of which cause changes in
soil C-stocks (Roderstein et al. 2005; Korner 2007,
Grife et al. 2008). An important factor limiting
decomposition along this study transect might be the
observed low pH values (pH range of 2.4—4.4, with
lower pH values at higher altitudinal sites). Low pH
values can limit bacterial growth rates (Walse et al.
1998) and hinder microbial activities (Kok and
Vandervelde 1991, Fierer and Jackson 2006), which
reduces decomposition rates and can lead to soil C
accumulation if plant growth is not suppressed. As
the pH values increased down the elevation gradient,
the pH constraint on decomposition may have been
larger at higher altitudes.

Stabilization of soil organic matter

Soil organic matter can be physically and chemically
protected against microbial decomposition within the
soil matrix. Inclusion of SOM in aggregates separates
the microbes and their enzymes physically from the
substrate, limiting decomposition (Cambardella and
Elliott 1992; Golchin et al. 1994; Six et al. 2002). Silt
and clay particles bind SOM by adsorption on
mineral surfaces, protecting SOM chemically against
decomposition (Baldock and Skjemstad 2000; Kaiser
and Guggenberger 2003; Krull et al. 2003). By
fractionating mineral soil samples into POM (non-
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aggregated particles lighter than 1.8 g/cm®) and
MOM (stable aggregates plus sand together with silt
and clay sized particles), SOM can be divided into
protected and unprotected portions (Conen et al.
2008b; Leifeld et al. 2009). The organic topsoils can
be assumed to be unprotected, as there is minimal
association with mineral particles.

The highest relative portion of unprotected C was
obtained for the soil cores from 3030 m asl with 20%
of total C stored in the organic layer and 13% in POM,
followed by the soil originating from 200 m asl (6%
topsoil, 18% POM) and then the soils from 1000 m asl
(14% topsoil, 5% POM) and 1500 m asl (12% topsoil,
3% POM) (Fig. 1). The highest relative portion of
POM was found at 200 m asl, where the sampling site
was situated on an old river terrace. This site had a
relative low clay content (10-15%), but a high sand
content (44-49%), which probably limited the incor-
poration of POM into aggregates, as only 16% of total
C was protected by aggregation. However, the
absolute amounts of unprotected C decreased expo-
nentially along the gradient from 8.48 kg C/m” at
3030 m asl to 1.99 kg C/m? at 1500 m asl and 1.72 kg
C/m? at 1000 m asl to 0.986 kg C/m* at 200 m asl
(unprotected C [kg/m?] = 0.627 x g0009altitude [m]
P = 0.99, P < 0.01). Thus, the higher elevation sites
had the larger absolute amounts of unprotected C.

The relative degree of physical and chemical SOM
protection (n) can be further determined for mineral
layers using the method introduced by Conen et al.

30

Topsoil
eoceemoos POM
< e 20% E= silt and Clay
E 204 peraln 0D Aggregates
I 13%
=
§ 21%
@ 107 14%
o 5% .
= 23% o
46% &
58% Y
0 ] ! .
3030 1500 1000 200

Altitude (m asl)

Fig. 1 Soil carbon stocks (organic layer plus 50 cm of
mineral soil) along the gradient separated into organic topsoils,
particulate organic matter (POM), stable aggregates, and silt
and clay particles. Organic matter in stable aggregates, silt and
clay particles is mineral associated (MOM)
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(2008b), which compares the turnover rate of MOM
relative to that of POM within a single soil layer. For
all sites, where more than one layer was measured,
n increased with depth, suggesting a more efficient
SOM stabilization in deeper soil layers through
transformation and association with mineral particles
compared to that in shallower layers (Table 2). The
efficiency of stabilization n declined with altitude.
Furthermore, the proportions of C (fC) and N (fN)
lost during transformation were larger at lower
elevations, which means that a smaller proportion
of POM remained as MOM after transformation at
lower elevation sites, probably because of higher
turnover rates at the warmer sites (Raich et al. 20006).

As unprotected SOM is assumed to be labile and a
readily available C source for microbes (Olk and
Gregorich 2006), the smaller amounts of unprotected
SOM at lower sites indicate that SOM at lower sites
is more rapidly transformed than at the higher
elevation sites, due to environmental conditions that
are more favourable for microbial activity.

Biochemical stability of organic topsoils

The complex chemical composition of SOM slows
down decomposition and can be considered to be a
form of ‘biochemical protection’. This chemical
complexity can be inherent to the original plant
material, arise from newly formed microbial residues,
or may result from condensation and complexation

during the breakdown of plant litter (Six et al. 2002).
The change in the chemical composition of SOM
during decomposition has been graduated into several
conceptual stages (Baldock et al. 1992; Quideau et al.
2000). In a first step (stage 1), microbes attack plant
debris, dominated by O-alkyl components. The
biochemically more labile components are preferen-
tially decomposed, leading to an accumulation of
(O-) aryl and alkyl structures. The remaining O-alkyl
component of SOM therefore shifts from plant to
microbial origin. In the second stage (stage 2), fungi
decompose lignin, which reduces the quantity of
aromatic structures and exposes additional labile
O-alkyl groups to microbial attack. The biochemi-
cally most stable SOM compound is alkyl-C, which
accumulates during the decomposition process (stage
3) and is also simultaneously formed by microorgan-
isms (Baldock and Skjemstad 2000). A crucial
assumption for this conceptual sequence of decom-
position stages is the full access of soil organisms
to C substrate.

One of the most comprehensive analytical tools
to describe the complexity of SOM is '*C NMR
spectroscopy, by which the relative proportions of the
different C compounds in SOM can be quantified
(Knicker and Ludemann 1995; Mathers and Xu 2003;
Leifeld 2006). Only NMR spectra of the organic
topsoils were recorded, as these were not physically
or chemically protected. We analyzed samples from
before the translocation of the SOM monoliths

Table 2 Relative carbon stability in mineral horizons as revealed by fractionation into particulate organic matter (POM) and
mineral-bound organic matter (MOM is silt and clay plus aggregate fraction) and shifts in 6'°N and C:N ratios.

Altitude (m) Horizon C distribution (%) N distribution (%) C:N SN (%0) N fc Age MOM/
Age POM
POM MOM POM MOM Bulk POM MOM Bulk POM MOM Bulk Bulk Bulk
3030 Ah 39 61 27 73 172 241 146 35 21 40 0.6 077 69
3030 B1 6 94 4 96 143 219 141 7.1 48 172 0.8 081 0918
3030 B2 2 98 1 99 133 357 132 7.6 47 176 0.9 091 696.7
1500 Ah 8 92 9 91 139 124 141 48 29 50 0.6 0.61 283
1500 B1 2 98 1 99 182 376 180 46 1.1 47 09 092 6113
1500 B2 3 97 1 99 169 582 166 58 1.5 59 1.0 097 1061.2
1000 B1 8 92 4 96 134 243 129 55 14 57 09 094 198.0
1000 B2 3 97 1 99 105 373 102 65 20 65 1.0 097 9853
200 B1 17 83 8 92 94 208 84 81 23 86 1.0 098 2794
200 B2 22 78 7 93 105 323 nd. 70 nd. nd. nd nd nd

Age MOM/Age POM is referred as degree of stability n in text, n.d. not defined
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(originals) and following two years of depletion at the
original sampling site (controls) and from monoliths
that had been translocated to the warmest site 200 m
asl (depletion and warming) (Fig. 2).

As quantified for the original organic topsoils
along the transect, neither the alkyl : O-alkyl ratio
(r = —0.97, P = 0.33) nor the aryl to O-alkyl ratio
(r = —0.44, P = 0.56) correlated significantly with
elevation. However, signal intensities of O-alkyl
groups from carbohydrates and the methoxyl groups
of lignin, polysaccharides and higher alcohols
decreased steadily along the gradient from 59% at
3030 m asl to 31% at 200 m asl. At the same time,
the contribution of aromatic-rich structures ((O-)aryl)
such as lignin, tannin or charcoal (Chen and Chiu
2003; Skjemstad et al. 2008), increased from 12% at
3030 m asl to 44% at 200 m asl. Peaks of alkyl
originating from methyl and methylene groups of
lipids, fatty acids, aliphatic polymers and proteins
(Knicker and Ludemann 1995) declined slightly in
abundance with altitude, whereas carbonyl from
aliphatic esters and amides did not show any major
differences along the transect. The organic topsoils at
3030 m and 1500 m asl seemed therefore to be in
stage 1 of the decomposition model of Baldock et al.
(1992), whereas the corresponding SOM at 1000 m
and 200 m asl were in transition to stage 2, as O-alkyl
compounds were depleted, but recalcitrant aromatic
structures were still not heavily decomposed. The
topsoil layer from 200 m asl had a pronounced aryl
component at around 130 ppm, indicative for con-
densed aromatic structures that may stem from
vegetation fires (Knicker 2007).

The organic topsoils of the ‘control’ and ‘warm-
ing’ monoliths reacted to different extents to the field
manipulations (Fig. 2). At 3030 m asl, the proportion
of labile O-alkyl in the ‘controls’ decreased during
depletion, whilst residual alkyl and carbonyl C
components accumulated. The additional warming
of 13.9°C induced by translocating the cores from
3030 m asl to 220 m asl further increased the relative
proportion of aromatic structures. SOM in ‘controls’
and ‘warming’ cores both tended to convert from
stage 1 to stage 2 of the decomposition model. The
organic topsoil from 1500 m asl reacted similarly to
depletion and the combination of depletion and
warming (by 8.1°C). The relative C contributions
from O-alkyl compounds decreased, leading to larger
proportions of carbonyl and aromatic structures; thus
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Fig. 2 CP "C nuclear magnetic resonance spectra of topsoil
horizons at the start of the translocation experiment (a), and
after 24 months of installation at the same site (b; depletion)
or at 200 m asl (c; warming and depletion). Relative C
contributions were assigned to carbonyl (165-190 ppm),
phenolic  (140-165 ppm), aryl (110-140 ppm), di-O-alkyl
(92-110 ppm), O-alkyl (46-110 ppm) and alkyl (0-46 ppm)

a similar transformation process was experienced
to that SOM observed from 3030 m asl. Different
responses of the organic topsoils in the ‘control’
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and ‘warming ‘cores originating from 1000 m asl
were observed. The proportions of di-O-alkyl and
aryl compounds decreased, whilst O-alkyl and alkyl
components accumulated in the ‘controls’. This
corresponds with decomposition stage 2, in which
fungi decompose aromatically-rich structures and
liberate labile O-alkyl groups, formerly protected
within ligno-cellulose. Warming by 5.1°C (translo-
cation of soil cores from 1000 m asl to 200 m asl)
further enhanced the decomposition of released
0-alkyl compounds and led to enhanced accumula-
tion of alkyl components. No residual material of the
organic topsoil from 200 m asl could be recovered
after the two years, as all material was decomposed,
illuviated down the soil cores or removed by soil
fauna.

In conclusion, the chemical structures of the
organic topsoil layers at higher altitudes were similar
to that of plant litter in tropical forests (Zech et al.
1997, Skjemstad et al. 2008), whereas the organic
layers at lower altitudes were stronger transformed
and thus more stabilized. Both depletion and warm-
ing had the strongest impact on SOM composition at
the lower elevation sites mainly caused by the
substantial declines in the absolute amount of avail-
able substrate.

Thermal stability of carbon in soil layers

Thermally less stable C compounds are oxidised at
lower temperatures, and more complex, polymerized
and energy-rich components at higher combustion
temperatures. Therefore, DSC can be used to describe
the thermal stability of C in SOM. If we assign the
definitions of SOC stability above to the results from
soil samples along the altitudinal gradient, then the
organic topsoils from 3030 and 1500 m asl are
thermally the most stable, showing a double-peak
signature typical of intact litter composed of cellulose
and lignin (Fig. 3). With increasing soil depth, all
thermograms shifted to lower temperatures, indica-
tive for polymer breakdown and a smaller abundance
of aromatic molecules (Leifeld 2008), peaking at
around 380°C. The mineral layers at 1500 and
1000 m asl in particular contained some thermally
very labile compounds, which were oxidized by
250°C. At the lowest site at 200 m asl, thermograms
for all layers were similar, indicating a high degree of
transformation throughout the soil profile. In addi-
tion, the small peak at around 530°C in the thermo-
gram of this site and the shoulder at the similar
temperature range in the spectra of the soil layer B2
from 3030 m asl indicate a high aromaticity of SOM,

Fig. 3 Thermal stability of 3030 m asl 1500 m asl
soil organic matter as o %)
measured by differential o o
scanning calorimetry (DSC) £ £
spectra for the different soil < =
layers along the gradient £ £
(values for soil layer B2 % g
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T I
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which can be attributed to the presence of charcoal
(Leifeld 2007). These results in general are in
accordance with the NMR results, showing a higher
degree of decomposition down the altitudinal
gradient.

50% burn off temperatures as calculated from
DSC analyzes have been shown to correlate posi-
tively with potential mineralization rates (Rovira
et al. 2008; Kammer et al. 2009). This can be
explained by the higher thermal stability of complex,
polymeric molecules that constitute intact plant
debris. The data in Fig. 4 reveals generally larger
50% burn off values throughout the profiles for
higher altitudinal sites, indicating a larger share of
largely undecomposed plant debris at higher eleva-
tions. An exception to this are the large 50% burn off
values in the deeper soil layers at 200 m asl, which
we attributed to the presence of charcoal. Further-
more, the proportion of undecomposed plant debris
decreased with soil depth, except for soil layer B2
from 3030 m asl, which showed attributes of charred
SOM.

Temperature sensitivity of decomposition

The temperature sensitivity of heterotrophic respira-
tion rates over two years has been analysed for each
soil in a previous study (Zimmermann et al. 2010).
From this work, we calculated that the relative

0
14 *
S Y A
s | /v
g 204 ;| T
[o%
@
ko)
o 304 --@-- 3030 m asl
=
<] -~ 1500 m asl
S 40 .
® --&-- 1000 m asl
—¥— 200 m asl
50 T )
300 350 400 450

50% burn off temperature (°C)

Fig. 4 50% burn-off temperatures as measured by DSC of all
soil horizons plotted against their average soil depth (mineral
and organic soil layers). These values describe the thermal
stability of soil organic matter, i.e. at which temperature during
combustion 50% of the C will be oxidised. (Values for soil
layer B2 from 1500 m asl were not available)
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«Fig. 5 Evolution of average Q) values (solid lines) with error
propagation (shaded areas) over the course of two years.
Values were calculated based on accumulated proportions of
respired C for soil cores being installed at 3030 m and 1000 m
asl with a mean annual soil temperature difference of ~ 10°C.
The quotient between the time periods it took to respire each
0.1% fraction of soil C at 1000 m asl and at 3030 m asl is the
Q1o value for this particular 0.1% C fraction (see Zimmermann
et al. 2010 for detailed calculations). Q; average values are for
the entire 4% of respired C, and Q) steps are given for the
respired C fraction 0.3-1.3%, 1.7-2.7% and 3.0-4.0%

amount of respired C per total C in the control core
during two years increased down the study gradient
from 4% at 3030 m asl to 25% at 200 m asl.
Following translocation to 200 m asl, these losses
increased to 16% for soil originating from 3030 m asl
to 31.5% for the soil from 1000 m asl.

The average Q¢ values (£ 1 standard error) were
3.38 (& 0.06) for the soil from 3030 m asl, 2.25
(£ 0.02) for 1500 m asl, 2.79 (& 0.12) for 1000 m asl
and 4.89 (£ 0.18) for the soil from 200 m asl (Fig. 5),
and were significantly different among each other
(Kruskal-Wallis one way analysis of variance on
ranks, P < 0.01 in all cases). For all four soils, Qg
values increased significantly as the proportion of
respired C increased over time (P < 0.01 in all cases),
but the average Q¢ values were not correlated to
mean annual temperatures at the site of origin
(r=0.54, P = 0.46) or the total amount of SOC
(r = —0.36, P = 0.64).

Davidson and Janssens (2006) distinguished
between two different types of temperature sensitiv-
ities. The ‘intrinsic’ temperature sensitivity of SOM
decomposition is based on the kinetic properties of
the various C compounds within SOM, whereas the
‘apparent’ temperature sensitivity is the observed
response of SOM decomposition to changes in
temperature, which can be suppressed by protection
mechanisms of the substrate in the soil matrix and by
other environmental conditions. The O, values given
here represent the apparent temperature sensitivity,
obscuring the intrinsic temperature sensitivities of the
substrate. Intrinsic temperature sensitivity was shown
to correlate positively with substrate complexity
(Fierer et al. 2005). According to the NMR results
for the unprotected organic topsoils, the intrinsic
temperature sensitivity should therefore decrease
with increasing elevation, as the degree of transfor-
mation of SOM declined with altitude in our study.
But NMR spectra revealed no significant correlations

among average (J;o values and different C com-
pounds, or aryl : O-alkyl ratios, or alkyl : O-alkyl
ratios (Table 3). Also the change in Qg values over
time did not correlate with shifts in NMR spectra as
quantified for the initial and depleted organic layers
after 12 and 24 months (Table 3). Multiplying the
relative contributions by the corresponding C-stocks
reveals that the highest elevation site had 6.5 times
more aromatic C structures than the lowest site,
and 38 times more readily available di-O-alkyl
compounds, complicating any simple interpretations
of the intrinsic temperature sensitivity and SOM
structure along the study gradient. Furthermore, the
contribution of the organic topsoil layers to the CO,
effluxes of the total soil columns, on which the Qg
calculations are based, are not distinguishable.

However, the largest parts of SOM at all sites were
protected within the mineral layers, and the relative C
distribution into the soil fractions POM, silt and clay,
and sand plus aggregates correlated for all four sites
with the average Qg values (Table 3, P < 0.04 for
all four sites), whilst the absolute C amounts within
these fractions did not correlate with their tempera-
ture sensitivity (P values > 0.32, Table 3).

But whether intrinsic or apparent temperature
sensitivity dominated the respiration rates initiated
by the translocation is not distinguishable. The largest
average temperature sensitivity was found for the soil
from 200 m asl, which had the smallest C-stock, the
largest proportion of complex substrates in the
organic topsoil and the largest relative POM fraction.
However, the second-highest average temperature
sensitivity was found in the soil from 3030 m asl,
which had the largest C-stock, the smallest proportion
of complex substrates and the largest fraction of
unprotected SOM (POM plus O layer). Finally, the
mid elevation sites had the lowest temperature
sensitivities and the lowest proportion of C stored
in POM.

We therefore conclude that neither the absolute
amount of C in different soil fractions nor the
chemical composition of the soil layers act as simple
indicators of the temperature sensitivity of SOM
along this transect. However, the relative portion of
C stored in the physical soil fractions correlated with
the Q;o values of the respired C of the first two
years. As smaller the relative proportion of C stored
in the fractions sand plus aggregates was, as
higher was the temperature sensitivity of the soil
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Table 3 Pearson Product Moment Correlation parameters among temperature sensitivity values (Q,o) and chemical and physical soil

properties

Average Q versus relative C distribution (%) into fractions:

n=4 Organic topsoil POM Silt and clay
r —0.51 0.96 0.96
P 0.49 0.04 0.04

Sand plus aggregates
—0.99
<0.01

Average Q versus absolute C distribution (kg C/m?) into fractions:

Sand plus aggregates
—0.69
0.32

Average Qo versus relative C distribution (organic topsoils only) into chemical shift regions as revealed by NMR:

n=4 Organic topsoil POM Silt and clay
r —-0.24 0.14 0.22

P 0.76 0.86 0.78

n=4 Carbonyl Aryl O-alkyl

r —0.51 0.79 -0.77

P 0.49 0.21 0.23

Alkyl aryl : O-alkyl Alkyl : O-alkyl
—0.52 0.86 0.82
0.48 0.14 0.18

Change in Q( over time versus relative C distribution (depletion of organic topsoils only) into chemical shift regions as revealed by

NMR spectra of initial samples, and after 12 and 24 months:
Soil from 3030 m asl

n=3 Carbonyl Aryl O-alkyl

r 0.55 —0.31 —0.79

P 0.63 0.8 0.42
Soil from 1500 m asl

n=3 Carbonyl Aryl O-alkyl

r 0.48 —0.37 —0.07

P 0.67 0.95 0.95
Soil from 1000 m asl

n=3 Carbonyl Aryl O-alkyl

r 0.72 —-0.96 0.25

P 0.49 0.17 0.84

Alkyl Aryl : O-alkyl Alkyl : O-alkyl
0.61 —0.03 0.69
0.58 0.98 0.52
Alkyl Aryl : O-alkyl Alkyl : O-alkyl
0.83 —0.25 0.65
0.37 0.84 0.55
Alkyl Aryl : O-alkyl Alkyl : O-alkyl
0.92 —0.93 0.72
0.26 0.25 0.49

(r=—-0.99, P <0.01), independent of the absolute
C amounts. Therefore, physical fractionation of soil
samples seems a suitable way to assess the temper-
ature sensitivity of SOM decomposition. Further-
more, we showed that the method by Conen et al.
(2008b) is useful in describing mineral protection
mechanisms of SOM at different sites and soil
depths, and that NMR can track conceptual decom-
position stages for a diverse set of organic soil
layers. The decisive component obscuring tempera-
ture sensitivities of SOM substrate analysis could be
microbial communities, which might (Bradford et al.
2008) or not (Hartley et al. 2008) acclimate to
elevated temperature. According to our findings,
any microbial respiratory adaptation to higher tem-
peratures could depend on access to substrate in
combination with its quality rather than climatic
constraints alone.
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