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Abstract
Background and aims Subtropical seasonally dry for-
ests from South America are now experiencing one of
the highest rates of forest-cover change globally. These
changes may affect the dynamics of soil organic carbon
(SOC) including long-term stabilization processes, with
profound consequences for the fertility and carbon stor-
age of these ecosystems.
Methods In order to explore the effect of different land-
use regimes on SOC dynamics, we determined the
amount and quality of plant litter, the amount and qual-
ity (lignin and carbohydrate content) of SOC, and the

soil basal respiration rates across seasonally dry Chaco
forests of Argentina.
Results Changes in land-use regimes significantly re-
duced the amount of litter but not its quality. As a
consequence, the SOC content was also reduced togeth-
er with SOC quality. Unexpectedly, we found a higher
CO2 release per SOC unit in soils with lower amount
and quality of SOC.
Conclusions The results presented here show a clear
effect of different land-use regimes on SOC dynamics
through a reduction in the amount and quality of SOC.
Additionally, we found that potential microbial activity
is somehow disconnected from substrate quantity and
quality, suggesting that the molecular structure of SOC
is not significantly affecting long-term soil stabilization
processes across these seasonally-dry ecosystems.

Keywords Land-use regime . Soil carbohydrates . Soil
lignin . Soil organic matter stabilization . Semiarid
ecosystems . Soil basal respiration

Introduction

Soil organic matter (SOM) formation is fundamental for
the recycling of macronutrients into plant available
forms. Awide range of soil properties, such as structure,
water retention, and nutrient holding capacity, as well as
soil biodiversity are also strongly dependent on SOM
content (Dungait et al. 2012). In addition, the storage of
organic carbon in soils (SOC) represents the largest and
most stable stock of carbon (C) in terrestrial ecosystems
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(Lal 2005). However, the magnitude, turnover and sta-
bility of SOC could be deeply affected by changes in
land-use regime.

Globally, about 27 % of soils are under cultivation,
and 60 % of forests are managed to some degree
(Cassman and Wood 2005; Don et al. 2013). Most of
the evidence on the effect of land use changes on forest
soils is focused on the total replacement of forest cover
by crops (Don et al. 2011; Grünzweig et al. 2004; Guo
and Gifford 2002; Murty et al. 2002). However, less
drastic land-use changes, such as those including forest
logging and grazing, can also have profound conse-
quences on global storage and turnover of SOC (Lal
2005; Nave et al. 2010; Tanentzap and Coomes 2012;
Smith et al. 2015).

Forest logging and grazing usually result in the
partial or total removal of the standing vegetation. A
reduction in vegetation cover could increase soil expo-
sure to wind and water and therefore soil erosion and
compaction. The direct effect of trampling by livestock
or by forest machinery could also alter the amount and
dynamic of SOC (Jandl et al. 2007). Biomass extraction
could also have consequences on plant species compo-
sition directly, if the forest is managed through selective
species removal, or indirectly, by changes in resource
availability (Garnier et al. 2004; Quested et al. 2007).
Changes in plant species composition are expected to
affect litter quantity and quality, and thus the turnover of
SOM if they involved changes in dominant species
functional attributes (Metcalfe et al. 2011). Since plant
litter is the primary source of all SOM, any changes in
the quality and quantity of standing litter are expected to
affect the quality and quantity of SOM (Don et al. 2011;
Jandl et al. 2007; Yanai et al. 2003), but mechanisms
involved in long-term stabilization processes are still
under debate (Castellano et al. 2015; Cotrufo et al.
2013; Lehmann and Kleber 2015).

Carbohydrates (CH) represent about 50 % of the
decomposing plant litter (Kögel-Knabner 2002), and
have been traditionally considered part of the labile
component of SOM because they are usually rapidly
metabolized by soil microorganisms (Martens et al.
2004; Six et al. 1998). On the other hand, lignin is the
most abundant aromatic plant component in terrestrial
ecosystems (about 20 % of plant litter) (Kögel-Knabner
2000), generally considered more stable and resistant to
biological attack (i.e., biochemically recalcitrant) com-
pared to more labile compounds, like CH (Krull et al.
2003; Lorenz et al. 2007). Within this context, it is

expected than soils with increased amount of high-
quality SOC (i.e., lower lignin to CH ratio) will show
higher total potential CO2 effluxes, as microbial com-
munities have high availability to readily-available
resources to decompose. However, recent studies have
shown that regardless its chemical structure, SOM sta-
bilization seems to be mainly driven by physical mech-
anisms such as aggregation and adsorption to minerals
(Dungait et al. 2012; Kögel-Knabner et al. 2008;
Schmidt et al. 2011; Lehmann and Kleber 2015). Ac-
cording to this evidence, physical properties conferring
protection and physical stabilization should be of pri-
mary importance in driving potential microbial activity,
rather than the amount and quality of SOC.

The Chaco forest – the geographically most extended
seasonally dry forest in South America- has been
experiencing profound land cover changes in the last
few decades (Hansen et al. 2013; Hoyos et al. 2013).
Over large areas, forests have been replaced by
shrublands, as a result of historic logging and grazing
in areas where agriculture is restricted by water avail-
ability (Grau et al. 2005). Consequently, the original
seasonally-dry Chaco forest has given way to much
more open forests and shrublands (Hoyos et al. 2013),
with a marked reduction in aboveground and soil C
pools (Abril and Bucher 1999; Bonino 2006; Conti
et al. 2014).

In order to explore the local effects of changes in
forest use on SOC quantity, quality and turnover, we
determined the amount of SOC and its molecular com-
position (proportion of lignin to CH compounds) in soils
under different ecosystem types resulting from different
past and present land-use regimes. We also measured
potential activity of microbial communities to investi-
gate the effect of SOC quantity and quality change on
microbial C effluxes, and so the potential stabilization of
SOC (in terms of resistance to potential microbial at-
tack) under different land-use regimes.We hypothesized
that, in the seasonally-dry Chaco forest of central
Argentina, changes in land-use regime lead to i) a re-
duction in the amount and quality of SOC by a reduction
in the quantity and quality of litter decomposing into the
soil. We also expected that ii) lower amounts of SOC
and iii) low-quality substrate (higher lignin to CH ratio)
would lead to lower C effluxes from soils (lower poten-
tial microbial activity).

Arid and semiarid ecosystems not only represent
nearly one-third of continental land area –and are
expanding as the result of climate change (IPCC
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2013)-, but also are increasingly recognized by their
important role as a driver of variations in global
atmospheric CO2 levels (Poulter et al. 2014). There
is thus, an urgent need to understand the mechanisms
underlying SOM formation, stabilization as well as
SOC storage and potential losses in these less stud-
ied, non-acidic soils.

Materials and methods

Study area and experimental design

The study was carried out in the southern and driest
extreme of the Gran Chaco (Fig. 1), in central Argen-
tina (c. 31°15’–31°44’ S and 65°16’–65°40’ W). The
climate is subtropical with a mean annual precipita-
tion of 600 mm distributed in spring–summer

(October – March) and a mean annual temperature
of 18 °C. Soils are mainly sandy-loam aridisols (typ-
ical Camborthids) of alluvial origin (Gorgas and
Tassile 2003). The dominant vegetation is an open
xerophytic forest with Aspidosperma quebracho-
blanco and Prosopis flexuosa as canopy and
subcanopy dominants, respectively. The shrub layer
is often dense and dominated by Mimozyganthus
carinatus, Acacia gilliesii and Larrea divaricata
(Cabido et al. 1992).

Within the study area we selected different ecosystem
types initially corresponding to the same vegetation,
developed under the same climate and on very similar
parental material but having experienced contrasting
combinations of historic and present livestock grazing
and logging. The sites corresponded to i) primary forest,
with no significant logging or livestock grazing at least
in the past 5 decades; ii) secondary forest, recently

a)

b)

Fig. 1 Study area location in central Argentina. a The map shows
the area represented by de Gran Chaco forest in Southern South
America (in grey), the framed area corresponds to Córdoba prov-
ince in central-Argentina and the black area situates the study area
in the southern portion of the Gran Chaco region. b Detail of the

study area showing the location of the sampling plots for each
ecosystem types. Ref: ● Primary forest, ○ Secondary forest, ▲
Closed species-rich shrubland, △Open shrubland dominated by
L. divaricata
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managed forest (c. 7 years) with light selective logging
and low cow and goat stocking rate; iii) closed species-
rich shrubland showing current moderate to heavy log-
ging and moderate cow and goat stocking rates but
historically (>2 decades) intensively grazed and logged;
and lastly, iv) open shrubland strongly dominated by
L. divaricata, and historically characterized by past
heavy logging and high cow and goat stocking rates.
At present, these last sites show visible signs of soil
erosion and compaction, resulting in low forage avail-
ability and agricultural productivity (Fig. 1, and
additional soil and vegetation structure variables in
Table S1). There is no evidence that any of these eco-
system types have been fertilized, cultivated, irrigated or
burned at least in the last 50 years. In addition, there are
not visible current differences of livestock stocking rate
or associated manure input across sites, with the excep-
tion of the primary forests, in which there is no livestock
(data not shown). We identified four 50×50m sampling
plots (replicates) corresponding to each ecosystem type
at a distance of at least 1 km from each other. Each plot
was as homogeneous as possible in terms of vegetation,
soil and topography. To confirm edaphic similarities
among plots, we sampled basic soil parameters at each
site during winter (July 2008), including total N (%), P
(ppm), pH, carbonates (%) and texture following Sparks
(1996). We calculated soil bulk density by measuring
the mass of dry soil contained in a metal cylinder which
measured 4.5 cm in diameter and 10 cm in height. The
samples were oven-dried at 105 °C for 48 h to obtain the
dry mass of the soil. No adjustment for rocks or coarse
fragments was necessary because their amount were
negligible.

Litter quantity and quality

Total litter (composed of leaf and woody litter <5 cm
diameter) was sampled by a single collection of all dead
plant material accumulated on the ground surface in six
subplots (0.5 m×0.5 m) randomly distributed within a
50 m×50 m plot. The sampling was carried out in
autumn, after most of the senescent parts of deciduous
and semi-deciduous species material had fallen. The
material collected at each subplot was oven-dried at
80 °C for 3 days and weighed to obtain total dry mass
(kg). A subsample of the collected litter was used to
determine carbon (C), nitrogen (N) and lignin content.
Litter C and N content was determined using an Alpkem
RFA 300 auto-analyzer (Alpkem, Wilsonville, OR,

USA), whereas litter lignin content was analyzed fol-
lowing the procedure presented by Goering and Van
Soest (1970). From these data, we calculated the C to
N (C:N) and lignin to N ratio (Lignin:N) for litter.

Soil chemical analyses

During spring (October 2008), at each site we took one
composite sample, consisting of three randomly selected
subsamples, in the 0–10 cm layer and sieved them at
2 mm. Soil samples for subsequent chemical analysis
were then air-dried and stored in closed plastic bags
until processing. We determined SOC (g kg−1) using
an oxidation in acid medium procedure (‘Walkley and
Black’; Nelson and Sommers (1996)). We chose this
analytical procedure that allows measuring only the
organic fraction of the soil sample and thus,
distinguishing it from the inorganic fraction, since these
soils are known to have a significant proportion of
calcium carbonate (Conti et al. 2014).

Content of non-cellulosic neutral carbohydrates (CH)

Non-cellulosic CH were analyzed by gas chromatogra-
phy as acid alditols after hydrolysis using boiling
trifluoric acetic acid (TFA) (Rumpel and Dignac
2006). TFA is known to hydrolyze only non-cellulosic
plant or microbial derived CH. Briefly, 250 mg of sur-
face soil were hydrolyzed at 110 °C for 4 h in 5 ml 4 M
TFA. After samples cooled down, the internal quantifi-
cation standard myoinositol was added, soil was re-
moved and TFA evaporated. Thereafter, reduction of
the aldoses to alditols and acetylation was performed.
The derivatized monosaccharide units were extracted by
liquid– liquid extraction using a vortex mixer after ad-
dition of 1 ml dichloromethane. The gas chromato-
graphic measurements of the monosaccharides were
performed with a HP GC 6890 gas chromatograph
equippedwith a flame ionization detector. Split injection
(1:10) was used. Separation of the monosaccharide units
was achieved with a 60 m fused silica capillary column
(BPX70, 0.32 mm of internal diameter, 0.25 μm film
thickness) and the following temperature program: from
200 to 250 °C at 3 °C/min., 15min isothermal at 250 °C.
Carrier gas was Heliumwith a flow rate of 1.0 ml min−1.
The injector was kept at 250 °C and the detector at
260 °C. The concentrations of specific monosaccharides
were calculated based on the total ion currency of the
internal standard myoinisitol. From the suite of non-
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cellulosic neutral monosaccharides yielded with this
method, the ratios of arabinose + xylose to galactose +
mannose (C5/C6) and rhamnose + fucose to arabinose +
xylose (desoxy/C5) were calculated to know their origin
(Oades 1984). CH in vascular plant organs are mainly
composed of pentoses (arabinose and xylose), while
microbial populations synthesize larger amounts of the
hexoses like galactose and mannose (Moers et al. 1990).
Desoxysugars such as rhamnose and fucose are also
indicative of microorganism synthesis (Cheshire
1979). As a consequence, a higher amount of pentoses
(C5/C6 ratio >1) indicates a higher amount of CH from
plant origin, while a ratio below 1 will be related to a
higher microbial activity. A high ratio of rhamnose +
fucose to arabinose + xylose (higher desoxy/C5 ratio)
also indicates a high microbial CH synthesis. We also
test the ratio proposed by Jolivet et al. (2006) to take
account of all microbial derived sugars together (galac-
tose + mannose + rhamnose + fucose to arabinose +
xylose). Analytical precision was 5 %.

Lignin content assessed by CuO oxidation

The soil lignin content of the samples was determined
after release of the phenol monomers by alkaline CuO
oxidation (Hedges and Ertel 1982). Briefly, 500 mg of
surface soil were oxidized with 250 mg CuO and 2 M
NaOH at 172 °C under N2 for 2 h. After oxidation, a
standard containing ethylvanillin was added for eluci-
dating the recovery of lignin products after the whole
procedure, which is usually about 60–75 %. The solu-
tion was quantitatively transferred to glass beakers, ad-
justed to pH 1.8–2.2. Thereafter, the solution was made
up to a constant volume and left over night to wait for
humic acid precipitation. The generated lignin-derived
phenols were cleaned through passage on a C18 column
(International Sorbent Technology) as suggested by
Kögel and Bochter (1985). They were subsequently
quantified as trimethylsilyl derivatives by gas chroma-
tography with a HP GC 6890 gas chromatograph
equipped with a flame ionization detector using
phenylacetic acid as internal standard. Separation of
the individual monomers was achieved with a SGE
BPX-5 column (50 m length, 0.25 mm inner diameter,
0.32 μm coating). The temperature was programmed
from 100 °C (1 min isotherm) to 150 °C at 3 °C min−1

and from 150 to 300 °C at 1 °C min−1. The detector
temperature was kept at 350 °C. Helium was used as
carrier gas (1 ml min−1). This method yields phenols,

such as vanillyl (V), syringyl (S), and cinnamyl (C)
compounds with aldehydic, ketonic, and acidic side
chains. The sum of these CuO oxidation products (V +
S + C, hereafter VSC) is considered as an indicator of
the total amount of lignin (Hedges et al. 1988). Analyt-
ical precision is 10 % for VSC. It is important to note
that the CuO oxidation method, as all the molecular
approaches based on the chemical release of lignin
monomers, may underestimate lignin concentrations
(Bahri et al. 2006). The syringyl and cinnamyl to
vanillyl ratios (S/Vand C/V, respectively) and the ratios
of acid-to-aldehyde forms of the V- and S-type CuO
oxidation products (vanillic acid to vanillin, (Ac/Al)V
and syringic acid-to-syringaldehyde, (Ac/Al)S) are clas-
sically used to follow lignin degradation (Kögel 1986).
The S-to-V ratio can only be used as an indicator of
lignin degradation when comparing similar vegetation
systems as in the present work, since gymnospermous
and angiospermous plants differ in their monomeric
composition (Duboc et al. 2014). In a system where
the total VSC content is constant, the degree of lignin
degradation in soil is indicated by the (Ac/Al)Vand (Ac/
Al)S ratios and by S/V ratio of the CuO oxidation
products (decrease in C/V and S/V and increase in (Ac/
Al)v and (Ac/Al)s, indicate progressing lignin decom-
position) (Ertel and Hedges 1984; Kögel 1986). VSC
and the sum of neutral CH were expressed as C derived
from the analyzed substances and referred to total SOC.
From these values we calculated the ratio of lignin to
CH compounds as an indicator of SOC quality, where
higher values of this ratio indicate low quality SOC and
vice versa.

Basal respiration

Composite samples were collected from the first 10 cm
of soil at each plot and carried out to the laboratory to
start the incubation experiment. A sample of 48 g of
fresh soil was placed in a 50-mL sterile polypropylen
tube. Distilled water was added to each tube until 40 %
of water holding capacity was reached, and the tubes
were placed in controlled conditions at 23 °C. CO2

fluxes were measured using an infra-red gas analyzer
(IRGA, EGM-4, pp-system Company) coupled to a
chamber adapted to the tubes (e.g., Meier and Bowman
(2008)). This closed dynamic chamber systemmeasured
the increase of CO2 in the chamber at 8 s intervals
during 8 to 10 min depending on signal fluctuations.
The rate of increase was used to calculate CO2 flux (mg
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CO2 g dry soil−1 h−1). Measurements were taken after
8 h (day 1), and after 4, 6, 8, 13 and 35 days, respec-
tively and used to calculate the cumulative CO2 efflux
across the incubation time. Air temperature (23 °C) and
soil water content (c.a. 40 % of WHC) were maintained
constant throughout the experiment. The obtained mea-
sure of soil basal respiration has been used as a good
estimator of total potential microbial activity of soils,
since roots are excluded and environmental conditions
are maintained constant along the time elapsed during
the experimental incubation (Vanhala et al. 2005).

Statistics

Differences in SOC related variables across ecosystem
types were tested by one-way ANOVA following linear
models when residuals had normal distribution and ho-
mogeneous variance. Normal distribution was tested
using Shapiro-Wilks analysis and homogeneous vari-
ance was analyzed according to Levene’s test. When
residuals did not present normal distribution, a log
transformation to data was applied, and when presented
heterogeneous variance we used linear mixed models,
and evaluated their fit using the Akaike information
criterion (Burnham and Anderson 2002). Multiple com-
parisons were performed using Fisher’s LSD post hoc
test with α=0.05. We also perform linear regression
analysis to test potential associations between SOC
quantity and quality, and microbial potential activity
across sites. Normal distribution of residuals and homo-
geneity of variance was also checked as described

before. Statistical analyses were performed using
Infostat v. 2011 Statistical Package (Di Rienzo et al.
2011)

Results

Land-use regimes significantly affected SOM dynamics
and stabilization processes across the study area, where-
as basic soil parameters (i.e., C to N ratio, pH, phospho-
rus, carbonate content, silt and sand content) remained
fairly constant across sites (Table 1 and Table S1). Only
bulk density and clay content showed some statistical
differences among ecosystem types. Bulk density was
lowest in the most conserved soils (primary forest) while
clay content was lowest in the sites with the lowest
aboveground biomass (open Larrea shrublands).

Litter quantity and quality

The total amount of litter input was strongly affected by
land-use regime, being highest in primary forests
(1.55 kg m−2) and lowest in shrublands (0.48 kg m−2

in closed shrublands and 0.23 kg m−2 in open Larrea
shrublands) (Fig. 2a); while litter quality remained un-
changed across sites (Fig. 2b).

SOC content and composition, non-cellulosic CH
and lignin

The amount of SOC in the 0–10 cm soil layer was also
significantly affected by land-use regime, being highest

Table 1 Basic soil properties under different ecosystem types (mean values with standard error) in the seasonally dry Chaco forest of central
Argentina

Ecosystem types Statistical descriptors

Soil properties Primary forest Secondary forest Closed species-rich shrubland Open Larrea shrubland P F

C:N 9.68± 0.27a 12.41 ± 2.90a 7.76 ± 0.48a 8.46± 1.19a 0.1854 1.89

P (ppm) 30.60 ± 7.64a 37.13 ± 21.87a 14.79 ± 2.22a 17.97 ± 2.61a 0.5138 0.81

Bulk density (g cm−3) 1.22 ± 0.03a 1.43± 0.02b 1.46 ± 0.04b 1.50± 0.06b 0.0008 11.29

pH 6.9 ± 0.1a 6.7 ± 0.4a 7.1 ± 0.2a 7.0 ± 0.2a 0.5603 0.72

CaCO3 (%) 1.63 ± 0.31a 1.88± 0.30a 1.31 ± 0.12a 1.38± 0.16a 0.3653 1.16

Clay (%) 12.35 ± 0.41a 12.20 ± 0.36a 12.65 ± 0.59a 9.78± 0.66b 0.0074 6.48

Silt (%) 28.55 ± 1.26a 28.73 ± 1.15a 33.40 ± 2.57a 32.45 ± 2.77a 0.2740 1.46

Sand (%) 53.95 ± 2.90 57.78 ± 3.20 59.10 ± 1.43 59.08 ± 1.27 0.4026 1.06

Different letters indicate significant differences between the same compartment across different ecosystem types (Test Fisher’s LSD,
P ≤ 0.05, n= 4)
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in primary forests (17.3 g kg−1) and lowest in Larrea
shrublands (8.26 g kg−1) (Fig. 3a). Non-cellulosic CH
content ranged between 185.03 mg g SOC−1 and
136.36 mg g SOC−1 decreasing from forests to
shrublands, although this pattern was statistically not
significant (Table 2). Neither the C5/C6 ratio, the

desoxy/C5 ratio, nor the index used by Jolivet et al.
(2006) differed significantly across ecosystem types
(Table 2).

Soil lignin content normalized to SOC was signifi-
cantly lower in forests as compared to shrublands
(Table 2). None of the indices calculated to reflect the

Fig. 2 Effect of different past and present land-use regimes on a
litter quantity (kg m−2) and b litter quality (Lignin:N) a in the
seasonally dry Chaco forest of central Argentina. Different letters
indicate significant differences across ecosystem types (Test

Fisher’s LSD, P< 0.05). Error bars indicate standard errors. Ref:
PF Primary forest, SF Secondary forest, CS Closed species-rich
shrubland, OS Open shrubland dominated by L. divaricata

Fig. 3 Effect of different past and present land-use regimes on a
the amount of soil organic C (SOC, g kg−1) and b Logarithm of
soil lignin to carbohydrate (CH) ratio in 0–10 cm depth soil layer
in the seasonally dry Chaco forest of central Argentina. Different
letters indicate significant differences across ecosystem types (Test

Fisher’s LSD, P< 0.05). Error bars indicate standard errors. Orig-
inal variables where logarithmically transformed to meet the as-
sumption of residual’s normal distribution. Ref: PF Primary forest,
SF Secondary forest, CS Closed species-rich shrubland, OS Open
shrubland dominated by L. divaricata
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state of degradation of lignin (C/V, S/V and (Ac/Al)S)
was significantly affected by ecosystem type (Table 2).
Only (Ac/Al)V marginally differed across sites with the
highest value in secondary forests (Table 2). SOC qual-
ity, expressed as the ratio between soil lignin to carbo-
hydrate content (Lignin:CH) differed across ecosystem
types, being significantly lowest (high soil Lignin:CH)
under shrublands (Fig. 3b).

Basal respiration

Soil basal respiration -measured as cumulative soil CO2

efflux during 35 days of incubation under controlled
conditions- showed significant differences in soils under
different ecosystem types, being significantly higher
under open Larrea shrublands (200.5 mg CO2 g
SOC−1) compared to all other sites (106 mg CO2 g
SOC−1 in primary forests, 134 mg CO2 g SOC−1 in
secondary forests and 134.6 mg CO2 g SOC

−1 in closed
shrublands) (Fig. 4a).

Links between basal respiration and SOC quality
and quantity

In order to investigate the effect of change in SOC
quantity and quality on microbial C effluxes we

performed linear regression analysis between SOC con-
centration (SOC quantity) and lignin to CH ratio (SOC
quality) with potential microbial activity. The resulted
patterns showed that, unexpectedly, SOC quantity and
quality were significantly but negatively related to
changes in soil basal respiration (low SOC quantity
and quality related to higher potential microbial activity)
(Fig. 4b and c).

Discussion

In the subtropical seasonally-dry Chaco forest of central
Argentina, land-use regime, associated mainly to past
and present forest logging and grazing, has profound
consequences for the storage and dynamics of SOC.

The amount of fallen litter decreased across ecosys-
tem types from forests to open shrublands, although
litter quality remained unchanged. There are several
other studies showing lower quantity of litter
decomposing into the soil as a result of a reduction in
the aboveground standing biomass (Don et al. 2011;
Jandl et al. 2007; Yanai et al. 2003). The fact that the
dominant vascular plant species remain similar across
these ecosystem types (although in different abun-
dances) (Conti and Díaz 2013), explains the lack of
significant change in litter quality.

Table 2 Soil lignin and carbohydrates-derived compounds under different ecosystem types (mean values with standard error) the seasonally
dry Chaco forest of central Argentina

Ecosystem types Statistical
descriptors

Primary forest Secondary
forest

Closed species-rich
shrubland

Open Larrea
shrubland

P F

Carbohydrates-derived compounds

Total carbohydrates (mg g
SOC−1)

185.03 ± 16.64a 191.45± 15.09a 141.31 ± 20.84a 136.36± 16.23a 0.0893 2.74

C5/C6 1.24 ± 0.08a 1.30± 0.14a 1.07 ± 0.06a 1.16± 0.10a 0.4449 0.96

desoxy/C5 0.32 ± 0.03a 0.29± 0.02a 0.35 ± 0.03a 0.31± 0.02a 0.4909 0.85

Jolivet et al. (2006) index 1.13 ± 0.08a 1.09± 0.09a 1.30 ± 0.09a 1.17± 0.08a 0.4021 1.06

Lignin-derived compounds

V + S + C (mg g SOC−1) 17.86 ± 2.39a 18.07 ± 2.85a 45.52 ± 13.29b 41.46 ± 9.57b 0.0249 4.48

(Ac/Al)V 0.42 ± 0.04ab 0.55± 0.02a 0.37 ± 0.07b 0.39± 0.02b 0.0435 3.68

(Ac/Al)S 0.43 ± 0.08a 0.45± 0.03a 0.33 ± 0.10a 0.28± 0.02a 0.2544 1.54

C/V 0.34 ± 0.13a 0.26± 0.01a 0.38 ± 0.07a 0.36± 0.05a 0.7365 0.43

S/V 1.41 ± 0.06a 1.20± 0.04a 1.44 ± 0.14a 1.11 ± 0.08a 0.0608 3.23

Different letters indicate significant differences between the same compartment across different ecosystem types (Test Fisher’s LSD,
P ≤ 0.05, n= 4)
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The reduction in the amount of accumulated litter
was reflected in a decrease in the total amount of SOC
across ecosystem types. This pattern has been widely
tested in the conversion of forest to crops in previous
works, reporting loses of at least 30 % of SOC (Don
et al. 2011; Guo and Gifford 2002; Murty et al. 2002).
However, the effect on SOC of other land-use regimes
related to forest use have shown no clear pattern, and
seems to depend on several variables including forest
type, soil type, sampling depth, past uses, among others
(Nave et al. 2010; Yanai et al. 2003). We found that
>50 % of SOC was lost between the most conserved
primary forests and the lowest-biomass open Larrea
shrublands, which is very substantial. Previous studies
carried out in the study area have shown similar values
of SOC content for sites with natural vegetation, and a
profound reduction under forest management (Abril
et al. (2005): −38.1 % on 0–20 cm depth; Bonino
(2006): −46.37 % on 0–20 cm depth; Conti et al.
(2014): −59.2 % on 0–10 cm depth; Mazzarino et al.
(1991): −21% on 0–10 cm depth). It is important to note
that basic soil properties across sites were fairly homog-
enous. The fact that clay content showed lower values in
open Larrea shrublands seems to be mainly related to a
visible process of soil erosion at these sites, as was
previously reported in Conti et al. (2014). In any case,
we have tested if these changes in clay content could
have any influence on SOC content or any other re-
sponse variables considered, with no statistical signifi-
cance in any case.

Although we have not analyzed the effect of the
removal of aboveground biomass on the amount of
belowground biomass or litter input, it is expected that
any change in belowground biomass and turnover
should have direct consequences on the accumulation
and stabilization of SOC (Rasse et al. 2005). The effect
of root dynamics on the quantity and quality of SOC of
these sites needs further research.

Regarding the quality of SOC, we found that, in the
least productive sites, it showed the lowest values
(highest Lignin to CH content of SOC), mainly due to
significant changes in the amount of soil lignin content.
The amounts of CH found across ecosystem types were
within the range of values reported by Bongiovanni and
Lobartini (2006) for Haplustols from Central Córdoba,
Argentina under different managements. The indicators
of carbohydrate origin (C5/C6 and desoxy/C5) remained
relatively constant and close to one across all ecosystem
types, whereby decomposition products seems to be not
significantly affected by ecosystem types.

The amount of soil lignin found was within the range
of values reported by Grünewald et al. (2006) and De
Baets et al. (2012) for non-acidic soils (i.e., between 16
and 49.4 mg g−1 SOC). The amount of lignin per C unit
is expected to increase toward the ecosystem types that
experienced the highest historical biomass removal,
since SOC labile compounds are usually more rapidly
metabolized by soil microorganisms after disturbances
than SOC recalcitrant compounds (Thevenot et al.
2010), so the ratio of recalcitrant vs. labile compounds

Fig. 4 Effect of different past and present land-use regimes on a
cumulative CO2 efflux per gram of SOC (mg g−1) during 35 days,
in 0–10 cm depth soil layer in the seasonally dry Chaco forest of
central Argentina. Different letters indicate significant differences
across ecosystem types (Test Fisher’s LSD, P< 0.05). Error bars
indicate standard errors. Simple linear regression analysis between
b cumulative soil CO2 efflux per gram of SOC (mg g−1) during

35 days and soil organic matter content (g kg−1); and c simple
linear regression analysis between normalized cumulative soil
CO2 efflux per gram of SOC (mg g−1) during 35 days and soil
lignin to carbohydrate (CH) ratio (as indicative of SOC quality).
Ref: ● Primary forest (PF), ○ Secondary forest (SF), ▲ Closed
species-rich shrubland (CS), △ Open shrubland dominated by
L. divaricata (OS)
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in SOC is expected to increase, and thus reducing the
quality of SOC. Accordingly, closed and open
shrublands showed the highest amount of lignin content,
reflecting a reduction on the SOC quality as compared
to forests. Previous work suggests that roots of certain
species could also be an important source of soil-lignin
derived phenols (Crow et al. 2009), so the presence of
particular species could be a variable affecting the
amount of soil lignin in some on these sites.

Across ecosystem types, we found lower values and
variation of indicators of lignin degradation (C/V, S/V,
(Ac/Al)Vand (Ac/Al)S). Only (Ac/Al)V was slightly but
significantly higher in secondary forests compared to
other ecosystem types. It has been suggested that soils
under forests may have lignin in a higher state of deg-
radation since they are characterized by favorable envi-
ronmental conditions for hosting adapted and abundant
lignin-degrading microbial communities (Thevenot
et al. 2010). As a general pattern, however, there was
no consistent variation in the indicators of lignin degra-
dation across the sampled ecosystem types, suggesting
that long-term lignin chemical stabilization is not pro-
foundly affected by changes in land-use regime on these
semiarid ecosystems.

As hypothesized, we found a reduction in the amount
of aboveground litter, but its quality did not change as
expected. The change in the total amount of litter was
reflected in a reduction in the amount of SOC across
ecosystem types. The fact that aboveground litter quality
(lignin to N ratio) did not significantly change across
sites, but the amount of soil lignin to CH ratio did,
supports the idea that litter quality (at least aboveground
litter quality) is not the main control of long-term SOM
formation as was previously proposed (Gentile et al.
2011; Schmidt et al. 2011).

We expected changes in SOC to be accompanied by
changes in soil heterotrophic respiration (lower SOC
quality and quantity leading to lower potential microbial
activity). However, basal soil respiration did not change
as expected across ecosystem types, where respiration
per C unit in the least productive open shrublands dou-
bled the levels found in the most conserved forests. The
fact that these shrublands had also lower SOM quantity
and quality (higher Lignin:CH) is in conflict with pre-
vious works, which have suggested that either substrate
concentration (SOC) (Don et al. 2013), or its chemical
nature (proportion of labile or recalcitrant compounds)
are the main controls of SOC cycling (Lorenz et al.
2007). Our results clearly demonstrate that under these

ecosystems, higher SOC quality and quantity are not
positively related to potential microbial activity, as pro-
posed. The fact that soils under forests presented higher
amount of SOC, lower soil compaction and higher
vegetation cover, which are all indicators of increased
soil aggregation (Bronick and Lal 2005), could suggest
that changes in land-use regime potentially reduce the
physical protection of soil aggregates allowing oxygen
diffusion into the soil and making physically-protected
SOC available as a respiratory substrate (Gupta and
Germida 2015; Kimetu et al. 2009; Six et al. 2002;
Zakharova et al. 2015). Moreover, reduced vegetation
cover could increase the drying/rewetting cycles of soils
under these semiarid conditions, stimulating a physical
disruption ofmacro- andmicro-aggregates by shrinking,
and so leading to the exposure of previously protected
SOM (Borken and Matzner 2009; Navarro-García et al.
2012). The decrease in aboveground biomass could also
had an effect on the composition and activity of
decomposer communities, as found by Abril and
Bucher (1999) for these semiarid forests. Potential ex-
planations include the idea that under stress conditions a
selective degradation of SOC components occurs, main-
ly driven by changes in belowground microbial com-
munity composition (i.e., varying fungal to bacterial
ratios across sites) (Collins et al. 2008; Smith et al.
2014). Further research is needed to understand the
dynamic of microbial communities and changes in
SOM physical properties associated to changes in
land-use regime in arid and semiarid ecosystems.

Release of CO2 from soils is usually considered as a
by-product of microbial and root respiration. However,
the fact that these semiarid soils have a significant
amount of carbonates, open the discussion on the rela-
tive importance of soil carbonates as a potential source
of CO2 fluxes, as a result of calcareous soil weathering.
It is generally presumed that this abiotic component of
the soil CO2 efflux is generally marginal since
weathering of carbonate bedrock proceeds at compara-
bly low rates and because most of the released C is
considered to be leached out of the soil (Kuzyakov
2006). This subject has been increasingly addressed in
the literature with still inconsistent patterns (e.g.,
Ramnarine et al. 2012; Schindlbacher et al. 2015). In
any case, the role of carbonates in the dynamics of non-
acidic soils deserves further investigation.

In summary, changes in land-use regime are expected
to affect both, the quantity and quality of litter
decomposing into new SOM. This study investigates
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the impact of these changes on (1) the amount and
quality of SOM remaining in the soil, and (2) the poten-
tial microbial activity expressed as C mineralization
rates, both which determine the fertility and potential
C storage of these ecosystems. In the subtropical sea-
sonally dry Chaco forest of central Argentina, different
ecosystem types that are the result of different past and
present land-use regimes the amount and quality of SOC
has been profoundly affected, by a reduction in the input
of new decomposing material. However, these changes
are not reflected by potential microbial activity as ex-
pected, making long term SOM stabilization processes
somehow disconnected with SOC quantity and quality
on these forests. Our results support the idea that, in
contrast with mesic environments, where SOM process-
es seems to be mainly driven by biotic factors, in arid
and semiarid ecosystems physicochemical drivers
seems to play a fundamental role in SOM formation
and stabilization (Collins et al. 2008).

Subtropical seasonally dry forests of southern South
America have been converted into systems under differ-
ent degree of degradation, in an accelerating process
(Hoyos et al. 2013). If so, a severe reduction in the
amount and quality of SOC in the Chaco forest is likely.
This would add to the broader set of losses of ecosystem
services associated with these land-use trajectories at
local, regional and global scales.
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